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ABSTRACT ARTICLE HISTORY
Glacial Lake Outburst Floods (GLOFs) are a recurring hazard in the Received 11 September 2020
Himalayas, posing significant threat to downstream communities. Accepted 5 December 2020

The North Sikkim district of India, comprising the upper reaches
of the Teesta River in the Eastern Himalayas, has experienced past
GLOF events. The identification of lakes susceptible to this phe-
nomenon is therefore paramount. Using multi-temporal satellite
images, this study tracks lake growth in the region, revealing that
203 new lakes had developed herein during the observation
period (2000-2018). Of these, 82 lakes had formed during
2011-2018 alone; indicating marked glacial retreat and conse-
quent lake area growth, alongside a rising temperature trend.
Using various weighted geometric and geomorphic parameters,
the 36 most hazardous lakes were identified, from which the 10
lakes posing the greatest GLOF threat were discerned. These lakes
are mostly situated along the main snowline and Great Himalayan
water-divide in the north-eastern part of Sikkim and should be
monitored continuously.
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1. Introduction

The Himalayas possess one of the largest sources of snow and ice outside the Polar
Regions (SAC (Space Application Centre) 2016), with an estimated glacier coverage of
60,000 km” (Kaib et al. 2012). However, Himalayan glaciers are presently losing an aver-
age of about 0.4% of their mass per year (Chand and Sharma 2015) and have already
reduced or are expected to decrease significantly over the coming decades (Bohner and
Lehmkuhl 2005; Bajracharya et al. 2007; Bolch et al. 2012; Wiltshire 2014; Zhao et al
2014; King et al. 2017), due to an estimated temperature increase between 1°C and 6°C
in the region (IPCC 2007). While glacier mass and related glacial lake area changes have
been comparatively well documented in the western part of the Indian Himalayas (e.g.
Kulkarni et al. 2011), comparatively lesser information is available for its eastern section,
of which the Sikkim Himalayas is a part (Basnett et al. 2013), even though there have
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been a number of recent studies specific to this area (e.g. Frey et al. 2014; Racoviteanu
et al. 2015; Hazra and Krishna 2019).

The Sikkim Himalayas (the focus of the present study), too has experienced similar
rapid changes in glacier coverage (Quincey et al. 2007; Khadka et al. 2018). About
200km? of glacial area has been lost in its Teesta River Basin between 1990 and 2010,
leading to the formation of a large number of debris covered supraglacial and moraine
dammed lakes (Basnett et al. 2013). This is evident by the large number of glacial lakes
that have appeared herein and across the rest of the Himalayas (Zhang et al. 2015;
Aggarwal et al. 2016; Nie et al. 2017; Khadka et al. 2018, 2019), with their volumes being
steadily augmented by further glacial retreat (Mool et al. 2001). Aggarwal et al. (2016)
and Campbell (2005) have respectively mapped 143 and 266 glacial lakes in the Sikkim
region and a rise in the number of glacial lakes creates the prospect of multiple, hazard-
ous Glacial Lake Outburst Flood (GLOF) events that occur when a large volume of water
is suddenly released from them (Clague and O’Connor 2015; Veh et al. 2020). GLOFs are
of a flash flood nature, being rapid and catastrophic occurrences (Kron 2005), and are
usually triggered by avalanches/mass movements, intense rainfall/cloudbursts or seismic
events (Richardson and Reynolds 2000; Emmer and Cochachin 2013; Aggarwal et al.
2017; Debnath et al. 2018). The high glacial area shrinkage in the Himalayas (and espe-
cially the breaking up and retreat of large glaciers), can enable the formation/expansion of
numerous glacial lakes, thereby increasing the susceptibility of this region to GLOF events
(Veh et al. 2020).

Glacier retreat has long been recognized as a major problem in the Indian Himalayan
region, including in the Sikkim Himalayas (NRC, 2012). Retreat rates estimated for 1868
glaciers from 11 Himalayan basins, by examining their respective changes since 1962,
have revealed an overall deglaciation of 16% (Kulkarni et al. 2011). The retreating of gla-
ciers causes meltwater to accumulate in front of the calving and thawing glacial snout and
such lakes would eventually burst forth (Clague and O’Connor 2015) in episodic high-
intensity events. With continued glacial retreat and mass loss, spring thaw volumes would
diminish (Milner et al. 2017) and make downstream reaches susceptible to droughts
(NRC, 2012; Immerzeel et al. 2020), while episodic GLOF events could still occur in
upstream valley sections from accumulating meltwaters. Therefore glacial retreat shall
have complex impacts on stream hydrographs (Milner et al. 2017).

However, only a few studies have quantified the glacial mass balance for the purpose of
GLOF analysis in the Sikkim Himalayas (e.g. Basnett et al. 2013; Worni et al. 2013; Raj et al.
2013a; Debnath et al. 2018; Dubey and Goyal 2020) and studies on the glacial surface
changes occurring across different glacial size classes are less in number (e.g. Frey et al. 2014;
Racoviteanu et al. 2015; Shukla et al. 2018; Debnath et al. 2019; Hazra and Krishna 2019).
The number of glacial lakes has risen rapidly in this region (Shukla et al. 2018) and several
inventory studies have been undertaken recently in Sikkim and its neighbouring Himalayan
areas of Nepal and Bhutan (e.g. Rounce et al. 2017; Khadka et al. 2018, 2019; King et al.
2018; Tsutaki et al. 2019; Maskey et al. 2020). For example, Hakeem et al. (2018) docu-
mented the presence of 301, 302 and 644 glacial lakes in 2000, 2007 and 2014, respectively,
clearly denoting the marked growth in lake numbers. A similar study by Raj et al. (2013b)
had previously identified the formation of 85 new lakes in this region, with overall numbers
rising from 266 in 2003 to 320 in 2010, of which 14 lakes were identified as being most sus-
ceptible to GLOF events based on their areal extents/changes. Aggarwal et al. (2017) demar-
cated 1104 glacial lakes in the Sikkim Himalayas, of which 21 were identified as being
susceptible to GLOF events using the Weighted Index Overlay and Analytic Hierarchy
Process approach. An in situ GPS-and-bathymetric survey for assessing the growth of the
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South Lhonak Glacial Lake in the Upper Teesta Basin has revealed an average areal expan-
sion of 0.03 km® per year (Sharma et al. 2018). The same lake has also been physically mod-
elled to envisage moraine dam breaching scenarios leading to GLOFs (Begam et al. 2018),
while Schwanghart et al. (2016) have estimated the threat posed to downstream hydroelectric
power projects by such events.

In the above context, many researchers (e.g. Rowan et al. 2015; Zhang et al. 2019) have
emphasized the importance of preparing updated glacial lake inventories for gauging the
GLOF susceptibility in the Himalayan region. Usually, multi-temporal and multi-spectral
satellite images (mostly from the Landsat series — Yan et al. 2017; Veh et al. 2018) and
the Google Earth platform have been used for this purpose. The results derived from such
analyses are however comparable with findings elicited from higher resolution datasets
(Mir et al. 2018; Zhang et al. 2018). Such repeat-surveys are required for inventorying gla-
cial lakes at regular intervals to keep track of their changing environmental conditions
and GLOF hazard status (Nie et al. 2017, 2018). For example, Begam and Sen (2019) used
repeat survey satellite images for delineating moraine dammed glacial lakes in the Central
and Eastern Himalayas, showing how lakes therein had expanded by an astonishing 43.6%
during 1990-2015, and related their expansion rates with the probability of a GLOF event.
A similar study in the Koshi Basin in the Central Himalayas, adjacent to Sikkim, docu-
mented that from 1977 to 2010 the number of glacial lakes had increased by 86.9% and
that their cumulative area had also increased by 35.1% (Shrestha et al. 2017).

This study is thus pertinent in seeking to map and create an inventory of such newly
formed glacial lakes in part of the Sikkim Himalayas as well as document those that have
notably enlarged in terms of their area. In doing so, we provide one of the most recent
updated high-resolution inventories of glacial lakes in this region. Furthermore, we shall
gauge which of these lakes are presently most susceptible to a GLOF event on the basis of
the recent expansion extents and ambient characteristics. This can serve as a prior indica-
tion to monitor them closely.

2. Objectives

In keeping with the foregoing discussion, this study aims to:

i. Create an updated glacial lake inventory of a part of the Sikkim Himalayas using
multi-temporal satellite images (for the years 2000, 2008, 2011 and 2018) of medium
to high resolution,

ii. Identify potentially hazardous lakes that may be prone to GLOF events, and

iii. Analyze the pertinent climatic variables (mean temperature and annual rainfall) in
the long term and also focussing on the time period of 1990 to 2015, for comparing
their trends with the ambient glacial lake dynamics.

3. The study area

The eastern Himalayan state of Sikkim (27°22/41.3"N to 28°07'50.5"N and 88°06'59.8"E
to 88°53’41”E) in India shares international borders with China (in the north and north-
east), Bhutan (southeast) and Nepal (west). It extends 81.5km from north to south and
70km from east to west, with a total geographical area of 4263.7km?> (Figure 1).
According to the Indian Census of 2011, its four districts (North, South, East and West
Sikkim) together have a total population of 610,577. The state is poorly connected and
North Sikkim District (27°22'41.1"N to 28°07'50.5”N and 88°07’02.0"E to 88°53'37"E) is
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Figure 1. Location of the study area (North Sikkim District) in India.

mostly inaccessible (being traversed north to south by the National Highway No. 31 A -
the only major road in the region), due to its rugged topography. This district is the focus
of the present study due to its preponderance of glaciers and glacial lakes. The mean
annual temperature of North Sikkim is 18 °C and the annual rainfall received varies from
127 to 508 cm (as measured during 1990-2015 from the gridded India Meteorological
Department (IMD) dataset of the area). Dense forests and snow covered regions predom-
inate and constitute four ecological zones, viz. subtropical, temperate, sub-alpine and
alpine (Rai et al. 2000). The mountain ranges are mostly comprised of gneiss and schist
(Geological Survey of India (GSI) 2012) and the combined effects of heavy rainfall, struc-
tural weaknesses and steep slopes make them highly susceptible to denudation (Mehrotra
et al. 1996).

The Teesta (or Tista), a right bank tributary of the mighty River Brahmaputra, origi-
nates from the Phunri Glacier at an elevation of 7127 m. The upper reaches of its basin,
which comprises the entire territory of the North Sikkim district, is vulnerable to a range
of natural hazards (Mandal and Chakrabarty 2016), like earthquakes, rockfalls and land-
slides along with cloudbursts, flash floods and GLOFs (Ramakrishnan et al. 2005; Nath
et al. 2008; Pal et al. 2008; Sharma et al. 2014; Gupta et al. 2015; Mandal and Chakrabarty
2016; Kumar et al. 2018; Sattar et al. 2019). This area has also experienced a notable
decline in its glacial coverage (SAC 2016), resulting in the formation of a number of lakes
at high altitude, which therefore manifest a persistent GLOF threat.

4, Datasets and methods
4.1. Datasets used

A number of datasets have been used in this study. Initially, Survey of India topographic
maps at 1:250,000 scale were used to demarcate the borders of North Sikkim district.
Thereafter, different sets of satellite images for the four time periods examined were pro-
cured for creating used to create the glacial lake inventory (Table 1). As part of this, the
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Table 1. Details of satellite image and DEM datasets used in the study.

Resolution
Date of No of Temporal
Satellite Sensor Row  Path Acquisition Scenes used Spectral (um) Spatial (m) (days)
Landsat 41 139 26 Dec 2000 01 B1: 0.45-0.52 (Blue) 30 16
7 ETM+
B2: 0.52-0.60 (Green)
B3:0.63-0.69 (Red)
B4:0.76-0.90 (NIR)
B5:1.55-1.75 (SWIR)
B6:10.40-12.50 (TIR)
B7:2.08-2.35 (SWIR)
ResourceSat-1 51 107 17 Dec 2008 3 B2: 0.52-0.59 (Green) 235 24
LISS-III
52 107 17 Dec 2008 12 B3:0.62-0.68 (Red)
B4:0.77-0.86 (NIR)
B5:1.55-1.70 (SWIR)
ResourceSat-1 52 107 20 Nov 2011 01 B2: 0.52-0.59 (Green) 5.8 24
LISS-IV MX
B3:0.62-0.68 (Red)
B4:0.77-0.86 (NIR)
ResourceSat-2 52 107 23 Jan 2018 01 B2: 0.52-0.59 (Green) 5.8 24
LISS-IV MX
B3:0.62-0.68 (Red)
B4:0.77-0.86 (NIR)
Alos-Palsar 504 530 24 Mar 2008 01 Panchromatic Single 12.5 46
DEM Band data
by-product (L Band)
504 540 24 Mar 2008 01
504 550 24 Mar 2008 01
505 540 11 Apr 2008 01

Source: Prepared by the authors.

respective high and medium spatial resolution multi-spectral ResourceSat-1 and
ResourceSat-2 LISS-IV MX (5.8 m) and LISS-III (23.5m) scenes were obtained from the
National Remote Sensing Centre (NRSC), India. The older and relatively coarser spatial
resolution Landsat-7 Enhanced Thematic Mapper (ETM+) scenes (30m) were down-
loaded from the United States Geological Survey (USGS) data repository. For ascertaining
the terrain attributes and extracting stream networks, the relevant tiles of the Alos Palsar
Digital Elevation Model (DEM) by-product of 12.5m resolution were procured from the
European Space Agency (ESA) data portal. Long-term temperature and rainfall data
(1901-2002) were obtained from the India Water Portal (https://www.indiawaterportal.
org/met_data/) that disseminates such information collated from the IMD database, which
can be used for a range of climatic and related hazard analysis (e.g. Thomson 2014;
Sahana and Patel 2019). For a more recent insight into these two parameters, gridded
temperature and rainfall data at 1° interval (product nos. 3/2008 and 1/2005 respectively
- tile centre at 27°50'00”N and 88°50'00"E in North Sikkim district) for 26years, from
1990 to 2015, was obtained from the IMD for analyzing their respective trends. The rele-
vant seismicity data was obtained from the USGS earthquake data repository (https://
www.usgs.gov/natural-hazards/earthquake-hazards/earthquakes).

4.2. Data processing tools

Erdas Imagine 2016 was used for pre-processing and sharpening of the raw satellite
images and for preparation of the land use and land cover (LULC) layer through
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Figure 2. Flowchart of the workflow process.

maximum likelihood (MXL) supervised classification. It was also used for extracting the
Normalized Difference Snow Index (NDSI), which is defined as the normalized difference
of one visible band and one near-infra-red or short-wave infra-red band (Hall and Riggs
2014). The NDSI was computed, following Hazra and Krishna (2019) as

NDSI = (Green Band — SWIR Band)/(Green Band + SWIR Band) (1)

The NDSI parameter has been used in a number of previous studies to facilitate glacial
lake delineation and glacier mapping (e.g. Rathore 2018; Li et al. 2019; Zhang et al. 2019;
Yan et al. 2020). We chose to use the NDSI and not another commonly used parameter
like the Normalized Difference Water Index (NDWI) (cf. Huggel et al. 2002; Shukla et al.
2018; Begam and Sen 2019), since there was considerable snow/ice cover over many lakes
and thus these would not get properly extracted through the NDWI as their spectral
reflectance would vary from that of open water bodies. ArcGIS 10.4.1 was used as the
main platform for glacial lake delineation and the subsequent geospatial analysis. QGIS
2.14.6 was used for obtaining the elevation profile required for calculating the slope differ-
ences from the glacier snout to the lake outlet point, this being one of the required
parameters for identifying lakes that are susceptible to GLOF events (see Section 4.5). The
extracted annual rainfall and mean temperature values from the IMD datasets were plot-
ted in respective climatic diagrams using MS-Excel. Trend analysis of the temperature
datasets was performed via the non-parametric Mann-Kendall test (Kendall 1975; Gilbert
1987) using the XLSTAT extension (https://help.xlstat.com/s/article/mann-kendall-trend-
test-in-excel-tutorial?language=en_US) for MS-Excel (cf. Karmeshu 2012).
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Figure 3. Land use and land cover map of North Sikkim (based on ResourceSat-2 LISS-IV MX images of
January 2018).

4.3. Image and DEM analysis

Figure 2 encapsulates the entire workflow for delineating the respective glacial lake
dimensions for the various years and the eventual assessment of their GLOF hazard sta-
tus. The LULC map (Figure 3), prepared from the most recent satellite image dataset
(from 5.8 m resolution LISS IV-MX images of January, 2018) based on level one classifica-
tion scheme (Anderson et al. 1976), comprised of five classes, viz. bare rocky lands, vege-
tation cover, glaciers, snow cover and water bodies (mainly lakes). Due to complexities in
the land cover and a similar spectral reflectance, agricultural land (mostly comprising of
terraced plots on steep slopes) could not be distinguished from natural vegetation. Snow
cover dominated the study area comprising 38% (or 1620.3km?) of the landscape,
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Figure 4. Normalized Difference Snow Index Map of North Sikkim.

followed by vegetation (27.7%), bare rocky lands (21.6%), glacial cover (12.3%) and water
bodies (0.3%). A certain small portion (3.2%) remained unclassified due to the unavail-
ability of this high-resolution image dataset for that part. The prepared LULC map was
used as an initial determinant of the various snow-covered/glacial regions in the study
area. It was also used to discern other water bodies that could be glacial lakes, which
could then be examined further through on-screen visualization/digitization. The
extracted NDSI layer (Figure 4) was used to cross-check the accuracy of the delineated
glacial zones before proceeding for further analysis. The slope map was extracted from
the DEM dataset using the relevant tools present in ArcGIS. The stream network of the
area was demarcated as per the Strahler (1957) stream ordering method, following the
standard procedures of flow routing, flow accumulation and drainage line extraction (e.g.
Patel and Sarkar 2009, 2010; Patel 2013). From the obtained stream network layer, four
sub-basins, viz. Upper Teesta (UT), Lachung Chhu (LC), Tolung Chhu (TC) and Central
Teesta (CT) were delineated.
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4.4. Glacial lake delineation, coding and measurements

Once the above snow/glacier zones and sub-basins were obtained, glacial lakes for the dif-
ferent time periods were manually delineated from the respective sharpened images
(image filtering was done using a 3 x 3 sharpening filter) using the polygon and stream-
line digitization technique in ArcGIS. These were verified using the higher resolution
Google Earth images. A unique code (e.g. ‘EHS_UT _015°) was assigned to each lake,
where EHS denoted Eastern Himalayan Sikkim, ‘UT’ referred to Upper Teesta and the
last three characters (015) were that lake’s sequential number. The lakes present in the
2018 dataset were coded first in this manner. If these lakes were also present in the previ-
ous years’ datasets, the respective codes were transferred to the corresponding features;
else suitable codes were assigned afresh. This was done repeatedly till all the lakes in each
of the four years were assigned their respective codes. The area and perimeter parameters
for each lake were extracted directly from the ArcGIS software domain using the relevant
measuring tools, once the glacial lake delineation was complete. To compute the lake
depth and volume, the empirical equations developed by Huggel et al. (2002) were used:

V =0.104 « A** (2)
D =0.104 x A% (3)

where V and D stood for the lake volume (in m®) and depth (in m), respectively, and A
was the lake area (in m?). By examining the dimensions of the common lakes that were
present in each of the four time periods, further insights were obtained into their growth/
shrinkage dynamics in this region.

Apart from using high-resolution Google Earth images to visually verify the glacial
lakes delineated, uncertainty calculations were also undertaken to substantiate the veracity
of the four datasets derived, especially the accuracy of the obtained lake area.
Conventionally, half or one pixel is taken as the linear resolution error, assuming that, on
average, the lake margin passes through the centre of the pixels situated along its perim-
eter (Salerno et al. 2012). We computed the uncertainty following standard methods in
the literature (e.g. Gardelle et al. 2011; Wang et al. 2012; Debnath et al. 2018; Shukla
et al. 2018; Begam and Sen 2019), by comparing individual lake objects with the image
pixels from which they had been extracted. The formula used for computing this was
[after Salerno et al. (2012) and Basnett et al. (2013)]:

U= (g) XA (4)

where U denoted the uncertainty for a particular lake, N was the number of pixels
counted along that lake’s perimeter and A was the area covered by a pixel in the image
used to extract/digitize that lake. The obtained uncertainty value for each lake was con-
verted into the uncertainty percentage for that lake based on its area derived after
digitization.

4.5. Identification of potentially dangerous glacial lakes

The most recent high-resolution dataset available (ResourceSat-2 LISS-IV MX images of
January 2018), was used to identify those lakes from which GLOFs were likely to occur.
The various geometrical (e.g. related to the lake dimensions) and geomorphic parameters
(e.g. related to the ambient/surrounding topographic attributes) commonly used to cat-
egorize the GLOF susceptibility status are well documented in the literature (e.g.
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McKillop and Clague 2007; Westoby et al. 2014; Prakash and Nagarajan 2017; Allen et al.
2019). We chose similar parameters, based on the available data for this area and follow-
ing the recommendations of the Glacier and Permafrost Hazards in High Mountains
(GAPHAZ) scheme (Allen et al. 2017). The GAPHAZ framework categorizes the hazard
assessment variables for a GLOF event under different heads — Atmospheric, Cryospheric
and Geotechnical and Geomorphic. Since information about all the variables listed in the
scheme was not available, selected parameters were chosen under each head. These were:

ii.

iii.

iv.

Vi.

Vii.

Size of the lake (i.e. its area): Larger lakes are expectedly more likely to cause a
GLOF event (Iribarren et al. 2014).

Expansion in lake area since 2011: Lakes that had enlarged markedly since 2011
were considered to be potentially dangerous in GLOF terms (e.g. Bolch et al. 2011).
If a lake was non-existent in 2011 (i.e. had newly formed in 2018 or may not have
been detected due to extensive snow cover obscuring it), then the lowest weight was
assigned (so that while this factor was at least considered in the ensuing analysis, its
import was not overestimated).

Slope difference from glacier snout to the lake outlet: A higher slope difference
between the glacier snout and lake outlet would be more likely to induce the lake to
overflow its bounds (Wang et al. 2011).

Connection or proximity with parent glacier and river channel: The connection of
each lake, on one side with its parent glacier and on the other with a river channel,
provides a ready path for rapid and substantial discharge during a GLOF event
(Wang et al. 2011).

Availability of rocks surrounding the lake (for rockfalls and avalanches): The pres-
ence/accumulation of debris (rocks or boulders) or steep scarps around a lake is
crucial to its hazard status, since mass movements into a lake can cause it to over-
flow (Huggel et al. 2004; Allen et al. 2019).

Lake distance from the basin outlet point: Lakes located far away from the basin
outlet are less likely to pose substantial threat to their most downstream reaches, as
longer GLOF paths would lessen its impact at the basin mouth and vice-versa
(Wang et al. 2011).

Height of the lake outlet dam: Lower dams (usually of moraine deposits) obviously
have higher probabilities of getting breached (Huggel et al. 2004). The conditions
around each lake were gauged through visual interpretation of the satellite images
(LISS-IV/Google Earth) and the discernable dam height was extracted from the
DEM dataset. We desisted from incorporating additional parameters about the
moraine dam geometry (e.g. Huggel et al. 2004; Prakash and Nagarajan 2017), to
avoid overstating this aspect in the ensuing analysis. Furthermore, being loosely
consolidated, sinuous/curvilinear features, such dams would be unlikely to have the
same dimensions everywhere and dam breaching/slumping/seepage is possible at
each spot, which can then spread quickly along the feature. Thus only its height was
considered as any dam’s primary dimension.

While we did note the seismicity in the region, we did not include this parameter dir-

ectly in the analysis (e.g. Mergili and Schneider 2011; Prakash and Nagarajan 2017) since
proximity to historical earthquake epicentres does not necessarily guarantee future large
quakes and mass movements in this region can also be triggered by higher magnitude
seismic events occurring afar. The seismicity map prepared has simply been used as an
indicator of possible such events in North Sikkim.
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Weights to individual parameters (Table 2) were assigned following Huggel et al.
(2002) by adopting a scaling norm of 1-3 (where, 1 was the minimum and 3 was the
maximum weightage accorded). We opted for utilizing the same range and strength of
weights for each of the parameters, as per Huggel et al. (2002), instead of following a dif-
ferentially weighted approach (e.g. Aggarwal et al. 2017; Prakash and Nagarajan 2017), in
order to avoid any user bias while formulating the latter. The Cumulative Weight (CW)
of each lake was derived from the summation of the weights given to the individual
parameters. The respective lake CWs were finally classified as denoting High (CW > 16),
Medium (CW ranging from 13 to 15) or Low (CW < 12) Hazard status, in respect of
how feasible it was that a GLOF event could be triggered by/from them. Though the lake
volume and depth had been estimated, these parameters were not included in the above
list to avoid autocorrelation during the ensuing analysis, since they were derived from the
lake size parameter.

5. Results and discussion
5.1. Glacial lakes inventory

Glacial lakes inventoried for the years 2000, 2008, 2011 and 2018 in North Sikkim num-
bered 151 (total area 18.4km?), 179 (total area 19.7km?), 272 (total area 19.8 km?) and
354 (total area 25.3km?), respectively (Figure 5, Table 3). Notably, 203 new lakes were
demarcated in the 2018 dataset which were not there in the year 2000 and the overall
lake area increased by 6.9 km? during the same period (a rise of 37.5%). In all, 85 lakes
were found to be present in all the four time periods examined, with two such lakes pre-
sent in the Central Teesta sub-basin, 17 in Lachung Chhu, four in Tolung Chuu and 62
lakes in the Upper Teesta sub-basin (for details see Supplementary Information Table S1).
Thus, Lachung Chuu and Upper Teesta sub-basins contained the most number of lakes
that were present (or common) in the entire study period. Examination of the respective
areas of these common lakes revealed that there had been a slight to marked overall
increase in almost every lake’s area from 2000 to 2018. Those that did not increase in size
notably, usually retained their previous dimensions from the year 2000, while only a few
lakes showed any perceptible areal decline. The lake area had remained quite constant for
the few common lakes present in the other two sub-basins.

The significant increase in the total number of glacial lakes and their overall areal
increase in the more recent inventories may have arisen from the use of higher resolution
(5.8 m) images to create the 2018 and 2011 databases in comparison to the medium reso-
lution (23.5 and 30 m, respectively) images of 2008 and 2000, by allowing more smaller
lakes to be detected. Most of these new lakes were located in the Upper Teesta sub-basin
(Figure 6). However, comparison of the 2011 and 2018 datasets (both extracted from
similar 5.8 m resolution images), revealed that the number of glacial lakes had indeed
increased quite markedly across the entire study area, especially in the Lachung Chuu
sub-basin. Similarly, comparison of the respective areas of the common lakes present in
the 2018 and 2011 datasets (a total of 169 lakes, with two lakes in the Central Teesta
region, 39 in Lachung Chhu, nine in Tolung Chuu and 119 lakes in the Upper Teesta
region) shows a marked increase in the dimensions of many lakes. In the Lachung Chuu
and Upper Teesta regions (these two zones having the most lakes), their net area
increased by about 0.62 and 2.1km?, respectively, with 11 lakes recording a more than
100% areal increase during the same time period while the extents of nine other lakes
rose by 30-100% of their former size (see Supplementary Information Table S2). Overall,
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Figure 5. Glacial lakes delineated in North Sikkim in the different years.

from 2000 to 2018, the total lake area in North Sikkim increased by 2.8 km® — a substan-
tial rise of 15.65%. All of this points towards an enhanced GLOF susceptibility herein. As
the Upper Teesta sub-basin contains about 60% of all glacial lakes in North Sikkim in the
most recent inventory and this figure rises to 93.5% when the Lachung Chhu sub-basin is
also included, these two regions assumed the most importance during the ensuing GLOF

susceptibility analysis.

Since the number and size of glacial lakes had increased tremendously since 2000, fur-
ther classifications were done based on the respective lake dimensions (area, perimeter,
volume and depth) for each sub-region. Results reveal that smaller (lake area <
10,000m®) and medium-sized lakes had increased rapidly (in both number and areal
extent), as compared to the larger lakes (lake area > 500,000 m?). A summary of the lake
inventories based on lake size (Table 4), depth (Table 5) and volume (Table 6), reveals
the region-wise variations in lake numbers as per these dimensions from 2000 to 2018
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Table 3. Sub-basin wise distribution of glacial lakes and their areal coverage in the different time periods.

2018

2011

2008

2000

Average
area (km?)

Total area

Average
area (km?)

Total area

Average
area (km?)

Total area

Average
area (km?)

Total area

Sub-basin
area (km?)

2079.66

(km?)
20.04

(km?) No (km?) No (km?) No
14.44 14.77 215

No

Sub-basins

0.09

0.08

16.65
2.16
0.62
0.32

19.76

200

0.14

106

0.1

99
40

Upper Teesta
Lachung Chhu

Tolung Chhu

0.04
0.05
0.05

4.08
0.84
0.36

25.33

116

0.04
0.03
0.08

49

0.06
0.08
0.10

3.24
0.62
1.05
19.69

54

0.07
0.1

2.87
0.57
0.51
18.39

826.495

16
7
354

19

5
7

151

848.795

4
272

1"

179

0.07

698.274
4453.224

Central Teesta

Total

Source: Prepared by authors on basis of analysis of satellite images.

(for further details see Supplementary Information
Tables S3-S6). The rise in lake numbers across all size
ranges is clearly discernable, with a greater increase in
the number of smaller lakes, most of which have been
newly formed from the ongoing glacial melt in the
region, as was similarly inferred by Hakeem et al. (2018)
and Raj et al. (2013a, 2013b). Especially in the Upper
Teesta sub-basin, the number/total area or both have
increased for lakes of all size classes during the entire
study period. Marked changes in lake numbers have
occurred in the Lachung Chhu area, which had no lakes
smaller than 10,000m” in 2000 but reported 56 such
lakes in 2018, while its lake numbers in the
10,000-50,000 m* class had nearly doubled from 22 in
2000 to 41 in 2018. Even accounting for a greater num-
ber of smaller lakes probably being detected from the
higher resolution images used to create the more recent
inventories, it was still notable that the lake numbers for
Lachung Chuu in the aforementioned two size classes
had respectively increased from 13 to 56 and 24 to 41
during 2011 to 2018 (both these databases being derived
from 5.8m resolution images). Therefore, the rise in
lake numbers and their overall expansion has been
unmistakable in the region. In the inventories of 2011
and 2018, a notable increase in the total lake perimeter
has also been detected. A greater lake perimeter offers a
larger distance through which a possible breach can
occur, more so if the mean perimeter of the larger lakes
increase, as was noted in the Upper Teesta sub-basin.
Smaller and shallower glacial lakes predominate, with
270 out of 354 lakes in the 2018 dataset recording
depths of < 10m. With the rise in lake numbers, their
total volume has also risen. Of particular concern is the
increase in the total number, area and volume of the
largest lakes, which are more prone to a GLOF event.

5.2. Uncertainty analysis for the demarcated glacial
lake extents

The percentage uncertainty computed for the individual
lakes was classified as per the lake area extents (follow-
ing Table 4) to obtain a more meaningful insight into
the accuracy levels of the four datasets (Table 7), follow-
ing similar approaches adopted by Shukla et al. (2018)
and Begam and Sen (2019). The image resolution obvi-
ously had an impact on the lake delineation accuracy
(cf. Fujita et al. 2009; Wang et al. 2012) and the lake
extent determined. Smaller lakes delineated from
medium-resolution images (e.g. Landsat-7 ETM+ 30 m
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Figure 6. Number of glacial lakes in the different sub-basins of the Teesta in North Sikkim.

resolution images for the year 2000 dataset) reported the highest mean uncertainty per-
centage. Within the same year’s inventory, mean uncertainty decreased markedly for lakes
of higher size classes, with this range being the greatest within the Landsat-7
ETM + dataset. However even within this coarser dataset, the mean uncertainty levels for
the larger lakes (> 0.5km?) was less than 10%. These results were quite similar to those
derived by Debnath et al. (2018), Shukla et al. (2018) and Begam and Sen (2019) for the
same region. In the other medium-resolution dataset obtained from ResourceSat-1 LISS-
III images (23.5m resolution) for 2008, the mean uncertainty percentage decreased for
every lake size class as compared to the year 2000 dataset, with this value for the larger
lakes being 7.68%. Derived from the highest resolution images (LISS-IV MX 5.8 m reso-
lution), the inventories of 2011 and 2018 reported the lowest mean uncertainty values.
These were extremely low for the larger lakes delineated (i.e. mean values of 4.72% and
2.29%, respectively, for lakes larger than 0.5 km? in the 2011 and 2018 datasets), with this
yielding better results than most previous studies conducted in this region. This enhanced
accuracy level was possibly achieved due to the high-resolution images used and since the
lake delineation was done manually and was not dependent on direct extraction via band
combination or ratioing (viz. from NDSI or NDWI indices only). Since only the medium
and larger size lakes in a region pose a significant GLOF threat (Nie et al. 2017), the very
low mean uncertainty values obtained for the 2018 dataset provided the validation
required to subsequently use this dataset for GLOF susceptibility estimation with far
greater accuracy, than was possible in most prior studies in this region. Furthermore, as
the equations used by Huggel et al. (2002) to estimate each lake’s depth and volume are a
direct function of the lake area parameter, the computed uncertainty values for the area
parameter can be feasibly taken to be indicative of the same for these variables too.
However, these equations are construed based on studies conducted on European lakes,
and equations that are more specifically framed, based on analysis of Himalayan lakes,
would possibly reduce the uncertainty even further.

5.3. Assessing the GLOF susceptibility

The likely GLOF susceptibility of all 354 lakes in the 2018 repository was ascertained
using the criteria listed in Section 4.5 (Figure 7). The salient findings were:
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ii.

Lake size: The maximum and minimum lake sizes were 1.76km? and 524.1 m?
respectively [median value - 16,396 m® (approximately 0.02km?)]. Following
Aggarwal et al. (2016), who had initially used a threshold value of 0.1km? for iden-
tifying lakes prone to GLOF hazard in the same study area and had then re-denoted
lakes larger than 0.6 km?* as being the most vulnerable, we chose an overall threshold
value of 0.15km?” to filter out the smaller lakes. Applying this to our 2018 dataset,
we obtained 36 lakes which could potentially generate GLOF events. Only these 36
lakes were considered in the subsequent analysis with respect to the other parame-
ters. The mean area of these 36 lakes was 0.47 km? and their mean uncertainty per-
centage was 3.54%.

Lake area expansion since 2011: Almost all the lakes extracted based on the above-
mentioned area threshold (25 out of 36 lakes) had expanded in size from 2011 to
2018 [e.g. the Lhonak Lake (EHS_UT_085) had increased by 0.205 km? (Figure
7(a))], with the mean expansion value of all lakes being 0.10 km?. The greatest
expansion recorded was 0.43 km? for Lake EHS_LC_020. This lake in the Lachung
Chhu sub-basin had consequently experienced the maximum change amount of
97.32%. Slower growth rates (15.5% and 4.3%, respectively) were recorded for the

o & ¢ Distance from the Basin '

Outlet = 73.45 km

3 O ers_ut_oas) 7.

Figure 7. Examples of the multiple criteria used to categorize the GLOF hazard susceptibility for individual lakes,
showing (a) lake area changes over time, (b) slope difference between glacier snout and lake outlet, (c) connection of
the lake with parent glacier, (d) connection of the lake with a river, (e) height of the dam at the lake outlet, (f) avail-
ability of rocks or debris for rockfall along the lake periphery, and (f) the lake distance from the basin outlet.
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Figure 8. Changes in the lake area of GLOF hazard prone lakes in North Sikkim (2011-2018).

more commonly studied Lhonak (EHS_UT_085) and Phunri (EHS_UT_015) lakes,
during the observation period (Figure 8). Five of the 36 lakes were not present in
the 2011 dataset and so this parameter was not ascertained for them. However, this
finding is significant as it seemingly points to newer lakes forming in this region,
which can later become susceptible to GLOF events. A negative change in the lake
area was recorded for six lakes, with lakes EHS_UT_086 and EHS_LC_018 shrinking
by 0.17 km? (30.4%) and 0.03km? (11.1%), respectively. This may have occurred
from part in-filling of the lake with moraine deposits, rockfalls or seepage (or even
due to an undetected GLOF event that emptied it partially) and needs further inves-
tigation. Rapid or marked lake shrinkage could also have connotations for future
GLOF events, in terms of reducing the lake area and thus its storage capacity,
thereby facilitating meltwater overspill during thaws.

iii. Slope difference from glacier snout to lake outlet: Obviously, the slope values at the
glacial snouts (maximum: 46.4°; mean: 19.4°) were higher than those at lake outlets
(maximum: 34.4°; mean: 7.4°). Most of the lakes in the Upper Teesta sub-basin
were located at higher elevations and had marked slope differences between their
adjacent glacier snout and their own outlet. The highest such value (39°) was
recorded for the Lake EHS_UT_055 (Figure 7(b)), while the mean for all 36 lakes
was 12°,

iv. Connection between parent glacier and river channel: Twelve of the 36 lakes were
attached with a mother glacier while 17 others were located at a mean distance of
1.5km from one (maximum: 3.9 km; minimum: 142 m). About 22 of the 36 lakes
had a stream outlet, indicating their ready ability to generate a GLOF event, while
12 others were located at a mean distance of 2.7km from a channel (maximum:
4.7 km; minimum: 598 m). Nine lakes were connected to both a glacier as well as a
stream (e.g. EHS_UT_015 and EHS_UT_057 in Figure 7(c,d), respectively) and these
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posed the greatest threat of a GLOF event as the ready supply of glacial meltwater
along with an available outlet could enable rapid and high discharge from
such lakes.

v. Rockfall and avalanche possibilities: Lake EHS_UT_045 was one of the many lakes
in this area that was exposed to such a scenario (Figure 7(f)), with a steep scarp
adjacent to the lake. In all, 22 of the 36 lakes reported similar conditions.

vi. Distance from the basin outlet point: Lakes were located on average 61.6km away
from their basin outlet (maximum: 91.7 km; minimum: 19.1 km). In respect of solely
this parameter, lakes like the Lhonak (Figure 7(g)) were likely to pose a lower
GLOF threat as it was located quite far (73.5km) from the basin outlet.

vii. Height of the lake outlet dam: All the 36 lakes had adjacent moraine dams. These
ranged in height from 66.4 to 5.1 m (mean: 21.6 m). For example, the Lake
EHS_UT_045 had a 26.4 m high dam at its outlet (Figure 7(e)), the breaching of
which could create a GLOF event.

The weights assigned on the basis of the above parameters for each lake (as per Table
2) were summed to obtain the respective CWs (see Supplementary Information Table S7).
Based on this CW value, the most vulnerable or susceptible lakes were identified (Table 8,
Figure 9) and accorded a corresponding hazard status (High, Medium or Low). Of the 36
lakes, 10 were categorized as being highly hazardous, 17 were of medium rating and the
remaining nine lakes were at low susceptibility of causing a GLOF event. The Upper
Teesta sub-basin had the highest number of these lakes, containing all the nine low, ten
medium and seven high hazardous/susceptible lakes. The Lachung Chhu sub-basin had
three high and four medium hazard lakes while the Tonlung Chhu and the Central
Teesta sub-basins had only two and one medium hazard lakes, respectively. Almost all the
36 lakes were situated along the main snowline and Great Himalayan water divide that
defines Sikkim’s northern border in the Upper Teesta sub-basin, with the majority being
present in the north-eastern part of this region. The few similarly hazardous lakes in the
Lachung Chhu area were also proximate to these lakes. Thus the north-eastern sector of
Sikkim is likely to form the main source region of any GLOF events that can afflict the
downstream reaches of the state. The presence of medium and lower hazard category
lakes in the cluster formed by the 10 most hazardous lakes (Figure 10), especially where
they lie adjacent to each other or are situated upstream-downstream from each other
along the same valley, further enhances the GLOF susceptibility as a snowballing effect
could result, with the outflow from one lake cascading into another and causing it to
breach as well. Furthermore, where these lakes are connected with a glacier (as is seen to
be the case for almost all the highly hazardous lakes in their Google Earth screenshots -
Figure 10), future glacial melt/retreat due to rising temperatures shall augment the lake
volume and increase the chances of a GLOF event, especially where the lake is also linked
with a downstream channel.

5.4. Climate data analysis

Rising temperatures facilitate greater glacial melt and enhanced formation/expansion of
glacial lakes (Quincey et al. 2007; Veh et al. 2020), with this subsequently leading to
GLOF events in the Himalayas (Mir et al. 2018). Therefore a detailed analysis of the prin-
cipal climatic parameters in any such study is most pertinent (Benn et al. 2012; Liu et al.
2014). Previous studies have highlighted the marked climate changes occurring within the
Himalayas (Chaudhary et al. 2011), commenting on the unpredictability of the region’s
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Figure 9. Potentially dangerous lakes susceptible to GLOF events in North Sikkim.

Figure 10. Google Earth screenshots of the ten most hazardous lakes in terms of GLOF events in the Sikkim
Himalayas (Note: The numerical labels given to each lake within the figure correspond to their notations as denoted
in Figure 9).

weather and rapid rates of snowmelt (Sharma et al. 2009; Chaudhary and Bawa 2011).
Two sets of temperature and precipitation data were analyzed separately. The first was the
long-term data (1901-2002) obtained from the India Water Portal, specifically for North
Sikkim district. The second was the more recent shorter term gridded dataset obtained
from IMD, which though centering on North Sikkim, covered a slightly larger area. Due
to their slightly differing geographies, we did not combine them together but performed
the same analysis separately (Figure 11). From the long-term dataset, a discernable mean
annual temperature rise of about 0.5°C over the 102 years’ time period was noted (Figure
11(a)). From the shorter term gridded dataset (1990-2015) covering a larger areal extent,
this rise was higher, about 1.5°C (Figure 11(c)), possibly since it included the southern
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Figure 11. Changes and trends in climate parameters in the study area — (a) and (b) show long-term mean annual
temperature and annual precipitation trends (1901-2002) specifically for North Sikkim district, (c) and (d) show more
recent and shorter term (1990-2015) mean annual temperature and annual precipitation trends for the Sikkim region,
(e) and (f) are the mean monthly precipitation as derived from the two datasets (1901-2002 and 1990-2015),
respectively.
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Figure 12. Average annual temperature and precipitation regime in Sikkim (derived from the gridded climate data for
Sikkim from 1990 to 2015 — tile centroid at 27°50'00”N and 88°50'00”E in North Sikkim district).

parts of Sikkim too. However the R* values of the respective trends are quite low (0.260
for the long-term IMD dataset and 0.192 for the shorter term gridded dataset), due to the
data varijability. Mean temperature trends of just the spring and summer monsoon
months (for both datasets) showed a discernable increase in each case (Appendix A -
Figures A.1 and A.2), with the gridded dataset exhibiting a more pronounced rise.
Particularly, the marked rise in the mean temperature of March is significant (about 1°C
during 1901-2002 and 1.5°C during 1990-2015), and to a lesser extent that of April and
May, which likely indicates greater spring and summer thaws. This shall augment lake
volumes further and thereby reduce lake capacities for holding the subsequent monsoonal
deluge, thus increasing the chances of a GLOF event.

The above results are further substantiated by the outputs of the performed Mann-
Kendall test on both the long-term (1901-2002) and short-term (1990-2015) temperature
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Figure 13. Recent seismicity map of Sikkim and its adjacent areas.

datasets (see Tables A.1 and A.2 in Appendix A). We elicited the trends for the average
annual temperature, the mean temperature of the warmest months in a year
(March-June) and the mean temperature of the coldest months of each year (January,
February, November and December). For the long-term dataset, in each of the above
three cases, the derived p-value was lower than the significance level alpha value of 0.05,
indicating the presence of a trend in the dataset. The positive MK test Statistic (S) values
and the positive Sen’s slope values further indicated an upward trend (Karmeshu 2012),
signifying that the mean temperature values had indeed increased over time. The same
was observed for the annual average temperature of the short-term dataset, which also
showed an increasing trend over time. However, the average temperatures of the warmest
or coldest months in this dataset did not show any discernable trend.

Annual precipitation trends (for both datasets) show a slight decline (Figure 11(b,d)),
while its seasonality seems to have become more pronounced (Figure 11(e,f)), i.e. more
rainfall during the monsoon months. Monthly variations of mean temperature and rainfall
at five year intervals during 1990-2015 (Appendix A -Figure A.3) as discerned from the
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gridded dataset confirms the predominantly summer monsoonal climatic regime of
Sikkim (cf. Basnett et al. 2013). The mean annual temperature ranges from 21.1°C to
22.4°C while the annual precipitation ranges between 1632.9 to 4820.3mm over this
26 year observation period. These results are similar to those obtained by Tambe et al
(2011) and Debnath et al. (2019) for the same region. Particularly from 2011 onwards, a
steady increase in the mean annual temperature and decrease in the total yearly precipita-
tion is apparent (Figure 12). These may be potential reasons for the increase in glacial
lakes from 272 to 354 between 2011 and 2018, due to enhanced melting and lowered
replenishment of the glacial mass (which exposes the underlying surface, thereby allowing
it to absorb more heat and facilitate further melt).

5.5. Discussion

The distribution, shape, orientation and dimensions of the lakes demarcated in this study
matched quite well with those documented in the glacial lakes database (only the more
significant and larger lakes are part of this repository) prepared under the National
Hydrology Project by the Ministry of Jal Shakti, Government of India (see http://indiaw-
ris.gov.in/wris/#/about). Furthermore, the very low mean uncertainty percentage in the
computed lake dimensions compared favourably with similar studies in the same region
(e.g. Shukla et al. 2018; Begam and Sen 2019). This dual validation allowed us to under-
take the further components of the study. We have also importantly documented lakes
that have traditionally not been regarded as GLOF hazards and thus found scant mention
in the literature (cf. Raj et al. 2013a, 2013b; Begam et al. 2018), underlining the import-
ance of conducting such inventory studies on a regular basis for repeatedly recording the
status of known/newer lakes in this region. This is also one of the few studies that has
utilized high-resolution images for glacial lake mapping in Sikkim (besides Aggarwal et al.
2017), thus overcoming some of the inherent constraints of using medium resolution
images (Landsat/LISS-IIT) for this purpose (e.g. Raj et al. 2013b; Debnath et al. 2018;
Shukla et al. 2018). However, the use of a higher resolution DEM would have elicited a
more accurate terrain dataset (Das et al. 2016) and enhanced the resultant analysis. Our
accorded ratings of High, Medium and Low Hazard status for the different lakes matches
on a number of points with the ratings given by Aggarwal et al. (2017) to the same lakes
(e.g. the Lhonak Lake (EHS_UT_085) and the EHS_UT-004 lake have been demarcated as
being most hazardous in both studies). There are several other matches in the medium-
and low-hazard lake category, while our rating system has also accorded a slightly higher
susceptibility category to some lakes than that accorded by Aggarwal et al. (2017).
However, as outlined in the same paper, the AHP-based weightage method used by
Aggarwal et al. (2017) can also induce bias and thus our scheme of weighing all factors
on a uniform scale seems more prudent.

Glacier extent losses around 3.3% have occurred between 1990 and 2010 in the Sikkim
Himalayas, mainly due to rising temperatures (Basnett et al. 2013), transforming debris-
covered supraglacial lakes into large moraine-dam lakes. We show a 2% increase in the
mean annual temperature just between 2011 and 2015, which is considered to be most
favourable for glacier retreat in the Himalayas (Singh and Kumar 1997; Singh et al. 2006;
Xu et al. 2016; Kraaijenbrink et al. 2017). This could have spurred on the formation of 82
new lakes in North Sikkim since 2011. Rising lake temperatures in Sikkim (Debnath et al.
2018) has also induced glacier retreat, with this considered to be a significant factor
behind the tremendous increase in the area of the Lhonak Lake (EHS_UT_085) during
1976 to 2007 (Kulkarni et al. 2011). This region received a high average annual
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precipitation of 2560 mm during the observation period (1990-2015), 82% of which
occurred during June to September (cf. Bertolani et al. (2000) in the Everest Himalayas).
Such concentrated rainfall spells often induce mass movements, which is one of the big-
gest triggers of GLOF events in the Indian, Nepal and Bhutan Himalayas (Prakash and
Nagarajan 2017; Rounce et al. 2017; Allen et al. 2019). They also generate flash floods,
mudflows and landslides in the lower reaches of the Teesta Basin (Mandal and
Chakrabarty 2016; Pal et al. 2016). Such events therefore pose a constant threat to the
downstream infrastructure and vulnerable communities who reside along this region’s val-
leys (Basu 2015). Mitigation plans have therefore been framed by the Government of
Sikkim to siphon off excess lake water from rapidly expanding sites like the Lhonak Lake
while at the same time organizing awareness programmes to increase community resili-
ence and prepare evacuation plans (Shrestha 2018; SSDMA 2019).

Some studies have considered the impact of seismicity on GLOF events (e.g. Gurung
et al. 2017; Prakash and Nagarajan 2017; Cook et al. 2018) as these can induce moraine
dam breaches through piping (Richardson and Reynolds 2000) as well as engender mass
movements into glacial lakes. We did not actively consider this parameter in the weight-
age scheme for reasons outlined in section 4.5. The entire state of Sikkim falls under
Zone IV (High Damage Risk Zone) as per the Seismic Hazard Zonation of India
(BTMPC, 2019). While North Sikkim district does have a few recent earthquake epi-
centres (from 1965 to 2019 - Figure 13), these are far higher in both number and magni-
tude in West Sikkim district and further to the west (as per the USGS database). A 6.9
magnitude earthquake in 2011 within/adjacent to the western border of North Sikkim was
the highest recorded in this district, whose epicentre lay close to some of the glacial lakes
in the Upper Teesta sub-basin. Another 6.1 magnitude seismic event in East Sikkim dis-
trict in 1980, close to the location of the Central Teesta sub-basin glacial lakes, was the
next highest occurrence. During the recent 2015 Gorkha Earthquake, a number of GLOF
events were reported from the surrounding regions of Nepal (MoHA and DPNet, 2015;
Byers et al. 2017; Cook et al. 2018; Sunuwar 2018; Liu et al. 2020). However, this earth-
quake does not seem to have triggered GLOF events in the Sikkim Himalayas and we did
not find any studies documenting the same. However, as stated previously, seismic events
(and repeat earthquakes) have the potential to trigger GLOF events in faraway locations
and with alpine glacial lakes obviously forming mostly within active high mountain tec-
tonic belts (Emmer and Cochachin 2013), this remains a possibility in North Sikkim.

6. Conclusion

This study has generated a high-resolution recent inventory of glacial lakes in a part of the
Sikkim Himalayas, to augment similar databases created previously for this region. Lakes
were delineated manually and cross-checked for validation with Google Earth images. The
GLOF susceptibility for these lakes was also assessed, based on a range of parameters
defined in the literature. Through this, 36 lakes were identified as hazardous, of which, 10
were noted to be highly susceptible. In this respect, the Upper Teesta and Lachung Chhu
sub-basins were ascertained as the most likely source regions of any GLOF events that may
occur here. However, we propose that the other 26 lakes that were classified as being of
medium and low hazard status, be also monitored and re-evaluated regularly, since changes
in their parameters can elevate them into more enhanced hazard categories. Furthermore,
the study also revealed the recent trends in this area’s mean annual temperature and annual
precipitation, as recorded during a 26 year observation period (1990-2015). These could be
influencing factors behind the noted sharp increase in the number of new glacial lakes
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formed between 2011 and 2018, possibly due to a regional climatic variability induced gla-
cial retreat/melting. However, further in-depth research is required to better ascertain such
relationships. We also showed that the overall lake area in North Sikkim had increased by
6.9km” during the study period of 2000-2018 (a rise of 37.5%). Regular monitoring of the
environmental conditions of the glacial lakes in this region through the integration of
remotely sensed high-resolution data with field investigations is therefore sorely required
for continuously evaluating the GLOF threat along with the establishment of Early Warning
Systems that can convey the ambient threat quickly to the downstream communities. While
some such facilities have been installed (e.g. at Shakho Chho Glacial Lake in North Sikkim
- C-DAC 2018), more such endeavours are required to safeguard the local settlements and
infrastructure against such GLOF hazards.
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Figure A.1. Temperature trends of the spring and summer monsoon months from 1901 to 2002 (derived from the

IMD data for specifically North Sikkim district).
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Figure A.2. Temperature trends of the spring and summer monsoon months from 1990 to 2015 (derived from the

gridded climate data for Sikkim - tile centroid at 27°50'00”N and 88°50'00”E in North Sikkim district).
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Table A.1. Results of Mann-Kendall Test performed on the long-term and short-term temperature datasets used in

the study.
Long- term Short-term
(1901-2002) (1990-2015)
average average
Long-term temperature Short-term temperature
(1901-2002) of cold (1990-2015) of cold
Long-term average months Short-term average months
(1901-2002) temperature (January, (1990-2015) temperature (January,
annual of warm February, annual of warm February,
Mann-Kendall average months November, average months November,
Test outputs temperature (March-June) December) temperature (March—June) December)
Kendall's tau 0.363 0.240 0.293 0.327 0.210 0.100
S 1834.000 1214.000 1481.000 94.000 63.000 30.000
Var(S) 116,150.000 116,150.000 116,148.000 1800.667 1832333 1831.333
p-value < .0001 .00037 < .0001 .028 .148 498
(Two-
tailed)
Alpha 0.05 0.05 0.05 0.05 0.05 0.05

An approximation has been used to compute the p-value.

Test interpretation:

Ho: There is no trend in the series

H,: There is a trend in the series

If the computed p-value is lower than the significance level alpha = 0.05, the null hypothesis H, should be rejected
and the alternative hypothesis H, should be accepted.
If the computed p-value is greater than the significance level alpha = 0.05, then the null hypothesis H, cannot

be rejected.

Table A.2. Derived values of Sen's Slope from the Mann-Kendall Test performed on the long-term and short-term
temperature datasets used in the study.

Long-term Short-term
(1901-2002) (1990-2015)
average average
Long-term temperature Short-term temperature
(1901-2002) of cold (1990-2015) of cold
Long-term average months Short-term average months
(1901-2002) temperature (January, (1990-2015) temperature (January,
annual of warm February, annual of warm February,
average months November, average months November,
Parameters temperature (March—-June) December) temperature (March—June) December)
Slope 0.007 0.008 0.009 0.018 0.020 0.012
Intercept -1.281 -1.484 -11.206 -14.682 -17.365 -8.437

Significance level (%): 5
Continuity correction: Yes

Confidence interval (%) (Sen's slope): 95
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Figure A.3. Monthly variations of temperature and rainfall parameters from 1990 to 2015 at five year intervals
(derived from the gridded climate data for Sikkim- tile centroid at 27°50'00"N and 88°50'00”E in North
Sikkim district).
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