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The Gangotri glacier is the largest in the Garhwal Himalaya, India and its melt water forms the main source
stream of the Ganga River, yet its dynamics are poorly understood. Its long record of terminus retreat measure-
ments (1800–present) shows multi-decadal oscillations and more recently a slowing down of the retreat. Its
complex dynamics are also indicated by studies of proglacial melt–water at the terminus. However, there have
been no systematic measurements of its surface velocity or how it changes seasonally or over longer-term
time scales. Here, I have characterized the spatiotemporal variations of surface velocity of the Gangotri glacier
using synthetic aperture radar (SAR) data spanning nearly two decades (1991–2011).
Themainfindings are as follows: (1) The glacier undergoes seasonalfluctuations in surface velocities: therewas a
clear summer speedup of ~57%–126% compared to winter velocities between 0 and 12.6 km from the terminus,
with 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.
This summer speedup is indicative of increased basal sliding, known to occur when melt–waters penetrate to
the glacier bed resulting in reduced friction. (2) These summer velocities exhibited an inter-annual reduction,
which was manifest as a reduction in summer speed up from N120% in 2004 to b60% in 2007. This pattern con-
tinued into 2011, despite the availability of abundantmelt–water during those years. This inter-annual reduction
indicates the formation of increasingly efficient melt–water channels year on year resulting in lesser lubrication
at the glacier–bed interface.
My results show that the Gangotri glacier is dynamic throughout its length with systematic spatiotemporal var-
iations in surface velocity that elucidate its subglacial processes. Based on my results and other evidence in the
literature, I propose that the subglacial drainage system of the Gangotri glacier is subject to seasonal and inter-
annual hydrodynamic coupling between winters and melt-seasons akin to other glaciers.

© 2016 Elsevier Inc. All rights reserved.
Keywords:
Glacier velocity
Gangotri glacier dynamics
Garhwal Himalaya
Seasonal fluctuations
Interannual fluctuations
SAR
PALSAR
ASAR
1. Introduction

The Gangotri glacier originates in the Chaukhamba massif, a ridge
formed by four mountains with the highest peak at 7138 m asl
(Fig. 1). The glacier flows northwest towards Gaumukh for about
30 km, fed by several tributary glaciers on either side. It terminates at
Gaumukh ~ 4 km asl (Bhambri, Bolch, & Chaujar, 2012) feeding its melt-
water into the Bhagirathi River, the main source stream of the sacred
Ganga River. Its present day equilibrium line altitude was estimated to
be 5560 m (Naithani, Nainwal, Sati, & Prasad, 2001). Nearly a third of
the glacier area is covered by debris (Bhambri, Bolch, & Chaujar,
2011b; Bhambri, Bolch, Chaujar, & Kulshreshtha, 2011a; Scherler,
Bookhagen, & Strecker, 2011a). In optical images, debris cover can be
seen to a distance of ~13 km from the terminus, followed by a transition
zonewith partial debris and clean ice/snow cover from~17 km from the
terminus until the head of the glacier.
Gangotri glacier has one of the longest records of terminus retreat
measurements in the Himalayan region (1842–present) at rates of
~20–30 m/yr with multi-decadal variations and this retreat is reported
to have reduced/stopped in the last decade (Srivastava, 2012; Kumar,
Dumka, Miral, Satyal, and Pant (2008); Raina, 2009; Bhambri & Bolch,
2009; Bhambri et al., 2012; Kargel, Cogley, Lenoard, Haritashya, & Byers,
2011; Scherler et al., 2011a; Puneet Saraswat et al., 2013). Other studies
indicate mass loss in recent years (Bhambri et al., 2012; Kääb, Etienne,
Christopher, Julie, & Yves, 2012; Kargel et al., 2011; Raina, 2009;
Scherler et al., 2011a). Kargel et al. (2011) infer that the Gangotri glacier
“and probably most other large Himalayan glaciers will likely shrink dra-
matically this century, with thinning of debris-covered tongues and
supraglacial lake growth helping to drive the retreat”.

Comprehensive glaciological and mass-balance studies have not
been carried out for the Gangotri glacier due to its inaccessibility
(Srivastava, 2012). With the exception of the Siachen glacier (which is
73 km long and has been studied using the hydrological method),
most of the glaciers in the Indian Himalaya for which in-situ mass bal-
ance studies were carried out are relatively small mostly being ~5–



Fig. 1. The Gangotri glacier. Left: A shaded relief map (DEM) of the Gangotri glacier region, with inset showing its geographical location in India. Rectangles marked on the figure indicate
satellite trackswith track directionmarked by arrows. Right: Close-up of the Gangotri glacierwith its major tributariesmarked. The glacier originates near Chaukhamba (bottom right) and
flows towards its terminus, Gaumukh, the source of the Bhagirathi river.
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7 km length (Pratap, Dobhal, Bhambri, Mehta, & Tewari, 2015). The only
other clues to the dynamics of theGangotri Glacier come from studies of
suspended sediment concentration in melt–water carried by its
proglacial stream (Haritashya, Kumar, & Singh, 2010; Haritashya,
Singh, Kumar, & Gupta, 2006; Singh, Haritashya, Kumar, & Singh, 2006).

More recently, measurements of surface velocity of glaciers have
been possible with the availability of remote sensing data and yielded
a number of interesting insights into their dynamics (Copland et al.,
2009; Kääb, 2005; Quincey, Luckman, & Benn, 2009b; Scherler &
Strecker, 2012; Yasuda & Furuya, 2013). While a number of velocity
measurements have been made for the Gangotri glacier (Vijay Kumar,
Venkataraman, Høgda, & Larsen, 2013; Scherler, Leprince, & Strecker,
2008; Scherler, Bookhagen, & Strecker, 2011b; Gantayat, Kulkarni, &
Srinivasan, 2014), we know very little about their temporal variations,
whether seasonal or longer-term.

Here, I have systematically characterized for the first time, spatial
and temporal variations of the surface velocity of the Gangotri glacier
using SAR data spanning nearly two decades (1992–2011). These re-
sults reveal a dynamic Gangotri glacier with both seasonal and inter-
annual velocity variations that provide insights into its underlying
dynamics.
Table 1
SAR satellites used in this study for offset-tracking data/velocity maps.

Sensor, track, mode Wavelength, frequency band, repeat
cycle, incidence angle, pixel spacing
(range × azimuth)

Tracking w
pixels in ra

ENVISAT ASAR, 177, IS6 5.6 cm, C band, 30 days, 40°, 7.8 m × 3.84 m 64 × 320
ALOS PALSAR, 521, FBS &
FBD

23.5 cm, L band, 46 days, 38°, 4.67 m × 3.15 m 80 × 400

ENVISAT ASAR, 19, IS2 5.6 cm, C band, 35 days, 23°, 7.8m × 4.06 m 48 × 240
ERS 1/2 SAR, 19, IS2 5.6 cm, C band, 35 days, 23°, 7.9 m × 3.99 m 48 × 240

ERS 1/2 SAR, 248, IS2 5.6 cm, C band, 35 days, 23°, 7.9 m × 3.99 m 48 × 24l0
2. Data & methods

A total of 65 SAR images from 5 satellites spanning the period of
1991–2011 were used in this study (Table 1, Fig. 1, Table S1). All data
were processed from raw Level-0 (ERS1/2& ENVISAT) and Level-1.0
(ALOS-PALSAR). I used pixel-offset-tracking (intensity tracking or
speckle tracking) based on maximizing the cross-correlation of SAR
image patches (Pritchard, Murray, Luckman, Strozzi, & Barr, 2005;
Strozzi, Luckman,Murray,Wegmüller, &Werner, 2002) to estimate gla-
cier velocities for pairs of images acquired at different times. A total of
270 pairs were processed of which 147 (Table S2) have been selected
for the analysis presented here. As the study area consists of highmoun-
tainous region in the Himalaya, I used DEM-assisted co-registration of
the SAR images to minimize stereoscopic artifacts in offset-tracking dis-
placements due to high topography (Kobayashi, Takada, Furuya, &
Murakami, 2009). I have used voids filled SRTM-DEM (NASA’s Shuttle
Radar Topography Mission) with 3 arcsec resolution (Jarvis, Reuter,
Nelson, & Guevara, 2008).

Offset tracking yields two dimensional maps of glacier displacement
that may have occurred in the time interval between the acquisition of
the image pairs from which glacier velocity may be derived assuming
indow size
nge × azimuth

Step size pixels in
range × azimuth

Mean offset bias
m/yr

Time periods, number
of images

8 × 40 2–4 ± 4 2010–2011, 5
16 × 32 0.5–4 ± 3 2007–2011, 13

8 × 40 2–7 ± 5 2004–2007, 13
8 × 40 2–6 ± 3 1992–1993 & 1998-1999,

16
8 × 40 1–6 ± 4 1992–1993 & 1998-1999,

18
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that the glacier flows parallel to the surface and in the direction of max-
imum surface slope (Strozzi et al., 2002). The above mentioned SRTM
DEM was used to obtain the Gangotri glacier geometry. The measured
velocity vectors align nearly parallel to the margins of the glacier
(Fig. 2). The correlation signal-to-noise ratio (SNR)was used tomeasure
the quality of offsets. The size of the image patches used for cross-
correlation (hereafter, window size) is an important parameter: the
window must be large enough to contain intensity features required
to match the two images and sufficiently small so as to not blur the re-
sult (Table 1; Supplementary Section S1).

Typically image pairs with smallest temporal separation are used in
order tominimize loss of signal due to changes in the scattering proper-
ties of the objects (Yasuda & Furuya, 2013). However, larger temporal
separations are more suitable for debris-covered areas like the Himala-
yan region. The supra-glacial debris on glaciers is stable and forms
Fig. 2.Winter surface velocitymap for theGangotri glacier and its tributaries in 2008 (based on i
of velocity and vectors indicate direction. The centerline of the Gangotri Glacier is indicated by
black lines with numbers. The major tributaries are marked with letters (R: Raktavarn, Me: Me
terisk marks the terminus (Gaumukh, the source of the Bhagirathi River), and H marks the hea
standard deviation of surface velocity measurements.
distinct surface features/patterns that enable the use of images pairs
with longer time intervals up to 6-months to several years (Kääb,
2005; Luckman, Quincey, & Bevan, 2007; Quincey et al., 2009b). I
could obtain offset-tracking displacement maps with temporal base-
lines of several years but used baselines b400 days in order to preserve
temporal resolution. In the case of ERS-1/2 &ENVISAT-ASAR I2-mode
data, small temporal separations of 35-day (orbital repeat interval)
often yielded very noisy offset-tracking results and hence we avoided
these pairs. On the other hand, ENVISAT-ASAR track 177 I6-mode 30-
day pairs and ALOS-PALSAR 46-day pairs had a good signal to noise
ratio probably due to their larger incidence angles (~40°) compared to
ERS-1/2 and ENVISAT I2-modes with lower incidence angles (~23°).
Even the non-debris covered regions (here mostly the accumulation
zone) could be tracked fairly well especially in winter, perhaps because
the cold environment and high basal sliding contribute to the
mages acquired on5 Feb& 22March 2008, 46 days interval). Colors indicate themagnitude
the white line and locations of across-glacier profiles used in later figures are indicated by
ru, C: Chaturangi, K: Kirti, G: Ganohim, Su: Sumeru, Sw: Swachhand, M: Maiandi). The as-
d of the Gangotri glacier (the Chaukhamba massif is on its right). See Fig. S1 for a map of



154 S.P. Satyabala / Remote Sensing of Environment 181 (2016) 151–161
preservation of ice surface structures over time (Kääb, 2005). However,
surfacemelting and snowfall can obscure stable features. Glaciers in this
region (Garhwal) are fed both by winter and summer accumulation
(Bhambri et al., 2011a). Snowfall affects tracking efficiency to different
extents with the L-band and C-band data. Deeper penetration of L-
band data, compared to C-band, into snow and ice (Kääb et al., 2012;
Rignot, Echelmeyer, & Krabill, 2001) enables more robust tracking of
stable features. On the other hand, surface melting can cause spurious
signals with physically unrealistic magnitudes and/or orientation of
the displacement vectors and affects both L- and C-band data. All
these factors resulted in usable velocities only within ~12 km up-
glacier in the ablation region during summers and up to ~25 km up-
glacier into the accumulation region during winters. The results from
the different SAR satellite data used in this paper are comparable as
also found by otherswho tried to extend the analysis to longer temporal
periods (Yasuda & Furuya, 2013). This was checked by using temporally
overlapping image pairs, where available.

2.1. Error analysis and noise filtering

The cross-correlation peak signal-to-noise ratio (SNR) is used to re-
ject poor matches in offset-tracking. Typically SNR values N 4.0 are ac-
ceptable which translates to a precision in offset-tracking shift
accuracy of 1/20th of a pixel (Strozzi et al., 2002). This shift accuracy
translated to velocity measurement amounts to an accuracy that is
smaller for longer temporal separation. However, errors (SNR) in
offset-tracking results are larger and usually estimated empirically by
considering shifts (expected to zero) over stationary areas in the vicin-
ity of the glacier. Additionally, a direction filter is used to reject false off-
sets (Pritchard et al. 2005). I used afilter that rejects displacementswith
the SNR b 4 and direction vectors that are not oriented within 35° (25°
for PALSAR data) degrees from the glacier flow direction. Offset biases
ranged from 0.5 to 7 m/yr in off-glacier areas, being larger in summer
pairs than winter pairs and were the smallest in PALSAR data
(Table 1). These values are much less than the glacier velocities that
span 20–70m/yr for the Gangotri glacier. Similar uncertaintieswere ob-
tained in other mountainous regions e.g. in Karakorum, Pakistan
(Quincey et al., 2009a), in Nepal (Luckman et al., 2007) and in Kunlun
Shan, NW Tibet (Yasuda & Furuya, 2013).

3. Results

Surface velocity maps for the Gangotri glacier were obtained from
147 offset-tracking image pairs spanning 1992–2011. The estimated ve-
locity for each pair represents the average velocity of the Gangotri Gla-
cier during the time period covered between these two images. These
intervals frequently include both summer (April–September) and win-
ter (October to March) months of a year, in different proportions, de-
pending on the satellite image acquisition dates (not synchronized to
the hydrological year) but with overlapping time intervals to form a
fairly well covered temporal series particularly in periods of dense sam-
pling such as 1992–93, 2004–2005, 2007–2008, including annual veloc-
ities. We therefore categorized the intervals into three groups:
(1) summer data: those that included a large proportion of summer
(N60%), (2)winter data; those that contained a large proportion of win-
ter (N60%) and (3) remaining data: with roughly equal proportions of
summer and winter months.

I analyzed these maps for stable spatial patterns, as well as for sea-
sonal and inter-annual fluctuations over the observation period, as de-
tailed in the sections below.

3.1. Surface velocity maps: spatial variation — stable features

Surface velocitymaps obtained during thewintermonths (October–
March) revealed steady patterns from year to year in contrast to the
summer velocity maps that are more variable. These steady patterns
were highly repeatable and were strongly correlated with topographic
features of the glacier. Fig. 2 shows a representative velocity map of
the Gangotri glacier and its tributaries. There is a striking alignment of
the flow vectors along the direction of flow of the main glacier from
the head all the way to the terminus and the major tributaries are
seen to be feeding into the Gangotri glacier (Figs. 2–3). The non-
glaciated regions have much smaller velocities with large scatter in
orientation.

3.1.1. Velocity variation along the glacier
The magnitude of surface velocity varies systematically along the

length of the glacier (Fig. 4). While the velocity in general increases
from the terminus to ~26 km up-glacier, there are significant variations.
The velocity increases rapidly from ~5 to 10 m/yr within 0.5 km of the
terminus to ~28m/yr at ~4 km from the terminus. Thereafter the veloc-
ity is relatively stable at ~20–35 m/yr till ~13 km (Fig. 4). Further up-
glacier the fluctuations are much larger, showing peaks of ~47 m/yr at
18 km and ~70 m/yr at 25 km up-glacier, which may be correlated
with the tributaries feeding the glacier. Similar reduction of velocity
along themain glacier before a confluence and an increase downstream
has been observed before (Gudmundsson, Iken, & Funk, 1997b; Quincey
et al., 2009b) and is replicated bymodels inwhich there is significant ice
discharge from the tributary into the main glacier (Gudmundsson,
1997a). The stable variations stand in contrast to glaciers in the Karako-
rum region, where substantial fluctuations of high velocity also occur
unrelated to the presence of tributaries (Copland et al., 2009; Kennet,
2014), sometimes on surge type glaciers, indicative of complex and un-
stable dynamics (Kennet, 2014).

3.1.2. Velocity variation across the glacier
The shapes of across-glacier surface velocity profiles have been used

to infer the mechanism of flow of a glacier. The roughly parabolic
across-glacier winter velocity profiles are indicative of predominant in-
ternal deformation (Fig. 4; Fig. S6; Quincey et al., 2009a; Quincey et al.,
2009b; Copland et al., 2009), although there could still be significant
basal sliding near the center of the glacier (Harbor, 1992; Rabus &
Fatland, 2000).

3.1.3. Confluence of tributaries
Active tributaries (Kirti, Ganohim and Sumeru on the leftmargin and

Swachhand and Maiandi glaciers on the right margin) show significant
velocity at the confluence with the main Gangotri Glacier (Figs. 2, 3A–
B). The velocity vectors maintain their streamlines for some distance
downstream of the confluence, consistent with the medial moraines
downstream of the confluencemaintaining their identity for significant
distance along the Gangotri glacier (Naithani et al., 2001; Srivastava,
2012). As expected, the Raktavarn, Meru and Chaturangi glaciers, that
are known to have separated from the Gangotri glacier, show near-
zero velocities between their snouts and themain trunk of the Gangotri
glacier (Fig. 2).

3.2. Surface velocity: temporal variations

The Gangotri glacier exhibited intra-annual (short-term /seasonal)
as well as inter-annual (long-term) changes in surface velocities.

3.2.1. Short term fluctuations: summer speedup
Fig. 4 shows representative along-glacier velocity profiles for two

periods during the winter of 2008 (5 Nov 2007–5 Feb 2008 and 5
Feb–22 Mar 2008) and for the preceding summer of 2007 (5 May–5
Aug 2007). The surface velocity increases in summer (summer speedup
is N50% of the winter velocity), become noisier with distance up-
glacier as discussed in Section 2 and supplement S1. Therefore the anal-
yses below are largely restricted to the debris-covered zone, although
summer speedup can be recognized till 20 km up-glacier (Fig. 4). Sum-
mer speedup indicates increased and predominant basal sliding, based



Fig. 3. Confluence of tributaries. A. Surface velocity variations near the confluence of Kirti tributary with Gangotri. The velocity vectors of both Gangotri and its tributary Kirti continue
further downstream (northwards) of their confluence (right). On the left is shown a Google Earth image of approximately the same areawhere themedial moraines can be seen. B. Surface
velocity variations near the confluence of Ganohim tributarywith Gangotri. The velocity vectors of both Gangotri and its tributary Ganohim continue further downstream (northwards) of
their confluence (right). On the left is shown a Google Earth image of the same area where the medial moraines can be seen. C. Surface velocity variations near the head of the Gangotri
glacier. The arrows in theGoogle Earth image (left) indicate themajor directions offlow corresponding to converging tributaries observed in the surface velocitymap (right). The red arrow
indicates the flow vector obscured in Fig. 1A due to signal loss but flow vectors are resolved here using offset tracking with a smaller window size (Supplementary Section S1).
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Fig. 4. Representative summer andwinter surface velocity profiles for theGangotri glacier. (A) Surface velocity profile along the centerline in Fig. 2 is plotted for onewinter pair (blue), and
for a summer pair (red) and a pair from the followingwinter (green). Image dates are shown in the legend. Brown regions on the bluewinter profile indicate the approximate confluence of
themarked tributaries. Elevation is indicated in black. Error bars represent standarddeviations of themeasurements obtained from the cross-correlation peak SNR (seeData andmethods),
but are shown only for a subset of points to avoid crowding. (B) (L1)–(L6) Surface velocity profiles across the centerline of the glacier for the locations in (A). Legend as in (A). Velocities
with low SNR orwith poor alignmentwith glaciermargins have beenmasked (see section on error analysis). Thick grey bars on the x-axis represent non-moving areas outside themargin
of the glacier. Note that the apparent truncation of summer profiles between the glacier margins indicates loss of data — see Supplementary Section S1 on window sizes).
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primarily on the fact that these are on the seasonal / intra-annual time
scale (Willis, 1995). Summer velocities were characterized by a sharp
rise at the margins to a relatively flat/tilted profile in the center
(Fig. 4; Fig. S6), also indicative of predominant basal sliding. This stands
in contrast to thewinter profiles discussed abovewhich show parabolic
profiles indicative of predominant internal deformation. An overview of
spatial and temporal fluctuations of the velocity data obtained in this
study are shown in Fig. 5.

The summer/winter pattern, an example of which is shown in Fig. 4,
was not only present in each year but, where data was available, also
evolved over time. To quantify the temporal evolution of summer/winter
velocities, the average velocity along the glacier from the terminus to
12.6 km up-glacier (corresponding to the debris-covered part of the gla-
cier) for each time interval, is shown in Figs. 6–7 (also Fig. S3) for timepe-
riods containing a number of measurements with overlapping time
intervals covering different proportions of summer/winter months.

The first time period 1992–1993 (Fig. 6), reveals a gradual build-up of
velocity towards the summer peak (63.1±5.4m/yr in 1992) followed by
a decline to steady-statewinter levels (29.4±2.6m/yr during 1992–93):
a summer speedup of 114%. The winter velocity was 33.5 ± 2.9 m/yr in
1998 and the summer velocity was 66.6 ± 6.0 m/yr in 1999: a summer
speedup of 99% (Fig. 5 and Fig. S3). The second time period 2004–2011
(Fig. 7), shows a similar pattern with peak summer velocities of 58.2 ±
4.5m/yr in 2004 and 42.8±4.2m/yr in 2007while the lowestwinter ve-
locities were 25.7 ± 2.3 m/yr in 2004–5 and 26.9 ± 1.9 m/yr in 2007–8,
i.e. a speedup of 126% in 2004 but merely 59% in 2007.

3.2.2. Long term trend: inter-annual fluctuations
Besides the seasonal fluctuations, there is also a long-termpattern of

decreasing summer velocities over the entire time period. The peak
summer speed up of more than double the winter speeds during
1992, 1999 and 2004 reduced to b60% in 2007 with further reduction
in the following years till 2011 (Fig. 7). This inter-annual trend of reduc-
ing summer velocities over a period of ~7–8 years starting in 2004 is
also seen in the annual velocities, which would represent an average
over the winter and summer periods. Due to data gaps and paucity of
sampling during the years before 2004, it is unclear whether or not
such a trend occurred during the period following the peaks in 1992



Fig. 5. Center line profiles of (a) surface velocity and (b)measurement error (standarddeviation) along the length of the glacier for the entire dataset (spanning1992–2011). Eachprofile is
represented as a color coded strip, representing one pair of dates forwhich velocities were estimated. The vertical axis does not scalewith time because of large gaps in temporal coverage
(i.e. denser sampling during 1992–1993 and 2004–2011). This was necessary to depict at a glance all the velocity profiles in one figure. The gaps between strips represent time intervals
with no data. The text on the y-axis are the dates of image pairs correspond to the peak summer andminimumwinter velocities in each year, except pairs that use images from 1996 have
N2-year intervals. Gaps in each strip correspond to data points rejected/masked due to low SNR and/or poor alignment with glaciermargins (see section on Error analysis), while the gaps
around ~7 km correspond to points rejected as they lie within the layover regions in the corresponding SAR images. The vertical lines bracketing these indicate the layover mask applied
uniformly to all the data for the calculation of mean velocities of Figs. 6 & 7.
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and 1999 which are separated by similar intervals. The peak summer
speedup velocity in 1993 was 58.4 ± 5.5 m/yr, which is a reduction
from 114% 1992 to 98% in 1993 while the peak in 2005 was 42.1 ±
3.9 m/yr, which is a reduction from 126% in 2004 to 57% in 2005.
These observations lead us to infer that the decreasing trend seen dur-
ing 2004–2011 may not have occurred during 1992–1998; this infer-
ence is also substantiated from the absence of such a trend in annual
velocities for the years 1992, ~1995, ~1997 with gaps of N2 years
(Fig. S3). The data points in 1995 and 1997 (Fig. S3),which are velocities
averaged over 1993–1996 and 1996–1998 andwhich donot include the
time when the peak summer velocities occurred in 1992–1993 and
1999, and allow us to infer that summer speedups of similar or larger
magnitude may have occurred in the intervening years between 1993
and 1999. These observations suggest that the reducing trend of peak
summer speedups during 2004–2011 may be unique over the observa-
tion period.

The inhomogeneous image acquisition times in our data could in
principle have introduced two types of biases or artifacts. First, the
peak velocity estimates might have missed the true peak due to inade-
quate sampling times or might be smaller because of being averaged
over a long temporal window. Thus, our estimates of summer build-
up may represent a lower bound on the true peak velocities. Second,
the decreasing summer speedup from 2004 onwards could arise due
to longer temporal baselines in later years. This is unlikely because the
same pattern of decreasing velocities was observed even in periods
with dense sampling (e.g. 2004 & 2007; Fig. 7). This is also substantiated
by the fact that annual velocity estimates - which have longer temporal
baselines and therefore relatively less affected by such a bias - also show
a decreasing trend over the years (Fig. 7).

4. Discussion

This study characterized the spatiotemporal fluctuations in surface
velocity over the Gangotri glacier during a period of nearly two decades
(1992–2011). The results indicate relatively stable glacier wide winter
velocities over the observation period, consistent intra-annual / seasonal
fluctuations wherein surface velocity increases by nearly two-fold in
summer and an inter-annual trend of decreasing summer speedup dur-
ing the period 2004–2011. Below we interpret these findings in context
of the existing literature on the Gangotri and other glaciers, and discuss
how these observations elucidate its dynamics.

4.1. Surface velocity and overall glacier health

The surface velocities reported in this study are consistent with previ-
ous observations (Scherler et al., 2008; Scherler, Bookhagen, & Strecker,
2011b). However, no previous study has directly estimated seasonal
and inter-annual variations. Also, the extensive literature on terminus re-
treat measurements for the Gangotri glacier warrants a comparison with
the surface velocities near the terminus, which were only available for a
few pairs from the L-band ALOS-PALSAR data. The surface velocities esti-
matedwithin 0.5 km of the terminus in our study (4.2–5.8±1m/yr dur-
ing 2007–2011) are in striking agreement with terminus retreat rates of
~5 m/yr measured during the last decade by several studies (see



Fig. 6. Temporal evolution of surface velocity for the Gangotri glacier during 1992–1993. (A) Each point represents the mean surface velocity within the ablation region of the Gangotri
glacier (0–12.6 km from the terminus) from one image pair with dates represented in (B) and mean standard deviation by error bars. Stars and circles represent data from satellites
ERS248 and ERS19 respectively. Each line in (B) represents the start and end dates for image pairs matching the data in (A).
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Fig. S2; Raina, 2009; Kumar et al., 2008; Kargel et al., 2011; Scherler et al.,
2011a). Such concomitant changes in winter velocities with retreat/ad-
vance have been observed in field studies as well as from satellite images
(Herman, Anderson, & Leprince, 2011; Vincent, Soruco, Six, & Le Meur,
2009).
Fig. 7. Temporal evolution of surface velocity for the Gangot
My results show that the Gangotri glacier is dynamic throughout its
length,with stablewinter surface velocity that is high near the terminus
region and increases to a maximum at ~25 km up-glacier. Such a veloc-
ity profile indicates an active glacier, as has been observed for other gla-
ciers in the Himalayan region (Copland et al., 2009; Quincey et al.,
ri glacier during 2004–2011. All conventions as in Fig. 6.
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2009a; Quincey et al., 2009b; Scherler & Strecker, 2012). The overall
shape of the down-glacier velocity profile is of the type classified by
Scherler, Bookhagen, and Strecker (2011b) as a temperate glacier pre-
dominantly fed by avalanches with abundant debris cover and flow ve-
locities that are highly skewed toward their headwalls. Glaciers in
equilibrium tend to have convex-up elevation profiles in the ablation re-
gion and concave-up in the accumulation region (Anderson &
Anderson, 2010). TheGangotri glacier elevation has such a shape almost
up to the head wall at ~5505 m asl. All these observations indicate that
the Gangotri glacier may be in a state of dynamic equilibrium. In con-
trast, downwasting glaciers in the Himalaya show long, stagnant
tongues of near-zero velocities and concave-up elevation profiles in
their ablation zones (Benn et al., 2012; Luckman et al., 2007; Quincey
et al., 2009a).

Although terminus retreat, glacier thinning and reducing area of the
Gangotri glacier have been taken as signs of its decline (Bhambri &
Bolch, 2009; Bhambri et al., 2011a, 2012; Kargel et al., 2011), their glaci-
ological significance (e.g. mass balance condition of the glacier) remains
unclear. For example, Benn et al. (2012) have given a conceptual model
of the evolution of debris-covered glaciers (as is Gangotri Glacier) during
periods of negativemass balance, in thefirst stage ofwhich all parts of the
glacier are dynamically active. Given the paucity of diagnostic data, such
of mass balance conditions for the Gangotri glacier and debris thickness/
ablation rates over the length of the glacier, our finding that the glacier is
dynamic throughout its length over a period of twodecades (1992–2011)
indicates that the Gangotri glacier is at worst in the first stage of decline
or is still healthy.

4.2. Relation between surface velocity and subglacial processes

The surface velocity of glaciers is known to vary over multiple time
scales (sub-daily to seasonal to inter-annual). The Gangotri glacier ex-
hibited seasonal fluctuations with consistent summer speedup of
~60–120% during the years 1992–1993, 1998–1999, 2004–2011
(Figs. 5-7; Fig. S3 for 1996, 1998–1999) and inter-annual reduction of
peak summer speedup following the peak in 2004 during the subse-
quent years till 2011, akin to other glaciers (Heinrichs, Mayo,
Echelmeyer, & Harrison, 1996; Hodge, 1974; Iken & Truffer, 1997;
Quincey et al., 2009a; Quincey et al., 2009b; Scherler & Strecker,
2012). Surface velocity fluctuations have been interpreted as a fluctua-
tion in basal sliding (Willis, 1995) and elucidate many important inter-
nal dynamics of the Gangotri glacier as detailed below.

Variations in surface velocity of a glacier on these time scales are
driven by changes in the subglacial drainage system. When melt–
water percolates into a highly distributed subglacial drainage system,
it causes an increase in pressure at the glacier bed, effectively lubricating
it and resulting in increased basal sliding and surface velocity (Flowers,
2015; Fountain & Walder, 1998). But when melt–water is efficiently
drained out through a channelized subglacial drainage system, it results
in reduced basal sliding.

Englacial, subglacial and supraglacialmeltwater flows out of the gla-
cier in the formof proglacial melt–water discharge from its terminus re-
gion. A high rate of melt–water discharge is accompanied by high rate
and quantity of sediment flux in glaciers exhibiting basal sliding due
to changes in bed hydrology (e.g. Anderson et al., 2004; Riihimaki,
MacGregor, Anderson, Anderson, & Loso, 2005). Measurements of
suspended sediment concentration (SSC) can therefore provide valu-
able insights into the slidinghistory of the glacier and ultimately, the dy-
namics of the subglacial drainage system (Riihimaki et al., 2005).

Thus, surface velocity and meltwater discharge are independently
measurable quantities that are intimately linked to the subglacial drain-
age system of the glacier, the key player in driving seasonal and inter-
annual variations.

We interpret the observed substantial summer speedup in the sur-
face velocity of the Gangotri glacier as indicative of increased basal slid-
ing (Echelmeyer & Harrison, 1990; Willis, 1995). This is also supported
by the fact that sediments in the proglacialmelt–water have been traced
to the erosion of bedrock from glacier movement (Haritashya et al.,
2010),which typically accompanies basal sliding. The gradual reduction
of peak summer speed attained in earlymelt season towinter levels im-
plies that the subglacial drainage system evolves through the melt sea-
son, froma distributed to channelized system, resulting in a reduction of
basal sliding (Anderson et al., 2004; Bartholomaus, Anderson, &
Anderson, 2008; Fountain & Walder, 1998; Mair, Nienow, Sharp,
Wohlleben, & Willis, 2002). Such an evolution of the drainage system
over the melt season has also been inferred from analyses of delaying
and storage characteristics of meltwater runoff near the snout of the
Gangotri glacier (Singh et al., 2006).

We interpret the inter-annual trend in surface velocity (Fig. 7), with
a peak summer speedup in 2004, followed by reduced speedup in the
subsequent ~7 years (2005–2011) as reflecting the hydrodynamic cou-
pling of the subglacial drainage system between winter and melt-
seasons (Burgess, Larsen, & Forster, 2013; Heinrichs et al., 1996; Sole
et al., 2013). This reduction could occur for two reasons: either due to
reduced availability of melt–water or due to the formation of increas-
ingly efficient melt–water channels, both of which could lead to lesser
lubrication of the glacier-bed interface in each subsequent year. The for-
mer is unlikely given themelt–water availability indicated by proglacial
discharge measurements (Arora, Kumar, Kumar, & Malhotra, 2014;
Haritashya et al., 2006, 2010). We therefore conclude that the inter-
annual reduction arises from the formation of increasingly efficient
melt–water channels, as observed elsewhere (Anderson et al., 2004;
Bartholomaus et al., 2008). This possibility is further supported by the
fact that large summer velocitieswere generally followed by lowerwin-
ter velocity in our data (Fig. 7; see Burgess et al., 2013).

Finally, the observed peak in summer speedup of 2004 is in striking
correspondence with that of an unusually large rate and quantity of
melt–water discharge and suspended sediment concentration (SSC) in
2004 compared to subsequent years (Haritashya et al., 2006, 2010),
both of which are characteristic of glaciers exhibiting basal sliding due
to changes in bed hydrology (e.g. Anderson et al., 2004; Riihimaki
et al., 2005). We interpret the peaks in summer speedup and discharge
measurements in 2004, as being due to induced basal motion arising
from the anomalous rate of meltwater input rather than the volume
(Bartholomaus et al., 2008; Schoof, 2010).

To what extent is surface velocity of the Gangotri Glacier correlated
with the prevailing weather conditions? Temperature and melt–water
discharge are well correlated Gangotri glacier, suggesting that melting
of the glacier and sediment evacuation are temperature driven
(Haritashya et al., 2006; Haritashya et al., 2010). However, as detailed
above, the rate, quantity and storage of melt–water have different ef-
fects on the subglacial drainage system, which in turn affects surface ve-
locity. The long term trends in surface velocity of the Gangotri glacier
demonstrate an inter-annual coupling of its drainage system between
summers and winters which precludes a simple relationship between
surface velocity and climate.
5. Conclusions

In this study, I have characterized the spatiotemporal fluctuations in
the surface velocity of the Gangotri glacier during the periods 1992–
1993, 1998–1999 and 2004–2011. The main findings of this study are
that the Gangotri Glacier is dynamic throughout its length with surface
velocity that exhibits stable spatial variations, and seasonal and inter-
annual fluctuations. The summer speed-up in surface velocity is indica-
tive of basal sliding. The seasonal fluctuations in summer speed-up indi-
cate a subglacial drainage system that becomes progressively better
connected with advancing melt season, reducing basal sliding so that
the surface velocity is brought back to winter levels by the end of the
melt-period. The inter-annual reduction in peak summer speedup
from2004 to 2011 indicates an increasingly efficient subglacial drainage
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system during summers, with inter-annual hydrodynamic coupling be-
tween winters and melt-seasons.
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