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ABSTRACT

ARTICLE HISTORY

Speckle-tracking of historically acquired ALOS PALSAR and RADARSAT-2 datasets are used to determine the dynamics of major glaciers and ice masses in western Canada over the past decade. For
the icefields of the St. Elias Mountains and those that fringe the northern British Columbia/Alaska
border, our results are largely consistent with earlier studies that used the same data, but different
speckle-tracking techniques, to derive ice motion. However, our results are generally more spatially
comprehensive than those previously published, in particular in fast-flowing regions such as
Hubbard, Seward, Tweedsmuir and Lowell glaciers. We also produce new velocity maps for the
icefields located in the Coast Mountains of southwestern British Columbia and for the Chaba,
Clemenceau and Columbia icefields of the Rocky Mountains. Generally, faster flow is present on
large ocean- and land-terminating outlet glaciers, particularly those in high accumulation maritime
regions. These results, taken together with velocity maps of the Canadian Arctic and Yukon produced
in previous studies, mean that baseline maps of glacier velocities determined from speckle tracking
of SAR datasets are now available for nearly all the major ice masses of Canada.
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1. Introduction
Canada contains >150,000 km2 of glacierized terrain
(Pfeffer et al. 2014), much of which is located in areas that
are logistically difficult to access. This has made regular,
in-situ monitoring of glacier flow expensive and impractical. As a result, only modest, targeted field campaigns
have been executed on selected glaciers (e.g. Danielson
and Sharp 2013; Flowers et al. 2016; Jiskoot et al. 2017;
Thomson and Copland 2017). Routine regional-scale
glacier velocity mapping using remote sensing methods
is therefore required to establish both a comprehensive
understanding of glacier dynamics over large portions
of the country, and a baseline for change detection.
Such mapping, conducted at annual and sub-annual
timescales, provides important insights into how glacier
dynamics evolve over time (Van Wychen et al. 2016;
2017; Millan et al. 2017; Strozzi et al. 2017), and helps to
determine whether surface velocity fluctuations are the
result of internal mechanisms (e.g. surging and pulsing
processes) or driven by external forcing (e.g. changes
in climate and resulting changes in glacier geometry)
(Van Wychen et al. 2017). Measured surface velocities of

tidewater glaciers can be combined with measurements of
ice thickness to determine ice fluxes to the ocean, which
allows for closure of regional mass change estimates (e.g.
Van Wychen et al. 2014; 2015; 2016; Millan et al. 2017).
Finally, regional-scale velocity mapping can complement
process-based studies (Jiskoot et al. 2017) and can be
applied to initialize models of glacier dynamics that can
yield projections of glacier mass changes and their impact
on future sea levels (e.g. Gilbert et al. 2016; Pimentel et al.
2017), as well as be used to derive regional ice thicknesses
using inversion methods (e.g. Farinotti et al. 2017).
Recent efforts have focussed on deriving glacier
velocities across Canada in a systematic manner. Speckletracking (sometimes referred to as offset-tracking)
applied to Synthetic Aperture RADAR (SAR) data
has proven to be an effective method for doing this.
Indeed, regional-scale velocity maps derived from SAR
datasets are now available for most major glaciated areas
of Canada, including the ice masses of the northern
Canadian Arctic Archipelago (Devon, Ellesmere and
Axel Heiberg Islands) (Van Wychen et al. 2012; 2014;
2016; 2017; Millan et al. 2017; Sánchez-Gámez and
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Navarro 2017; Strozzi et al. 2017), the southern Canadian Arctic Archipelago (Baffin and Bylot Islands) (Van
Wychen et al. 2015; Schaffer et al. 2017; Strozzi et al.
2017), and Yukon/Alaska and portions of western British
Columbia that straddle the United States border (Burgess
et al. 2013a, 2013b; Abe and Furuya 2014, Abe et al. 2016;
Waechter et al. 2015). However, glacier velocities have
been less well resolved, or not resolved at all, for glaciers
located in more southerly locations in Canada such as
southern British Columbia, the Rocky Mountains and
southern portions of the Alaska Panhandle. These areas
have relatively maritime climates, which have higher
rates of accumulation and ablation as compared to the ice
masses located at more northerly latitudes where previous
routine mapping has been undertaken. These climatic
characteristics change the glacier surface sufficiently
to reduce coherence between acquisitions, making the
derivation of surface velocities challenging using SAR
speckle–tracking. As a consequence, these areas have
not been targeted by specific, coordinated RADARSAT-2
imaging campaigns to collect the data necessary to complete regional mapping under the general assumption
that the results would be poor and image allotments
would potentially be wasted.
To alleviate the loss of surface coherence between
image pairs we apply speckle-tracking to ALOS PALSAR
L-Band SAR data, which has a longer wavelength than
C-Band SAR systems such as RADARSAT-2 (23 cm versus 5.6 cm) to map glacier surface velocities. These longer
wavelengths allow for deeper signal penetration into
the glacier surface, which makes the velocities derived
less sensitive to changes in glacier surface structure and
improves the ability to map ice motion in these maritime
regions (Rignot et al. 2001). However, L-band SAR data
can be affected by shifts in azimuth due to ionospheric
disturbances leading to erroneous displacement “streaks”
in the resultant velocity map (Gray et al. 2000). To avoid
this, we only use datasets that were unaffected by ionospheric disturbance, which reduces the amount of usable
data available to undertake velocity mapping. In areas
where ALOS PALSAR data are not available we utilize
RADARSAT-2 data (Extra-fine mode, ∼5 m resolution
and Ultra-fine mode, ∼3 m resolution) that have higher
spatial resolution than has typically been used to map
glacier velocities in the high Arctic (RADARSAT-2 Fine
mode, ∼8 m resolution).
As a result, we are now able to derive complete surface velocity fields for the major ice masses in western
Canada (Figure 1), providing a record of ice motion for
areas where they were previously unknown and providing improved coverage and an independent verification
of earlier studies in regions where they were known.

2. Methods
2.1. SAR datasets
We use ALOS PALSAR data to generate velocity maps
for (i) glaciers in the St. Elias Mountains (Yukon/Alaska),
(ii) ice masses that straddle the British Columbia/Alaska
border and, for the first time, (iii) ice masses in southern British Columbia (Coast Mountains). We use
RADARSAT-2 data to generate velocity maps for the
Chaba, Clemenceau and Columbia icefields that are
located on the continental divide of the Canadian Rocky
Mountains.
ALOS PALSAR (Level-0 CEOS) data were downloaded from the Alaska Satellite Facility’s Vertex Data
Portal (http://vertex.daac.asf.alaska.edu/) and processed
to single-look complex (SLC) scenes using GAMMA’s
modular SAR Processor. All ALOS PALSAR data were
acquired as Fine Beam Single (FBS) polarization (HH).
These data have a pixel resolution of ∼10 m and a swath
width of 70 km. RADARSAT-2 data was obtained via
the Government of Canada allotment administered by
the Canadian Space Agency and was provided through
data-sharing agreements with Natural Resources Canada
(Geological Survey of Canada) and Parks Canada. The
RADARSAT-2 data were acquired as SLC data (HH
polarization) in Extra-fine beam mode (∼5 m pixel
resolution) for the Chaba and Clemenceau icefields and
Ultra-fine beam mode (∼3 m pixel resolution) for the
Columbia Icefield.
The speckle-tracking method requires minimal
changes in the glacier surface (i.e. little-to-no snowfall
or melt) between acquisitions in order for the tracking
procedure to find accurate matches, which effectively
limits the amount of useable data that can produce reliable velocity results. As such, all SAR data were acquired
on repeat orbital passes (46 days for ALOS PALSAR
and 24 days for RADARSAT-2) during winter months
(December to March) when surface disturbances are
more likely to be minimized (Table 1). As a consequence,
we were able to produce full mapping of the motion of
glaciers draining the St. Elias Icefields in winters 2007–08
and 2009–10, and single season snapshots for the velocity
of the remaining ice masses using individual datasets
acquired in winters 2006–07 through to 2010–11, and
again in 2014–15.

2.2. Speckle tracking
To resolve ice velocities, we used a custom-written
MATLABTM speckle-tracking algorithm that is capable
of determining surface motion from both ALOS PALSAR
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Figure . Study site, with ice masses for which ice velocities were determined by this study (dashed blue lines indicate the extent of velocity mapping for each ice mass) for: a) Yukon, Alaska and northwestern British Columbia; b) the coastal mountains of southwestern British
Columbia; and c) the Rocky Mountains at the British Columbia/Alberta border. Inset maps show the location displayed in a-c, blue annotations denote the corresponding ﬁgure that presents the glacier velocity map for each ice mass.

and RADARSAT-2 datasets. This has previously been
effective for determining glacier motion across northern
Canada (Short and Gray 2005; Van Wychen et al. 2012;
2014; 2015; Waechter et al. 2015; Schaffer et al. 2017).
The speckle-pattern of two images was correlated and
a cross-correlation method used to estimate azimuth
and slant range displacements between the images. To
preserve bandwidth, and therefore resolution, the SLC
data were up-sampled by a factor of 2 in both the azimuth
and range directions, taking into account the Doppler
centroid frequency in the azimuth data up-sampling.

After an initial coarse registration was completed
(automatically using orbital information for RADARSAT2 data, and manually by finding and matching reference
features in ALOS PALSAR data), image chips were
selected from the master (earlier date) image and a
two-dimensional cross-correlation method was used
to search for the corresponding region within the second image. Image chip sizes of ∼500 m were used in
both azimuth and range, with 50% overlap between
image chips for ALOS PALSAR data and 75% overlap
between image chips for RADARSAT-2 dataset. A greater
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Table . Summary of SAR imagery used to derive surface ice velocities in this study. FBS denotes ALOS PALSAR Fine-beam single polarisation (HH) images which have a pixel resolution of ∼ m; XF denotes RADARSAT- Extra-ﬁne single polarisation (HH) images which have
a pixel resolution of ∼ m and UF denotes RADARSAT- Ultra-ﬁne single polarisation (HH) images which have a pixel resolution of ∼ m.
Dates are in YYYY/MM/DD.
ALOS PALSAR DATA
Region
St. Elias Mountains – Yukon
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overlap was used for the RADARSAT-2 data of the
Chaba, Clemenceau and Columbia icefields to ensure
that a large number of displacements were determined
over their relatively narrow glacier tongues. Larger image
chips of ∼1000 m were required for the faster flowing
regions of the St. Elias Icefields (e.g. Hubbard, Seward
and Tweedsmuir glaciers) in order to accurately resolve
surface velocities.
The Advanced Spaceborne Thermal Emission and
Reflection Radiometer Global Digital Elevation Model
version 2 (ASTER GDEM V2) was used to remove
the topographic component from the slant-range
displacements (DEM available online: https://reverb.
echo.nasa.gov/reverb/). This component arises from
varying geometry across the image swath. To remove
any systematic biases that are related to inaccuracies in
satellite baseline knowledge or squint effects, displacements were calibrated to non-moving areas (i.e. bedrock
outcrops). Finally, after such biases were removed from
the dataset, the final displacements were standardized
to annual velocities in m a−1 by extrapolating the displacement determined between image acquisitions to
365 days. However, because we derive velocities from
datasets acquired in winter, the velocities reported here
may underestimate true annual velocities as they would
not include seasonal acceleration (associated with the
onset of the melt season) that increases the total annual
motion relative to extrapolated winter velocities (Van
Wychen et al. 2016). However, the magnitude of difference between annual velocities extrapolated from winter

measurements and the velocities measured over an entire
year may not be that great in the study region (i.e. within
∼10% or less, Waechter et al. 2015; Jiskoot et al. 2017),
although it is likely to vary from glacier to glacier and by
the intensity of summer melt (Burgess et al. 2013b).
Quality control of the speckle-tracking-derived displacements was undertaken in ESRI ArcGIS 10.3 using
the method described by Van Wychen et al. (2012). That
is, displacements were inspected to ensure that: (1) flow
vectors followed the general orientation of surrounding
topography (i.e. were constrained within valley walls) and
surface morphology (i.e. orientation of medial moraines);
(2) velocities were greater along the glacier centreline than
at the margins (due to lateral friction) and; (3) the magnitude and orientation of neighbouring displacements
did not vary greatly over short distances. Any displacements that did not meet these conditions were manually removed from the point dataset. An Inverse Distance
Weighting (IDW) algorithm with 100 m posting was then
applied to the filtered velocity point dataset to produce
a continuous raster surface of ice velocities, which was
clipped to glacier extents in version 6.0 of the Randolph
Glacier Inventory (Pfeffer et al. 2014). Uncertainty in the
ice velocity measurements derived using this methodology is on the order of 8.5-15.0 m a−1 for ALOS PALSAR data (Van Wychen et al. 2015) and 5–10 m a−1
for RADARSAT-2 data (Van Wychen et al. 2012; 2014),
based on velocities determined over non-moving regions
(e.g. bedrock outcrops and ice divides) and comparisons
with in-situ measured displacements (i.e. spatially and
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Figure . Glacier velocity maps for the Iceﬁeld Ranges of the St. Elias Mountains as determined from speckle-tracking of ALOS PALSAR
imagery for a) winter - and b) winter -.

temporally coincident GPS surveys (see Van Wychen et al.
[2012] and Jiskoot et al. [2017] for comparisons)).

3. Results
3.1. St. Elias Icefields
Spatially comprehensive glacier velocity maps for the St.
Elias Icefields were derived for the winters of 2007–08
and 2009–10 (Figure 2). Velocities are generally faster
on the seaward side of the St. Elias Mountains than on
the landward side, with the fastest flow found on the
Seward Glacier (>1200 m a−1 ) and Hubbard Glacier

(>2200 m a−1 ), the upper regions of Tweedsmuir Glacier
(>2300 m a−1 , in winter 2007–08 only), and Lowell
Glacier (>2000 m a−1 , in winter 2009–10 only). It is
worth noting that velocities could not be determined
along the entire length of Tweedsmuir Glacier in winter
2007–08 due to loss of coherence between scenes. Field
observations indicate that the glacier was surging at this
time and therefore the surface flow was likely so fast, and
surface so broken up by crevassing, that features could
not be tracked between acquisitions. Outside of these
fast-flowing regions, surface velocities of outlet glaciers
that extend outward from the mountainous interior are
typically in the 200–700 m a−1 range. The general spatial
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patterns and magnitudes of glacier surface displacements
reported are largely consistent with those described
in earlier works (e.g. Burgess et al. 2013a; 2013b, Abe
and Furuya 2015; Waechter et al. 2015), and our current
results provide an independent replication of those earlier
studies. However, our results are generally more spatially
complete than those previously published using the same
datasets (e.g. Burgess et al. 2013a), particularly in fast
flowing regions such as the terminus of Hubbard Glacier,
the lower trunk of Seward Glacier and the uppermost portion of Tweedsmuir Glacier during its surge in 2007–08.
Additionally, by utilizing ALOS PALSAR data from different orbits than those used by Abe and Furuya (2015) we
are able to provide velocity results along the entire length

of the Lowell Glacier during its surge in 2009–10, which
expands upon the surface velocity record of this glacier.
3.2. Alaska Panhandle and northern British
Columbia
Surface velocities for glaciers draining the ice masses
that straddle the border between Alaska and northern
British Columbia are presented in Figure 3. Within
the Glacier Bay region (Figure 3a), the fastest flow
(>600 m a−1 ) occurs on the Fairweather, Margerie, La
Perouse and Johns Hopkins glaciers, while velocities of
100–400 m a−1 are typical of the remaining glaciers. Of
note is the absence of surface velocities along portions of
Brady Glacier, due to loss of coherence between image

Figure . Glacier velocity maps of the ice masses of the Alaska Panhandle for: a) the Glacier Bay region, b) the Juneau Iceﬁeld, c) the Stikine
Ice Cap, and d) an unnamed iceﬁeld located to the east of southern Stikine Ice Cap.
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acquisitions. Multiple images acquired at various times
were tested to try and derive velocities for this glacier, but
none provided good displacement results even with the
greater penetration of L-Band SAR data, which highlights
the difficulty in determining velocities in high snowfall
environments that can also be impacted by winter melt
events.
Figure 3b presents the dynamic structure of Juneau
Icefield. Here the highest velocities (∼400 m a−1 ) are
found on Taku and Field glaciers, with slightly lower
velocities (up to ∼250 m a−1 ) on Meade and Llewellyn
glaciers. It is also evident that the larger glaciers draining
from this icefield (Taku, Llewellyn and Meade) dominate
the drainage from the ice mass as a whole. Figure 3c shows
the velocities of Stikine Ice Cap, where the fastest motion
(200–400 m a−1 ) occurs on the ice cap’s larger, seaward
facing outlet glaciers (e.g. Sawyer, South Sawyer, Dawes,
Baird, Le Conte). The one exception is Great Glacier, a
landward facing outlet glacier that had a maximum velocity of ∼250 m a−1 . The velocities determined for these
regions (Figures 3a-c) are similar to those determined
by Burgess et al. (2013a; 2013b), and again provide an
independent replication of this earlier study. However, we
also find that our velocities are generally more spatially
complete than those previously published, especially in
the upper regions of the Glacier Bay region.
In Figure 3d we present the first mapping of the surface velocity field of an unnamed icefield in the Hoodoo
Mountains of British Columbia (east of the southern
portion of Stikine Ice Cap). The ∼20 km long laketerminating Porcupine Glacier is the fastest flowing outlet from this unnamed icefield, with velocities of up to
∼500 m a−1 determined along its main trunk. Porcupine Glacier is the location where a 1.2 km2 calving event
occurred in 2016, one of the largest ever recorded in
British Columbia, and the glacier has experienced significant thinning and retreat in recent years (Pelto 2016;
Schiefer et al. 2007). Other outlet glaciers of this icefield
flow at speeds between 75–200 m a−1 .
3.3. Southern Coast Mountains – British Columbia
Figures 4a-d present the ice flow patterns for the Coast
Mountains of southwestern British Columbia, which have
never previously been mapped. For two unnamed ice
masses (Figures 4a and d) and for the Homathko Icefield (Figure 4c), glacier mass is generally funnelled from
the accumulation area via one or two large outlet glaciers
that attain flow speeds of 100–250 m a−1 along their
main trunks. Exceptions are the Klinaklini Glacier which
attains speeds of up to 300 m a−1 along its main trunk, a
small region near the terminus of Heakamie Glacier that
attains speeds of up to 400 m a−1 and a small portion of
the northern tributary of Bridge Glacier which has surface
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velocities of up to 300 m a−1 . The dynamic pattern of the
unnamed icefield displayed in Figure 4b differs somewhat
from that of the other ice masses of the southern Coast
Mountains in so far as ice is funnelled through several
major outlets, rather than through just one or two dominant outlets as is common elsewhere. This is a result of the
icefield being more topographically dissected, which also
makes glacier velocities more challenging to derive in its
upper elevation regions. Here, the fastest flow occurs on
Franklin Glacier with velocities of up to 400 m a−1 , with
the remaining outlet glaciers attaining surface velocities
of 100–150 m a−1 .

3.4. Chaba, Clemenceau and Columbia icefields –
Canadian Rockies
Figures 4e and f show the surface dynamics of the
Chaba, Clemenceau and Columbia icefields and their
outlet glaciers. These maps provide the first icefield-wide
velocities for these ice masses, although velocities have
previously been determined for the Dome, Saskatchewan
and Athabasca glaciers by interferometric analysis of
ERS-1/2 data acquired in the mid-1990s (Vachon et al.
1996; Mattar et al. 1998), and for the Shackleton Glacier
using RADARSAT-2 data (Jiskoot et al. 2017). The fastest
flow in these three icefields occurs in icefalls that drain
into the glacier tongues from the central icefields. On
Clemenceau Icefield, the fastest motion (up to ∼180 m
a−1 ) occurs in the icefall in the upper reaches of the main
trunk of Shackleton Glacier, and on a tributary joining
the lower glacier tongue. Other areas of fast flow occur on
the Apex and Wales glaciers, with velocities up to ∼160 m
a−1 . On Columbia Icefield, the highest motion occurs at
the Columbia Glacier icefall (up to ∼200 m a−1 ), which
also has the highest velocity at the terminus (up to 60 m
a−1 ) of all outlets. This likely occurs because Columbia
Glacier terminates in a proglacial lake, where it may be
floating. Ice flow velocities between 80–160 m a−1 are
typical for the remaining major outlet glaciers, such as
the eastern tributary of Stutfield Glacier, and the icefalls
feeding the trunks of the Athabasca, Saskatchewan and
Castleguard glaciers.
We find good agreement between the centreline velocities presented here and those determined in the mid1990s for Saskatchewan and Athabasca glaciers (Vachon
et al. 1996: Figure 10). For Saskatchewan Glacier, both
studies indicate that the velocity gradually increases from
near stagnation at the head of the glacier to ∼110 m a−1
in the icefall connecting the icefield to the glacier tongue
approximately 6.5 km from the terminus, and decreasing
to near stagnation at the terminus. For Athabasca Glacier,
both studies show ice velocities of ∼10–25 m a−1 in the
lowermost 3 km of the glacier.
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Figure . Glacier velocity maps for the ice masses of Western Canada, for a-d) the Coast Mountains of southwestern British Columbia, e)
Chaba and Clemenceau Iceﬁeld, and f) Columbia Iceﬁeld.

4. Discussion and Conclusions
ALOS PALSAR and RADARSAT-2 data from the past
decade has been processed to provide the first complete surface velocity maps for the ice masses of western
Canada, including the St. Elias Mountains and Alaska
Panhandle/northern British Columbia (expanding on
earlier studies), and new velocity maps for the ice masses
of the Coast Mountains of British Columbia and the
Chaba, Clemenceau and Columbia icefields of the Rocky
Mountains. In general, we find that faster glacier flow
occurs on large, seaward facing outlet glaciers draining
from the ice masses that fringe the ocean, and velocities

also typically higher on glaciers that terminate in
proglacial lakes. The results presented here show the
utility of reprocessing historically acquired SAR datasets
in order to replicate and expand upon the findings of
earlier work (e.g. Burgess et al. 2013a, 2013b; Abe and
Furuya 2014; Abe et al. 2016). When combined with previously published glacier velocity maps for the Canadian
High Arctic (Van Wychen et al. 2014, 2015, 2016, 2017;
Millan et al. 2017; Schaffer et al. 2017; Strozzi et al. 2017)
and the Yukon (Burgess et al. 2013a, 2013b; Waechter
et al. 2015) the glacier velocity maps presented here collectively provide snapshots of the surface velocity fields
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of all the major Canadian ice masses during the past
decade.
Of particular note is the fact that ALOS PALSAR data
can provide a comprehensive record of ice flow in western Canada, despite the increased incidence of surface
changes (due to snow, rain or melt events) occurring
during the relatively long periods between acquisitions
(46 days) as a result of the more southerly, maritime
and temperate situation of these ice masses relative to
that of the ice masses in the generally colder and drier
Canadian Arctic. The utility of the ALOS PALSAR
data is attributable to the fact that longer-wavelength
L-Band SAR systems are able to penetrate deeper into the
snowpack than shorter wavelength C-band SAR systems
(e.g. Sentinel-1 and RADARSAT-2) (Van Wychen et al.
2015). This means that more significant surface changes
must occur before coherence is lost in L-Band data. A
major drawback of using L-Band systems, however, is the
higher likelihood of ionospheric disturbances that can
cause pixel displacement in the azimuth direction leading
to streaking in the velocity results (Gray et al. 2000).
Indeed, a large amount of streaking was observed in
the archive of ALOS PALSAR data available for western
Canada via the Vertex Data Portal, rendering many image
pairs unusable for surface velocity mapping.
As we continue to move away from single-sensor SAR
systems to constellation missions (e.g. the current Sentinel 1 A/B sensors, the upcoming RADARSAT Constellation Mission (RCM) and the proposed TanDEM-L
mission), the opportunities for glacier velocity mapping
continue to increase. Indeed, the more frequent repeat
orbits of these systems, for example as low as 6 days for
Sentinel-1 and 4 days for the upcoming RCM, will have
a direct benefit for mapping the ice masses discussed
here, as the temporal period over which the glacier surface must remain unchanged is greatly reduced, which
increases the likelihood of maintaining coherence with
C-band data. An additional benefit of the shorter temporal repeat periods of the current Sentinel-1 mission and
upcoming RCM is that it will become easier to resolve
velocities on fast-flowing glaciers (such as Tweedsmuir
Glacier in this study), where surface features can change
significantly over relatively short periods.
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