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Abstract
In recent years, the number and capability of Synthetic Aperture Radar (SAR) sensors in ow Earth orbit has
grown considerably, with multiple commercial satellites now capable of capturing sub-metre resolution
imagery. In this study, we present the first application of such very-fine resolution SAR imagery tomeasure ice
velocity of a high mountain glacier. To achieve this, we apply feature tracking to a pair of Capella images in
spotlight mode (0.35 m resolution) acquired in July 2021 over Baltoro Glacier in the Karakoram, Pakistan, and
compare the results to ice velocities derived from feature tracking using more commonly employed
TerraSAR-X Stripmap (3 m) and Sentinel-1 Interferometric Wide (IW) (5 × 20 m) imagery. We show that
Capella-derived velocities reveal subtle features that are not evident in velocities derived using coarser
resolution imagery. In particular, slower moving ice at the glacier margin, variations in velocity between
different flow units, and lateral fluctuations reflecting the local topography are all more clearly resolved.
However, the small footprint of the imagery and lack of stable ground within the frame poses a challenge for
co-registration, resulting in an inherent, and spatially varying, bias of up to 0.5 m/day in the measured offsets.
We reduce this error to∼0.1 m/day using a global shift and propose that the derived data then show potential
to advance knowledge in a range of glaciological disciplines.
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Highlights

1. We apply feature tracking to a pair of Capella
images acquired of Baltoro Glacier in
July 2021.
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2. We compare the feature tracking results with
those derived from Sentinel-1 and TerraSAR-X.

3. Velocity data from Capella imagery show
detailed ice flow patterns that coarser sensors
cannot discern.

Introduction

Mountain glaciers are currently losing more mass than
the Greenland and Antarctic ice sheets combined,
contributing 27 ± 22mm/a to global sea level rise (Zemp
et al., 2019). Anthropogenic climate change has driven
accelerating mass loss (Hugonnet et al., 2021), and al-
tered glacier dynamics (Dehecq et al., 2019) with gla-
ciers in the Himalaya contributing disproportionately to
the most recent changes when compared to other gla-
cierized regions worldwide. This trend is expected to
continue, with a projected loss of 26–41% of the global
mountain glacier mass by 2100, relative to 2015, and up
to 71–94% in the easternHimalaya in particular (Rounce
et al., 2023). Runoff from such glaciers provides
drinking water, irrigation, and hydropower for millions
of people (Pritchard, 2019) but is expected to peak for
many catchments in High Mountain Asia around the
middle of the century (Huss and Hock, 2018) before
declining thereafter. Accurately forecasting how
mountain glaciers will respond to climate change ne-
cessitates a thorough understanding of their current
behaviour, including the various processes that govern
the transport and distribution of mass.

Often located in remote locations, in situ mea-
surements of mountain glacier mass balance and ice
flow are sparse. In contrast, satellite-based mea-
surements are now abundant, thanks to a growing
number of constellations, cloud-based computing,
and lengthening image archives. Repositories such as
ITS_LIVE (Gardner et al., 2019) and RETREAT
(Friedl et al., 2021) contain automatically processed
ice flow data derived from openly available satellite
imagery and provide the main input into estimations
of key glacier parameters, such as ice thickness and
ice emergence (Miles et al., 2021; Millan et al.,
2022). These ice velocity data are most commonly
derived using feature tracking (sometimes referred to
as offset tracking or speckle tracking), as the algo-
rithm is relatively simple, such that broad scale
analysis of glacier movement can be efficiently

implemented (Strozzi et al., 2002). However, be-
cause of their broad area coverage, the spatial res-
olution of available outputs (e.g. 240 m for
ITS_LIVE) is necessarily coarse, and thus finer
details of the glacier flow field are rarely resolved.
Many existing velocity measurements are also de-
rived from optical data that are frequently hampered
by the presence of clouds and variable solar illu-
mination (Kääb et al., 2016). On the other hand,
SAR, being an active instrument, can penetrate cloud
cover and generate its own illumination due to its
microwave antenna, thus providing consistently
high-quality images suitable for feature tracking.
SAR feature tracking offers one further, important
advantage – it can track not just physical features on
the glacier surface, such as debris, supraglacial
ponds, or crevasses, but also speckle patterns, given
they maintain coherence between image acquisitions.

The last decade has seen the launch of several
commercial SAR satellites (e.g. Capella, Umbra, and
ICEYE) which offer sub-metre resolutions and have
planned fleets comprising tens of satellites promising
short revisit times (Villano et al., 2022). In particular,
Capella’s Spotlight mode features a swath width of 5
km at a spatial resolution of up to 0.5 m (ground
range pixel spacing of 0.35 m), in contrast to the 250
km swath width and 5 × 20m resolution of Sentinel-1
(S1)’s Interferometric Wide (IW) mode. Although
they do not yet possess a substantial archive of
imagery, these commercial image sources promise to
revolutionize the detail that can be obtained from
mountain glacier surfaces that are normally charac-
terized by only a handful of pixels across the main
tongue. Feature tracking has previously been applied
to ICEYE data to assess the dynamics of Jakobshavn
Isbrae, a large, fast-flowing outlet glacier in
Greenland, demonstrating that imagery from these
satellites has potential for measuring ice speed
(Łukosz et al., 2021). However, their ability to
produce robust velocity data at smaller, slower
flowing mountain glaciers, where fine resolution is
more important, is yet to be comprehensively tested.

This paper aims to fill this gap by applying feature
tracking to a pair of sub-metre resolution Capella
Images of the Baltoro Glacier separated temporally
by just over a week and comparing the results to
those obtained from coarser resolution imagery.
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Specifically, we compare the results from very-fine
resolution Capella Spotlight imagery (0.35 m) to
those derived from fine-resolution TerraSAR-X
(TSX) Stripmap imagery (3 m), and from
medium-resolution Sentinel-1 IW (5 × 20 m), both
of which are commonly applied in studies of glacier
flow (Friedl et al., 2021; Quincey et al., 2009). We
highlight challenges around image co-registration
for scenes with limited swath extent and present a
method for correcting any misalignment, as well as
making a quantitative comparative evaluation of
images with differing resolution to resolve fine-
scale characteristics of glacier flow. The potential
for operationalising detailed measurements of gla-
cier flow across broad areas, as the sub-metre SAR
image archives lengthen in coming years, is also
discussed.

Study area

Baltoro Glacier (Figure 1) is a large (63 km long) debris-
covered glacier located in the dry, cold, and high altitudes
of the Karakoram mountains. Located at the strategically

important intersection of Pakistan, India, and China, the
Karakoram mountains provide meltwater and runoff to
millions of people within the Indus River basin
(Immerzeel et al., 2020). Glacier-driven variability in
water supply has historically been a point of conflict
between the major powers in this region and has the
potential to be reignited in the face of diminishing
supplies (Azam et al., 2021).

Baltoro Glacier has been relatively well studied,
with multiple surveys of glacier velocity from field
campaigns and satellite data (Copland et al., 2009;
Mayer et al., 2006; Quincey et al., 2009; Wendleder
et al., 2018, 2023). These studies show clear seasonal
differences in velocity, as well as apparent multi-
annual cyclicity, perhaps linked to precipitation and
supraglacial lake evolution (Wendleder et al., 2018).
Baltoro’s surface velocities are known to reach a
maximum of around 0.6 m/day at Concordia, the
confluence between the Godwin-Austen Glacier and
the Baltoro South branches. As commonly observed
in mountain glaciers, surface velocity gradually
decreases towards the terminus as the ice becomes
thinner, with some variability linked to the changing

Figure 1. Overview map of Baltoro Glacier, showing the outline of the main glacier and its tributaries (in red), as well as
nearby mountain peaks (green triangles). The footprint of the Capella scene used in this study is outlined in blue. The
background image is a true colour composite of optical planet imagery (Planet Labs PBC, 2017) Image © 2017 Planet Labs
PBC”. For interpretation of the references to colours in this figure legend, refer to the online version of this article.
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width of the valley and to tributaries adding mass to
the main tongue.

The numerous tributaries of Baltoro Glacier have
been less studied (Gibson et al., 2017), mainly due to the
poor ability of medium-resolution sensors to resolve the
dynamics of small, slow-flowing glaciers. Several of
Baltoro’s tributaries are known to be of surge-type, in-
cluding Trango and Muztagh (Paul, 2015).

Baltoro Glacier’s distinct surface is ideal for feature
tracking, as its ablation zone is largely covered by debris,
which is rich in texture, and pocked with other surface
features as it thins from the terminus up-glacier (Mayer
et al., 2006) (Figure 2). Numerous supraglacial ponds are
present in surface depressions, covering between 3.6 and
5.8 km2 of the glacier surface in recent years (Wendleder
et al., 2021). Ice sails protrude up to 20 m above the
glacier surface (Evatt et al., 2017), and surface streams
cut their way across the glacier surface between topo-
graphic highs. The topographic highs and lows, brought

about by differential ablation (Rowan et al., 2021), also
provide a coherent pattern that is ideal for an automated
feature matching approach.

The climate around the Baltoro Glacier is char-
acterized by cold, wet winters, mostly driven by
westerly winds, and mild, dry summers. Summer
precipitation is rare, although occasional intrusions
of the Indian monsoon cause warm, wet spells
(Farinotti et al., 2020). There is some evidence for an
increase in Westerly driven precipitation in the
Karakoram since 1979 from satellite and reanalysis
data (Cannon et al., 2016) although some studies
show no change (Palazzi et al., 2013), suggesting that
the effect is minimal if present. As with precipitation,
there is some evidence of recent summer cooling in
the Karakoram (Hasson et al., 2017), although tree
ring records suggest that the region has undergone
warming in line with the rest of High Mountain Asia
(Asad et al., 2017).

Figure 2. Annotated Capella spotlight image (near full 5 km swath extent) of the central section of Baltoro Glacier
captured on 15 July 2021 with inset panels highlighting surface glacial features distinguishable in the SAR imagery.
Relatively stable features such as the ice sails are ideal for feature tracking, and the detail captured at the lateral shear
margin enables fine-resolution measurements for the velocity gradients. For interpretation of the references to colours in
this figure legend, refer to the online version of this article.
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Unlike elsewhere in High Mountain Asia, Kar-
akoram glaciers have, until recently, been observed to
have balanced or even positive mass budgets (Farinotti
et al., 2020; Hewitt, 2005). Some studies have attributed
this anomaly to these climatic changes (Bashir et al.,
2017), whereas others have invoked changes in irrigation
practice as a primary control (de Kok et al., 2018). Most
recent analyses suggest that this anomalous period of
mass gain is now over, however, meaning glaciers like
Baltoro Glacier may enter a phase of slow-down and
surface lowering, as most debris-covered glaciers further
east in the range have experienced over recent decades
(Dehecq et al., 2019; Hugonnet et al., 2021).

Data sources and methods

We measure the ice flow velocity of Baltoro Glacier by
applying feature tracking to images acquired by three
different satellite SAR sensors (Table 1). The sensors
have multiple imaging modes with different resolutions
fromwhichwe select a mix of medium (5–20m), fine (3
m), and very-fine (0.35 m) resolutions for our analyses.
We focus primarily on a pair of Capella images acquired
on July 15 and July 21 2021 with a difference in in-
cidence angle of just 0.3° (Table 2).

In addition to SAR imagery, we used the Copernicus
GLO-30 m Digital Elevation Model (DEM) for pro-
cessing and analysis. The Copernicus GLO-30 DEM is
an amalgamation of data derived from the WorldDEM,
supplemented with multiple other DEM sources.

Consequently, errors are likely to vary spatially. Within
the WorldDEM coverage, 64.7% of the land was found
to be within 2 m of the more accurate ICESat altimeter
data, and only 0.8% of the land exhibited a vertical
difference of over 10 m (Airbus Defence and Space,
2022).

Feature tracking of SAR images is performed
using cross-correlation of pixel intensities to identify
distinct features on the surface between images in
GAMMA (Werner et al., 2000). A moving window
(also known as a chip or a patch) of a given size is
moved across both images, with cross-correlation
used to measure the similarity between the two
windows. The location of peak cross-correlation is
considered a match, and the offset between the two
windows on the co-registered images is used to
calculate the displacement (Luckman et al., 2007;
Schubert et al., 2013). The size of the window is
crucial, as for features to be tracked the chosen size
needs to reflect both the size of distinct features on
the ground (e.g. ponds and crevasses) and expected
motion. As we track the motion of the entire window,
the choice of window size influences the observed
offsets (Huang and Li, 2011). For each satellite, we
experiment with a range of window sizes in order to
determine optimal patch sizes.

We experimented with a range of different win-
dow sizes (Supplemental Figure 1), but for our main
analysis focused on comparing the results of feature
tracking with 128 × 128 pixel windows for Capella

Table 1. Comparison of SAR satellites used in this project.

Satellite Sentinel-1 TerraSAR-X Capella
Operator ESA DLR Capella Space
No. of satellites (as of April 2025) 2a 2 10
First launch year 2014 2007 2018
Revisit time 12 daysa 11 days <1 dayb

Centre frequency 5.405 GHz (C-band) 9.65 GHz (X-band) 9.65 GHz (X-band)
Imaging mode Interferometric wide Stripmap Spotlight
Spatial resolution 5 × 20 m 3 m 0.35 m
Swath width 250 km 50 km 5 km
Noise equivalent sigma0 �30 dB to �23 dB �19 dB �14 dB to �10 dB
References Geudtner et al. (2014) Werninghaus and Buckreuss (2010) Stringham et al. (2019)

aSentinel-1 previously had 2 satellites 1A and 1B, with an effective repeat cycle of 6 days. In 2021, 1b failed, with a replacement, 1c,
launched in December 2024.
bThis may not be from identical viewing angles.
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and TSX, and 128 × 512 for S1, which provides a
good balance between detail, noise, and computa-
tional time. In ground metres, this means each
window covers 44.8 m within a Capella image, 384
m for TSX and 2560 m for S1, and we thus track
features on a variety of scales. We use a step size of
one pixel, which means that each window is one
pixel over from the previous window. This allows us
to achieve the highest possible resolution ice flow
map albeit at the cost of computational time.

Each pair of images must be co-registered to
ensure that the measured offsets represent true
ground motion. For S1 and TSX imagery, we co-
registered the images in slant range and converted to
ground range after the feature tracking algorithm in
order to maximize the information available for the
tracking algorithm. However, for our Capella pair,
the small difference in incidence angle between the
two images, uncertain footprint, and lack of stable
ground within the scene prevented us from using
SLC images. Instead, we chose to use the geocoded
but non-terrain corrected product to avoid any dis-
tortions introduced by the orthorectification process,
and these scenes were provided already co-registered
to within a few pixels, which we were able to refine
as part of our sub-pixel tracking approach.

Uncertainties in the final outputs differ between
the sensors. In the specific case of Capella, diffi-
culties in co-registering the image pair caused ad-
ditional offsets to be detected by feature tracking
which are not the result of true surface motion. In the
case of S1 and TSX there is a small amount of ad-
ditional error introduced during the ground-range
conversion as a consequence of errors in the Co-
pernicus GLO-30 DEM, as well as mismatches in the

DEM resolution and the image resolution. DEM
errors are unlikely to significantly affect the feature
tracking, as the glacier surfaces of interest generally
have low slope gradients (less than 5°), where DEM
accuracy is at its maximum. Exceptions could be
steep icefalls, and sections of glaciers with numerous
crevasses or supraglacial ponds. Another potential
source of error arises from changes that may have
occurred between the acquisition of the DEM and the
imagery. The Copernicus GLO-30 DEMwas derived
from imagery obtained between 2011 and 2015,
while our SAR imagery was collected between
2014 and 2021. Changes may take the form of
thinning, most of which will be well below 1 m per
year (Maurer et al., 2019). As long as the thinning
rate is mostly uniform across the glacier surface, this
is unlikely to cause significant error in the velocity
measurements. Shifting surface features such as
supraglacial ponds and crevasses may introduce
small, localized errors, although these are unlikely to
be significant. We filter our final offsets to retain only
those with a cross-correlation peak >0.2 (0–1 scale,
where 1 is perfect cross-correlation), thus removing
the majority of low-confidence data.

It is not possible to robustly quantify these sensor-
specific uncertainties, but we directly address those
relating to co-registration of the Capella imagery in
our evaluation of the feature tracking outputs below.
Uncertainty due to sensor resolution is estimated at
around 1/10th of a pixel (Friedl et al., 2021), divided
by the temporal baseline. This equates to 0.004 m/
day for the 8-day Capella pair, 0.006 m/day for the
44-day TSX pair, and 0.084 m/day for the 24-day
S1 pair. The level of noise, caused partly by on-board
satellite electronics, also varies between sensors and

Table 2. Images used for feature tracking.

Satellite Acquisition mode Product Pol Date Time Inc. angle (°) Orientation δT (d)

Capella-3 Spotlight GEC HH 2021-07-15 05:02:06 26.8 Descending 8
Spotlight GEC HH 2021-07-23 05:02:10 27.1 Descending

TerraSAR-X Stripmap SSCa VV/VH 2016-05-24 01:02:59 33.7 Descending 44
Stripmap SSC VV/VH 2016-07-07 01:03:00 33.7 Descending

Sentinel-1A IW SLC HH 2021-07-02 12:57:15 43.2 Ascending 24
IW SLC HH 2021-07-26 12:57:18 43.2 Ascending

aTSX’s SSC (single look slant range complex) format is equivalent to S1’s SLC. Dates are in YYYY-MM-DD and times as HH:MM:SS.
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may introduce additional uncertainty to feature
tracking by introducing random change between
images. Additionally, there may be differences in
measured velocity which are caused by temporal
variations in ice flow. In the case of Capella and S1,
this is likely to be negligible as both pairs were
captured during the same period in July 2021. The
TSX pair was captured in 2016; however, ITS_LIVE
data do not show significant differences in velocity
between these time periods (Gardner et al., 2019).
The absolute velocities of each image source are also
of secondary importance since we are primarily in-
terested in the level of detail afforded by the Capella
imagery, and its ability to shed light on local scale
variabilities in flow.

In the absence of ground truth velocity mea-
surements, we utilize the GLAcier Feature Tracking
Testkit (GLAFT) (Zheng et al., 2023) to assess the
distribution of measured velocity values in both the
x (horizontal) and y (vertical) directions. Initially,
the tool is applied over stable ground, where no
movement is expected, in order to evaluate the
performance of the measurements. The width of the
resulting spread of velocity values serves as an
indicator of measurement uncertainty, with a wider
spread corresponding to greater uncertainty. Ad-
ditionally, if the centre of the spread deviates from
the origin (0, 0), this suggests the presence of a
systematic bias. Secondly, we use GLAFT to ana-
lyse the strain field across the flowing regions of our
image. Since the true glacier velocity field is ex-
pected to exhibit spatial coherence, high spatial
variability in strain rates may suggest errors in the
feature-tracking process, potentially reflecting
mismatches or noise rather than natural glacier
dynamics. Conversely, very low strain variability
might indicate that important flow details have
been lost.

Results

Feature tracking of the raw geocoded Capella
product yielded a coherent and comprehensive ve-
locity field across the glacier surface (Figure 3, left
panels). However, interrogation of the values from
areas of stable ground using GLAFT (Zheng et al.,
2023) indicated relatively high errors (Figure 4). We

quantified these displacements by sampling five
areas of relatively flat, stable ground located on the
margins of the glacier. These areas of stable ground
were initially derived from RGI outlines and then
manually corrected to ensure that they do not overlap
with unstable areas. These erroneous displacements
cannot be attributed to any natural process such as
debris flow or landslides, as there is no evidence of
such events from optical imagery during our ob-
servation period. We assumed that since the elevation
and relief of these stable areas closely reflect those of
the glacier surface, the erroneous displacements
measured could also be considered consistent be-
tween the two.

While there is noticeable variability in measured
offsets in stable areas, the majority of observations
centre around displacements of x = 0 and y = �7.
Guided by these findings, we applied a uniform shift
in y of 7 pixels. Figure 3 (right panels) shows the
impact of this correction, with the principal outcome
being an overall reduction in the measured velocities
(equating to approximately 0.2 m/day along the
glacier centreline).

The corrected data show that ice flow at the margins
is close to zero, although significant erroneous dis-
placements remain visible higher on the ice-free slopes.
The correction improved the depiction of the Yerma-
nendu Glacier’s confluence with the Baltoro Glacier (in
the lower left part of the image). In the uncorrected
version, the Yermanendu Glacier appeared motionless,
as its velocity (dominated by the Y component) was
negated by the co-registration error. Following the
correction, the glacier flow is clearly visible, gradually
moving northwards and deviating westward as it feeds
into the Baltoro Glacier.

Nevertheless, measured displacements in the
corrected datasets, derived from stable ground,
suggest that even post-correction the Capella-derived
velocity data contain greater uncertainty than those
derived from S1 and TSX, with a notable spread of
values of the order of 0.1 m/day (Figure 5). Offsets
derived from TSX and S1 show an order of mag-
nitude less variability over stable ground (0.01 m/day
for TSX and 0.03 m/day for S1). Observed strain
appears to be clustered around zero for all three
sensors, with variability increasing with the resolu-
tion of the sensor.
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Figure 3. Velocity maps before and after applying the correction. (a) and (b) show the magnitude of the velocity, (c) and
(d) show the x (azimuth) component of velocity, (e) and (f) show the y (range) component of velocity. For interpretation
of the references to colours in this figure legend, refer to the online version of this article.
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Velocity data generated from very-fine resolution
Capella Spotlight imagery is visibly very detailed but
only covers a small area of Baltoro Glacier (25 km2)
(Figure 6). The flow pattern created by the inter-
section with the Yermanendu Glacier is resolved in
fine detail within the Capella data and is also
evident within the TSX velocities, but it is only
very subtly depicted within the S1 output. The
along-flow profiles (Figure 7, transect A) show
some differences in measured velocities between
sensors. The Capella-derived values match those
derived from S1 in the across-flow profiles
(Figure 7, transects B, C, and D), as well as in the
last 2.5 km of the along-flow profile, but show a
difference of 0.2 m/day compared to TSX and S1 in
the first 500 m of the along-flow profile. S1-derived
velocities are noticeably lower than TSX- and
Capella-derived velocities in the first 2.5 km of the
along-flow profile, as well as in the centre of the
glacier, as shown in two of the across-flow profiles
(Figure 7, transects B and C). It is worth noting that
the along-flow transect crosses mainly a unit of
dark debris with multiple ice sails (Evatt et al.,
2017). It is likely that these ice sails undergo
significant surface ablation between our two

Capella Space images, which results in temporal
incoherence and inability to feature track. It is also
possible that the relief of these features impacts the
velocity measurements.

All three outputs show across-flow velocities with
a concave shape, with faster velocities in the centre of
the glacier and slower flow near to the margins
(Figure 7, transects B, C, and D). On the southern
shear margin (Figure 7, transects C and D), all
sensors capture the gradual slowdown of ice flow
from over 1 km from the margin. On the northern
margin, Capella- and TSX-derived velocities show a
sudden drop-off within 100 m of the shear margin.
On the other hand, Sentinel-1 data show a more
gradual deceleration towards the margin.

The Capella-derived velocities display fine-scale
spatial variations in ice flow (Figure 8). In particular,
a steep reduction in velocity is evident near to the
glacier margin (a), as well as at the confluence be-
tween Baltoro Glacier and Yermanendu Glacier (c).
We also detect subtle but smooth variations in surface
velocity (<0.05 m/day) on a relatively featureless part
of the glacier (f). Also visible in Figure 5(a), these
coherent variations of observed ice flow velocity
appear to follow the undulating topography of the

Figure 4. Process used to quantify the co-registration error between our Capella image pair. (a) Shows the Capella SAR
image from 15 July 2021 with the glacier boundaries from the Randolph Glacier Inventory (RGI) and the static areas
chosen in red. Note the lack of flat, ice-free ground within the image frame and the errors in the RGI outlines. (b) Shows
the observed x and y displacements of each offset measurement within the static areas, with the areas of high kernel
density estimate (KDE) highlighted in green. The red box covers the area where the KDE is within the maximum
density. Stable areas (b) plotted using GLAFT (Zheng et al., 2023). For interpretation of the references to colours in this
figure legend, refer to the online version of this article.
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glacier surface, parallel to the direction of ice flow.
Other observed fine-scale variations are due to errors
and noise in feature tracking with a small window
size. We note small gaps in measurements above a
supraglacial pond (b) and a supraglacial stream (e),
the latter of which appears to be surrounded by wet
snow. There are clear fine-scale velocity differences
in areas of extreme surface relief, such as at an ice
cliff (d), which are likely caused by the difference in
viewing angle.

In our experiments with various window sizes
(Supplemental Figure 1) we identified a tradeoff be-
tween sharpness and uncertainty, with small window
sizes (16–64 pixels) producing sharp but noisy outputs
and larger window sizes (128–512 pixels) resulting in
smoother outputs with less gaps, but at the cost of
longer computational time. The optimal window size

for tracking Capella imagery (128 × 128 (44.8 m))
appears to be approximately twice that for and
Sentinel-1 (128 × 128 (2560 m)).

Discussion

Our results demonstrate that feature tracking with
very-fine resolution SAR imagery, such as that ac-
quired by Capella satellites, can reveal fine-scale
variations in ice flow both parallel and perpendicu-
lar to flow. Detailed analysis of the velocity fields
(Figure 8) reveals that some of these observed var-
iations result from the tracking window being smaller
than incoherent features such as supraglacial ponds
or streams. However, this enhanced resolution, when
compared to more commonly used image data
sources, reveals ice flow variability that is likely real.

Figure 5. Observed x and y components of velocity over stable ground (a), (b), and (c), and distribution of normal and shear strain
rates (d), (e), and (f) across the flowing area of Baltoro covered by theCapella image. The red box covers the areawhere theKDE
is within 1/ⅇ (̂z 2̂/2) of maximum density. δx, δy, δx0x0, and δx0y0 are half-width of the boxes and serve as a measure of the
performance. Plotted usingGLAFT (Zheng et al., 2023). For interpretation of the references to colours in this figure legend, refer to
the online version of this article.
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In particular, we observe a distinct ≈100 m wide
zone at the northern margin of the glacier
(Figure 8(a)), in which ice flow decreases sharply
from over to 0.3 m/day down to 0 m/day. In this zone,
resistive stresses are high owing to the friction be-
tween the valley wall and the glacier ice, impacting
the broader glacier flow field. The dynamics and
rheology of glacier shear margins, and their impact
on ice flow, are relatively poorly understood given
that they are rarely resolved in satellite observations
and are often difficult to access in the field. Fine-
resolution velocity data like those derived from
Capella therefore enable us to derive new informa-
tion about rheological mechanisms operating at
glacier margins and, coupled with in situ measure-
ments of ice temperature (Miles et al., 2018), could
further our understanding of the relationship between
glacier thermal regime, glacier flow, and erosion. In
particular, sediment quarrying and abrasion depend
on the rheology of the ice, and sediment entrainment
can be enhanced within this zone (Alley et al., 2019).
Additional observations from other sites, and
throughout the melt season, therefore have the po-
tential to shed additional light on key landscape-
shaping processes, as well as providing more refined

validation and calibration products for glacier
modelling experiments (e.g. Rowan et al., 2021).

The clearly defined flow characteristics of the
Yermanendu Glacier show that fine-resolution ve-
locity data offer the possibility to include the ice
dynamics of small glaciers, within relevant inven-
tories. In the Karakoram specifically, many small
glaciers are known from field observations to be
surge-type (though not Yermanendu Glacier) but are
often missing from (or are poorly characterized in)
records of surge events which are largely derived
from coarse, broad-scale velocity measurements
(Bhambri et al., 2017). Detailed observations of
surge events on smaller, high-altitude glaciers would
add to growing literature on their evolutionary
characteristics (Quincey et al., 2015) as well as to
inform frameworks for understanding surge behav-
iour and control (Benn et al., 2023).

Lateral fluctuations in ice velocity (<0.05 m/
day), manifesting as wave-like undulations tra-
versing the glacier’s width, can be discerned in
Figure 6(a) and, to a lesser extent, in Figure 8(f).
These velocity variations seemingly correlate
with topographic features, displaying faster ve-
locities within a trough serving as a conduit for a

Figure 6. Comparison of velocity maps created using the three sensors and imaging modes, illustrating differences in
footprint sizes and variability in the detail produced from each input dataset. For interpretation of the references to
colours in this figure legend, refer to the online version of this article.
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Figure 7. Surface velocity data for the Baltoro area covered by Capella images, obtained from feature tracking of (a)
Capella, (b) Sentinel-1, and (c) TerraSAR-X data. The window sizes shown here are 128 × 128 for Capella and TSX and
128 × 512 for Sentinel-1. Comparative plots along transects A (along flow) and B, C, and D (across flow) are presented
below. For interpretation of the references to colours in this figure legend, refer to the online version of this article.
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supraglacial stream and within a section accom-
modating numerous supraglacial ponds. The
mechanisms driving these variations are unclear,
but they could be attributed to undulations in sub-
glacial topography, or may even reflect the lo-
cations of subglacial channels where friction is
minimized. Indeed, detailed flow fields such as
these hold potential for highlighting local dif-
ferences in subglacial friction that translate to
small variations in surface ice velocity, such as the
presence of seasonal sticky spots which are
otherwise only detectable using in situ means
(Willis et al., 2003). Additional research is needed
to corroborate the occurrence of such variability
across disparate regions of the glacier and
throughout varying seasonal conditions.

We also observed small (up to 0.2 m/day) but
significant differences in velocity between the three
sensors. The differences between TSX and Capella/
S1 are likely caused by real variations in ice velocity

between the timings of image acquisition (May–July
2016 for TSX and July 2021 for S1/Capella). The
magnitude of these differences is well within the
range of seasonal variability observed at this location
(>0.3 m/day) (Quincey et al., 2009; Wendleder et al.,
2018) and consistent with the expectation that ve-
locities are higher earlier in the summer when the
drainage system is still inefficient. Substantial dif-
ferences between Sentinel-1 and Capella-derived
velocities are only observed in the upper portion
of our data, with differences of up to 0.2 m/day.
While we cannot at present exclude the possibility of
this being an artefact of the correction procedure, it is
feasible that these data capture a slow-down in ice
velocity in the upper part of the glacier as the melt
season progresses.

While in situ derived ground truth measurements
or higher-resolution sensors would ideally serve as
validation benchmarks, S1 and TSX nonetheless
provide valuable validation datasets. First, both TSX

Figure 8. Ice velocity transects, derived from Capella imagery, overlain on Capella SAR image from 15 July 2021. Panels
on left show six different surface features and the observed spatial variability of ice flow. For interpretation of the
references to colours in this figure legend, refer to the online version of this article.
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and S1 have a long history of use for ice velocity
measurements (e.g. Guo et al., 2020; Lemos et al.,
2018; Neelmeijer et al., 2014). We therefore have
well-developed understanding of the typical uncer-
tainty and sources of error associated with these
sensors (discussed in papers cited above) and with
this method (Strozzi et al., 2002) and they have been
shown to perform well over texture-rich and low-
angled surfaces like debris-covered glaciers (Gu
et al., 2024). Second, while the spatial resolution
of S1/TSX may be lower than that of Capella, factors
such as consistency of viewing angle and geocoding
accuracy are both superior and better understood.
This provides an internally consistent system for
deriving velocity measurements that Capella cannot
currently match, and an independent and robust
measure with which to validate our data, albeit at
reduced spatial resolution.

Despite the promise shown within these results,
there are considerable challenges to overcome before
the processing of velocity fields from Capella im-
agery may become routine. Most significantly, the
co-registration of images required an innovative, and
probably imperfect, solution. The co-registration of
very high resolution imagery has been a known
challenge in optical imagery since the launch of
QuickBird in 2001 (Arévalo and González, 2008),
and solutions typically involve the use of ground
control points located on flat, stable ground (Guo
et al., 2022), which our images lacked.While our flat,
linear correction for this issue significantly improved
the results, differences remain between the Capella
and Sentinel-1/TerraSAR-X datasets. This suggests
that the ‘flat’ correction we applied, based on motion
over stable ground, may not capture the spatially
varying distortion within the image owing to local
scale relief. A more complex correction could po-
tentially be applied with a better understanding of the
geometric differences between image acquisitions
and the broader landscape topography. In areas
where high-resolution DEMs are available (e.g. High
Mountain Asia 8 m DMA (Shean, 2017)), these may
be used to remove geometric distortions. Previous
studies have used LIDAR-derived DEMs to co-
register geometrically inconsistent very-fine resolu-
tion imagery (Teo and Huang, 2013), although this
would be difficult to implement at Baltoro where

overflights and drone surveys are largely prohibited
with it being so close to a militarized zone. Alter-
natively, co-registration methods based on spectral
diversity rather than cross-correlation could be ex-
plored (Scheiber and Moreira, 2000).

The need for such a correction could be eliminated
entirely by ensuring acquisitions contain sufficient
flat, stable ground to aid co-registration. In practice,
this is applicable only to smaller glaciers whose
width fits within the spotlight frame of 5 × 5 km.
Alternatively, other Capella-derived imaging modes,
which have larger footprints but coarser resolutions,
could offer a solution where such fine resolution is
not required. For example, the sliding spotlight mode
has a footprint of 5 × 10 km and a resolution of up to
0.8 m, while the Stripmap mode has a footprint of 5 ×
20 km and a resolution of up to 1.2 m. Improved
control of orbital parameters to create more consis-
tent viewing angles and footprints between revisits
would also greatly reduce the need for such cor-
rections, although the small size and low fuel supply
of satellites such as Capella may render this difficult.
Finer-resolution DEMs than those that currently exist
would help to correct for topographic geometric
distortions in the SAR image. At present, the in-
ventory of consecutive very-fine resolution SAR
images of mountain glaciers suitable for feature
tracking is insufficient to assess whether co-
registration will be a recurrent issue.

The benefits of using very-fine resolution SAR
data such as Capella are clear, but whether they
outweigh the uncertainties described above is largely
dependent on the specific application. For analyses
that require glacier-wide flow fields (e.g. studies of
specific mass balance (Miles et al., 2021)) or where
the ice is very fast-flowing and/or incoherent (e.g.
during surge events (Paul et al., 2021)), the long
Sentinel satellite record provides an adequate means
of deriving high-quality velocity data that is well
constrained in terms of error and without great
computational expense. The sub-metre resolution of
Capella shows greatest promise for detailed inves-
tigations of ice-flow processes and their spatial
variability at a very local scale. Based on our ana-
lyses, we see potential for the long-term integration
of fine-resolution images for velocity analyses in the
following key areas.
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Near-stagnant glacier tongues

In many regions, such as the Himalaya, mass loss is
the main driver of glacier slowdown (Dehecq et al.,
2019). Glaciers are frequently characterized as being
stagnant once their velocities are too low to be re-
solved using coarse resolution imagery. Yet few
glaciers are truly stagnant, with ice deformation
persisting under gravitational forces, albeit at very
low rates. There is GPS evidence from Khumbu
Glacier’s reportedly inactive tongue of motion in the
order of 1–3 ma (0.003–0.009 m/d), driven solely by
ice deformation (Watson et al., 2017). At this ve-
locity, only 19–58 days are needed for an object to
travel through half Capella pixel (0.35 m), which
indicates that fine-resolution imagery could be used
to detect motion of near-stagnant ice, such that it can
be more robustly represented in dynamic models of
ice evolution.

Short-term ice flow variations

The seasonal variability of mountain glaciers remains
poorly understood, and velocity time series of suf-
ficient temporal resolution to observe seasonal var-
iability remain scarce. While Sentinel-1 is capable of
observing seasonal variability of large glaciers such
as Baltoro, the quality of measurements on smaller
glaciers (such as Yermanendu in our scene) is poor.
Larger glaciers tend to be thicker, and therefore able
to support a basal hydrology and seasonality,
whereas small glaciers are often not but may still
exhibit pockets of warm ice that respond to tem-
perature rises during the summer season. Fine-
resolution sensors therefore open up the possibility
of studying seasonal velocity signals in glaciers that
are hitherto largely ignored in studies of ice dy-
namics. The short repeat capability of such satellite
swarms also allows us to observe sub-seasonal ice
flow variability. Prior to the loss of Sentinel-1B, a
temporal resolution of 6 days was the finest available,
meaning analyses of short-term variations in flow,
such as in response to a pond drainage event, were
not possible, as they were smoothed out over the
longer observation window. The additional benefit of
fine spatial resolution also means that displacements
over such short timescales can now be robustly

quantified, whereas they were rarely large enough to
be detected in Sentinel image pairs even over the
shortest temporal window. This could offer potential
for better characterizing spring events, for example,
and the response of mountain glaciers to sudden
onset melt events, or heavy periods of precipitation,
or drainages of supraglacial lakes (Nanni et al., 2023;
Stevens et al., 2022; Wendleder et al., 2023).

Rock glaciers

Rock glaciers exist on a continuum between debris-
covered glaciers and groups of clasts interwoven
with ice (Anderson et al., 2018), and they may form
from receding, stagnant glacier tongues (Jones et al.,
2019). Rock glaciers flow slowly as ice deforms
under the influence of gravity. Few measurements of
rock glacier velocity exist, as their slow flows are
typically based on in situ measurements, either from
GPS (Cicoira et al., 2019; Kellerer-Pirklbauer et al.,
2018), or from uncrewed aerial vehicle (UAV) im-
agery (Groh and Blöthe, 2019), all of which identify
spatial and seasonal ice flow variability. Rock glacier
velocities have been measured using InSAR and
offset tracking of Sentinel-1, as well as fine-
resolution TerraSAR-X and Cosmo-SkyMed (1–2
m pixel size) images (Strozzi et al., 2020), although
this resolution was still too coarse to resolve fine
spatial and temporal flow differences. However, sub-
metre resolution satellite imagery may be sufficient
to detect subtle variations in rock glacier flow and
identify active or inactive parts of rock glacier
without the need to employ in situ methods.

Glacier collapses

Glacier collapse events are increasingly impacting
mountainous regions as they warm and become more
unstable. The velocity of the Aru Glaciers, Tibet,
which collapsed in 2016, accelerated in the years
prior to the event, and crevasses appeared on the
glacier surface during the final few months (Gilbert
et al., 2018; Tian et al., 2017). The small footprint of
very-fine resolution imagery such as Capella spot-
light products currently makes it impractical to
identify at-risk glaciers, such as the Aru Glaciers,
over large areas, but they could theoretically be
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deployed to monitor areas of specific concern to
detect substantial changes in ice dynamics. Similarly,
they could provide early detection of glacier surge
events by detecting accelerations in flow that are too
subtle for more commonly applied coarser resolution
sensors.

Conclusions

We have demonstrated here that feature tracking can
be applied to sub-metre resolution SAR images to
generate ice velocity data. These data reveal fine
details that are not clearly visible with coarser res-
olution, such as the behaviour of distinct flow units
within glaciers, the effect of the shear margins on ice
flow, and slight (<0.05 m/d) variations in ice flow
across the width of the glacier, coinciding with
glacier surface topography. These small-scale fea-
tures are not clearly visible from the coarser reso-
lutions of TerraSAR-X and Sentinel-1 and
demonstrate the potential of sub-metre SAR imagery
to study glacier dynamics on a much finer scale than
previously possible.

However, feature tracking very-fine resolution
imagery also presents challenges, as the small
footprint of Capella’s spotlight mode (5 × 5 km) does
not cover large glaciers and restricts practical use
cases to studies looking at either a small section of a
larger glacier or to small glaciers. This issue can
largely be overcome by adopting a combined ap-
proach with coarser resolution sensors which cover
wider areas, such as Sentinel-1, and targeting the use
of very-fine resolution images to limited areas of
significant scientific, economic, or humanitarian
interest.

Additionally, the slight difference in incidence
angle combined with uncertainties in the geographic
extent of the images makes co-registration very
challenging. Ordinarily, this problem could be
overcome by using ground control points located on
flat, stable ground, but such areas are rarely found
within the glacial environment. We were able to
significantly reduce these co-registration errors by
applying a flat correction to all offsets in the scene.
However, residual differences between the Capella-
derived ice flow maps and those derived from S1 and
TSX suggest that this correction is not perfect.

The potential for very-fine resolution SAR im-
agery to be integrated into contemporary inventories
characterizing glacier flow, as well as for quantifying
the dynamics of small, slow-moving, seasonally
variable, and possibly hazardous mountain glaciers,
is therefore high in the long-term, but the consistency
of imaging geometries between acquisitions requires
improvement before these types of analysis can be
operationalized at broad scale.
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