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Abstract. Multi-temporalinventoriesof glacierised regionprovidean improvedunderstandingf water resource

availability. In this study, we present a Landbased multtemporalinventory of glaciers in four Upper Indssib

Uni ve

basinsand three internal drainage basinghe Ladakh region for the years 1977, 1994, 2009 and 2019. The study

records data 08257 glaciersdf individual size>0.5 kn?) coveringan area of7923 +106km? which isequivalent
to ~30% of thetotal glacier populatiorand ~89% of thetotal glacierisedareaof the region Glacier area ranged
between 0.5+0.02 and 862+16 kmwhile glacier length ranged between 0.4+0.02 and 73+0.5&kayok Bsin has
the largestglacierised area andlacier population, while Tsokar has the leaResults show that the highest
concentration of glaciers is found in the higher elevation zdresveen 5000 and 6000 m a.svith most of the

glacies facingtowardsthe NWANE quadrantThe error assessment shows that the uncertainty, bagbd touffer-

based approach, ramgbetween 2.6 and 5.1% for glacier area, and 1.5 and 2.6% for glacier length with a mean

uncertainty of 3.2 and 1.8%, respectively. This multitemporal imvgrs ingood agreement with previousidies

undertaken in parts of thieadakh regionThenew glaier database for the Ladakh region will be valuablg@icy-

making bodies, anfuture glaciologicaland hydrologicaktudies. The data can be viewed and downloaded from

PANGAEAttps://doi.org/10.1594/PANGAEA.940994

1. Introduction:

TheHimalaya is the largestorehouse of snow and ice outsideRtméar RegionsThis large reserve of watplays a
crucial role inthe hydro-economy of the regio(Bolch, 2019; Frey et al., 2014; Maurer et 2019; Pritchard, 2019)
Any changeto the Himalayancryospherewould have a direct impact on the hydrolodyrther influencing the
communitiesdownstreanwhose livelihood and economy relies and aresupportedy, the major river systenesg.,
the Brahmaputra, Ganges and Indus, anmthgrs.In high altitude arid regions like Ladakh, whehe majority of

glaciers & small and restricted tagher altitudes, meltwater sena&san important driver of tleconomyespecially
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in years with lowwinter precipitation when glacienelt becomes the major (only) source of wate(Schmidt &

Nusser, 2012, 2017Recentstudies haveeported thaHimalayan glaciers are retreating at an alarming(r¢am et

al., 2021; Bolch, 2019; K&ab et al., 2015; Maurer et al., 2019; Pritchard, 2648 8hal., 202Gmong others) with
glaciers otthe Western Himalayas showirngssshrinkage than the glaciers of the central and eastemm(paem et

al., 2021; Shukla et al2020; Singh et al., 2018}laciersin thenearbyKarakoram regioulisplaylong-term irregular

behaviour with frequerdlacier advancésurgesandminimal shrinkagewhich is yet to bdully understoodAzam et

al., 2021; Bhambri et al., 201Bolch et al., 202; Kulkarni, 2010; Liu et al., 2006; Minora et al., 2013; Negi et al.,
2021) Glaciersof the Karakoram region experiencaad increase in area pe&d0Q due to surgaype glaciers. In just

theupper Shayok valley, as many as 18 glaciers, occupying more thanihef theglacierised area, showed surge
type behaviou(Bhambri et al., 2011, 2013; Negi et al., 202H9)wever, not all regionsf Ladakhhave been analysed
at the same level dfpatiotemporal detail. In particular,uo knowledge of glaciedynamicsandtheir response to

climate change is still incomplete in the celdd, high-altitude Ladakh regiof~105,476 k) comprising boththe

Himalayan and Karakoram rang&sw studies have focused on the glaciers of this rdgi@Bhambri et al., 2011,

2013; Chudley et al., 2017; Negi et al., 2021; Nusser et al., 2012; Schmidt & Nusser, 2012, 2017; Shukla ét al., 2020

The advent of remote sensiteghnologies has permitted the mapping and measuring of vatamisr attributes even

in the absence of sufficient-gitu observationBhardwaj et al., 2015¥%lacierised area estimations have oftelied

on global and regional glacier inventories such as the Randolph Glacier Inventory (RGI), Global Land Ice
Measurementsom Space (GLIMS), Geological Survey of India (GSI) inventory and Space Application Centre India

(SAC) inventory, among othef€hinese Glacier Inventory (CGl), Glacier Area Mapping for Discharge from the

Asian Mountains (GAMDAM), International Centrerfintegrated Mountain Developmeft€IMOD)). However,
given the large scalef these inventoriesautomated techniques aeenployed in most of the case$p map and
calculate glacier extemtith differing levels of succesédditionally, thevarying qualiy of satellite imageracquired
from differenttime periods aresometimesecessitated ihigh mountain areas, such as Ladakbgether, these two
factors can lead to oveor underestimation of glacier aredsading to erroneous information ¢emporalchange.
Moreover, there is nmulti-temporalglacier inventoryavailablefor theentire Ladakhegion which can inform us on
the changes in theaturalfrozen water reserves which have put the water security of this entiraradiecgion undr
significant stress duringecent yearsThe residents of Ladakave withessed a decrease in agricultural yjetus
main driver of economic development of the regidne toa decrease in water resourg@&arrett & Bosak, 2018)
The water scarcity together witmincrease in tourism footprir{ffour times moretourists (327,366) in 2018han
2010, a number that is more thae #imtire population of Ladakh) hkesl to a shift in livelihood from agriculture to
other commercial activitie@vitller et al., 2020)though even the latter relies heavily on water resoulnesderto
copewith water scarcitysomepeople of Ladakihavedeveloped new water management techniqgoesimonly
known msrvoird cer 0§ i, to supptementpagrisuftural activiti@disser, et al., 2019a,b)

This studypresers a new multitemporal glacier inventory for the Union Territory of Ladakh, Ind@veliing 42
yearsof changebetween 1977 and 2018his new dataset and analyses of glacier distributionhgilp toimprove
understanding othe glacier dynamics and the impact of ongoing climate change on vesteurcesn the Ladakh

region, whereglaciers are the only source whter in the dryseasonThe inventories are entirely based landsat
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images acquiredmostly during latesummer with additional quality contrgirovided through highresolution
PlanetScope and Google Earth imagéWe further establish a comparisweiith the existinginventoriesand data
available inrecent studies from the regiofhe daaset produced in this study can be viewad downloaded from
PANGAEAttps://doi.org/10.1594/PANGAEA.9409980helet al.,2022)

2. Study Area:

This study focuses on glacieia the Upper Indus Basi (UIB) upstream of Skardwand threeinternal
drainage¢ndorheic basind@Bs) within Ladakh, namelyTsokar, Tsomoriri and Pangong8ins.The geographic
extentof the studyareh i es wi thin a | at i alendgitadeoff 5 .31 . 1tandc@drsa®ast6E
region oftheKarakoramandWesterrHimalayan range UIB has an area of ~10&6 kn?, of which ~8302 krh(8%)

is glacierisedby ~6300 glaciers spannirgevations between3400 mand~7500 m a.s.l(as per RGI 6.0). IDBsf
Tsokar(1036 kn?), Tsomoriri(5462 knf) and Pangon@1,206 km) house~30, 345 and 812 glacigrsomprisinga
glacierised areaf ~7 (0.6%), 185(3.4%)and 437(2.1%)km?, respectivelyas per RGI 6.0)The glaciers ofDBs
areata comparatively higher elevatipspanning from ~4800 to ~6800 m a.s.l. Meltwater from these glaciersdrain
into the lakes within each basin. Pangdadte @saline lake)situated at an elevatianf ~4241m a.s.l, is the largest
with an area of ~703 kinBoth Tsomoriri (freshwater lakat~4522m a.s.l) and Ts&ar (saline lakeat~4531m a.s.l.)
Lakes aralesignatedRamsar sitewhich occupy area of ~140and~15 kn?, respectivelySincethe majority of the
investigated area (UIB and IDBs combined) falithin Ladakh,the combined area of UIB and IDBs will be referred

to as AL adteechfter r egi ono
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91 Figure 1: Location map of the study area: the boundaries of studied Upper Indus Basin and internal drainage basins are outlined
92 in black and red on the digital elevation model (DEM) and in the inset map. Inset map shows the study area with respect to th
93 Himalayanand Karakoram region. Blaattots and stars represetiite respective basins' major settlements and field investigated
94 glaciers. ASTER Global DEM was used to produce the base map.
95

96  Theladakhregionhas acold-arid climate due to the rain shadand elevatineffectsof theHimalaya and Karakoram
97  mountaingSchmidt & Nusser, 2017Meanannualair temperature anghnualprecipitationrange between @ 10 °C
98  and20 to 145mm, respectivelyHersbach et al., 202@igure 3. This regionis inhabited by-700000 peopldas per
99  Census ofndia 2011, Census of China 20Q2fostof which are directlyor indirectly, dependent on snow and glacier

100 meltwater to support hydropower generation, irrigation and domestic needs.
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Figure 2: Mean annual (a, ¢) and monthly (b,t@mperature and precipitation at Shiquanhe and Leh stations.

3. Data and methods
3.1.Data

This study utilises multiple Landsat levell precision and terrain (L1TP) corrected scenes (63 scenes in total) from
four different periods1977+5 (hereafter 197)7 1994t1 (hereafter 1994 2009 and 20181 (hereafter 20195cenes

from the 1970s are majorly (Iaut of 17) from the year 1976 ai®77 however due to higher cloud cover and less
availability of imagery duringhte earlier Landsat period, figeenes from 1972, 1979 and 1980 were also included to
aid the digitization of glaciers (Table Slnagesfrom the latein the ablation seasaduly-Octobe}, havingleast
snow andcloud cover (<30%overall, and notover the glacierised partswere selectedand used forglacier
identification ancdboundary delineatiarAdvancedSpace born&hermal Emission and Reflection Radiometer Global
Digital Elevation Mode(ASTER GDEM) scenesverealsousedfor basin delineatiomndcalculating slope, aspect
andelevationmetricsof the glaciersGlacier digitisation, basidelineatiorand calculation of area were all performed

in ArcGIS 104. Details of the imagery used in this study are presented in (Table TlahteS1).

Tablel: Information on thesatellite imagery used in this stuflyetailed info.in Table S1)

Dataset Ye?‘r.‘?f Spathl No. of image Source Purpose
Acquisition | Resolution used
Landsat| 977,45 60m 17 _
MSS https://earthexplorer.usgs.gov/ Glacier area
Landsat 1994+1, 30m 14 18 ps: P -Usgsg mapping
™ 2009 '




Landsat
oLl 2019+1 15m 14
ASTER Topography
20002013 30m 17 https://earthdata.nasa.gov/ and basin
GDEM : :
delineation

117
118
119 3.2. Basin delineation

120 Basin delineation wasarriedusingASTER GDEM V003 andthe Hydrology toolin ArcGIS. The input DEM was

121 first analysed to filin all sinks withcareful considerationf thepotentialfor basin area oveestimation(Khan et al.,

122  2014. UIB was delineate using a pour pointelected athe Indus River in Skardias we aimedo assess all the

123 tributary basins othe Ladakh regionThe UIB obtainedby this approactwas further divided into secoratder

124  tributary basingsi.e., Shayok, Suru, Zanskar and Leladns.A small portion ofthe leftover areafrom UIB after

125 secondorder tributary basin delineatiomas mergednto the Leh Bisinin order to investigatéhe UIB upstream of

126  Skardu Delineation of the three endorheic basins (IDBs) that lie partially or completely in the Ladakh region, i.e.,
127  Tsokar, Tsomoriri and Pangon@g$&ns, was also carried out using the same method with the help of respective lakes
128 as a pour point. The digitisation of the three lakes (Tsokar, Tsomoriri and Pangong Lake) was carried out manually
129 for the years 197, 1994, 2009 and 2019 usihgndsat imgely.

130
131 3.3. Glacier mapping
132  Glacierswere mapped using a tweay approachclosely following theGlobal Land Ice Measurements from Space

133  (GLIMS) guidelines(Paul et al., 2009)1) automatic mapping dhe clean glacier and 2) manualéprrecting the

134  glacier outlines andigitisation of debris covelfFirst, aband ratio approach between NiRear Infraredand SWIR

135 (Shortwave Infraredjas suggested BBaul et al., 2002, 2015; Racoviteanu et al., 2@8b&rdwaj et al 205; Schmidt

136 & Nusser, 2017; Smith et al., 2015; Winsvold et al., 2014, P0dié a threshold of 2.0NIR/SWIR > 2 = ice/snow)

137 was used on 2019 Landsat OLI images to delineate the péenfglaciers A median filter of kernel size 3 x 3 was

138 applied to remove thisolatedand small pixel®utside the glacier are@he NIR and SWIR band ratio approach is
139 good at distinguishing glacier pixdi®m water featursewith similar spectral reflectance valuéRacoviteantet al.,

140  2009; Zhang et al., 2019y his approacifailed inareaswith high snowicloud cover, shadosyfrozen channels/lakes

141  and debris cover. The snfsloud coverand frozen lakes/streapmoblem vereaddressed bgelecting Landsat scenes
142  from the ablation period (JulOctober) withthe cloud cover < 30%The issue with the snewovered regions in

143  accumulation zones, where the delineation was the most challenging, was resolved using the best available imagery
144  of any time between 1977 and 2019 beeaglaciers are not expected to change their stigpédicantlyin the higher

145  accumulation zore One of themajor issues was the debris covered glaciers, which had to be manually digitised, with
146  the support of higitesolution Google Earth and PlanetScapagery from 2019 +2. The result was then used as a
147  basis for manual digitisation of debris covered glaciers in other wédeme highresolution imageare not available.

148 In mostcases, identification of the glacier terminus wek with certaircontextuakharacteristics at the snoatg.,

149 theemergence ameltwaterstreans, proglacial lakes, ice walls, end moraines étgure S1)

150 The glacier outlines from 2019 were used as a starting point feutreequendigitization of glacier areais 2009,

151 1994 and 197.7Glacierlength was measured using a semfomatic approach, by employing the DEM to identify a
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central flow line for each mapped glaci@r et al., 2017|e Bris & Paul, 2013)Further manuatorrections were
undertakerno account forthe flow lines of glaciers that have multiple tributaries and multiple highest/lowest points.
Furthermore, some mapping errors are still exgubtt be present in this inventory due to a possible misinterpretation
of glacier features, and the quantification of such errors are difficult owing tadkef reliable reference-situ data

in the Ladakh regionSuch errors were minimized by keepiadgixed mapscale of 1:1®00 in most cases, and
undertakinga quality check on glacier outlines using higisolution images. In case of MSS images and smaller
glaciers, a majgcale of 1:2%00 was also used whenever required.

Otherspecificglacierattributes werealsoextractedncluding new glacier Ids, Global Land Ice Masurements from
Space (GLIMS)ds, RandolphGlacier Inventory(RGI 6.0}lds, coordinateg(latitude and longitude)elevation
(maximum,meanand minimum) aspeci{mean),slope(mean) arealength(maximum) area uncertainty and length

uncertainty

3.4. Uncertainty

This study involves the use of satellite imagery to extkaarious glacier parameters. It is fifore subject to
uncertainties which may arismainly from four different sources: (1) the quality of the imagétll potential issues

due to seasonal snow, shadows and cloud cover), (2) sensor characteristics (spatial/spectral resolution), (3)
interpretation of glacial features antethodology used, and (4) pgsbcessing techniquef_e Bris & Paul, 2013;

Paul et al., 2013, 2017; Racoviteanu et al., 2009, 2E&r®)r due to sources 1, 3, and 4 are generally minor and can

be visually identified andorrected (section 3.3), bah exact gantification is difficult due to the lack of reference

data available from the regigRacoviteanu et al., 2009; Shukla et al., 2029pe 4 errors are significant and have

an impact on both glacier area and length estimation. Therefore, viedapplufferbased assessmentglacier areas

with the buffer width set to orgixel for debris covered arahalf-pixel for clean icgBolch et al., 2010; Granshaw

& Fountain, 2006; Molg et al., 2018; Paul et al., 2017; Racoviteanu et al., 2009; Shukla et al., 2020; Tielidze &
Wheate, 2018)given that the level 1TP Landsat images were corrected ipiselbgeometric accuradBhambri et

al., 2013) A buffer-based method provides the maximum and minimum esoftincertainty with respect to glacier

size, where the values vary with size of the glacier and spatial resolution of the imagery used. Thus, it is more specific
to the dataset and most recommended when there is no reliable reference data @Railbétiel., 2017; Racoviteanu

et al., 2009; Shukla et al., 2020he same approach was alslbowed to estimate the gertainties indke areawith

onepixel asthe buffer width.

The associated uncertainty for smaller glaciers (<0.5 mmounts to ~1:25%. Therefore, all the glaciers with an

area of less than 0.5 Bnwhich comprise ~70% and.8% of the total glacier count and glacierised aespectively

are not included in this study. For the remaining glaciers, the uncertaigtgidier area ranged between +2.1 and
+7.2% depending on the spatial resolution of the satellite imagery anthdhédual glacier size. The highest
uncertainty was for the year 1977 due to the coarser spatial resolution of Landsat MSS data when applied to the
smallest glaciers (0-5 kn?). For most of the glaciers, lengtAreassumed to be accuratettb pixel atthe terminus

(Le Bris & Paul, 2013)Therefore, a buffer of ongixel was set to determine the uncertainty in glacier length. The



188 length uncertaintyranged between +1.&nd +2.6% with maximum uncertainty observed for the smallest glacier
189 categoy (0.5-1 kn?). The methods ylded an overall uncertainty of2, 1.8 and 1.5% foglacier area, glacier length
190 and lake area, respectively (Table S2).

191  Uncertainties related to other attributes (mean elevation, mean slope and mean aspect) of the inventory are difficult to
192  estimate due to the use of the ASTER GDEM product in this study, which was developed using a collage of archived
193 scenes acquired betwe2000 and 2013. In addition, the local undulations and surface change over time will have
194  only marginal effects on parameters (elevation, slope and aspect) that are averaged over the entire glacier as averaging
195 compensates for most of the chan@eésy & Paul, 2012)However, forparameters like maximum and minimum

196 elevatbns, where one cell is used and no averaging is appiiedncertaintyis ~ +9m as the verticahccuracy of

197 ASTER GDEM is +8.55m for glacieriseateas of high AsiéYao et al., 2020and +8.86nelsewherdMukherjee et

198 al., 2013)

199 4. Results
200 4.1.General statistics

201 In total, 2257 glacier§>0.5 knt) were compiled in the current inventoffable 2) with atotal glacierisedarea of

202  ~8511+430, 81734215, 80961214 and 7923 +k68 for the yeas 1977, 1994, 2009 and 2019, respectively. The
203 (glacierised area corresponds-#%o of the Ladakh regiowith individual arearanging between 048.02and 86216

204  km? Glacier lengthin the Ladakh region varies between 0.4+0.02 and 73+0.54 km with a mean length of 2.9+0.05
205  km. About 90% of the glaciers are shorter than 5km in length while 6% of glaciers havelangthof < 1km.Larger

206 glaciersaremainly located inthe Shayok and ZanskaraBinswith the Siachen @cier being the largest (862+16 ®m

207 longest (73+0.54 kmandcovers the greatestevation range of ~3616m (370318m a.s.|.)The majodakesin each

208 endorheic basins of Pangong, Tsokad Tsomoriri occupy an area of 3, 2 and 2.5%, respectively. The lake areas for
209 the yar 1977, 1994, 2009 and 2019 wé&k0+14, 61948, 669+8 and 705+8 kfor Pangong 13.5+0.9, 17+0.7,

210 18.3%0.7 and 18.8+0.6 Knfor Tsokar and 140+2.6, 141+1.3, 141+1.81d41+1.1 krfi, respectively.

211 4.2.Glacier distribution in the Ladakh region

212  Glacierised aresand population in the Ladakh region vary across basins. Steagik has thé&argestdistribution of
213 glacierised area and population (74% and 56@hgreashe TsokarBasin has the least (0.04% and 0.1%), respectively
214 (Table 2)Based on size distribution, the glacier area categatybid? comprisethe highest are@8% of the total),
215  while the category of 5A00kn? occupiesthe least glacierised aré@%) of the regionMost glaciers (~90% of the
216 total)in theLadakh regiorhave an area of <5knbut occupyonly 37% of the total glacieriseatea The population
217 and area of glaciers in each area class are difféareeach basin but th@oportion of glacierssmaller than 5kf is

218 greaterthan 87% in albasins Glaciers larger than 100 Kntn=7, < 1% of the total) are only presentiie Shayok
219 Basinandoccupy ~24 and 32% of the total glacierised area of LadakiShayok Bsin, respectively.

220 4.3. Glacier hypsometry, slope and aspect
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Figure 3 (iii and iv) shows the glacier elevations and hypsometry with 100m elevation intervals of seven Hesins of
Ladakh regionThehighestand lowest glacier elevation afé40 and 329m a.s.l., both in the Shayola&in.Whereas
mean elevationf the glacier rangdsetween 434%355m a.s.l. (Figure 3iii)Small glaciersnainly occupy the higher
elevations above 550and vice versar he majority (73%, 5810 kfhof the glacierised areadsstributed in thé&000

6000 m a.s.lelevation range, while only 14% is located below 5000m, and 13% above 6000(Figwé 3v). The
mean slope of these glaciers ranges between 8 and 46% fmchid to decrease with increasing glacier area. Glaciers
with anarea greatethan 100 krfi (n- 7, <1% of the totalpavethe lowest mean slope of 13° waas, higher mean
slopes (23°) r@ found for smaller glacier@3% of the total) Oveall, the mean glacier slope #21° (Figure 8).
Around 74% (1665) of the glaciers &at¢henorthern quadrant (NVWE) amounting to ~50% (3940 Kjnof the
glacierised aredalvhile 9, 5, 3, 3 and 4% of the glaciers face East, SBat, South, SoutWest and West which
constitute 24, 6, 8, 6 and 6% of the glacierised area, respectivelyever, tle orientation and respectiaea

coverage of glaciers vawyithin individual basins (Figure 3i, ii).

Table2: Basinwide glacier information ofadakh regiorbased on present study for the year 2019.

Basin Total Area>0.5 | Area 0.51 kn?? Area 1-5 km? Area 5-10 kn? Area 10-50 Area 50-100 Area > 100 knt
area km? Kkm?2 km?2
km? Count | Area Count | Area Count | Area Count | Area Count | Area Count | Area Count | Area
) km?2 km? km? km? km? km? km?
Basin
All 132180 | 2257 7923 980 694 1053 2206 124 853 84 1617 | 10 674 7 1879
Shayok 33579 | 1268 5864 495 351 609 1304 88 621 60 1151 | 8 559 7 1879
(56%) | (74%) (51%) | (51%) | (58%) | (59%) | (71%) | (73%) | (71%) | (71%) | (80%) | (83%) | (100%) | (100%)
Leh 46579 | 247 334 147 105 95 191 4 26 1 12 0 0 0 0
(11%) | (4%) (15%) | (16%) | (9%) (9%) (3%) (B%) | (1%) (1%)
Suru 10502 | 201 498 81 59 100 212 12 69 8 159 0 0 0 0
(9%) (6%) (8%) (9%) (9%) (10%) | (10%) | (8%) | (10%) | (10%)
Zanskar | 14817 | 256 775 116 82 111 235 15 108 12 235 2 115 0 0
(12%) | (10%) (12%) | (12%) | (11%) | (11%) | (12%) | (13%) | (14%) | (15%) | (20%) | (17%)
Tsokar 1036 3 35 2 15 1 2 0 0 0 0 0 0 0 0
(0.1%) | (0.04%) | (0.2%) | (0.2%) | (0.1%) | (0.1%)
Tsomoriri | 5462 94 135 47 22 46 95 1 7 0 0 0 0 0 0
(4%) | (2%) (5%) | (B%) | (4%) | (4%) | (1%) | (1%)
Pangong | 21206 | 190 315 92 63 91 168 4 22 3 60 0 0 0 0
(8%) (4%) (9%) (9%) (9%) (8%) (3%) (2%) | (4%) (4%)
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237
238 Figure 3: General statistics of the glacierstive Ladakh regionorientation of glaciersif and associated area distribution (i),
239 Maximum, minimum and mean elevation of glaciers (iii), hypsometry of glacierised area (iv) and slope against glacier area (v)
240 and elevation (vi).
241
242 5. Discussion
243 5.1.The produced datasetind limitations

244 Themultitemporal inventoy of glaciers (>0.5 ki) in the Ladakh region for the yead977, 1994, 2009 and 2019 is
245  available at PANGAEA portalhftps://doi.org/10.1594/PANGAEA.94099&0héd et al., 2022). The dataset is
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provided in two dfferent GISready file formats, i.e., GeoPackages (*.gpkg) and Shapefiles (*.dbf, *.prj, *.sbn, *.sbx,
*.shp, *.shx) to support a wider end users. GeoPackage is a relatively nepersburcefile formatwhich is now
being widely used and supported, wdes Shapefile format is one of the most widely used proprietary but open file
formats for vector datasets, supported by egpamurceGIS ols such as QGIS. Thautlines of glaciers, basins and
lakes are all referenced to the WGS 84 / UTM zone 43N ddtaneach region, there is one file for basin outlines,
and four files for glacieand bke (if presentoutlines forl977, 1994, 2009 and 2019. Each glacier outline file contains
glacier Ids New glacier Ids, Randolph Glacier Inventory 6.0 Ids, and Gldlaald Ice Measurements from Space
initiative Ids), coordinates (latitude and longitude), elevation (maximum, mean and minimum),(e®#at), slope
(mean), aredength (maximumy)area uncertainty and length uncertaiMyhereasthe Lake Outlinefile contins
coordinatesarea, elevation and area uncertainty.

Whenusing this dataset it is important to understand the key limitations of such reggafalglacier inventories.
Some of the keyser limitations of thelataset are: (1) Glaciers smaller tab knt (which comprise ~70% and ~10%

of the total glacier population and glacierised area, respectively) were not included in this inventory due torthe highe
uncertainty (~125%) associated with these glacier outlines; (2) Inventories produced itutthysase entirely based

on the mdium resolution Landsat imagerin the same way as other global or regieswlle glacier inventories.
Although the uncertainty associated with these inventories do not considerably impact recadmainalyses, care
shauld be taken while using thesata for a smakubset of glaciers. It should also be noted that it is not feasible to
produce multitemporal inventories regionally using kigkolution datasets duettte paucityand high costs of such
high-resolution dasets; (3) The inventories of 19775, 1994+1 and 201941 are produced using images with a range
of acquisition dates due the lack ofdatacontinuitywithin a particular year (more details in section 3.1); and (4) The
time periods chosen in this study dr@sed on the availability of datasets and sufficientporal gaps betwedhe
datasets to allow mutémporal glaciehydrological analyses

5.2. Significance of the present inventory

The glacier inventory presented heresls@veral improvementsompared to the existing regional and global
inventories. Firstly, it coverthe glaciers (> 0.5 kify n = 225; ~792 +106 kn¥) for the entire Ladakh regiomwith
manual correction and quality contnahdertakerusingfreely available higkresolution imagesThe analyses were
further extendetb estimatethe distribution of ice massest the sub-basinscale Secondlythetemporalaspect othe
glacierised areavill aid hydrological and glaciological modellirgmedat understanihg past and futuresystem
evolution.Finally, the new inventory will aithoththe scientific community studyintheglaciers and water resources
of the Ladakh region, and thadministrationof the Union Territory of LadakhGovernment of Indién developing
efficient mitigation anddaptation strategies by improving fhr@jectionsof change on timescales relevant to policy

makers.

5.3. Comparison of inventories in the Ladakh region
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Differences in estimates of the glacierised areas are meaningful as they can lead to an over or under estimation of the
available water resources. Therefore, correctly estimgtagjerareaovertime is necessary for understanding glacier
dynamics, futue response to climate forcing and the water resources they préeidle. 3presents @omparison
between th@resent inventoryand theRandolph Glacier Inventory (RGI) 6(@feffer et al., 2014)he International
Centre for Integrated Mountain Developm@@IMOD) inventory(Bajracharya et al., 2011, 2019; Williams, 2013)
andthe Glacier Area Mapping for Discharge in Asitdfountains (GAMDAM) inventoy (Guo et al., 2015; Nuimura

et al., 2015; Sakai, 201,9pr the Ladakh regionThe comparisorinvolves glacier outlinefor 2009 fromthe present

study andexcludes glaciers smaller than 0.5%fmom regional inventories achieve the closest match temporally
andfor glacier sizecategoriesThis should be taken as a first order comparison, given the fact that the uncertainties
have been estimated with different approaches for the diffemegmitories. Specificallyne uncertaintystimated for
theGAMDAM and ICIMOD inventoriegiffers only slightly to the one applied here, given that thesl a normalized
standard deviation approach on the datasets produced by several operators onghbsstroeglacierBajracharya

et al., 2011, 2019; Guo et al., 2015; Nuimura et al., 2015; Sakai, 20t@Yyeas, in case ofG 6.0 inventory, the
uncertainty estimatioapproach differs significantlifom the one presented here, because éneirs were calculated

on a collection of glaciers due to the vast quantity of datpuiredfrom multiple sources and approaches used to
produced thengPfeffer et al., 2014)Figure 4presents @omparison othe only threeinventories(present, RGI 6.0

and ICIMOD)for thefive field-investigated glaciers of Ladakégionbecaus&kGlandGAMDAM inventoriesshare

the same outlinefor these glaciers

The comparison showed higher glacierised arean the RGIGAMDAM inventoriesand lower inthe ICIMOD
inventory (Table 3 than the preseirtventory, with most of thedifferencesontributed byhe basindavingthehigher
glacierised arem(Shayok and Zanskar) arfcbm the larger glaciers (>1&m?. Suchinconsistencies among the
inventories are a product of several facterg.1) absence of change glaciersover time due to the use of imager
with a wide range of acquisitiogears(Figure 4a, c, d) 2) misinterpretation othe glacierterminus due to icing,
debris, snow and cloud cov@Magai et al., 2016)xand 3)the methodology usedrhe smallerdifference between the
present andhe ICIMOD inventory ismainly due to theadoptionof a similar technique i(e., a semiautomated
approach) anthe shortertime frame othe analysis that generated tl#MOD inventory(i.e., 20022009)

Table 3:Basin and class wise comparison of the glacierised area between genpstudy and other inventories (RGI 6.0,
ICIMOD and GAMDAM).

Region  Present Study RGI 6.0 GAMDAM ICIMOD

Area Area Difference Area Difference Area Difference

km? kn? km? % km? km? % km? km?> %
Shayok 5938 6999 1061 15 6616 678 10 5456 -482 -9
Zanskar 808 880 72 8 932 124 13 819 11 1
Suru 532 525 -7 -1 564 32 6 506 -26 -5
Leh 354 342 -12 -3 356 2 1 322 -32 -10
Tsokar 4 4.4 1 15 4.3 1 13 4.1 0 9
Tsomoriri 141 142 1 1 143 2 2 116 -25 -21
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Pangong 320 320 0 0 335 15 4 - - -

Area Class

0.51 758 774 16 2 803 45 6 662 -96 -7
1-5. 2284 2437 153 6 2385 101 4 1958 -326  -12
5-10. 862 961 99 10 925 63 7 766 96 -10
10-50. 1628 1959 331 17 1824 196 11 1356 -272 -20
50-100 678 730 52 7 599 -79 -13 592 -86  -15
>100 1887 2351 464 20 2412 525 22 1887 0 0
Total 8096 9212 1116 14 8950 854 11 7223 -533 -7

309

310

311

312 Figure 4 Comparison of inventories on the field investigated glaciers dfadakh regiona) Parkachik glacier, Suru Basin; b)
313  Pensila glacier, Suru Basin; ¢) Lato glacier, Leh Basin; d) Khardgiiagier, Shayok Basin; ) Stok glacier, Leh Basin.

314 5.4.Comparison with recent studies

315 Thedata from theecent spatisgemporal cange studies from different subgions of Ladakh (Figure) &arenot in

316  the public domain, except from Shukla et al., 202nce,it is not possible to use thege validate our results.
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