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ABSTRACT

Himalayas are the source of water to many importamw/glacie-fed and rainfed rivers in India and its neighbouring countribsit caters
the demand of water to more than 1.4 billion peoplewever, Himalayan glaciers are under threat doempact ofclimate change and
resulted in increasing in glacier retreating ratesrecent decades. Moreover, with the retreatiracgrs, nearby LULC ptern such as total
snow cover area, vegetation line, barren land, etso change Therefore, it is imperativeo study the glacier to address the impact
climate change. But glacier studies are rare owiadlifficult terrain, extreme climatic events arighited infrastructure Therefore, use of
Remote Sensing (RS) are most sought of due tastsisabilityand repetitive ground coverage. In present study,b@sed datasets we
used in Khangri glacier and computation were peried for deriving glacier mass balance, snow coveaanapping, snout mctoring,
snowline identification, velocity profile and LU classification of the watershed. The study alsegithe insight of application of Snap t
for the estimation of glacier velocity using thenral Sentinel 1 Synthetic Aperture Radar (SAR.ddoreover, the pap discusses the
techniques to intergt the field based observations over the GIS piatfio easy manner. Additionally, using the fieldé&ad observation tt
RS based findings were validated on ground, ge-ordinates of snout of the glacier were acquired years 2017, 2018 and 2019, 1
emerging streams from the snout of the glacier stadied for its water discharge estimation. Studgves the stable trencf snout location
but negative mass balance from year 2000 to 200&eased from RS based observations. These imtiaérvation and or estimation need
to be continued in future to arrive at any specdfimclusions with respect to impacts of climatengeon glacier healthf Khangri glacier

so that corresponding policy inputs can be givethtoconcern stakeholde
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INTRODUCTION

Himalayas are known for snofed rivers and streams tt
drain the region and supply the water not only tonhns
but also act as the lifeline to the flora and fawifathe
region. These rivers carry water with them in tbenf of
either snowmelt, glacier melt or rain water. Glaeidich is
a vast body of ice mass that moves over landmassaditis
own weight and slope of the underlying topographk'
directly affected by climate change (Bis, 2015).
Therefore, glaciers are considered as an impoitaitator
of climate change and therefore its monitoringeisognizec
as an important subject of interest to resear (Khalsaet
al., 2004). Among the studies, accuratssessment of
glacier mass and snow cover mapping is importar
understanding the glaciers dynamics. However, ticasil
methods to study glaciers are cumbersome, timeucoing
and observations were also affected by terrainitiond or
accessibilities Recent advances in satellite remote ser
allow gathering information of an object on the wrd
without having physical contact. Advanced ser
technology provides repetitive coverage of glaciarsl
therefore is useful in monitoring the glacier asiest way.
Majority of recent studies are RS based glacieritoang
studies which revolutionized the way we are momitpthe
glaciers. The glaciers of the greater Himalayadaated a
an altitude of more than 5000 m where the extr
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condition maks accessibility very difficult. However, wi
the availability of Remote Sensing data productsthia
visible, infrared, thermal and microwave regionsven
created new opportunities to study and monitorglagiers
located in farflung high altitude reons. The satellite
imageries provide the earth's surface data at@utesn of
better than 30 cm. The freely available datasetSesttinel
and ALOS Palsar provides the data of earth surédcae
resolution of 5 *20 m at interferometric wide swath (Iv
mode and Digital Elevation Model (DEM) data at 12
resolution [ttps://sentinel.esat/web/sentinel/user-guides/
sentinel-1-sar/acquisitiomodes/interferometr-wide-
swath).

Study on Himalayan glaciers shows that most ofjtaeiers
are retreating with few exception whethey are advancing
or static. Few examples such as the Dudh Koshi
retreating at rates ranging from 10 to 60 m pemamrand
many glaciers smaller than 0.2 ? have already
disappeared (Bajracharyat al. 2007). The increase in
global temperature, anncrease in extreme events
precipitation lead to diminishing streams of loveeder or
otherwise flash floods in the Himalayan region bio&
Kumar 2006). During last century, Himalayan glacie
observed varied retreat rate attributed to globatming
(Bhambri and Bolch, 2009; Praset al., 2009). Gangotri,
one of the main glacier in Central Himalaya repbrén
average retreat rate of 5.9+4.2 m " during 1965 to 1968
and 26.9+1.8m ye@rfrom 1968 to 1980. Further it retreat
21.0+1.2m yeaf during 1980 and 2000 and retreat rate
Gangotri has declined to 7.0+4.0 m y*during 2001-2006
(Bhambriet al.2012).In context to Indian Himalaya, only
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few glaciers being studied and monitored on a BEgoAsis
(Kasturirangaret al.,2013).

Remotesensing techniques and its derived products
been used to track glacier geometry (Khalsa e2@b4), ta
monitor velocity of different glacier and then tetdrmines
ice discharge (Scherler et al., 2008), glacier |akedy
(Gardelle et al., 2011)morphometric characteristics
glacier in Indian Himalayas (Ahmad et al., 2004)

Studies on glaciers systems are available for g fone but
concentrated on majasr big glaciers. The small glacie
system is neglected somehow in shadow on big gl
system. Further, isitu field verification is also lacking i
some RS based studies. Therefore, it is importar
understand the dynamism involved in small glasystem
and its associated LULC changes if any and to yetié
glaciers status using field observation. The stadys to
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finds the dynamics of small glacier using freelyaiéable
remote sensing products for estimation of massniel;
snout monitoringyvelocity measurement, snow cover a
(SCA) mapping and snowline delineation, LULC patt
and also the study of water discharge. Presenty siasbs
carried out in Khangri glacier (locally also knowas
Patliputra glacier) located at an altitude of appmately
4900 m above MSL in Tawang district of Arunac
Pradesh.

MATERIALS AND METHODS

Study area and Data used

Khangri glacier watershedlies between 27°46'57"N
27°48'45"N latitudes and 92°21'16"E to 92°23'1
longitudes and covers an areaapproximately 178 ki
(Fig. 1). The watershed of the glacier has beeartals the

*Not to scale
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Fig. 1 Study area map of Khangri glacier and its wiershed (Source: Sentinel 2E
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area of interest for the study. It is located ie #asteri
Himalayan cryosphere near Gori Chain Mountain ast
accumulation region lies on as high as 680@levation in
Tawang district, Arunachal Pradesh. This glacierthie
major source of fresh water for the downstreamoregihe
mountain is covered by meadows and alpine shrut
higher elevations.

The freely available datasets of Sentinel 1 SARroniave
remote sesing data and Advance Land Observing Sate
(ALOS) - Phased Array type band Synthetic Apertur
Radar (PALSAR) that provides the data of earthamafat ¢
resolution of 5m*20 m and Digital Elevation Mod&EM)
data at 12.5 m resolution respectivebstbeen used for ti
study. The data were directly downloaded fi
https://search.asf.alaska.edu/#/.

METHODOLOGY

The data has been acquitttdough field surveys as well
using the remote sensing data products. During fidits,
the results of remote sensing data products suchand
Use Land Cover (LULC) patterns were also verifiesihg
the DGPS survey. DGPS survey can give the acy of
sub centimetre based on the accurate calibratiorthe
reference station. Using the DGPS reference stajix-
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coordinates of snout were acquired for differerdrgeanc
were plotted on a GIS platform to study the chamigenout
position in order taunderstand the retreating or advanc
trend of glacier. Moreover, during the-situ survey, the
water discharge of the Khangri stream was calcdlatea
suitable location using the cresection and velocity
method.

A brief methodology is presentec the flowchart shown in
Fig. 2. Satellite imagery provides the surface fea
distribution pattern whereas the DEM data is uset
understand the topography of the terrain. After

necessary coegistration, projection and -processing of
the satellié datasets, the image is required to be class
using the GIS methods of classification. Pixel Rk
Classification (PCB) technique of Unsupervised Bk
Classification (USBC) and Segmentation Ba
Classification (SBC) which is also known as objbated
classification methods were used to classify thageny to
derive the land cover pattern (LCP) of the areadey
Segmentation based Classification Approach (St
Normalised Difference Snow Index (NDSI) was usec
directly derive the snow cover arefrom the satellite
imagery based on the threshold value which varas
different glacier and for the Khangri glacier it svéound

Data Acquisition

Satellite data Field Daia
! i1 +
Sentinel- 2 B ALOS Palsar'SRTRM Snout Positon
¥
FBC lr
DEM ANALYSIS Retreat/Advance
Rate
—» SBC
SCA +
—.l NS Differencing ¥
Walidation
» USBC r
LCP AAR Elevation Slope
Estimation Result

Fig. 2 Flowchart of methodology adopted in preserdgtudy
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out to be more than 0.87. The results of unsupedvis
classification and segment based classification ewer
checked for accuracy. The result of segment based
classification was found out to be more promisimyihg

the accuracy of more than 90%. The snow cover a@ERa
calculated and also the Accumulation Area Ratio R)As
calculated using the standard formula:

(AAR = Snow cover area / Total area of the glacier)

Mass balance of the glacier can be derived usirgg th
geodetic methods, using the AAR, DEM differencing
methods, etc. For our study, the DEM differencingtimd
was adopted using the ALOS PALSAR DEM data of year
2008 and SRTM DEM data of year 2000 for the knoveaa
of the Khangri glacier. The difference in value egvthe
loss/gain in mass of the glacier.

The watershed of the Khangri glacier was delineateer
the GIS platform. The natural colour composite was
prepared using Sentinel 2B satellite data at 10ata @ith
band 2 (Blue), 3 (Green), 4 (Red), 8 (near-inframad 11
(short wave infrared). Pre-processing such as naglioc
and geometric correction was incorporated carefufigr
projection UTM WGS 1984 46N was used to carry det t
mathematical operations such as area calculations.

RESULTS AND DISCUSSION

Snout Monitoring

The terminus of the glacier in the ablation zonteisned as
snout and the melting ice yields a stream of wdderring
ablation season, the snout of the glacier retradsreaches
a maximum point termed as Equilibrium line afterieth
there is no further retreat. Therefore, the moimtprof
snout is very important in order to assess the mass
balance at the end of the ablation season.

The study on the Khangri glacier has been initiate2017
only and studied for the location of its snout Bz, 2018
and 2019 using the DGPS on-ground survey. It was
observed that between 2017 and 2018 there wassarles
variation of the location of snout which was fouttd be
more between 2018 and 2019 (Fig. 3). The reasdnigber
recede between the year 2018 and 2019 could bleutéi

to the fact that the data collection in 2019 wagsied out at

the end of ablation season when the snout of theiegl
recedes to its maximum value and for year 2018, the
observation was carried out in mid of ablation eead his

is first ever observation in the Khangri glaciedamore
such observation is needed to establish the ohddéaee

Velocity Assessment

The accumulation zone of the glacier receives the
precipitation in the form of snow. Successive sradwf
stratifies the snow layers under the weight of a&ov
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Fig. 3 Snout Monitoring of Khangri Glacier in 2017,2018
and 2019

successive layers compressed to ice. The masg ainder
the impact of gravity moves down and reaches thatiab
zone. The more is the mass of ice, the more willthee
velocity. The velocity is therefore, a very impaitdeature
of the glacier which is required to be studied ndesy to
understand the rate of downward displacement alwitig
the direction (Jawak et. al 2018).

The study of velocity measurement was carried logtugh

the installation of stakes on the ground and aliaguthe
freely available microwave remote sensing data et
such as Sentinel 1 SAR data at 5m * 20m resolution.
European Space Agency (ESA) provides a free tookn
asthe Sentinel Application Platform (SNAP) for the
assessment of glacier velocity using the microwamnote
sensing and topography data
(https://step.esa.int/main/toolboxes/snap/

SNAP tool was used to determine the velocity of kgh
Glacier between 19 August — 24 September, 2019 ukim
Sentinel 1 data. It was observed that the velanithe main
glacier boundary varies between 0.0045 m/day t®35..2

35



m/day. The profile graph was plotted from the |goatof
the snout to understand the variation in the véfowiith
respect to the distance from the snout (Fig. 4 a&b)

Velocity Map of Khangri Glacier

[ khangri_Glacier
Velocity

Value
o High : 120483

S | ow:0.00446114

0 500 100 1500 2,000

Distance in metre from Snout

Fig. 4(b) Velocity profile graph of the glacier wit
respect to distance from snout

Mass Balance

Mass Balance estimation using DEM differencing
approaches

The term Mass balance means net gain and los® dfdm
the glacier system for a given period of time. Aaqgjgr
system thus for any point of time may be thougha®the
product of how much mass it receives and how mtch i
loses by melting. If the gain in ice mass is mdrant the
loss due to melting, the glacier will advance amdtbe
contrary, it will recede. If gain and loss are dgba glacier
is said to be in the equilibrium state. Digital ¥é&on
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Model (DEM) data can be used to estimate the loggmn
of volume over a period of time.

Willis et al. (2012a) measured mass balance ushg t
SRTM DEM and ASTER DEM from 2001 to 2011. DEM
data (SRTM 2000) and ALOS PALSAR 2008 have been
used for identifying changes with respect to elievat
profile for the same area (Fig. 5 a&b). For cliroati
sensitivity studies of the glacier, the specificssdalance

of glacier system can be derived by measuring the
uncertainty in the ablation period balance usintplbe-
derived DEM data.

(b)

Fig.5 Volume estimation using (a) DEM (ALOS Palsar
2008) and (b) DEM (SRTM 2000)

A square fishnet of 75 m is created as a referpoaas in
order to minimize the error of mean elevation @& thacier
boundary using zonal statistics (Fig. 6). The anéahe
fishnet was further calculated especially for baamydnets
and over each individual cells the mean elevatices w
calculated. The product of area and mean elevajives
the volume.

Table 1 represents the volume estimation of Khagigigier
for the year 2000 and 2008. RMS error was alsanestid
to assess the accuracy of the calculations.
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Fig. 6 DEM differencing using Fishnet grid over the
glacier

Table 1: Volume estimation of Khangri Glaciel

Resolution 3 RMSE
Volume (m°) Error

(m) (m)

Satellite | Year

SRTM | 2000| 30 34359708618.¢ | 9.18 m

ALOS |2008 | 12.5
Palsar

34143574960.07 | 4.85m

Variation -
(Year 2008 — Year 2000)

It was found that, for the Khangri glacier, thes a loss of
volume of 0.21613+0.0596 Khduring 2000 and 200
Dussailant et. al 2018 describes that formal uacsies for
mass balance estimates can be calculated taking
account six main sources of error: errorsdbrdt, errors ir
the glacier area, error on the density conversiactof,
errors due to dataoids, errors due to seasonal cy
sampling irregularities and departure from a lingand.
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For density the error of +60 kg® was obtained from Huss
(2013)

Water Discharge Measuremen

In situ observation was made to develop the -section
area of the stream through the general acceptetaqip of
discrete measurement of stream surface from a aot
straight rope at the above of stream tied at twokt.
Generally, water flow depends on direct and indi
variables (slope, geology, patterns, climatic pasi@m
gravity and deposits). The cross section of theastr was
calculated to be 2.48 ‘m The glacier river flow wa
calculated during the specifttime (Table 2) by the floy
method. Water discharge was derived using theioat

Water discharge (Q) =xVxCF

Where, A is area, V is the velocity of river and GRthe
correction factor. The crosection and velocity wel
established in 2018 and 201@rihg field survey. To bette
understand the variation in discharge, the fieldiey was
conducted during mid of ablation season in 2018 el of
ablation season in 2019. The average water disehags
found to be 3.39 ffsin 2018 compared only 1.601 n¥s
in 2019 which shows the variation of water discleaaenc
of ablation season by more than 52% (Tabl

Land Use/Land Cover Assessme

The LULC classification was carried out into sixexgories
viz. Dry snow, wet snow, rocks, lakes, alpimeadow,
shadow region. Pixdbased supervised classificati
approach was utilized where on an average 30 sal
(spectral signatures) for individual classes werlected a
the training data set. The classification was penéa anc
with some manual cogction overall accuracy of 86% w
achieved and validated through ground survey ary-
resolution satellite imagery platform through WM&\sce
such as Google earth etc.

Table 2: Water discharge measurement of Khangri Glacie

Year | Date Sectional Area (M) | Mean Velocity (m/sec) | Discharge (ffs) | Average Discharg: (m/s)
31-07-2018 | 2.452 1.33 3.147
01-08-2018 | 2.396 1.236 2.861
02-08-2018 2471 1.283 2.996
03-08-2018 2.601 1.091 2.831
2018 | 04-08-2018 | 3.344 2.013 6.549 3.39
05-08-2018 | 2.805 1.126 3.211
06-08-2018 | 2.582 1.183 3.079
07-08-2018 2471 1.093 2.764
08-08-2018 2.415 1.16 2.879
09-08-2018 2.378 1.38 3.591
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21-11-2019 | 1.608 1.070 1.412

21-11-2019 | 1.608 0.885 1.168

21-11-2019 | 1.663 0.915 1.463

22-11-2019 | 1.608 1.096 1.446

22-11-2019 | 1.627 1.165 1.556

22-11-2019 | 1.663 1.541 2.105 1.601

23-11-2019 | 1.645 1.203 1.625

2019 123112019 | 1.663 1.287 1.759

23-11-2019 | 1.682 1.354 1.872

24-11-2019 | 1.627 1.093 1.459

24-11-2019 | 1.645 1.222 1.651

24-11-2019 | 1.682 1.301 1.799

25-11-2019 | 1.645 1.077 1.505
Khangri Glacier watershed spans a total area of25718m. categories that include rock, lake, alpine meadasti{ue
Out of this totalarea, the snow cover area (SCA) \ land, shadow region occupied 69.89% area of thershed
calculated to spread across 55.38 larea which is 31.1 (Table 3 & Fig. 7).

% of the total study area; whereas other land c

Fig. 7 Land Use/Land Cover classification of the sty area
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Table 3: LULC of Khangri glacier watershed

Classification Area (km?)
Dry Snow 29.58
Wet Snow 25.8
Rocks 61.92
Lakes 0.98
Alpine Meadow 35.31
Shadow 24.43

Snow Cover Area (SCA) Mapping

Glaciers greatlyinfluence water resource managem
vegetation, hydropower generation, flood etc. Tioess
snow monitoring is an essential process to know
understand the impacts of global warming on glaceamd
then by its consequences on other water resoufidee
Normalized Difference Snow Index (NDSI) is widelgad
for snoweover mapping at large scales (Dozier 19
NDSI method is a technique useful for snow idecsifion
and monitoring using multemporal data. Snow has
crucial impact in the glaciatiorrocess and depending
the retreating rate.
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The determinaton of snow accresion and recedewat
measured by using spatiemporal data of Sentinel 2B
10m. Normalized Difference Snow Index (NDSI)
commonly used for extraction of snow cover are the
given satellite imagery. The average accresion $&33
km? in the accumulation period (December to March)
the recession was 51.77 knin the ablation period
respectively (Fig. 8 &Table 4). It is projected that tl
accumulation is estimated ugithe green and swir band
the satellite data product. Higher NDSI value cgponds tc
fresh snow.

Monitoring of snow line at the end of the ablationseasor

The snow line can be defined as the location wthere is
enough snow to balance ablation. On temperate egla
this is typically taken as the boundary betweemsaod
glacier ice (Paterson, 1994). Determination of shioe on
Khangri glacier was accomplished us only the cloud free
temporal satelle datasets for different period for year 20
The snow cover area was derived using the NDSleu
over the different imageries and the intersectibralbthe
datasets yielded the area that was covered withw

Fig. 8 Snow Cover mapping at accumulation and abl&n periods

Table 4. Variations in snow cover area using NDSI

S.N. Data  Acquisition| Snow Cove Snow Cover| Seasonal Accumulation/
Date (in km?) Balance Variation Ablation period
1 12.01.2018 35.8¢ -35.087 Recede
2 11.02.2018 110.6° 39.693 Accrued Accumulatior
3 18.03.2018 174.2. 103.243 Accrued
4 29.10.2018 31.4( -39.577 Recede _
Ablation
5 08.11.2018 33.6¢ -37.317 Recede
6 08.12.2018 33.3( -37.677 Recede Accumulatior
7 23.12.2018 170.5¢ 99.603 Accrued Accumulatior
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throughout the year. We observed that snow ling tia
5160 m elevation where permanent snow cover lies
throughout the year.

CONCLUSIONS

Khangri glacier is situated at a high altitude of
approximately 6300 m making it difficult to access.
However, the field visits on the glacier providée tuseful
inputs to study the snout position and water diggddrom
the glacier. Further it also helps in ground trathf the
RS based observations or findings. As evident fribwm
snout monitoring through field survey for years 202018
and 2019 as well as archival high resolution Goagleth
data at 0.5 m for year 2013, 2015 and 2016, iteteserved
that the glacier is in an equilibrium state and h#ot been
showing much recede. Moreover, the reason of higher
recede between the year 2018 and 2019 could hleuddt

to the time of data collection. Though the effettiimate
change in the Himalayas cannot be denied, presatihfis

of glacier mass balance of the Khangri glacier andut
position need to be studied further to arrive at specific
conclusion with respect to impacts of climate clemn
Khangri glacier. Care has been taken to estimategmote
sensing based observations and is validated omdréar
their accuracy which is close to 85%. However, ble¢er
resolution satellite data products can further wpr the
accuracy. Also, to calculate the water dischadye average
depth of the streams for the cross section measunehas
been obtained on regular interval of 0.6 m, whielm be
further improved if the depth is measured at claservals.

FUTURE SCOPE OF WORK

The velocity computed using the GIS platform may be
validated on the ground through the installationst#kes
and its temporal measurement. The availability @hh
resolution imagery and better DEM data can further
improve the accuracy. The water sample may be aelie
at regular time intervals to measure the physicentbal
characteristic of the water in the stream. Tempanallysis
of high-resolution satellite imagery may help irmdifying
the status of equilibrium and snow line locationickhcan
be further analyzed to comparatively analyze
precipitation pattern in the accumulation seasourther
meteorological characteristics can be studied wetstand
the impacts of increasing temperature on glaciers.

the
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