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Abstract: Glaciers are an important natural resource to human kind because they are fresh water in frozen state and
sensitive indicator of climate change. Therefore, continuous monitoring of glaciers is one of the most essential tasks to
be performed. The glaciers considered for this study are debris free and are located in Chenab basin of Western
Himalaya. These glaciers are not only debris free but also small in size. One of the advantages of taking up debris free
glaciers is that the signatures of these glaciers on the image are so distinct that no ambiguity can occur in the
interpretation. The main objective was to monitor the changes in glacial extent since 2001 followed by estimation of
accumulation area ratio (AAR) of each glacier. Thus, multi-temporal IRS LISS III and IRS P6 AWiFS images were
used to estimate change in glacial area and accumulation area ratio (AAR) respectively. The estimated AAR was used
to assess the glacial retreat. Thirteen glaciers were monitored for this study. The study reveals that during the
monitoring periods of 2001-2007 and 2007-2009, the glaciers have experienced deglaciation of 7% and 2%
respectively. These results were correlated with the mean accumulation area ratio which was derived using the data of
2001, 2005, 2006, 2007 and 2010. A good correlation was found between AAR and retreat of glaciers, indicating the

significant effect of accumulation on deglaciation.
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1. Introduction

Himalayan glaciers are a focus of public and scientific
debate because of its highest concentration of snow
and glaciers outside polar region. Nearly, 800 million
people live in the catchments of the Indus, Ganges, and
Brahmaputra rivers and rely to varying extents (in
particular during dry seasons and in mountain valleys)
on the water released from glaciers (Immerzeel et al.,
2010; Kaser et al., 2010). Moreover, they are sensitive
indicators of climatic variations too. Thus, large
amount of studies has been carried out for monitoring
the change in glaciers. Though, glaciers are on
retreating phase, but in case of Karakoram region few
glaciers are observed in advancing phase (Copland et
al., 2009; Belo et al.,, 2008; Mayer et al., 2011).
However, many glaciers are also observed in stable
state in mountain ranges for few decades (Ajai et al.,
2011). This retreat or advance of glaciers has been
estimated based on either comparison of glacier extents
extracted from satellite images, Survey of India
topographical maps or the field investigations
(Schmidt and Nusser, 2012; Kulkarni and Bahuguna,
2002; Bahuguna et al., 2004; Kulkarni et al., 2007,
Bhambri et al., 2012; Yamada et al., 1992, Naithani et
al., 2001; Dobhal et al., 2008). One of the earliest
references of using images for glacier changes was
carried out in Basapa basin using satellite images
which has revealed the information about changes in
snout position (Kulkarni and Bahuguna, 2002;
Kulkarni and Alex, 2003). In addition, satellite data
was used to study the glaciers of Parbati basin
(Kulkarni et al., 2004). Overall, large amount of
glacier retreat in Himalaya has been observed and

monitored from 1962 using topographic maps and
satellite images (Kulkarni et al., 2007). Moreover,
great variations have been observed in glaciers of
various parts of Himalaya. The glaciers located within
a basin (i.e. Chandra) have also experienced the
differences in deglaciation. These differences are due
to the local climates and glacio-geomorphology of
individual glaciers (Deota et al., 2011). Local climate
includes the valley wind, slope wind, glacier wind
whereas glacio-geomorphic parameters include slope,
aspect, altitude, debris cover, areal extent, depth of ice,
size of the valley, etc (Oerlemans, 2010). These
parameters influence the accumulation and ablation of
glacial ice which will result in loss or gain in glaciers.
The large amount of supra glacier moraine over
glaciers is one of the major reason for the variation in
amount of retreat. Recently a study carried out by
Venkatesh et al. (2012) has selected few glaciers of
retreated glaciers of Chenab basin of Western
Himalaya and found that slope is one of the key factors
in variation of glacial retreat or advance.

Basically, retreat or advance of glaciers is the result of
long term changes in mass balance of glaciers. There is
a parameter known as AAR (Accumulation Area
Ratio) which is used for determining mass balance of
the glaciers at reconnaissance level. In this study, we
have taken the few glaciers from Chenab basin of
Western Himalaya, which are smaller in size and also
debris free (Figure 1). One of the advantages of taking
up small sized and debris free glaciers is that
signatures of these glaciers on the image are so distinct
that no ambiguity can be produced while interpreting
the glacier extents. Another advantage is about the
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influence of climate on change in glaciers can be
identified. For this study, IRS LISS IIl and IRS P6
AWIFS satellite data of different dates have been used
in the investigation. The results mention that the
smaller glaciers show a faster change in area than the
large glaciers. The similar results have been reported in
other parts of world such as Alpine glaciers
(Grannshaw and Fountain, 2006), Wide Range River,
USA (Cheesbrough et al., 2009), Andes (Masioka et
al., 2009), etc.

Figure 1: Location of glaciers in Chenab basin of
Western Himalaya

2. Data and Methodology

The IRS LISS III and AWiFs data (FCC of band 1, 2, 3
and 4) were georeferenced with Landsat images. The
details of data used are given in Table 1. Glacier
extents were mapped from satellite images of LISS III
data of 2001. Mapping from images requires use of
elements of visual interpretation such as unique
reflectance of snow and ice, shape of the valley
occupied by the glacier, the flow lines of ice
movement, shadow of the steep mountain peaks and
presence of vegetated parts of the mountains. The
SWIR band is used to discriminate cloud and snow in
case of the glacier being covered by clouds in ridges.
The snout is identifiable in debris free glaciers, its
movement helps in recognizing advance or retreat of
glaciers. For detection of change in area of glaciers,
only the changes around the ablation zones were
considered, as the accumulation zone is very dynamic
in terms of snow cover and net change in the glacier is
reflected at the snout. Estimation of change in glacial
area was done using glacier extent extracted from
different sources of datasets. Increase or decrease in
areal extent of glaciers was calculated.

The uncertainties in mapping and retreat from satellite

images were estimated using following equations
(Basnett et al., 2013).

N
Mapping uncertainity = > % Area of Pixel
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Where, N =
boundary.

number of pixel along the glacier

The following equation was used to estimate the error

in retreat
N1-N2

5 = Area of Pixel

Uncertainity in retreat =
Where,

N1 = number of pixel along the glacier boundary of
data 1.

N2 = number of pixel along the glacier boundary of
data 2.

Table 1: Details of data used in stud

Satellite Date Spatial
Resolution (m)

IRS 1C/1D | 09 September 2001 23.5 (Band 1 to 3)
LISS 11T 70.5 (Band 4)
IRS P6 LISS | 30 September 2006 23.5
I 08 August 2007

26 August 2008

03 October 2009
IRS P6 | 16 September 2005 56
AWIFS 18 August 2007

30 August 2010
Landsat TM | 09 October 1989 30

04 July 1992

AWIFS images from July to September season were
selected, because during this period snow cover is at its
minimum and during this period maximum glaciers are
snow free (Kulkarni et al., 1999). The snow line at the
end of ablation, which roughly corresponds to the
equilibrium line on glaciers in mountainous region, can
be identified on satellite images (Ostrem 1973, 1975).
This is the key parameter for estimating accumulation
area ratio. Glacier boundaries were overlaid on all
AWIFS scenes sequentially. Snow line was delineated
for each glacier from each scene. Accumulation area
ratio (AAR) was derived for each glacier based on
location of snow line at the end of ablation season.

3. Results and Discussion:
Glacier cover change

In this investigation 13 debris free glaciers whose areal
extent is less than 10 sq km were used in the analysis.
Initially, the retreat was estimated from 2001 to 2007.
All the glaciers showed loss in area during the
monitoring period. Total area of these glaciers mapped
using LISS III data was 38.3+2.41 sq km in 2001
which became 35.82+2.32 sq km. One of the examples
of loss in glaciated area is shown in Figure 2. The loss
of 2.5+0.04 sq km has been estimated. The annual loss
in area is 0.42 sq km (1.08%) between 2001 and 2007.
However, the annual loss in areal extent is
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substantially higher than general trend in the Western
Himalaya (Bolch et. al., 2012). This is possibly due to
the glaciers being small in size and also not covered by
debris. In addition, the different rate of retreat was
observed within these thirteen glaciers which vary
from 2% to 16 %. This variation might be because of
area altitude distribution and orientation of the
glaciers. These factors influence equilibrium line and
AAR (accumulation area ratio) of the glaciers.
Therefore further investigation was carried out to
understand the influence of AAR on surface area
retreat. During 2007-2010, eight glaciers were
monitored out of 13 glaciers. Other glaciers were snow
or cloud covered. The total area of these 8 glaciers in
2007 was 26.06 sq km which had become 25.54+1.64
sq km in 2009. This gives a loss of 0.53+0.01 sq km
(2%). Among 8 glaciers, 4 were found in stable
condition.

AAR of glaciers

From the data of retreat it cannot be directly concluded
that glacial retreat has taken place due to change in
accumulation or ablation. However, accumulation can
be directly observed on the satellite images unlike
ablation. It is this basis which led to development of
AAR based mass balance estimation. AAR for each of
the 13 glaciers was extracted based on the snow line at
the end of ablation season. The snow line is very
crucial in glacier health studies for many reasons.
Firstly it indicates the accumulation area of the glaciers
and secondly it is treated as equivalent to equilibrium
line for estimating mass balance. The upward or
downward movement of this line indicates positive or
negative mass balance. Thus, accumulation area ratio
was estimated using various images of ablation season
for the 2001, 2005, 2007 and 2010. As it is well known
that long term variation in mass balance results in the
changes in glacial extents, the data of glacial retreat
and mean AAR of the glaciers has been correlated
(Figure 3). The accumulation area ratio has significant
effect on the retreat or advance of glacier. A good
correlation has been observed between mean AAR
(accumulation area ratio) and deglaciation (R? = 0.76).

18 R?=0.76
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Figure 3: Influence of AAR (accumulation area
ratio) on deglaciation (2001-2007)
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Conclusion

The glaciers have experienced the retreat during both
the monitoring periods. However, individual glaciers
retreat at different rates depending on various glacio-
geomorphic parameters (areal extent, ELA, slope,
aspect, etc). In this investigation retreat for small and
debris free glaciers was carried out which suggest that
deglaciation in these glaciers is high. The inverse
relation of accumulation area ratio and deglaciation
suggest that solid precipitation on glaciers is necessary
for better health of glaciers.
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Figure 2: Examples of deglaciation in glaciers since 2001
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