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The Himalayas possess one of the largest resources o['hon'dTC'Sl Car‘: 2{50fpr|<)dl;|cle istyfr‘]?}fno?ﬁusnbtra:;‘a\:lnourng
snow and ice, which act as a huge freshwater reser- € development ol glacial exte € northern a

voir. Monitoring the glaciers is important to assess the southern hemisphere: This aspect was extensivgly'studied in
overall reservoir health. In this investigation, glacial tropical Andes; maximum extent of last glaciation was
retreat was estimated for 466 glaciers in Chenab, Par- estimated around 34,000 yrsp before present and re-
bati and Baspa basins from 1962. Expeditions to Chhota treated by 21,000 yrsp. This cycle of glaciation is dif-
Shigri, Patsio and Samudra Tapu glaciers in Chenab ferent from that reported in the northern hemisphere, where
basin, Parbati glacier in Parbati basin and Shaune the peak of the last glaciation was estimated approxi-
Garang glacier in Baspa basin were organized to iden- mately about 17,000 to 21,000 years‘ago

tn;]yoar:]d mr?p(;heeragll?CI2lcjte(:r'(n:)|2us'h Thlea::r?gesggggo? gﬁ]s Natural variations in the earth’s orbit are well synchro-
shown an ov reduction n glacier area Ir nized with atmospheric variations in methane and carbon
2077 sg. km in 1962 1o 1628 sq. km at present, andioxide, leading to repeated cycle of glaciations. However,

overall deglaciation of 21%. However, the number of thi tural I iaht h ltered due to th h
glaciers has increased due to fragmentation. Mean IS natural cycle might have allered due 1o the greennhouse

area of glacial extent has reduced from 1.4 to 0.32 sq. €ffect caused by man-made changes in the earth’s environ-
km between the 1962 and 2001. In addition, the num- Mment. Some of the hypotheses suggest this alteration might
ber of glaciers with higher areal extent has reduced have started long before the beginning of the Industrial
and lower areal extent has increased during the pe- Revolutiorf. Invention of agriculture about 11,000 years
riod. Small glaciarates and ice fields have shown ex- ago might have led to large-scale deforestation and rice
tensive deglaciation. For example, 127 glaciarates and cultivation. However, this pace of change might have ac-
ice fields less than 1 sq. km have shown retreat of 38% celerated from the beginning of the Industrial Revolution.
fr_om 1962, possibly c_Iue to small response time. Th_|s iN- This has led to an incredse global temperature by 046
ﬂ'.citef tf;rat ‘? (f:onn";bllrllatllon_ ?f gLs:jC|?_er:‘r?gmﬁnrt]at|or1r, 0.2°C from 1900. In addition ecent development in climate
nigher retreat of small glaciers and climate change are modelling suggests that the existing greenhouse gases
influencing the sustainability of Himalayan glaciers. X .
and aerosols in the atmosphere have led to the absorption

) ) . . 0f0.85+ 0.15 W/sq.m more energy by the earth than that
Keywords: Glaciers, glaciarates, Himalayas, ice fieldsemitted to space. This means additional global warming
retreat. of about 0.6C has occurred without further change in

. atmospheric compositién Mass balance is one of the

OvVER the past three million years, the earth’s surface hﬂﬁportant parameters which can be influenced by global
experienced repeated large periods of glaciation, seRgarming. Mass balance is usually referred to as a total
rated by short warm interglacial periods. During the peak Rfss or gain in glacier mass at the end of the hydrological
glaciation approximately 47 million sq. km area was cOWear. Geographical parameters which can influence mass
ered by glaciers, three times more than the present iggance are area-altitude distribution and orientation, since
cover over the earth A number of ideas were proposedhigher altitude has lower atmospheric temperature. In addi-
to explain repeated cycle of glaciations on the earth. O”etﬁgn, orientation and amount of slope can influence amount
the explanations is related to natural variation in the earthyg 5o|ar radiation eceived on the slopeinfluence of these
orbit around the sun. These orbital cycles (100,000, 41,099rameters on glacial mass balance is studied in the
and 22,000 years) can cause 10% variation of incomi%Spa basiht®
solar radiation in various parts of the glabEhese regular Global warming has remitted in large-scale retreat of
changes in the amount of sunlight reaching the surfacegqgciers throughout the worll This has led to most gla-
the earth might have produced repeated cycles of glacigers in the mountainous regions such as the Himalayas to
recede substaially during the last centuty**and influ-
*For correspondence. (e-mail: anilkul@sac.isro.gov.in) ence stream run-off of imalayan river¥. However,
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Figure 1. Location map of Chenab, Parbati and Baspa basins, Himachal Pradesh (HP).

Table 1. Satellite data used in the analysis Methodology
Basin Sensor Spatial resolution (m) Date of acquisition
This investigation was carried out using data from a number
Parbati LISs-Iv 5.8 16 July 2004 of Indian Remote Sensing satellites. In Parbati basin
Baspa LISS-II 23 25 August001 LISS-IV data of IRS-P6, and in Baspa and Chenab basins
11 September 2000 | |SS-||| data of IRS-1D were used (Table 1). IRS-P6 sat-
Chenab LISS-IlI 23 27 Augug001 ellite was launched on 17 October 2003 and satellite images

30 August 2001 of Parbati basin were collected in the summer of 2004.

Spatial resolution of this sensor is 5.8 m and data are
available in three bands. Therefore, this sensor can be
used to monitor small glaciers and ice fields. Specifica-
tions of LISS-IV sensor of IRS-P6 satelfitare given in
Table 2. The oldest information about glacial extent is

Table 2. Salient specifications of LISS-IV sensor of IRS-P6
(from Roy")

Specification LISS-IV available on Survey of India topographic maps, surveyed
Spectral bandsum) 0.52-0.59 ?n 1962, qsing verticgl air photpgraphs qnd limited field

0.62-0.68 investigations. Mapping of glacial extent in 2004 was car-

0.77-0.86 ried out using LISS-IV images and in 2001 using LISS-III
Spatial solution 5.8 m at nadir images. Images covering July—September period were se-
Swath 23.9 km lected, because during this period snow cover is at its mini-
Quantization 7 bits mum and glaciers are fully exposed. Glacier boundary
Saturation radiance B2: 55

was delineated using topographic maps and digitized us-
ing Geographic Information System. On satellite images
glacial boundary was mapped using standard combina-
tions of bands. Image enhancement technique was used to
monitoring of Himalayan glaciers is normally difficult enhance the difference between glacial and non-glacial ar-
using conventional methods due to the rugged and inagas. Field investigations were carried out at five glaciers
cessible terrain. Therefore, field-based records have benassess position of the snouts. These include Shanue
made at selected Himalayan glaciers. This may not prGarang glacier in Baspa basin, Parbati glacier in Parbati
vide a complete and representative scenario of glacial teasin and Chhota Shigri, Samudra Tapu and Patsio glaciers
treat. In this investigation, changes in glacial extent aip Chenab basin. Snout positions of selected glaciers were
reported for 466 glaciers in Himachal Pradesh, coveringarked using Global Positioning Syste@PS) and by
three highly glacerized basins of Chenab, Parbati amdmparing the relative position of snouts with geomor-
Baspa (Figure 1). These are important river basins for Indiphologic features such as moraines, origin of streams
economy, as numerous power projects are under operatfoom snouts and moraine-dammed lakes. Glacier retreat
and construction hete Therefore, changes in glacial extentvas measured along the centreline. Since GPS instrument
and their influence on river run-off are important to plarwannot be easily mounted on the terminus, due to safety
future strategies of power generation. consideration, relative piign of the terminus was esti-

(mw/crf/sr/mm) B3: 47; B4: 31.5
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mated using geomorphological features. This means gleempound or simple glaciers. In a compound glacier, two
cial retreat can be estimated by combining field and sater more tributaries merge together to form a valley glacier.
lite observations. This procedure is now being improve@ihe simple glacier has a single, well-defined accumulation
using a combination of laser range finder and GPS, wheaeed'. Separate tables are used to obtain depth depending
the distance between a fixed point on stable land and glgon the areal extent. This method was further improved
cial terminus will be estimated. Repeated observatioty a large number of field observations in thenblaya.
will provide the amount of glacier retreat. This will be arA specific relationship between glacier area and depth has
important step forward, as it will provide independent valibeen developed for the Himalayan glaciérs
dation Qf remote §ensmg-based .methodolqu. . H=_11.32 + 53.2E°2

Glacial depth is normally estimated using radio-echo
sounding methdd 2 In the Indian Himalayas, such measwhereH is the mean glacier depth (m) aRds the gla-
urements are few; however volume of glacier-stored wateier area (sq. km).
can be estimated using various approximate methods. On&ince this method has been developed using depth infor-
of the earliest methods to estimate glacier depth was basealtion of Himalayan glaciers, it was used to estimate volume
upon worldwide observations (including Nepal Himalayas)f glaciers and loss in their volume between 1962 and
of a large number of glaciers and an approximate relationst®p01. The error was estimatéés 10-20%. The volume
between glacier type, areal extent and depth was developefdmountain glaciefd is proportional to their area raised to
Glacier depth can be inferred using geomorphological
classification and areal extéhtBoth of these parameters Rk i
can be obtained using remote-sensing technique. In geo
phological classification, glaciers are identified either

=]
=

Reflectance
&

=
b

y Figure 4. Field photograph showing moraine-dammed lake near
0 fal 10 350 m‘“ Samudra Tapu glacier, Chenab basin, HP.
Wavelength (nm)
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Figure 2. Spectral reflectance of snow, ice, contaminated snow, veg
tation, and soil. Observations taken using spectral radiometer near
nali, HP. Note changes in reflectance as snow changes into ice and
snow and ice are covered by rock debris.

Figure 3. Satellite imagery of glacier number 528003 and
52H12004 of LISS-IV sensor showing glacial boundary of 1962 an
2004. These are small mountain glaciers showing negligible accumufg: .
tion area. Maximum altitude of these glaciers is around 5200 m. This is

close to the snow line at the end of ablation season and such glacieigure 5. Satellite imagery showing moraine-dammed lake and ter-
are expected to experience terminal retreat. minus of Samudra Tapu glacier, Chenab basin, HP.
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Figure 6. Field photograph of terminus region of Chhota Shigri glacier, Lahaul and Spiti district, of HP taken in
1988 and 2003. In 1988, glacial ice is exposed on the surface and small portion of the terminus is covered by debris.
By year 2003, the entire terminus zone is covered by debris.

Table 3. Basin-wise loss in glacier area in Chenab, Parbati and Baspa basins

Glacier area (sg. km) Volume (cubic km)

Basin Glacier number 1962 2001-04 Loss (%) 1962 2001-04 Loss (%)

Chenab 359 1414 1110 21 157.6 105.03 33.3
Parbati 88 488 379 22 58.5 43.0 26.5
Baspa 19 173 140 19 191 14.7 23.0
Total 466 2077 1628 21 235.2 162.73 30.8

Figure 7. Field photograph of terminus region of Patsio glacierFigure 8. Field photograph of dead ice mound at Patsio glacier. A
Bhaga river basin, Lahaul and Spiti district, HP. Shape of glacial terock formation between present terminus and dead ice mound can be
minus is concave, suggesting retreating glacier. Glacier ice can be setsurly seen in Figure 7.

clearly and debris cover is relatively less on this glacier.

a power of about 1.36. A small difference between geograpfiESnoW. ice and rock on satellite images is possible due
regions (North America, Arctic, Europe and Central Asiat)o substantial difference in spectral reflectance. Spectral
was observed. In Central Asia, the volume of mountaffffectance curves of fresh snow, ice, dirty snow and rock

glaciers was observed proportional to their area raised@¢ 91ven in Figure 2. These reflectance curves were obtained
a power of about 1.24. around Manali, Himachal Pradesh. These results indicate

substantial difference between snow and rock. In addition,
reflectance of ice is also substantially different compared
Estimation changes in glacial extent to that of rock in the spectral region between visible and
SWIR (Figure 2). A satellite imagery of LISS-1V sensor
Identification and mapping of glacier boundary and tershowing glacial boundary of 1962 and 2004 is given in
minus is one of the important aspects of estimation of réigure 3. Identification and mapping of glacial terminus
treat. If glaciers are not covered by debris, identificatioin a satellite imagery is normally difficult if glaciers are
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covered by debris. Numerous geomorphologic featuressponse time is directly proportional to thickAesEhick-
can be used to identify the terminus. Many a times moraineess is directly proportional to its areal exténResponse
dammed lakes are formed downstream of the glacial taime is defined as the amount of time taken by the glacier
minus (Figure 4). These lakes can be easily identified do adjust to a change in its mass balance. If maximum
satellite images (Figure 5). Sometimes a glacial termintisickness of glaciers varies between 150 and 300 m, then
is characterized by a steep ice wall. Depending upon retée response time for temperate glaciers will be between
tive positions of the sun and the wall, it can form shado®5 to 60 yearS. In the Himalayas, if glaciers are not
in downstream, which can be used as a marker for ternmieavily covered by debris, areal extent of glaciers is less
nus delineation. than 1 sq. km and rate of melting around the snout is around
Field investigations at the Chhota Shigri glacier weré ma®; then response time is estimated to be between 4 and
carried out in 1988 and 2003. These suggest a retreatldfyears. Therefore, if other parameters are constant, then
800 m between 1988 and 2003. Field photographs of glemall glaciers are expected to adjust to climate change
cier terminus region indicate changes in glacial morpholodgster. This phenomenon is now being observed in the
(Figure 6). In the photograph of 1988 (Figure 6), the glacidlimalayan region, as glaciers smaller than 1 sqg. km have
terminus can be seen clearly; by the year 2003, the entiteglaciated by almost 38% between 1962 and 2001-04
region is covered by debris, suggesting glacial retreat afitiable 3). On the other hand, larger glaciers have shown
reduction in debris-carrying capacity of the glatletf  only 12% loss in their area. Even though total glacial extent
this process continues, this glacier will convert into a rodks reduced, the number of glaciers has increased. The
glacier. Field investigation at Patsio glacier has showmumber of glaciers as a function of area for Chenab basin
concave shape of terminus, indicating a retreating glacierplotted in Figure 9. Mean of glacial extent was reduced
(Figure 7). This was further confirmed, as isolated deddom 1.4 to 0.32 sq. km between 1962 and 2001. In addi-
ice mounds were observed downstream the present termion, the number of glaciers with higher areal extent has
nus (Figure 8), suggesting rapid glacial retreat. reduced and the number of glaciers with lower areal extent
Areal extent of 466 glaciers was estimated. It walsas increased between 1962 and 2001. This glacial frag-
2077 sqg. kmin 1962 and 1628 kin 2001-04, an ovatl mentation can be clearly seen on satellite images (Figure 10).
21% deglaciation. Basin-wise loss in glacier area is given
in Table 3. Ar_nount of _retreat varies from glacier to glac'eéonclusion
and from basin to basin, depending on parameters suchas
maximum thickness, mass balance and rate of melting.ﬁ%is investigation was carried out for 466 glaciers in the
the terminu¥. Loss in glaciated area depends on areal extemt 9 g

. S . ‘highly glaciered Himalayan basins, namely Baspa, Parbati
of the glaciers (Table 4). This is possibly because gIamgnrgd Chenab. Normally in the Himalayas, retreat is measured

at well-developed and easily accessible valley glaciers.

Table 4. Changes in areal extent of glaciers in Chenab basin This study is now extended to small mountain glaciers

Glacier area Number of glaciers Glacier area Change
(sg. knf) in 1962 (sq. km) (%)
<1 127 68 42 38
1-5 159 382 269 29
5-10 48 329 240 27
> 10 25 635 559 12
Total 359 1414 1110 21

#1962
22001

7
sﬂnw

0 0.02 0.04 008 02 032 08 14 35 56 143 23 57 91 360
Area (sq. km) Figure 10. Resourcesat imagery of LISS-IV sensor dated 12 Septem-
ber 2004 of glacier number 52E09027. This glaciéit spto four gla-
Figure 9. Number of glaciers as a function of area for Chenab basiciers between 1962 and 2004. However, areal extent is reduced from
Areal extent in bin is increasing by a power of 2. 7.0 to 5.3 sg. km.

Glacier Boundary in 1062 — — Glacier Boundary in 2004

CURRENT SCIENCE, VOL. 92, NO. 1, 10 JANUARY 2007 73



RESEARCH ARTICLES

and ice fields. The investigation has shown overall 21% Risks Wissenschaftliche Auswertungen, Berlin, Germa2§01,
reduction in glacial area from the middle of the last century, PP- 400-408. , _ o
Mean area of glacial extent was reduced from 1.4 to 0.32 58' Hansen, J. Let al, Earth’s energy imbalance: Confirmation and
g T ’ ' " implications.Science 2005,308, 1431-1435.
km l_)Etween _1962 and 2001. In addition, the number of ook, R. L. Principles of Glacier Mechanig€ambridge Univer-
glaciers has increased between 1962 and 2001; however, sity Press, 2005, pp. 17-41.
total areal extent has reduced. The number of glaciers h&s Srinivasulu, J. and Kulkarni, A. V., A satellite based spectral reflec-
increased due to fragmentation. Numerous investigations tance model for snow and glacier studies in the Himalayan terrain.
in th t have sugaested that glaciers are retreating a aProc. Indian Acad. Sc{Earth Planet. Sc), 2004,113 117-128.
€ pasthave sugg . 9 ; g_ 3 Kulkarni, A. V., Mass balance of Himalayan glaciers using AAR

response to global warming. As the glaciers are retreating, ang LA methodsJ. Glaciol, 1992,38, 101-104.
it was expected that tributary glaciers will detach fromo. Kulkarni, A. V., Rathore, B. P. and Suja Alex, Monitoring of glacial
the main glacial body and glaciologically they will form  mass balance in the Baspa basin using accumulation area ratio
independent glaciers. Systematic and meticulous glacial ”aetTOd-C“"-JSCE tzrgzi‘_’n%'cll_r%:;?-nals om 169 dlacier records
. . erlemans, J., X | | | ] .
inventory of 1962 and 2001 have now clearly demonstratéd Science 2005 308 675_(?77 g g
that_eXtent_ Of frggmentatlon is much h'Q_her than realizeth yikarni A. V. and Alex, Suja, Estimation of recent glacial varia-
earlier. This is likely to have a profound influence on sus- tions in Baspa Basin using remote sensing technighiebidian
tainability of Himalayan glaciers. Soc. Remote Sensing003,31, 81-90. _ _

This can be clearly seen, as a Iarge difference in degpa?_. Kulkarni, A. V. and Bahuguna, I. M., Glacial retreat in the Baspa

- . Basin, Himalayas, monitored with satellite stereo dat&laciol,

ciation was observed between large and small glaciers. 2002 48 171172
Loss in glaciated area for I_arge glguers was 12% COM3z. Kulkarni, A. V., Rathore, B. P., Mahajan, S. and Mathur, P.,
pared to 38% for small glaciers. This can be explained by Alarming retreat of Parbati Glacier, Beas basin, Himachal Pradesh.
considering three fundamental glacial parameters, namely Curr. Sci, 2005,88, 1844-1850. _
depth, mass balance and rate of melting at the termind@: Kulkarni, A. V., Mathur, P., Rathore, B. P., Alex, Suja, Thakur, N.

. . . and Manoj Kumar, Effect of global warming on snow ablation pat-
Glacial depth is normally related to its areal extentand . " ° HimalayaCurr. Sci, 2002,83, 120123,

small glaci_ers _haV_e relatively |e'_55er depth. Since_glaCi?B. Madan, M. M., River valley development: the hydroelectric power
response time is directly proportional to its depth, it could option in Parbati basin — technological, environmental and eco-
vary between 4 and 60 years, depending upon glacial size. nomical aspects of Parbati hydroelectric project, stagedian J.
This could be the fundamental reason for large retreat of Power River valley Develop2005, 48-53. _
small glaciers. Therefore, small glaciers are considered as R P- S Looking back on tomorrow: A qualitative journey into
9 o ! . g . the techniquesGeospatial Today2004,3, 19-27.
more sensitive to global warming. Th_|5 process cogld Nav@. Narod, B. B. and Clarke, G. K. C., Miniature high-power impulse
been further accelerated avall glaciers and ice fields transmitter for radio-echo soundirlg.Glaciol, 1994,40, 190-194.
are situated on small mountain plateaus or on gentle mountéfh Bogorodskiy, V. V., Bentley, V. C. and Gudmandsen, PRE&dio-
slopes. On the other hand valley glaciers are usually loca- 9'aciology, Reidel, Dordrecht, The Netherlands, 1985. _
ted in mountain valle surrounded bv steep mountain C|iﬁ280' Gergan, J. T., Dobhal, D. P. and Kaushik, R., Ground penetrating
. YS, ) y p_ " radar ice thickness measurements of Dokriani bamak (glacier),
This can cause further accumulation of debris and less solar garhwal HimalayaCurr. Sci, 1999,77, 169-173.
radiation will be eceived on the glaal surface, affecting 21. Mmuller, F., Caflisch, T. and Muller, G., Instructions for compilation
glacial retreat. The observations made in this investiga- and assemblage of data for a World Glacier Inventory. Department of
tion suggest that small glaciers and ice fields are signifi- Geography, Swiss Federal Institute of Technology, Zutigfy .

. . 2. Chaohai, L. and Sharma, C. K., Report on first expedition to gla-
cantly affected due to global warming from the middle O¥ ciers in the Pumqu (Arun) and Poiqu (Bhote-Sun Kosi) river basins,

the last century. In addition, larger glaciers are being xisang (Tibet), China. Science Press, Beijing, 1988, p. 192.
fragmented into smaller glaciers. In future, if additionab3. Meier, M. F. and Bahr, D. B., Counting glaciers: Use of scaling
global warming takes place, the processes of glacial methods to estimate number and size distribution of glaciers of the
fragmentation and retreat will increase, which will have a World. In Glaciers, Ice Sheet and Volcanoes: A tribute to Mark F.

. Y . Mei d. Colbeck, S. C.), CRREL Special Report, pp. 96-27,
profound effect on ailability of water resources in the 1;;?_ 5(3%_940 ec ) pec port, b

Himalayan region. 24. Khromova, T. E., Osipova, G. B., Tsvetkov, D. G., Dyurgerov,
M. B. and Barry, R. G., Changes in glacier extent in the eastern Pa-
mir, Central Asia, determined from historical data and Aster im-

1. Price, R. J.Glacial and Fluvioglacial Landformged. Clayton, agery.Remote Sensing Envirqr2006,102, 24-32.
K. M.), Oliver and Boyd1973, pp. 20-41. 25. Johannesson, T., Raymond, C. F. and Waddington, E. D., Time-
2. Ruddiman, W. F., How did humans first alter global climaieR scale for adjustment of glaciers to changes in mass baldnce.
Am, 2005,292, 34-41. Glaciol., 1989,35, 355-369.

3. Smith, J. A., Seltzer, G. O., Farber, D. L., Rodbell, D. T. angg. Paterson, W. S. BThe Physics of GlaciersPergamon Press,
Finkel, R. C., Early local last glacial maximum in the tropical Andes. 1998, pp. 318-321.
Science2005,308, 678-681.
4. Denton, G. H. and Hughes, T. The Last Great Ice Sheetiohn ACKNOWLEDGEMENT. We thank Drs Shailesh R. Nayak and T. J.
Wiley, 1981, pp. 7-10. Majumdar for suggestions and comments to improve the manuscript.
5. Lozan, J. L., Grabl, H. and Hupfer, P. (eds), Summary: warning
signals from climate. IrClimate of 21st Century: Changes and Received 11 MarcB006; revised ecepted 23 Augus2006

74 CURRENT SCIENCE, VOL. 92, NO. 1, 10 JANUARY 2007



