ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/357448079
Flow velocities of the debris-covered Miyar Glacier, western Himalaya, India

Article in Geografiska Annaler Series A Physical Geography - December 2021

DOI: 10.1080/04353676.2021.2022355

CITATIONS READS
0 221

4 authors, including:

Suresh Das Katie E Miles
Jawaharlal Nehru University A% Aberystwyth University

9 PUBLICATIONS 31 CITATIONS 15 PUBLICATIONS 188 CITATIONS

SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Project EverDrill: Accessing the interior and bed of a Himalayan debris-covered glacier to forecast future mass loss View project

Project Himalayan Cryosphere: Science and Society View project

All content following this page was uploaded by Suresh Das on 31 December 2021.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/357448079_Flow_velocities_of_the_debris-covered_Miyar_Glacier_western_Himalaya_India?enrichId=rgreq-f7446ea8102771d5951a6cc897f6181b-XXX&enrichSource=Y292ZXJQYWdlOzM1NzQ0ODA3OTtBUzoxMTA2OTU3NjYyNDYxOTUyQDE2NDA5MzA2ODE5MjA%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/357448079_Flow_velocities_of_the_debris-covered_Miyar_Glacier_western_Himalaya_India?enrichId=rgreq-f7446ea8102771d5951a6cc897f6181b-XXX&enrichSource=Y292ZXJQYWdlOzM1NzQ0ODA3OTtBUzoxMTA2OTU3NjYyNDYxOTUyQDE2NDA5MzA2ODE5MjA%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/EverDrill-Accessing-the-interior-and-bed-of-a-Himalayan-debris-covered-glacier-to-forecast-future-mass-loss?enrichId=rgreq-f7446ea8102771d5951a6cc897f6181b-XXX&enrichSource=Y292ZXJQYWdlOzM1NzQ0ODA3OTtBUzoxMTA2OTU3NjYyNDYxOTUyQDE2NDA5MzA2ODE5MjA%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Himalayan-Cryosphere-Science-and-Society-3?enrichId=rgreq-f7446ea8102771d5951a6cc897f6181b-XXX&enrichSource=Y292ZXJQYWdlOzM1NzQ0ODA3OTtBUzoxMTA2OTU3NjYyNDYxOTUyQDE2NDA5MzA2ODE5MjA%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-f7446ea8102771d5951a6cc897f6181b-XXX&enrichSource=Y292ZXJQYWdlOzM1NzQ0ODA3OTtBUzoxMTA2OTU3NjYyNDYxOTUyQDE2NDA5MzA2ODE5MjA%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Suresh-Das?enrichId=rgreq-f7446ea8102771d5951a6cc897f6181b-XXX&enrichSource=Y292ZXJQYWdlOzM1NzQ0ODA3OTtBUzoxMTA2OTU3NjYyNDYxOTUyQDE2NDA5MzA2ODE5MjA%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Suresh-Das?enrichId=rgreq-f7446ea8102771d5951a6cc897f6181b-XXX&enrichSource=Y292ZXJQYWdlOzM1NzQ0ODA3OTtBUzoxMTA2OTU3NjYyNDYxOTUyQDE2NDA5MzA2ODE5MjA%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Jawaharlal-Nehru-University?enrichId=rgreq-f7446ea8102771d5951a6cc897f6181b-XXX&enrichSource=Y292ZXJQYWdlOzM1NzQ0ODA3OTtBUzoxMTA2OTU3NjYyNDYxOTUyQDE2NDA5MzA2ODE5MjA%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Suresh-Das?enrichId=rgreq-f7446ea8102771d5951a6cc897f6181b-XXX&enrichSource=Y292ZXJQYWdlOzM1NzQ0ODA3OTtBUzoxMTA2OTU3NjYyNDYxOTUyQDE2NDA5MzA2ODE5MjA%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Katie-Miles-3?enrichId=rgreq-f7446ea8102771d5951a6cc897f6181b-XXX&enrichSource=Y292ZXJQYWdlOzM1NzQ0ODA3OTtBUzoxMTA2OTU3NjYyNDYxOTUyQDE2NDA5MzA2ODE5MjA%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Katie-Miles-3?enrichId=rgreq-f7446ea8102771d5951a6cc897f6181b-XXX&enrichSource=Y292ZXJQYWdlOzM1NzQ0ODA3OTtBUzoxMTA2OTU3NjYyNDYxOTUyQDE2NDA5MzA2ODE5MjA%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Aberystwyth-University?enrichId=rgreq-f7446ea8102771d5951a6cc897f6181b-XXX&enrichSource=Y292ZXJQYWdlOzM1NzQ0ODA3OTtBUzoxMTA2OTU3NjYyNDYxOTUyQDE2NDA5MzA2ODE5MjA%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Katie-Miles-3?enrichId=rgreq-f7446ea8102771d5951a6cc897f6181b-XXX&enrichSource=Y292ZXJQYWdlOzM1NzQ0ODA3OTtBUzoxMTA2OTU3NjYyNDYxOTUyQDE2NDA5MzA2ODE5MjA%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Suresh-Das?enrichId=rgreq-f7446ea8102771d5951a6cc897f6181b-XXX&enrichSource=Y292ZXJQYWdlOzM1NzQ0ODA3OTtBUzoxMTA2OTU3NjYyNDYxOTUyQDE2NDA5MzA2ODE5MjA%3D&el=1_x_10&_esc=publicationCoverPdf

T i (©) TojorsFranc
Geografiska Annaler: Series A, Physical Geography

SERIES A

=

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tgaa20

Flow velocities of the debris-covered Miyar Glacier,
western Himalaya, India

Suresh Das, Milap Chand Sharma & Katie E. Miles

To cite this article: Suresh Das, Milap Chand Sharma & Katie E. Miles (2021): Flow velocities of
the debris-covered Miyar Glacier, western Himalaya, India, Geografiska Annaler: Series A, Physical
Geography, DOI: 10.1080/04353676.2021.2022355

To link to this article: https://doi.org/10.1080/04353676.2021.2022355

ﬁ Published online: 30 Dec 2021.

N
CJ/ Submit your article to this journal

A
& View related articles &'

@ View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tgaa20


https://www.tandfonline.com/action/journalInformation?journalCode=tgaa20
https://www.tandfonline.com/loi/tgaa20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/04353676.2021.2022355
https://doi.org/10.1080/04353676.2021.2022355
https://www.tandfonline.com/action/authorSubmission?journalCode=tgaa20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tgaa20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/04353676.2021.2022355
https://www.tandfonline.com/doi/mlt/10.1080/04353676.2021.2022355
http://crossmark.crossref.org/dialog/?doi=10.1080/04353676.2021.2022355&domain=pdf&date_stamp=2021-12-30
http://crossmark.crossref.org/dialog/?doi=10.1080/04353676.2021.2022355&domain=pdf&date_stamp=2021-12-30

GEOGRAFISKA ANNALER: SERIES A, PHYSICAL GEOGRAPHY
https://doi.org/10.1080/04353676.2021.2022355

Taylor & Francis
Taylor & Francis Group
W) Check for updates

Flow velocities of the debris-covered Miyar Glacier, western
Himalaya, India

Suresh Das ©2, Milap Chand Sharma® and Katie E. Miles ©°

?Centre for the Study of Regional Development (CSRD), Jawaharlal Nehru University, New Delhi, India; bCentre for
Glaciology, Department of Geography and Earth Sciences, Aberystwyth University, Aberystwyth, UK

ABSTRACT ARTICLE HISTORY
Spatiotemporal surface velocity measurements of the alpine valley type Received 13 August 2021
debris-covered Miyar Glacier of the Chandrabhaga (Chenab) basin,  Revised 6 December 2021
western Himalaya, were assessed based on the cross-correlation of  Accepted 9 December 2021
Landsat images spanning nearly three decades (1992-2019). Long-term

o . KEYWORDS
(1950-2015) temperature and precipitation trends were evaluated using Glacier velocity; COSI-Corr;
Asian Precipitation Highly Resolved Observational Data Integration aphrodite; debris-covered
Towards Evaluation (APHRODITE) datasets. The mean velocity (1992- ice; subglacial hydrology;
2019) of the Miyar Glacier is ~29 m/yr, with spatial patterns revealing himalaya
that the debris-covered tongue is nearly stagnant (~5 m/yr) compared
to the debris-free up-glacier zone (~35 m/yr). The transition zone from
clean to debris-covered ice in the mid-ablation area shows the highest
long-term mean velocities of ~60 m/yr during the observation period,
likely resulting from a steep surface gradient and greater ice thickness
than the other regions of this glacier. The slow-moving and nearly
stagnant debris-covered area reveals the highest amount of surface
lowering due to the expansion of supraglacial ponds. Miyar Glacier
experiences summer speed-up of ~67-80% in seasonal velocity
compared to winter, interpreted as a result from enhanced basal sliding
during summer months due to warmer temperatures inputting more
meltwater into the subsurface drainage system. Inter-annual velocity
variations are greatest in the upper glacier, with higher velocities
observed more frequently in recent decades. Future work should aim to
elucidate the causes of this pattern, considering the overall rising air
temperature trend in the western Himalaya.

1. Introduction

Glaciers move or flow downhill in response to the gravitational forces generated by their mass (Nye
1952), through internal deformation of ice (Glen 1955), basal sliding (Weertman 1957), and/or sub-
glacial deformation (Bindschadler 1983). The types of movement exhibited by a glacier are closely
related to the temperature of the ice (Cuffey and Paterson 2010). For instance, basal sliding is more
efficient in warm-based glaciers where water is available at the glacier’s base and lubricates the rock/
ice interface (Bindschadler 1983). Similarly, bed deformation is more effective beneath warm-based
glaciers since the underlying unfrozen sediments will be saturated with water, reducing these
materials’ frictional strength (Benn and Evans 2010; Cuffey and Paterson 2010). For glacier move-
ment dominated by internal deformation, the transverse glacier profile (velocity distribution across
the glacier) exhibits a parabolic shape, with maximum velocities near the center of the valley that
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decrease towards valley walls. In contrast, glacier velocity dominated by basal motion shows a more
flat (uniform) transverse velocity profile (Jiskoot 2011).

As a significant agent of landscape changes, glacier movement or stagnation is of notable interest
to the geomorphologist (Watson and Quincey 2015). The implication of glacier movement includes
reconstructing the past glacier extent (Benn and Evans 2010), assessing glacial lake formation due to
recession (Shugar et al. 2020) and associated hazards (Westoby et al. 2014), and examining glacier
morphology and dynamics due to surge events (Quincey et al. 2011; Bhambri et al. 2020) or stagna-
tion and surface lowering of debris-covered glaciers (Thompson et al. 2016; Steiner et al. 2021). Vel-
ocity assessment of debris-covered glaciers is important due to their complex response to climate
change (Watson and Quincey 2015; Miles et al. 2018). Debris-covered glaciers that are stagnating
and losing mass primarily through surface lowering can be more prone to the development of
supraglacial ponds, which can accelerate mass loss (Thompson et al. 2016; Miles et al. 2020; Steiner
et al. 2021). Therefore, it can be assumed that the surface velocity has a significant impact on the
health and sustenance of a glacier.

Ice velocity can be measured in the field by monitoring the position of stakes over time using
dGPS measurements, which can be time consuming and is often infeasible for glaciers in the Hima-
laya due to rugged topography, harsh climate, and inaccessibility. As a result, field-based velocity
studies commonly have sparse records on a spatial and temporal scale and measure point-based
surface displacement, which cannot represent the entire glacier. Only a few studies have been pub-
lished on stake-based surface velocity measurements in western (Wagnon et al. 2007a; Azam et al.
2014) and central Himalaya (Wagnon et al. 2013). In contrast, remote sensing-based measurements
provide the opportunity to achieve extensive and near complete spatial coverage over a glacier even
in the remotest areas in the Himalaya (Scherler et al. 2008; Copland et al. 2009; Dehecq et al. 2015;
2019). In the early twenty-first century, studies have been published on individual- or basin-scale
glacier surface velocity estimations across the eastern (e.g. Tsutaki et al. 2018), central (e.g. Quincey
et al. 2009; Nuimura et al. 2011), and western Himalaya (e.g. Scherler et al. 2008; Satyabala 2016;
Shukla and Garg 2020) based on remote-sensing measurements. Globally available surface velocity
maps from the Global Land Ice Velocity Extraction from Landsat (GoLIVE; Fahnestock et al. 2016;
Dehecq et al. 2019) and the Inter-mission Time Series of Land Ice Velocity and Elevation (ITSLIVE;
Scambos et al. 2016; Gardner et al. 2018) projects are available at very coarse resolution (> 300 m)
but are thus less suited to small-scale studies in mountainous regions (Millan et al. 2019).

In the western Himalaya, most of the previous studies on surface velocity measurements are con-
centrated in the upper Chandra (Sahu and Gupta 2019; Patel et al. 2021) and Zanskar basin
(Bhushan et al. 2018; Garg et al. 2021). In the upper Chandra basin, Bara Shigri, Chhota Shigri,
Samudra Tapu, and Panchi Nala glaciers are the most studied in terms of surface velocity (Garg
et al. 2017; Shukla and Garg 2019; Yellala et al. 2019; Patel et al. 2021). Recently, Das and Sharma
(2021) presented surface velocity measurements for 33 glaciers in the adjacent Jankar Chhu water-
shed, Bhaga basin (a tributary of Chandrabhaga river). Miyar is one of the longest (~27 km) and
largest (~84.2 km? in size in 2019) glacier in the Chandrabhaga basin, western Himalaya (Deswal
et al. 2017). Comprehensive glaciological studies have not been carried out for the Miyar Glacier
due to its inaccessibility and logistical difficulties. However, to the best of our knowledge, no studies
have investigated surface velocity measurements of the Miyar Glacier. In this study, we present sur-
face velocity measurements of the Miyar Glacier during the last three decades (1992-2020) based on
the cross-correlation of Landsat images. In addition, the possible influence of several topographical
factors and climatic conditions are highlighted to characterize the dynamic nature of surface
velocity.

2, Study area

The Miyar basin extends between 32°42'36” N and 33°15'24” N, and 76°40'12" E and 77°1'15” E
in the western Himalaya region, ranging in elevation from 2800 m to over 6500 m above sea level
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(a.s.l). This basin contains 92 glaciers (> 0.2 km?® in size) of varying dimensions and types, of
which Miyar is the largest, fed by several tributaries (Figure 1) (Saini et al. 2019). Miyar is a
broad valley-type alpine debris-covered glacier. The Miyar river originates from this glacier,
flowing into the Chandrabhaga (Chenab) river at Udaipur (32.72°N, 76.66° E) in the Lahaul-
Spiti district of Himachal Pradesh, India (Deswal et al. 2017) (Figure 1b). The total area of
the Miyar Glacier is 84.2 km” as in 2019, with nearly one-third (24.1 km?; 28.6%) covered by
debris. The maximum elevation of Miyar Glacier is ~6236 m a.s.l, and the present-day snout
of the glacier terminates at ~4060 m a.s.l. The surface gradient is steepest in the upper glacier
(> 25°) along the central flow line, while the debris-covered zone is low of gradient (< 5°).
Numerous ice cliffs and supraglacial lakes characterize the debris-covered ablation zone of the
Miyar Glacier (Figure 1c).

Climatically, the Lahaul region is located between the monsoon-dominated areas of the Pir
Panjal to the south and the mid-latitude Westerlies-dominated arid regions to the north (Deswal
et al. 2017). The basin is dominated by severe and long winters that last from September to May,
with minimum temperatures of —15°C. However, during the summer months (May-September),
temperatures can rise to 30°C (Deswal et al. 2017; Saini et al. 2019; Prakash et al. 2021). Miyar
basin remains snow-covered for almost six months and receives an average snowfall of 120-
400 cm/year (Deswal et al. 2017; Patel et al. 2018). The annual precipitation is dominated by
the snowfall which is controlled by the mid-latitude Westerlies (Saini et al. 2019). The contem-
porary Equilibrium Line Altitude (ELA) lies between 4900 and 5200 m a.s.l (Deswal et al.
2017; Saini et al. 2019).

3. Data and methods
3.1. Field data

A limited number of field measurements have been made in the Miyar basin in recent years.
Snout position of Miyar Glacier was mapped in 2013 using handheld GPS Garmin Etrex.
Field photographs were taken to characterize the surface morphology at the snout (Figure 2a).
A weather station was set up at Tingret village in 2015, which is 40 km downstream from the
present-day snout (Figures 1b and 2b). A glaciological research station was established at
Menthosa Base Camp (MBC; Figures 1b and 2c). Menthosa is a tributary sub-basin of the
Miyar. CEM DT-172 Temperature Humidity Hygrometer Data Logger was installed at Tingret
and MBC to record air temperature and relative humidity at 30-minute intervals. Continuous
temperature and humidity measurements were carried out between October 2015 and Novem-
ber 2019 (Figure 2d).

3.2. Satellite images

A total of 11 annual and six seasonal image pairs from multi-temporal Landsat missions (1992-
2020) were used to quantify surface velocity in this study (Table 1), including six images from
Landsat-5 Thematic Mapper (TM) between 1992-94 and 2009-11 and two scenes from Land-
sat-7 ETM+ (Enhanced Thematic Mapper Plus) for 2000 and 2002, and a series of Landsat-8
OLI (Operational Land Imager) images between 2013 and 2020 (Table 1; Supplementary Table
S1). A complete Landsat scene (path 147 and row 37) covering the entire Miyar basin and adja-
cent regions was used for all surface velocity measurements (Supplementary Figure S1). All
images were chosen during the ablation period (August-October) for annual velocity measure-
ments, reducing seasonal snow cover and shadowing effects, except the 23 July 2013 image,
where we could not obtain a cloud-free scene. Annual image pairs were chosen by limiting the
presence of cloud cover and maximizing the similarity of the minimum sun angle and azimuth
deviation between each two images. Seasonal velocities were measured between December
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Figure 1. (a) Location of Miyar basin in the upper Chenab basin in the Himachal Pradesh, India. (b) Location of the Miyar Glacier
in the Miyar basin. Green triangles show the location of the weather station at Menthosa Base Camp (MBC) and Tingret. (c) Land-
sat-8 RGB composite band (5-4-3) showing spatial distribution of debris-covered and clean ice and distribution of several ice cliffs
and supraglacial ponds on Miyar Glacier. Contours are derived from ASTER GDEM and plotted at an interval of 100 m.

2018 and February 2020 with a temporal interval of 16 days from Landsat-8 OLI images (except
the image pair of winter 2018; 32 days) to maintain the consistency of correlation among image
pairs (Table 1; Supplementary Table S1). For comparison with other optical satellite images,
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Figure 2. (a) Image of the snout of Miyar Glacier on 7 July 2013. (b) A weather station at Tingret. (c) The glaciological research
station at Menthosa Base Camp (MBC) at 4470 m a.s.l. (d) On-site temperature and relative humidity measurements using CEM
DT-172 Temperature Humidity Hygrometer Data Logger at Tingret and MBC during 2015-2019. At Tingret, the data logger was
mounted on the weather station. Red arrows show the position of the data logger. The location of the weather station is shown in
Figure 1b.

glacier velocity was derived from Sentinel-2A imagery for three time periods between 2016 and
2019 using band 8 (10 m spatial resolution). The difference between the acquisition dates of each
two satellite image pairs is only seven days (Table 1).
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Table 1. Satellite images used in this study and related uncertainty for each image pair.

Velocity in
stable Error assessment based on stable
Time Time Band/ Spatial terrain (m) terrain (m)

Image pair Satellite [day] [year] resolution Mean STD SE = % Ooff = ~/SE2 + MEAN?

Annual velocity

14Aug1992- Landsat 5 368 1.01 Band 2/ 30 m 492 3.65 0.04 492
17Aug1993

17Aug1993- 371 1.02 390 264 0.03 3.90
20Aug1994

28Aug2000- Landsat 7 704 1.93 Band 8/ 15 m 241 1.88 0.02 241
02Aug2002

30Sept2009- Landsat 5 352 0.96 Band 2/ 30 m 413 345 0.03 413
175ept2010

17Sept2010- 400 1.10 385 391 0.04 3.86
220ct2011

23July2013- Landsat 8 432 1.18 Band 8/ 15 m 204 342 0.03 2.04
285ep2014

28Sept2014- 352 0.96 127 3.2 0.03 1.27
155ept2015

15Sept2015- 384 1.05 131 4.02 0.04 1.30
030ct2016

030ct2016- 362 0.99 099 074 0.01 0.99
305ept2017

30Sept2017- 326 0.89 145 097 0.01 1.46
22Aug2018

22Aug2018- 384 1.05 1.00 0.61 0.01 1.00
10Sept2019

020ct2016- Sentinel 370 1.02 Band 8/ 10 m 073 1.06 0.12 0.72
070ct2017 2A

070ct2017- 348 0.95 266 275 0.16 1.61
205ep2018

20Sep2018- 355 0.96 128 392 0.14 1.13
105ep2019

Seasonal Velocity

26Nov2018- Landsat 8 32 0.09 Band 8/ 15 m 0.07 0.08 0.00 0.07
28Dec2018

18Mar2019- 16 0.04 025 035 0.00 0.25
03Apr2019

05May2019- 16 0.04 042 0.85 0.01 0.42
21May2019

08Jul2019- 16 0.04 1.00 1.88 0.02 1.00
24Jul2019

120ct2019- 16 0.04 0.07 0.08 0.01 0.07
280ct2019

01Feb2020- 16 0.04 0.19 0.26 0.00 0.19
17Feb2020

Note: STD - Standard Deviation; SE- standard error; o uncertainty of stable terrain area.

3.3. Surface velocity extraction

3.3.1. Image cross-correlation
We calculated glacier surface velocities using the Co-registration of Optically Sensed Images and
Correlation (COSI-Corr) technique, a free pixel tracking program for use with the ENVI software
(Leprince et al. 2007). The algorithm available in COSI-Corr works on single-band grayscale
images. In this study, the panchromatic band (PAN; band 8; 15 m; 0.50-0.66 pum for OLI and
0.52-0.9 pm for ETM+) for Landsat OLI and ETM+ and the green band (band 2; 30 m; 0.52-0.6
pum) for Landsat TM were processed (Table 1). The green band of Landsat TM was chosen as its
wavelength is close to the PAN band of Landsat OLI and ETM+ images. We used the frequency
correlation function to extract displacement with an initial and final window size of 64 and 32 pix-
els, respectively, step as 4 pixels, which resulted in a ground resolution of 60 m. The frequency mask



GEOGRAFISKA ANNALER: SERIES A, PHYSICAL GEOGRAPHY e 7

threshold and robustness iteration were set as 0.9 and 2, respectively, to reduce the effect of noise on
the correlation map. These threshold values were chosen based on previously published studies in
the adjacent basins (Das and Sharma 2021). These parameter settings were used for the entire Land-
sat 7 and 8 PAN datasets to maintain the consistency of results. For Landsat TM green bands, we
used a similar window size, but the step was reduced to 2 pixels. The details of surface velocity
extractions are given in supplementary information. The flowchart of methodology for surface vel-
ocity extractions used in this study is presented in supplementary Figure S2.

Annual and seasonal velocity maps of the Miyar Glacier were obtained from 17 offset tracking
image pairs between 1992-2020. The estimated velocity of each image pair was analyzed in terms of
spatial and temporal scale during the observation periods. Seasonal velocities were grouped into
four categories: (1) winter period: image pairs between December and February, (2) pre-melting:
image pairs between March and May, (3) melting: June and August, and (4) post-melting: Septem-
ber to November. A robust continuous seasonal velocity dataset is challenging to produce due to
changing snow compounds in the pixel-tracking method.

3.3.2. Post-processing

Rigorous post-processing was performed to remove the uncertainty related to temporal decorrela-
tion noises, wavelength orbital error, satellite artifacts, attitude jitter distortions, and topography-
dependent artifacts (Ding et al. 2016; Das and Sharma 2021). Erroneous measurements were
masked out based on a low Signal-to-Noise-Ratio (SNR) value (< 0.9) to minimize decorrelation
noise (see supplementary information section 1.3). Further, regions with cloud cover and shadow
were manually checked, and resulting noises in East-West Direction (EWD) and North-South
Direction (NSD) were removed using the replace/discard tool in COSI-Corr (i.e. NSD: -200 to
200 and ESD: -200 to 200). We used first-order polynomial fitting to reduce the wavelength orbital
error using the detrend tool in COSI-Corr (Scherler et al. 2008; Ding et al. 2016; Das and Sharma
2021). A directional filter was applied to remove miscorrelated velocity vectors (Supplementary
Figure S3). Finally, the velocity maps were smoothed using median filter 3*3 pixels (Copland
et al. 2009; Millan et al. 2019).

3.3.3. Accuracy assessment

We estimated the image correlation error using the method suggested by Scherler et al. (2008): (1) a
test of displacement in stable terrain (i.e. off-glacier areas), taking into account that off-glacier area
should not move during the observation period; and (2) a test of the displacement direction based
on streamlines along with the glacier flow. The error of the observed velocities in the off-glacier area
was calculated based on the following formula (Berthier et al. 2003):

Oof = v/ SE2 + MEAN? (1)

where, oo is the error of the off-glacier velocity, MEAN is the mean stack velocity of random
points, and SE is the standard error of the mean velocity, which can be measured using the follow-
ing equation:
STD
Nog

SE =

2)

where STD is the standard deviation of the off-glacier area velocity and N,y is the number of
measurements in the off-glacier area. In the present study, 10,000 random points were derived
from the off-glacier area. Off-glacier displacements were evaluated based on the frequency distri-
bution curve. We calculated the mean and standard deviation of off-glacier displacement for
each annual and seasonal image pair (Supplementary Table S3). Glacier flow streamlines were
manually digitized for the Miyar Glacier using Google Earth images. We overlaid the flow stream-
lines on the velocity vectors map to check the consistency and directions of the flow.
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3.4. Other datasets and mapping

We used several other datasets (i.e. area change, snout migration, elevation change, ice and debris
thickness, basal shear stress, surface morphology) to characterize the velocity pattern of the Miyar
Glacier. Glacier terminus position was manually digitized from Landsat images for 1992, 2000,
2010, 2015, and 2019 periods and snout migrations were subsequently estimated. The debris-cov-
ered area was manually checked and corrected based on the higher-resolution images available in
Google Earth and pan-sharpened Landsat-8 images of 2019. The elevation change map (2000-2020)
of the Miyar Glacier was taken from Hugonnet et al. (2021). Debris thickness and sub-debris melt
factors were taken from the study of Rounce et al. (2021). Ice thickness measurement was taken
from the study of Farinotti et al. (2019). We calculated the basal shear stress using Eq. 3 (Cuffey
and Paterson 2010):

7, = H. f. p. g. sina (3)

where 7, is the basal shear stress (kilopascals = kpa), H is the ice thickness (m), f is the shape factor,
p is the ice density, g is the acceleration due to gravity (9.8 ms™?), and «; is the ice surface slope. In
this study, we assigned a constant ice density value of 917 km m™?. The shape factor (f) ranges from
0.8-1.0 depending on the type, surface area, and location of a glacier. We used a shape factor value
of 0.8 as reported for other Himalayan glaciers (Gantayat et al. 2014).

A glacial geomorphological map of targeted parts of the glacier was created to aid interpretation
of the surface velocity, using high-resolution 3D optical images in Google Earth and 30 m global
ASTER GDEM. To identify the relation between avalanche contribution and surface velocity, we
mapped avalanche-fed zones of the Miyar Glacier (Supplementary Figure S4). The presence of
snow avalanche cones and steep accumulation areas on hillslope above the glacier surface was con-
sidered to demarcate avalanche-fed glaciers. Crevasses and ogives on the glacier surface were manu-
ally identified and digitized (Supplementary Figure S4). Based on the crevasse area, the ice velocity
of the crevasse zones was measured separately. Elevation-dependent ice distribution (i.e. hypsome-
try) and mean velocity at 25 m elevation bands were extracted from the ASTER DEM.

3.5. Climatic trend analysis

The Miyar basin does not have any climatic observatories. Long-term Asian Precipitation Highly
Resolved Observational Data Integration Towards Evaluation (APHRODITE) gridded datasets
were analyzed for the grid 33.25°N and 76.75°E to examine the historical climatic trend and seaso-
nal fluctuation in temperature and precipitation (http://aphrodite.st.hirosaki-u.ac.jp/index.html).
These datasets are primarily generated based on the data obtained from in situ measurements of
rain gauge networks for Asia, including the Himalaya (Yatagai et al. 2012). Climatological long-
term daily mean temperature (1961-2007) and precipitation (1951-2007) data are available at
0.25° horizontal resolution. The Mann-Kendall test was performed to analyze temperature and pre-
cipitation trends.

4, Results
4.1. Error analysis

We estimated the image correlation error from the analysis of calculated displacement over flat-
lying, static oft-glacier regions for the individual image pair (Table 1; Supplementary information).
Any apparent displacements at these locations are due to misregistration and distortion produced
during the orthorectification process. A linear curve fit was applied to identify the distribution pat-
tern (Supplementary Figure S5). We found that off-glacier displacement is approximately normally
distributed in east-west and north-south directions (Figure 3a-b). The spread of the distribution
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Figure 3. An example of frequency distribution of surface displacement over stable terrain areas in (a) East-west and (b) North-
south direction for three different Landsat image pairs. The locations of the stable terrain are shown in Supplementary Figure S1.
(c) Comparison between Landsat and Sentinel 2A derived surface velocity of Miyar Glacier for three different periods. Gray color
sheds show the distribution of debris-cover from terminus to up-glacier zone.

provides an estimate of the random error in our image correlation. The resultant mean off-glacier
displacement (and thus uncertainty in the velocity map) for each image pair ranges between 0.1-4.9
m, and the resultant standard deviation for each image pair ranges from 0.08-4.02 m (Table 1). The
estimated uncertainty in the present study is in line with the previously reported studies in the
Himalaya (Scherler et al. 2008; Satyabala 2016; Shukla and Garg 2020; Das and Sharma 2021). Sen-
tinel-2A derived velocity showed a good coherence with Landsat-derived velocity (Figure 3c),
except in the up-glacier area (over 20 km from snout), which is probably due to the frequent
changes in snow conditions. In addition, glacier velocity vectors showed good consistency with
flowlines, indicating the quality of the final velocity product.

4.2. Spatial velocity variations

4.2.1. Velocity variation along the glacier

The magnitude of surface velocity varies systematically along the length of this glacier (Figure 4).
Velocity generally increases from the terminus to the upper glacier, although significant variations
are visible (Figure 5a). In the lower part (up to 5 km from the terminus) of the glacier, the mean
velocity (all observations during the studied period) is ~8.3 m/yr, with the lowest values present
up to 3 km from the terminus of ~5.7 m/yr (Figure 5a). In the middle zone (between 5 and 20
km from the terminus along the central line), the mean velocity increases to 34.7 m/yr (nearly
four times higher than the lower part). The upper part of the glacier (> 20 km from terminus)
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Figure 4. (a) Velocity map of Miyar Glacier derived from the cross-correlation of Landsat image (3 October 2016 and 30 Septem-
ber 2017). Central line and three across-glacier profiles are shown in white color. (b-d) Velocity maps from same image pair at the
confluence of three tributaries. Arrows show the direction and magnitude of ice flow.

shows a mean velocity of ~35.5 m/yr along the flow line (Figure 5a). The greatest fluctuations are

observed between 24 and 25 km from the terminus, with a peak velocity of > 100 m/yr during 2016-
17 (Figures 4, 5a).
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4.2.2. Velocity variation at the confluence of tributaries

Three active tributaries on the glacier’s eastern margin show significant heterogeneity of surface vel-
ocity at the confluence with the trunk Miyar Glacier (Figure 4). The confluence of tributary 3 shows
a mean velocity of ~20 m/yr on all image pairs, and the confluence of tributary 2 shows a mean
velocity of ~40 m/yr (Figure 4(b and c)), with a maximum velocity of > 100 m/yr during 2016-
17 (Figure 4b). In contrast, the mean velocity at the confluence of heavily debris-covered tributary
1 is < 5 m/yr (Figure 4d).

4.2.3. Velocity variation across the glacier

The across glacier profiles show an approximately parabolic shape, with a maximum velocity
recorded in the central part and lower values towards the lateral margins (Figure 5b). In the
debris-covered lower ablation zone, profile L1 shows a maximum mean velocity of 4 m/yr
towards the western margin of the valley, while towards the eastern edge, the velocity is as
low as ~1.5 m/yr (Figure 5b). For profiles L2 and L3, a maximum velocity of ~40 m/yr is
observed in the middle of the glacier, but towards the lateral margins, the velocity is ~5
m/yr (Figure 5b).

4.3. Temporal velocity variations

4.3.1. Annual velocity variation

Miyar Glacier shows heterogeneous long-term inter-annual velocity variations during 1992-2019
(Figure 6). In the debris-covered lower zone (0-5 km from snout), velocity is very low (5 m/yr),
with higher values (mean velocity of ~16.5 m/yr) observed only in 2010-11 (Figure 6b). In the
middle zone, mean annual velocity varied from 29.3 m/yr during 2009-10 to 39.4 m/yr in 2018-
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Figure 6. Zone-wise temporal velocity (annual) variations of Miyar Glacier between 1992 and 2019. (a) Division of glacier along
the central flow line. Velocity variations in the (b) lower part (0-5 km from snout), (c) middle part (5-20 km along the flow line), (d)
upper part (> 20 km from snout), and (e) entire profile (0-25 km).

19 (Figure 6¢). In the upper part of the glacier (> 20 km from snout), mean annual velocity was
more variable than in the lower glacier, with greater values shown later in the study period (2013-
14, 2014-15, 2017-18, and 2018-19). For example, the mean annual velocity was 24.2 m/yr during
1992-93 compared to 62.6 m/yr during 2017-18 (Figure 6d). Overall mean velocity along the cen-
tral flow line ranges between 20 and 40 m/yr during the observation period (Figure 6e).

4.3.2. Seasonal velocity variation

Figure 7a shows the seasonal change in velocity between December 2018 and February 2020. Vel-
ocity is low during winter (< 0.1 m/day during December-February) and increases during spring,
reaching ~0.3 m/day in May. It reaches a maximum during summertime (~0.5 m/day during July)
and decreases through the autumn (< 0.1 m/day in October) season (Figure 7(a and b)). These
enhanced summer velocities are evident along the full glacier length, with all transerve velocity
profiles showing a peak velocity during the melt season (Figure 7b). The greatest summer velocities
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(> 1 m/yr) were observed in the upper ablation area and ~1 km down glacier of tributary 2 in July
2019 (Figure 7a).

4.4. Other parameters

The terminus of Miyar Glacier retreated by an average of 0.26 + 0.04 km from 1992 to 2019, at an
average annual rate of 0.009 +0.001 km/yr, resulting in a loss of area at the terminus of 0.25 + 0.01
km? (Table 2). Terminus retreat was greater towards the western margin of the glacier (Figure 8a).
The lowest rate of terminus retreat was observed from 1992-2000 (0.008 + 0.003 km/yr) and the
highest rate of terminus retreat from 2010-2015 (0.017 +£0.007 km/yr). Debris-covered area
increased by 5.03 + 0.2 km® from 1992-2019 (0.18 + 0.01 km?/yr), from 19.18 + 1.77 km? in 1992
to0 24.21 + 1.11 km? in 2019 (Table 2). The highest thinning rate was observed in the lower ablation
zone (-1.31 m/yr) compared to the middle (-1.12 m/yr) and upper part (-0.61 m/yr) along the cen-
tral flow line between 2000 and 2020 (Figure 8b).

The average modeled debris thickness is greatest (> 0.8 m) within 0-3 km and reduces to
lowest (0.13 m) within 5-14 km along the central line (Figure 8c). Sub-debris melt increases as
debris thickness decreases (Figure 8d). The average modeled ice thickness in the lower debris-
covered zone (0-5 km from snout) is 228 m, increases to 302 m in the middle zone, and
decreases to 250 m in the upper part along the central flow line, with the thickest ice up gla-
cier of tributary 2 (Figure 8e). Ice thickness is greatest in the center of the valley and decreases
towards valley edges. Calculated basal shear stress is proportionally related to ice thickness
(Figure 8f).

The mean velocity of the glacier between October 2016 and September 2017 was compared to
topographic characteristics, mapped on the glacier surface (Figure 9). The maximum velocity,
and greatest variations in velocity occur at the transition zone between debris-covered and
clean-ice (Figure 9a). Some of the highest velocities (>80 m/yr) are observed on tributary 2,
where there is a notable change in surface gradient (break of slope) and an avalanche-contributing
zone, compared to tributary 1 where velocities are consistently much lower (<5 m/yr), there is a
gradual change in surface gradient, and no avalanche zones (Figure 9(b-d)).

4.5. Climatic trend

Long-term analysis of APHRODITE climatic data for the Miyar basin reveals that mean annual
air temperature (1961-2015) generally increased over time (Table 3; Figure 10) with substantial
annual variations and precipitation (1951-2007) shows no clear long-term trends but also
demonstrates substantial annual fluctuations (Figure 10). The mean annual temperature
(MAT) showed an increase of 1.72 °C (0.032°C per year) between 1961 and 2015 (Table 3).
Except for the pre-melting season (March-May), all other seasons showed an increasing
trend in temperature in this part of the Himalaya (Table 3; Supplementary Figure S6). The
mean annual precipitation (MAP) shows higher values between 1980-1997 and particularly
low values from 1997-2002 (Figure 10). The only significant monthly/seasonal trend was a
decrease in precipitation during the pre-melting season (a maximum decrease of 45.08 mm
in Mar-May from 1951-2007) (Table 3; Supplementary Figure S6).

5. Discussion
5.1. Heterogeneous spatial velocity patterns

Gravitational stresses of the ice drive glacier flow and, therefore, mainly depend on glacier thickness
and slope (Nye 1952). Besides geometry (i.e. glacier size, length), several other topographic factors
(i.e. hypsometry, elevation, surface gradient, aspect, curvature) also influence ice flow. Debris-
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Figure 7. (a) Seasonal velocity evolution of Miyar Glacier during December 2018 - February 2020. (b) Seasonal velocity variations
based on along (central line) and across (L1-L3) glacier profiles.

covered lower ablation zone of Miyar Glacier shows a near flat velocity curve (~5-10 m/yr) and is
thus nearly stagnant (Figure 4d). In contrast, peak velocity is observed in the upper part of the gla-
cier (~35 m/yr), leading to an asymmetrical velocity profile (Figure 5a), as has been observed for
other glaciers in the Himalaya (Quincey et al. 2009; Satyabala 2016; Shukla and Garg 2020; Das
and Sharma 2021). For example, Scherler et al. (2008) also observed an increasing glacier velocity
with distance up glacier from the terminus of the debris-covered Gangotri Glacier. The hypsometric
velocity distribution of Miyar Glacier shows that the transition zone between clean and debris-cov-
ered ice (4850-4950 m a.s.], near the confluence of tributary 2) is highly active, with a mean velocity
of ~34 m/yr (Figure 9a). A similar velocity pattern was observed for the Chhota Shigri glacier in the
upper Chandra basin. Based on field measurements between 2003 and 2006, Wagnon et al. (2007)
reported the greatest velocities of > 45 m/yr at 4850 m a.s.l in the upper ablation zone (4600-4850 m
a.s.l.) compared to ~25 m/yr in the lower ablation area (~4400 m a.s.l). For Khumbu Glacier,
greater surface velocities have also been observed in the upper clean-ice region (e.g. ~35-50 m/



Table 2. Changes in surface area, debris-covered area, and terminus position of Miyar Glacier between 1992 and 2019.

Loss in glacier area at the

Terminus retreat terminus Debris cover increase
Years Area (km?) DC ice (km?) Time periods km km/yr km? km?/yr km? %
1992 84.59 +2.1 19.18 £ 1.77 1992-2019 0.268 + 0.04 0.009 £ 0.001 0.25+0.01 0.009 5.03+20 26.24
2000 84.53+15 20.96 £ 1.01 1992-2000 0.061 £ 0.03 0.007 £ 0.004 0.06 £ 0.01 0.007 1.78+0.7 9.28
2010 84.46 + 2.1 21.99 +1.96 2000-2010 0.096 +0.03 0.009 £ 0.003 0.08 £0.01 0.008 1.03+0.4 491
2015 8438+ 1.5 23.62+1.07 2010-2015 0.089 +0.03 0.017 £ 0.007 0.08 £0.01 0.016 1.63+0.6 741
2019 8433+14 2421 +£1.11 2015-2019 0.055+0.03 0.013+£0.008 0.05+0.01 0.125 0.59+0.2 2.49
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Figure 8. Multiparameter changes of Miyar Glacier. (a) Terminus change between 1992 and 2019. (b) Elevation change rate
between 2000 and 2020 after Hugonnet et al. (2021). (c-d) Modeled debris thickness and sub-debris melt factor after Rounce
et al. (2021). (e) Ice thickness after Farinotti et al. (2019). (f) Basal shear stress.
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Figure 9. (a) Hypsometric velocity variation of Miyar Glacier derived for 25 m elevation bin from the cross-correlation of Landsat
images (3 October 2016-30 September 2017). (b) Morphological characteristics of the lower ablation zone and two tributaries of
Miyar Glacier. Avalanche-fed zones were manually mapped from Google Earth images using 3D view. (c) Elevation profile of two
tributaries derived from ASTER GDEM. (d) Velocity variations from 03 Oct 2016-30 Sept 2017 plotted over the glacier surface.
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Table 3. Monthly and seasonal Mann-Kendall test results of temperature (1961-2015) and precipitation (1951-2007) trend from
APHRODITE data (grid: 33.25°N and 76.75°E) of the Miyar basin.

Temperature Precipitation
Time series Test Z Significance level Sen slope Test Z Significance level Sen slope
January 2352 * 0.019 —-1.163 —0.220
February 2.744 ** 0.033 0.805 0.167
March 2.367 * 0.035 -1.315 —0.348
April 2,570 * 0.030 -1.122 —0.209
May 3514 el 0.045 —1.742 —0.251
June 2.323 * 0.017 1.384 0.151
July 5.532 wx 0.032 -1.384 —0.320
August 5.517 xxx 0.032 0.764 0.154
September 4370 xrx 0.030 -0.117 —0.029
October 4.109 xxx 0.027 -1.218 —0.105
November 5.038 o 0.035 0.255 0.011
December 4.399 xxx 0.027 —0.551 —0.057
Mean annual 6.272 Fex 0.032 -1411 —0.105
Winter (Dec-Feb) 3.906 xxx 0.026 —0.489 —-0.127
Pre-melting (Mar-May) —3.659 Fex —0.037 —2.196 * —0.805
Summer (Jun-Aug) 5.256 xxx 0.028 —0.062 —0.031
Post-melting (Sep-Nov) 6.301 *ax 0.030 —0.516 —0.170

Note: Significance level: P < 0.05 *, P < 0.01 **, P < 0.001%***,

yr near Everest base camp, compared to the debris-covered ablation zone (~5 m/yr) (Bolch et al.
2008), a pattern that has been observed across the Everest region (Quincey et al. 2009).

The higher velocity values measured in the transition zone from clean-ice to debris-covered of
Miyar Glacier may be a consequence of surface gradient and ice thickness. Down glacier, debris-
covered tributary 1 of Miyar Glacier has a surface gradient of < 0.5 degrees (Figure 9¢) and a maxi-
mum mean velocity of ~6.5 m/yr along the flow line (Figure 9d). In contrast, tributary 2 has a break
of slope along its flow path, giving a higher mean surface gradient of >30 degrees (Figure 9¢) and a
maximum mean velocity of ~62.5 m/yr within the same zone (Figure 9d). Steep slopes are known to
encourage higher velocities (Quincey et al. 2009) and often result in extensional flow and the for-
mation of crevasses, presence of which has been shown to directly correlate with surface velocity
(Nye 1998; van der Veen 1999). The zone of crevasses on tributary 2 (Supplementary Figure S4)
is highly active, with a maximum speed of > 80 m/yr compared to the other debris-covered parts
of the Miyar Glacier (Figure 9d). The formation of ogives on tributary 2 (Supplementary Figure
S4) suggests a surface gradient steep enough to create an ice fall zones of glaciers (King and
Lewis 1961; Goodsell et al. 2002) that are known for very high velocities in a spatially limited
area (Altena and Kaib 2020). In addition, the ice thickness of tributary 2 is expected to be greater
than tributary 1 (Farinotti et al. 2019; Figure 8e), which would contribute a greater gravitational
force on the ice and, therefore, higher surface velocity.

The debris-covered ablation zone of the Miyar Glacier was nearly stagnant during our studied
period, with velocities < 5 m/yr (Figures 4a, 5, and 9d). We also observed a much smaller terminus
retreat rate (9.9 + 1.6 m/yr; Figure 8a) of Miyar glacier compared to other glaciers of similar mor-
phology in the western Himalaya, e.g. Gangotri Glacier (19.9 + 0.3 m/yr) (Bhambri et al. 2012) and
Bara Shigri Glacier (22.5+ 0.7 m/yr) (Chand et al. 2017). The area change rate of debris-covered
glaciers is often less than that of clean-ice glaciers in the Himalayan region (Scherler et al. 2011;
Dobhal et al. 2013), and the termini of some debris-covered glaciers, such as Khumbu Glacier,
have not retreated from their terminal moraines, have extremely low surface velocities, and are
thought to be dynamically detached from the active upper glacier (Miles et al. 2020). The insulating
effects of the debris cover likely retard the frontal retreat, as debris layers greater than a few centi-
meters in thickness, as is the case for much of the lower ablation area of Miyar Glacier (Figure 8c),
insulate the glacier surface from changes in air temperature (Ostrem 1959). Thus, the termini of
heavily debris-covered glaciers are often near stagnant in the Himalaya (Nuimura et al. 2011; Scher-
ler et al. 2011Db).
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Figure 10. Long-term mean annual temperature (1961-2015) and precipitation (1951-2007) trend of the Miyar basin based on
APHRODITE data (grid 33.25°N and 76.75°E).

5.2. Inter-annual and seasonal velocity variations

No studies have investigated high-resolution surface velocity variations of the Miyar Glacier on
multi-temporal scales. Mean annual velocities of the glacier vary between 23.5 m/yr (1992) and
37.4 m/yr (2017-18) along the central flow line with significant inter-annual fluctuations, particu-
larly in the upper glacier (> 20 km from the terminus) during the last decade (Figure 6d). The mean
velocity of the Miyar Glacier during the last three decades (1992-2019) was ~29.6 m/yr, which is
within the range of velocities measured for comparable glaciers in the upper Chandra basin (Wag-
non et al. 2007; Shukla and Garg 2019; Yellala et al. 2019; Das and Sharma 2021; Patel et al. 2021)
and in the wider Himalaya (Scherler et al. 2008; Quincey et al. 2009; Saraswat et al. 2013; Gantayat
et al. 2014; Bhattacharya et al. 2016; Kraaijenbrink et al. 2016; Satyabala 2016; Shukla and Garg
2020). Based on in situ dGPS measurements, Patel et al. (2021) reported higher velocity for Samu-
dra Tapu (64.3 £ 36.7 m/yr) and Sutri Dhaka (52.6 £ 17.3 m/yr) glaciers and comparatively slow
movement in Gepang Gath (26.5 £+ 12.9 m/yr) and Batal (6.2 £ 2.9 m/yr) glaciers in the Chandra
basin. Differences in surface velocity within the basins could be due to heterogeneous topographic
settings, the morphology of the debris-covered ice, contributions of tributary glaciers, and the role
of local climatic fluctuations within catchments. In addition, the use of differential datasets (optical
image, SAR, or field-based velocity measurements) could lead to heterogeneity in velocity esti-
mation on spatial and temporal scales.

Miyar Glacier shows seasonal fluctuations in surface velocity, with ‘summer speed-up’ of ~67-
80% compared to the winter, primarily in the mid-ablation area (Figure 7). Down glacier area of the
confluence with tributary 2, part of an upper accumulation area, and the confluence with tributary 3
also reveals summer speed-up in seasonal velocities (Figure 7). Summer speed-up events have been
observed on other glaciers across the Himalaya. For example, Satyabala (2016) reported an increase
in summer velocity of ~57-126% compared to the winter velocities between 0 and 12.6 km from the
terminus of the Gangotri Glacier. These recurring events showed peak summer speeds of 63.1 + 5.4
m/yr in 1992, 66.6 + 6.0 m/yr in 1999, 58.2 + 4.5 m/yr in 2004, and 42.8 + 4.2 m/yr in 2007, whereas
winter speeds were relatively stable (~25-30 m/yr) during the same period. For 2009-10, Gantayat
et al. (2014) also reported maximum summer velocities of ~61-85 m/yr during summer compared
to minimum winter velocity of ~5-15 m/yr for Gangotri Glacier.

In the mid-ablation area, a substantial increase in surface velocity during the summer season
may be due to enhanced basal sliding as a result of greater meltwater inputs to the subsurface drai-
nage system from ablation and monsoon precipitation, as has been inferred for other glaciers in the
Himalaya (Kraaijenbrink et al. 2016; Satyabala 2016) and European Alps (Hubbard and Nienow
1997; Mair 2002; Nienow et al. 2005; Vincent and Moreau 2016). The gradual reduction in velocity
towards the early winter season implies a declining input into the subglacial system during the post-
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melting period, thus reducing the basal sliding. Similar results have been reported for the Gangotri
Glacier in Uttarakhand Himalaya (Satyabala 2016) and Lirung Glacier in Nepal Himalaya (Kraai-
jenbrink et al. 2016). However, direct hydrological studies and field-based investigations, such as
discharge measurements to analyze the sediment flux and evolution of the subglacial drainage sys-
tem, are needed to ascertain the controls on these summer speed-up events.

The high velocities observed during the summer months in the upper accumulation area (above
Tributary 3; Figures 1 and 7) are conversely unlikely to result from enhanced basal sliding. In high
elevation areas of a glacier where mean annual air temperatures are low, ice is likely to be cold-based
(Liu et al. 2009; Miles et al. 2018), restricting the presence of any subglacial hydrology (Irvine-Fynn
etal. 2011; Miles et al. 2019) that might have an impact on ice velocity (Quincey et al. 2009; Tsutaki
et al. 2018). However, enhanced observational velocities on Lirung Glacier were in the upper abla-
tion area (Kraaijenbrink et al. 2016), as seen in this study for Miyar Glacier (Figure 7), which the
authors attributed to a greater ice thickness creating greater driving stresses and basal sliding. The
ice thickness of Miyar Glacier is the greatest just up glacier of the entire observed seasonal velocities,
with high values of basal shear stress across this region (Figure 8(e and f)), which could also impact
the glacier. Without knowledge of the glacier’s thermal or hydrological regime, it is unknown
whether the greater summer velocities in the upper ablation and accumulation area are due to
enhanced driving stresses where the ice thickness is greater, or whether some form of basal sliding
is occurring.

5.3. Potential climatic control on surface velocities

Besides geometric and topographic factors discussed earlier, temperature and precipitation vari-
ations are additional vital factors controlling ice flow velocities (Purdie et al. 2008; Scherler and
Strecker 2012). Seasonal velocity variations are directly related to the seasonal fluctuations in temp-
erature (Purdie et al. 2008), with warmer temperatures enhancing ablation and meltwater input into
the subsurface drainage system. Our observations based on in situ measurements support this, with
a minimum January mean monthly temperature of -3.2°C and a maximum July mean monthly air
temperature of ~18°C at Tingret (Figure 2d).

Based on the climatic trend from the APHRODITE data, it might be argued that the higher mean
annual surface velocities in recent years, particularly in the upper glacier, may reflect the influence
of rising air temperature. Warming air temperatures increase ice ablation and meltwater pro-
duction, which may percolate to the glacier bed and contribute to the increase rate of basal sliding.
Increasing air temperatures have been shown to be amplified with elevation (Pepin et al. 2015),
which could explain the increasing surface velocity trend in the upper part of the Miyar Glacier.
However, in the present study, a lack of direct ground-based measurement of climatic parameters
over the glacier itself largely hampers the assessment of the glacier’s response to changes in temp-
erature and precipitation.

6. Conclusion

This study presents the surface velocity variations of the debris-covered alpine valley type Miyar
Glacier on a spatial and temporal scale during the last three decades (1992-2019). The mean vel-
ocity of the Miyar Glacier over this period was 29 m/yr, with the debris-covered tongue nearly
stagnant (~5 m/yr) compared to the debris-free up glacier zone (> 60 m/yr). Glacier is most
dynamic near the confluences of tributaries, particularly in the mid-ablation area, and where sur-
face gradient shows a break in slope, giving maximum velocities of > 100 m/yr. The nearly stag-
nant debris-covered part of the Miyar Glacier is prone to higher surface lowering, associated with
the growth of supraglacial ponds. Seasonal velocity shows an increase in summer surface velocity
of ~67-80% (i.e. summer speed-up), interpreted as a result from basal sliding and enhanced driv-
ing stresses in areas of thicker ice. Increased basal sliding likely results from warmer summer air
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temperatures producing more ablation and thus meltwater input into the subsurface drainage sys-
tem. Possible reasons for inter-annual fluctuations in surface velocity need further investigation,
considering the overall rise in air temperature in the western Himalaya. Future studies should
focus on the field-based ice velocity measurements to better understand debris-covered and
clean ice dynamics independently. Further, microscale catchment basis datasets on climate are
essential to evaluate the role of increasing temperature on the evolution of subglacial hydrological
systems in the Himalaya.
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