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ARTICLE INFO ABSTRACT

Keywords: Understanding the implications of variations in glacier surface ice velocity (SIV) has become an
Glacier ice velocity essential component of glacier research and monitoring. This study investigates the variability in
Karakoram- Himalaya glaciers SIV with respect to geography, morphology, and topography in Karakoram-Himalaya. SIVs are
Feature tracking extracted for 1439 glaciers in the Karakoram-Himalaya region for the period 2016-2019 using
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Landsat-8 datasets and a feature tracking method. Glaciers are categorized based on their area,
ice thickness, and ice volume in order to investigate the SIV variability with geographical, mor-
phological, and topographical parameters. We highlight regional heterogeneities in glacier SIV
across the Karakoram-Himalaya. We conclude that in addition to glacier morphology, the altitu-
dinal heterogeneity of glaciers in the Karakoram-Himalaya best explains regional disparities in
glacier SIV. For all glacier areas smaller than 20 km?, a significant negative correlation (less than
—0.4) is observed between glacier minimum elevation and SIV. Heterogeneity in the role of eleva-
tion on SIV is also observed at the sub-basin scale, with a correlation of —0.47, —0.33, and —0.18
in the Hanza, Chenab, and Kosi sub-basins, respectively. An unsystematic variability of SIV for
large glaciers (area >20 km?2), located mostly in the Karakoram and Western Himalayan regions,
suggests that the elevation and sub-glacial hydrology may have a significant impact on their dy-
namics.

1. Introduction

Deriving surface ice velocity (SIV) of glaciers from optical or microwave images and understanding the implications of its variabil-
ity have now been recognized as an essential element in glacier research. Recently, numerous regional to global-scale studies on the
monitoring and variability of ice velocities have been reported (Dehecq et al., 2015; Maurer et al., 2019; Sam et al., 2018). This has
been facilitated by the availability of a staggering amount of earth observations (EO) data and sophisticated data processing tech-
niques or skills. A recent review of time series data of SIV for global glaciers indicates that Himalayan glaciers have slowed down
since 2000 as a result of the volume decrease (Dehecq et al., 2019). Ice velocity is governed by a range of factors, including the ice
thickness distribution from the glacier's terminus to its head, surface slope, mass balance, ice temperature, etc. ( Benn and Evans,
2010; Cuffey and Paterson, 2010). Besides these factors, basal slip plays an important role in poly-thermal and temperate glaciers, as
meltwater infiltrates and lubricates the glacier's base during the summer (Hubbard et al., 2000; Kamb and Echelmeyer, 1986; Singh et
al., 2021). Precipitation and ablation patterns govern the distribution and intensity of glaciation throughout the Karakoram-Himalaya
region (Kulkarni et al., 2010; Rathore et al., 2022) (Fig. 1a). Depending on the climatically sensitive zones and altitude, the wide vari-
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Fig. 1. (a) Percentage of glaciated area across Indus, Ganga, and Brahmaputra basins of Karakoram-Himalayas at 0.1° grid interval derived from SAC glacier inventory
(Sharma et al., 2013). Most of the glaciated regions are covered for analysis. (b) Locations of 1439 glaciers covered in the study, having individual areas greater than
2 km?. (c) Histogram distribution of various glacier parameters for 1439 glaciers covered in the study. Glacier volume is derived using ice thickness distribution from
the new H-F model (Farinotti et al., 2019).

Table 1
Details of the data used in the study.
Data Description Spatial Resolution
Landsat-8/Operational Land Imager (OLI) (Band-8/Panchromatic) Path/Row Pair-1 Pair-2 15m
151/34 02 Oct 2017 22 Sep 2019
148/35 08 Sep 2016 29 Oct 2017
149/35 01 Aug 2017 24 Sep 2019
150/35 09 Sep 2017 12 Sep 2018
151/35 19 Sep 2018 22 Sep 2019
147/37 03 Oct 2016 20 Sep 2017
148/37 08 Sep 2016 29 Aug 2018
146/38 28 Oct 2016 31 Oct 2017
147/38 19 Oct 2016 20 Sep 2017
144/39 14 Oct 2016 23 Oct 2019
145/39 21 Oct 2016 24 Oct 2017
142/40 19 Oct 2017 09 Oct 2019
136/41 20 Oct 2015 22 Oct 2016
137/41 29 Oct 2016 17 Sep 2018
138/41 20 Oct 2016 26 Oct 2018
139/41 09 Oct 2015 27 Oct 2016
140/41 30 Sep 2015 20 Oct 2017
Randolp Glacier Inventory (RGI 6.0) Used for identifying glaciers and for glacier characteristics & topographic parameters -
Global Ice Thickness Dataset (Farinotti et al. 2019) Used for categorizing glaciers based on their ice thickness and volume 50 m

ation in snow accumulation and glacier ablation patterns affect glacier dynamics and mass balance in the region (Benn and Evans,
2010; Bahuguna et al., 2021; Rathore et al., 2018). SIV is also an important parameter for accessing the ice thickness or volume of
glacier. Using the laminar flow method and Glen's flow equations, the glacier SIV and surface slope can be utilized to estimate glacier
ice thickness (Gantayat et al., 2014). Recently, this approach has been implemented to estimate the volume of the worldwide glaciers
(Millan et al., 2022). The earlier method of glacier volume estimation was using volume-area scaling (Bahr et al., 2015).

Image correlation techniques and D-InSAR techniques are the two major remote sensing techniques for retrieving SIV using opti-
cal and microwave datasets (Scambos et al., 1992; Bhattacharya and Mukherjee, 2017; Heid and Kaab, 2012; Tiwari et al., 2014). Im-
age correlation techniques are widely recognized for extracting the SIV of glaciers in the Karakoram-Himalaya (Heid and Kaab, 2012;
Copland et al., 2009; Huang and Li, 2011). It computes the period's displacement offset by cross-correlating two images acquired at
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Fig. 2. Histogram distribution of velocity grids over the non-glaciated stable area. We have discarded the glaciers showing SIV less than 5 m/year.
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Fig. 3. (a) Flowchart of the methodology followed for SIV retrieval, (b) SIV layer for Gangotri glacier in Uttarakhand and the velocity vector at the conjunction with
the tributary is shown at upper right, (c) The histogram of the velocity grids over the glacier and how maximum SIV calculated as median of 10 percent highest SIV
grids.

different times. It involves the accurate tracking of glacier surface characteristics such as crevasses, humps, supra-glacial debris, and
surface texture.

This study aims to investigate the regional variability in glacier SIV with respect to geography, morphology, and topography
across 2400 km arcuate length of Karakoram-Himalaya. The objectives of the study involve (a) examining the regional variability in
SIV across the Karakoram-Himalaya; (b) investigating the role of morphological and topographical parameters on glacier dynamics in
Karakoram-Himalaya. SIVs of approximately 1400 glaciers are retrieved across the Karakoram-Himalaya region using the feature
tracking approach. Landsat-8 datasets for the period 2016-2019 have been used, strictly considering data suitability favourable for
feature tracking. The variability of glacier SIV is investigated with various geographical, morphological, and topographical parame-
ters such as latitude, longitude, glacier sizes, elevations, surface slopes, hypsometry, etc. Glaciers are categorized based on existing ice
thickness and volume estimates. Regional variability is examined for the three sub-basins in the Karakoram-Himalaya. Correlations of
SIV with various glacier parameters are performed and the role of each of the parameters in controlling the SIV is investigated.
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Fig. 4. Spatial distribution of SIV of Glaciers across Karakoram-Himalayas. Most of the higher glacier SIVs (>80 m/year) is in Karakoram region.
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Fig. 6. Glacier SIV variability with glacier area, median ice thickness, and volume. The bar plot at top shows the number of glaciers exhibiting the particular SIV value.

2. Material and methods

Band-8 (panchromatic) from Operational Land Imager (OLI) of Landsat-8 is used for SIV retrieval using feature-tracking approach
based on image cross-correlation. Based on the data's suitability for feature tracking, 17 pairs of datasets have been identified cover-
ing the Karakoram-Himalaya region between years 2017 and 2019 (Table 1). For accurate feature tracking, the glacier's surface fea-
tures, such as crevasses, hummocks, and supra-glacial debris, must be exposed. The presence of snow or clouds may inhibit surface
features; hence such datasets have been avoided. Post-monsoon and ablation months (August, September, and October) are favoured
since they have the least amount of cloud cover and snowfall. For glaciers in Bhutan region, datasets during period 2015-2017 are
used due to the non-availability of cloud-free datasets during the study period.

Randolph Glacier Inventory (RGI 6.0) has been used for glacier identification and delineation (RGI Consortium, 2017). Individual
glacier characteristics have been taken from the attributes of the RGI 6.0, i.e. Area, Length, Elevations, Slope, etc. The global ice thick-
ness dataset is used for deriving the median ice thickness and total ice volume of individual glaciers taken in the study (Farinotti et al.,
2019).

This study examines the major portion of glaciated Karakoram-Himalaya region for which suitable datasets are available. It has
been confirmed that the covered glaciers are uniformly distributed over the various glacier parameters, allowing for an accurate eval-
uation of the variability of SIV with respect to these parameters. Fig. 1b shows the locations of glaciers covered in the study, which are
distributed along the stretch of Karakoram-Himalayas.

2.1. SIV retrieval

Open-source MATLAB-based toolbox- INGRAFT (Image Georectification and Feature Tracking Toolbox) has been used for SIV re-
trieval. The tool can perform image georectification using Digital Elevation Model (DEM) and perform template matching between
image pairs based on orientation image correlation (Messerli and Grinsted, 2015). Orientation image correlation involves the cross-
correlation of angles of the intensity gradient at the pixels and it is found to be more effective in feature tracking over glaciers com-
pared to the normalized cross-correlation technique. The template matching module of the INGRAFT tool has been implemented with
the Landsat-8 Operational Land Imager (OLI) panchromatic image pairs (Fig. 3a). Displacements are retrieved at a grid interval of
four (60 m) using the defined template and search window size. An optimum template window size of 30 pixels and search window of
100 pixels are used. Displacement in the x and y directions, correlation coefficients, and Signal-to-Noise Ratio (SNR) at each defined
grid are the outputs of the tool. The SNR is calculated as the ratio of the correlation coefficient of the best-matched template to the av-
erage correlation coefficients of all matched templates in the search area. It may be considered as a measure of the difference between
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Sub-Basins Covered

Fig. 7. The 28 sub-basins of Indus, Ganga, and Brahmaputra basins in Karakoram-Himalaya covered for the analysis and the SIV layer for three sub-basins that covers
more than 100 glaciers: Hanza in West Karakoram, Chenab in Western Himalaya and Koshi in Central Himalaya. The rectangular box represents the particular region
of the SIV layer and colors represents the sub-basin mentioned in the respective color. Red is the Hanza, Yellow is the Chenab and Blue is the Kosi. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the best-matching template and the other matched templates, and so reflects the correlation's quality. Therefore, greater SNR values
suggest a good correlation grid. Each grid's SIV magnitude is determined using x and y displacements and the time between each pair.

2.2. Post-processing and error estimation

SIV vectors have been evaluated for all scenes, and it is observed that a filter based on SNR and aberrant SIV values (SNR > 6 and
SIV >200 m/year) effectively masked out the grids containing erroneous velocity vectors. Erroneous velocity vectors are typically
the result of tracking false features with low correlation values, such as shadows, snow texture, or transient water channels; hence,
they can be mostly masked out based on SNR value.

For each scene layer, the error in SIV magnitude has been approximated as the average velocity of non-glaciated stable features.
Clouds and the incoherent surface characteristics, such as rivers, channels, snow, precipitation, can increase the velocity of stable fea-
tures, which typically exhibit the lowest velocity. In general, these falsely correlated grids have low correlation and, hence, low SNR.
The histogram distribution of velocity over non-glaciated stable grids with SNR > 6 has been estimated for all scenes. The calculated
mean, median, and standard deviation of velocity in metres per year are 1.76, 1.42, and 1.33, respectively (Fig. 2).

2.3. Glacier-wise SIV extraction

The Randolph Glacier Inventory (RGI 6.0) is used to identify glaciers, and SIV is extracted for each studied glacier. Only glaciers
with a surface area higher than 2 km? are considered in this study. For glacier-by-glacier SIV comparison, the mean, median, and
maximum SIV values for each glacier polygon are determined. It is observed that glacier area correlates more strongly with maximum
velocity than with average or median velocity. This could be because the calculated mean or median SIV values may depend on spa-
tial distribution of the filtered SIV grids over a glacier. In order to avoid erroneous results while calculating the maximum SIV, the me-
dian of the 10 percent of the highest SIV grids over a glacier is estimated. (Fig. 3c). In addition, to make the analysis more accurate,
the fraction of glacier area that is covered by the filtered SIV grids is calculated over each glacier. Glaciers with coverage area fraction
less than 0.30 are discarded in the analysis. In addition, glaciers with a maximum calculated SIV of less than 5 m per year are ex-
cluded. Accordingly, the analysis includes a total of 1,439 glaciers.

2.4. Ice thickness and volume data

The median ice thickness and total ice volume of individual glaciers are estimated using a recently estimated global ice thickness
dataset (Farinotti et al., 2019). As stated in Equation (1), the total ice volume is computed as the sum of the ice column volume at each
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pixel grid across a glacier. Simply put, the volume of the ice column at each pixel grid can be calculated by multiplying the ice thick-
ness by the grid area.

Volume (in Km®) = Lg Y (Thickness (m) x 2500) 1

Glacier

2.5. Glacier categorization based on area, ice thickness and volume

Glaciers are categorized based on three parameters that directly governs the driving stress: glacier area, median ice thickness, and
total ice volume. Area, median ice thickness, and volume of glaciers are segmented at an interval of 5 km2, 10 m and 0.1 km3, respec-
tively. Within each glacier category, the influence of morphological and topographical characteristics on glacier SIV is investigated.

2.6. Topographic parameters estimation

Glacier elevations from Randolp Glacier Inventory (RGI 6.0) are used in this study. Hypsometric Index (HI) is calculated (Equation
(2)) for each glacier to categorized them into five categories based on HI: (1) Very top-heavy (HI < -1.5), (2) Top heavy
(-1.5 < HI < -1.2), (3) equidimensional (-1.2 < HI < 1.2), (4) bottom-heavy (1.2 < HI < 1.5), and (5) very bottom-heavy
(HI > 1.5) (Jiskoot et al., 2009).

The equation is shown below.

_ (Maximum Elevation) — (Mean Elevation)

2

" (Mean Elevation) — (Minimum Elevation)

if 0 < HI < 1, then HI = ;[—}
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Fig. 9. Glacier SIV variability with median ice thickness, area, and volume for three sub-basins across Karakoram-Himalaya: Kosi, Chenab, and Hanza. The data points
are fitted only for representation, using univariate spline from python scipy library.

3. Results

3.1. SIV distribution and variability across Karakoram-Himalayas

Out of 1439 glaciers analyzed, 35 percent exhibit SIVs between 5 and 10 m per year, 45 percent have SIVs between 10 and 30 m
per year, and 15 percent have SIVs between 30 and 60 m per year. 5 percent of glaciers have SIVs greater than 60 m per year, whereas
4 percent have SIVs between 60 and 100 m per year, and 1 percent have SIVs greater than 100 m per year (Fig. 4). Geographical dis-
tribution of SIV reveals that the majority of the highest glacier SIV is found in the Karakoram and Western Himalayas (Fig. 4). A
greater degree of geographical or regional variation in SIV is observed when different glacier categories based on area, ice thickness,
and volume are studied. Glaciers, with mean ice thicknesses between 30 and 90 m, have a distinct pattern of variation with latitude
and longitude (Fig. 5). Glaciers in the Karakoram and Western Himalayas are found to have higher SIVs than those in the Central and
Eastern Himalayas, particularly minor glaciers with area less than 20 km2 (Fig. 5).

3.2. Variation of SIV with respect to area, ice thickness, and volume

The primary control factor of glacier SIV is driving stress, and the area, ice thickness, and volume can be the indirect parameters to
represent the driving stress. Hence, the variability of glacier's SIV with these parameters has been investigated at a binned interval of
4 m/year on SIV. A clear influence of area, ice thickness, and volume on SIV is observed, especially for glaciers with SIV in the range
of 5-80 m/year (Fig. 6). Glacier SIV varies in a predictable way with glacier size up to 20 km?2, but after that, the variabilities seem to
be perplexing. Similar behavior is observed with total ice volume and median ice thickness. For glaciers with SIV larger than 80 m/
year, which are mostly located in the Karakoram and Western Himalaya regions, no pattern of variation of SIV with area, ice thick-
ness, or volume is seen, and their behaviour is atypical. This can be due to some other factors that dominantly control their dynamics.

3.3. Regional variability at sub-basin scale

To observe how SIV varies across the sub-basins, 28 sub-basins (Fig. 7) have been selected that cover in our study region. For each
sub-basin, the mean of glacier area & SIV and the maximum of glacier SIV are calculated (Fig. 8). Observation shows that the sub-
basins in Karakoram and Western Himalayas contain glaciers having the highest SIVs. Further, we selected 3 sub-basins that cover
more than 100 glaciers each: Hanza in the Karakoram; Chenab in Western Himalaya; Kosi in Central Himalaya; and analyzed the SIV
variability with the area, ice thickness, and volume for each sub-basin (Fig. 9). Also the SIV for region in each sub-basin shown in
Figure (8). Heterogeneity is observed in SIV variability with area, thickness, and volume among the three sub-basins. Glaciers in the
Hanza sub-basin show the highest SIV (as high as ~100 m/year) for all glacier sizes. Kosi sub-basin exhibits the lowest SIV among the
three sub-basins and Chenab shows intermediate behavior. A more evident dissimilarity is observed in the variation of glacier SIV
with volume for the three sub-basins. The mean elevations of all the glaciated region for Hanza, Chenab, and Kosi sub-basins are esti-
mated to be 5131m, 5030m, and 5779m, respectively, with the Kosi sub-basin having glaciers at a higher elevation.

8
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Fig. 10. Altitudinal variability of glaciers across Karakoram-Himalaya for different glacier categories based on area, ice thickness, and volume.

3.4. Altitudinal heterogeneity in glacier distribution across Karakoram-Himalaya

Glacier distribution in Karakoram Himalayas is examined concerning individual glacier elevation and a contrasting variability of
glacier elevations is observed across the Karakoram-Himalayas for all the glacier categories. In the Karakoram and Western Himalaya,
glaciers of comparable size are found to lie at lower elevations than in the Eastern or Central Himalayas. The difference in median ele-
vations of similar size glaciers across Karakoram-Himalaya goes as high as ~2500m (Fig. 10). This much elevation variability would
definitely affect the mass balance and glacier dynamics of the region.

3.5. Correlation of SIV with morphological and topographic parameters

Further to see the effect of morphological and topographic parameters on glacier SIV variability, the correlation is estimated be-
tween glacier SIV and the following morphological and topographical parameters: longitude, latitude, area, minimum elevation, max-
imum elevation, median elevation, slope, aspect, length, median ice thickness, volume, and hypsometric index. Nine glacier classes
are considered based on glacier area varying from 2 km? to 20 km? at an equal interval of 2 km?. Larger glaciers have not been in-
cluded as the number of glaciers for different glacier classes seems very less to observe any significant correlation. Further, for each
glacier class, the Pearson coefficient of correlation between the glacier morphological or topographic parameters and glacier SIV is
calculated (Fig. 11). A negative correlation is found with longitude with the pearson coefficient of correlation varying from 0.1
(smaller glaciers) to 0.5 (medium-sized glaciers). A similar but positive correlation is observed with latitude with the coefficient of
correlation going as high as 0.6. This clearly highlights the geographical variability in glacier SIV across the Karakoram-Himalaya. In
addition, a positive correlation is observed with glacier average slope and the coefficient of correlation estimated to be around 0.2 for
all the glacier sizes. However, no significant correlation is obtained with glacier aspect but a negative correlation with glacier hypso-
metric index is observed with coefficient of correlation estimated to be around —0.2 for majority of the glacier classes. There was no
significant correlation observed with glacier volume and median ice thickness; hence, the effect of these parameters on the variability
of SIV within each glacier class can be eliminated. However, a positive correlation with glacier's maximum length and a significant
negative correlation are obtained with both the glacier minimum and mean elevation for all glacier sizes.

Further analysis at sub-basin scale shows similar or more evident observations. Table 2 shows the correlation coefficients obtained
for three sub-basins separately. Here, we have considered all the glaciers having an area in the range of 2-20 km? for correlation esti-
mation. Although a positive correlation with area (>0.41) is obtained for all the sub-basins, there is distinguishability for the three
sub-basins in correlation with the glacier elevation and slope. The correlation with glacier minimum elevation in the Hanza sub-basin
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Fig. 11. Pearson correlation coefficients for different glacier sizes of correlation between SIV and various glacier and topographic parameters such as longitude, lati-
tude, area, minimum elevation, maximum elevation, median elevation, slope, aspect, length, median ice thickness, volume and hypsometric index. X-axis represents
the glacier area binned at an interval of 2 km2. All the glaciers in area range 2-20 km? are covered.
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Table 2
Pearson correlation coefficients (p-value < 0.001) for correlation of the morphological and topographical glacier parameters with SIV for the three sub-basins, sep-
arately. Only glaciers in area range 2-20 km? are covered.

Glacier parameters Pearson coefficients of correlation for individual glacier parameters and SIV for the three sub-basins
Hanza Chenab Kosi
Glacier Area 0.42 0.41 0.47
Maximum Length 0.46 0.32 0.42
Max Ice Thickness 0.42 0.47 0.31
Median Ice Thickness 0.22 0.33 0.24
Total Ice Volume 0.37 0.37 0.44
Minimum Elevation —-0.47 —-0.33 -0.18
Median Elevation -0.23 —-0.07 0.06
Hypsometric Index 0.12 —-0.19 -0.18
Average Surface Slope 0.17 0.17 —-0.08
Glacier Aspect —-0.06 —-0.03 -0.13
No. of Glaciers covered 128 153 136

(—0.47) is significantly higher than in the Chenab (—0.33) and Kosi (—0.18) sub-basins. Whereas, average surface slope shows a
higher correlation of 0.17 for Hanza and Chenab compared to —0.08 in the Kosi sub-basin.

4. Discussion

Basically, two components of glacier motion contribute to SIV, first one is the deformation velocity that majorly depends upon the
ice thickness and surface slope (Cuffey and Paterson, 2010). The other one, basal sliding velocity, depends upon the resistive forces
occurring opposite to the glacier motion. Both the components depend upon the ice temperature, ice mass and surface slope. The re-
sistive forces are either applied through side valley walls or by the bedrock at the base of the glacier. The one through the side valley
walls does not vary much seasonally when compared to the basal resistive force. This basal resistive force is often called basal shear
stress and is majorly depends upon the glacier driving stress and sub-glacial water pressure. This basal resistive force varies seasonally
as the sub-glacial water pressure varies throughout the year. This variation is due to changes in sub-glacial runoff and hydrology that
increases the separation of ice mass and bedrock due to the formation of ice cavities and sub-glacial melt channels during summer.
Hence the sliding velocity component varies seasonally with the amount of snow and glacier meltwater reaching the base of the glac-
ier. Hence, any long-term (decadal) changes in glacier SIV may signify the changes in driving stress or the ice mass and the seasonal
variations are explained by the changes in the basal sliding velocity or the sub-glacial hydrology. There is an observation that shows
the influence of meltwater of tributary glaciers on the SIV of main glaciers (Singh et al., 2020). Many studies show the seasonal varia-
tions in SIV of Himalayan glaciers are highest in summer or ablation time and thus depends upon the melt-runoff (Satyabala 2016).

The regional variability of SIV for similar-sized glaciers can be explained as the precipitation, glaciation and ablation vary across
Karakoram-Himalaya region (Bahuguna et al., 2021; Kulkarni et al., 2010; Rathore et al., 2022). Since we have analyzed the SIV vari-
ability separately in various glacier classes based on area and volume, the observed variability can mostly be due to the effect of para-
meters other than area, ice thickness or volume on SIV. We found glacier topographical parameters such surface slope, hypsometry
and elevation together mostly explain the observed regional variability. A negative correlation with hypsometric index shows the
very top heavy glacier (low HI) exhibits higher SIV and this is obvious as the glacier always try to be in equilibrium as per the mass
conservation laws. However, for glaciers in Hanza, HI correlates positively with SIV (Table 2) and that may be because most of the
glaciers belong to very bottom heavy to equidimensional category in the region. Similar role is played by glacier average slope and we
observed a good and positive correlation (up to 0.4) with glacier SIV. At sub-basin level, a distinguishability can be seen in correlation
of slope with SIV. Hanza and Chenab show a positive correlation with slope. Slope is very sensitive parameter in determining the glac-
ier motion as both the components of glacier motion, deformation as well as basal velocity, are mostly influenced by the local surface
slope.

Apart from the local topography affecting the glacier SIV, glacier's minimum or median elevation are found to be the best to ex-
plain this regional variability in SIV. The heterogeneous distribution of glaciers with respect to elevation across Karakoram-Himalaya
region plays a key role in the regional variability of the glacier dynamics. Glacier minimum elevation and slope are found to explain
the SIV variability more evidently in Hanza and Chenab sub-basin than in Kosi. Although the morphological parameters are found to
influence SIV homogenously across Karakoram-Himalaya but the effect of topographical parameters, especially, glacier minimum ele-
vation, slope or HI is significantly higher in Karakorum and Western Himalaya. Past study show that the mean glacier elevation and
slope of the glacier tongue together explain most of the glacier-wide mass balance variability across Karakoram-Himalaya. (Brun et
al., 2019). Elevation plays a significant role in the glaciation and ablation processes and it leads to the precipitation and ablation vari-
ability across the Karakoram-Himalaya. The variability in ablation patterns affects the glacio-hydrology of the region and hence the
glacier dynamics. There are evidences that the structure of the sub-glacier drainage system of the glacier affects the basal sliding
(Mair et al., 2002; Stevens et al., 2021). The growth of water filled cavities at the bed also controls the glacier speed-ups and this can
also be influenced by the regional precipitations (Horgan et al., 2015). Though, this effect is only significant in summers but this will
significantly contribute to the annual mean SIV of glaciers. Hence, the melt patterns over and below the glaciers affect the glacier dy-
namics (Stevens et al., 2021, Wyatt and Sharp, 2015).
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The variation in the basal velocity factor in the Karakoram-Himalayas range is another probable conclusion that may be made
from our analysis. Basal velocity factor is the ratio of basal sliding velocity to the surface ice velocity and it is generally taken as 0.25
in deriving the ice thickness estimates using glacier flow model based on shallow ice approximation method. The observed regional
variability in SIV and glacier elevations, together, signifies the variability in the basal velocities of glaciers having similar ice thick-
ness estimates. Considering the same basal velocity factor is one of the limitation in estimating ice thickness across the Karakoram-
Himalaya region and it may lead to over or under estimation of ice thickness (Millan et al., 2022).

One of the limitations of our analysis is the consideration of a single SIV parameter for glacier-to-glacier comparisons. Based on ice
thickness and surface slope, SIV varies along the glacier and is generally higher in the upper ablation region and decreases toward the
terminus. Generally, glaciers are found to be the most dynamic in the upper ablation region as the ice thickness is the highest and the
surface slope is not as gradual in the lower ablation region. Therefore, we assume that it is an appropriate location over a glacier for
addressing SIV variability and glacier-specific comparisons. Another limitation can be that we have used glacier average slope for the
variability analysis rather than local averaged surface slopes. The highest SIV values mostly lie in the upper ablation region of the
glacier and thus we can expect relatively different local surface slopes at the location when compared with the glacier average slope.
However, this variability can better be assessed by considering both the average surface slope and hypsometric index, together. In ad-
dition, correlation coefficients are calculated under the assumption that glacier parameters are independent, but, in reality, the vast
majority of glacier characteristics are interdependent.

5. Conclusions

We have shown the regional variability in SIV across the stretch of Karakoram-Himalaya at the sub-basin scale and our analysis
highlights the topographical and morphological variability of glaciers across Karakoram-Himalaya explicating the observed regional
heterogeneities in SIV. Although the glacier ice thickness or area is found to be a major control factor for SIV (maximum correlation
coefficients of 0.4) but the surface slope, hypsometry and, more notably, the elevation play a key role in controlling the dynamics, es-
pecially for glaciers below 20 km? area. Glacier minimum elevation shows a significant negative correlation (< —0.4) with SIV for all
the glacier sizes below 20 km?2 and at the sub-basin scale a correlation of —0.47, —0.33 and —0.18 in Hanza, Chenab, and Kosi sub-
basin, respectively. We highlight the heterogeneity in the extent of control of the topographical parameters across Karakoram-
Himalaya, especially for the three sub-basins: Hanza in West Karakoram, Chenab in Western Himalaya, and Kosi in Central Himalaya.
We conclude that in addition to glacier morphology, the altitudinal heterogeneity of glaciers in the Karakoram-Himalaya best ex-
plains regional disparities in glacier SIV. For larger glaciers, the unsystematic variability of SIV, especially in the Karakoram and
Western Himalaya, signifies that the topography or sub-glacial hydrology may be considerably affecting the dynamics of the region.
Our study adds some insights into the poorly understood dynamics of the Karakoram-Himalaya region and the variability in the ex-
tent of control of various morphological and topographical factors affecting the glacier dynamics.
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