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Abstract

Links between proglacial lakes and glacier dynamics are poorly understood but are necessary to
predict how mountain glaciers will react to a warmer, wetter climate, where such lakes are
expected to increase both in number and volume. Here, we examine a long-term (∼120 year)
record of terminus retreat, thinning and surface velocities from in-situ and remote sensing obser-
vations at the terminus of Kaskawulsh Glacier, Yukon, Canada, and determine the impact of a
local proglacial hydrological reorganisation on glacier dynamics. After an initial deceleration dur-
ing the late 1990s, terminus velocities increased at a rate of 3 m a−2 from 2000–12, while progla-
cial Slims Lake area increased simultaneously. The rapid drainage of the lake in May 2016
substantially altered the velocity profile, decreasing annual velocities by 48% within 3 km of
the terminus between 2015 and 2021, at an average rate of∼ 12.5 m a−2. A key cause of the
rapid drop in glacier motion was a reduction in flotation of the lower part of the glacier terminus
after lake drainage. This has important implications for glacier dynamics and provides one of the
first assessments of the impacts of a rapid proglacial lake drainage event on local terminus
velocities.

1. Introduction

Melt from mountain glaciers accounted for nearly one third of global sea level rise over the
period 2000–19 due to their strongly negative mass balance, despite representing only 1%
of global glacier ice volume (Hugonnet and others, 2021). In the Alaska-Yukon region, glaciers
experienced a total mass loss of approximately 3000 Gt, or 8 mm sea-level equivalent (s.l.e.),
from 1961 to 2016 (Zemp and others, 2019). Alaska-Yukon is currently equal with the
Canadian Arctic for the region with the largest total glacier mass loss globally, with an average
rate of 73 ± 17 Gt a−1 from 2002–19 from both satellite gravimetry observations and geodetic
mass balance measurements (Zemp and others, 2019; Ciracì and others, 2020). Ciracì and
others (2020) also measured an acceleration in mass loss of 2.8 ± 0.5 Gt a−2 for
Alaska-Yukon over the period 2002–19.

The glaciers of the St. Elias Mountains in Alaska-Yukon cover an area of∼ 25 000 km2. Past
studies have determined their thinning rate to average ∼0.78 ± 0.34 m a−1 w.e. over the period
1958 to 2008, with increasing losses in low elevation regions, and negligible thinning in the
accumulation area at higher elevations (Barrand and Sharp, 2010; Foy and others, 2011;
Kienholz and others, 2015; Larsen and others, 2015; Young and others, 2020). In addition,
this region will continue to contribute significantly to sea-level rise beyond the current century,
as the large volume of ice will ensure that glaciers persist, unlike other regions, such as Central
Europe and the Caucasus, which are expected to lose most of their glacier cover by the second
half of this century (Zemp and others, 2019).

The St. Elias region has experienced an accelerated, elevation-dependent warming since
1979, with elevations between 5500 and 6000 m above sea level (asl) warming at a rate ∼1.6
times greater than the global average over the period 1970–2015 (Williamson and others,
2020). Furthermore, mean annual air temperatures are expected to increase by an additional
3.0 to 3.5°C for the region by 2099 (Solomon and others, 2007). With all these factors consid-
ered, there is a significant committed ice loss from this region, as glacier losses are not in bal-
ance with the present climate (Zemp and others, 2019; Young and others, 2020). For example,
Young and others (2020) estimate a committed terminus retreat of ∼23 km and ice loss of
46 km3 for Kaskawulsh Glacier based on the 2007–18 climate.
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As Kaskawulsh Glacier (Fig. 1) has lost mass, terminus retreat
has opened space for two proglacial lakes to form and grow, par-
ticularly since the start of the 21st century. However, in May
2016 the largest of these, Slims Lake (Fig. 1), drained rapidly
through an ice-walled channel, lowering the lake level by 17m
(Shugar and others, 2017). This re-routed meltwater away from
Ä’äy Chù (Slims River), through the new channel and into the
Kaskawulsh River and then Alsek River, with significant impacts
to the regional drainage system, including changes in sediment
transport, fish populations and ice conditions for local communi-
ties (Bachelder and others, 2020). Studies elsewhere suggest that
the presence of a large glacial lake can initiate terminus floatation,
which even at a localised level, can reduce basal friction and
increase velocities (Benn and others, 2007). Nothing is known of
how these proglacial lake changes have impacted the dynamics of
Kaskawulsh Glacier, but considering that proglacial lake volume
has increased recently in the Alaska-Yukon region and is likely
to continue to increase globally, this information is important to
inform ice flow models, sea level rise predictions, and how glaciers
will respond to a warming climate (Field and others, 2021).

This paper undertakes the first century-scale analysis of
changes of the terminus (lowermost 10 km) of Kaskawulsh
Glacier, one of the largest outlet glaciers in the St. Elias
Mountains, containing ∼9% of total glacier ice volume in the
Yukon (Farinotti and others, 2019). We build on previous studies
to extend the terminus position record back to the late 1800’s,
undertake an analysis of long-term changes in ice thickness,
and examine how surface velocities have evolved through the

growth and drainage of proglacial lakes at the terminus since
the 1980s.

2. Study area

Kaskawulsh Glacier (60°45′00′′N, 139°08′37′′W), or Tänshį in the
Southern Tutchone language, is located on the eastern flank of the
St. Elias Mountains in the Donjek Range, Yukon (Fig. 1).
Covering an area of 1096 km2, this valley glacier measures ∼70
km in length and is up to 6 km wide (Young and others, 2020).
Kaskawulsh Glacier is divided into three main arms. The North
and Central Arms are supplied by the Kluane Icefields, with an
accumulation area bordering Sít’ Tlein (Hubbard Glacier) at
∼2500 m asl, while the South Arm is sustained by a separate,
more southerly catchment (Foy and others, 2011; Flowers and
others, 2014). The glacier terminates at ∼760 m asl, and radiocar-
bon dating of trees exposed at the terminus, along with the time
required for Picea glauca (white spruce) to re-establish after ice
retreat (Denton and Stuiver, 1967), suggests that the Little Ice
Age maximum extent was reached between the early- to
mid-1700s (Reyes and others, 2006) and 1836 (Borns and
Goldthwait, 1966).

Kaskawulsh Glacier is one of only a few large glaciers on the
eastern flank of the St. Elias Mountains not known to surge
(Young and others, 2020), with Waechter and others (2015)
showing that it had undergone few significant changes in velocity
over most of its length from 1960–2012 except for a slowdown in
the lowermost ablation area, ∼10 km from the terminus. The

Fig. 1. Kaskawulsh Glacier terminus region showing main locations referred to in the text. Base image: Sentinel-2, 3 August 2019, UTM Zone 7N. Inset: Regional map
of Kluane National Park within the St Elias Mountains (red outline), with location of Kaskawulsh Glacier highlighted; source: Yukon Geological Survey, with glacier
outlines from RGI v. 6.0 (RGI Consortium 2017). MLP, Mountain Legacy Project. Transects G-G′, H-H′ , and I-I′ are identical to those in Waechter and others, 2015.
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glacier thinned at an average rate of 0.20–0.46 m a−1 over the per-
iod 1977–2007, for an overall volume loss of 3.27–5.94 km3 w.e.−1,
which was mainly expressed as a reduction in surface height at
lower elevations in the ablation area, below ∼1200m asl (Foy and
others, 2011). Furthermore, thinning dramatically increased in the
terminus region from 2007–18, to a maximum of 7.5 mw.e. a−1

over the lowermost 5–10 km of the glacier (Young and
others, 2020).

The terminus of Kaskawulsh Glacier (Fig. 1) is divided into
two lobes and accompanying proglacial lakes, which have formed
on either side of a bedrock outcrop. The south lobe feeds
Kaskawulsh Lake, which drains into Kaskawulsh River and then
Alsek River, and ultimately to the Gulf of Alaska. Meanwhile,
meltwater from the north lobe has historically flowed into Slims
Lake and Ä’äy Chú, and then Lhú’áán Män (Kluane Lake), before
eventually flowing into the Bering Sea (Flowers and others, 2014;
Shugar and others, 2017). However, when Slims Lake drained in
spring 2016, meltwater which previously flowed into Ä’äy Chú
was diverted southward to the Kaskawulsh River and ultimately
into the Gulf of Alaska (Shugar and others, 2017). This shift
caused water levels of Lhú’áán Män to drop by 1.7 m below the
long-term mean, resulting in more frequent dust storms in the
Ä’äy Chú valley since the drainage diversion, impacting local
economies, air quality and fish and animal habitats (Shugar and
others, 2017; Bachelder and others, 2020). A previous study has
analysed connections between an ice marginal lake and englacial
hydrology near the equilibrium line of Kaskawulsh Glacier
(Bigelow and others, 2020), but no previous study has analysed
connections between the changing proglacial lakes and glacier
dynamics.

3. Methods

3.1 Changes in terminus length, area and surface
characteristics

A range of oblique historical terrestrial photos, nadir air photos
and nadir satellite images were used to map changes in the ter-
minus position of Kaskawulsh Glacier for a total of 26 periods
from 1899–2020. Additionally, the 1717 glacial limit was obtained
from the dendroglaciological study by Reyes and others (2006).

The earliest known photos of the glacier terminus and adjacent
outwash plains were taken by the geologist Alfred Hulse Brooks in
summer 1899 (Fig. 2a), during an expedition on horseback to
map the geology and landscape between Haines, Alaska and
Wrangell St. Elias National Park. He travelled northwards up
the present day Kaskawulsh River and down Ä’äy Chù and
named Kaskawulsh Glacier, ‘OConnor Glacier’ in Brooks (1905;
Plate XXIII), the only record of the glacier with that name.
Approximately 6 photos cover the glacier terminus (stations 1
and 2 in Fig. 1), which were obtained from Library and
Archives Canada, Ottawa, and are currently archived by the
Mountain Legacy Project (https://explore.mountainlegacy.ca/sta-
tions/show/2375 and https://explore.mountainlegacy.ca/stations/
show/2376; Trant and others, 2015).

In summer 1900, James Joseph McArthur travelled along the
eastern edge of the St. Elias Mountains as part of a reconnaissance
to map the border between Yukon and Alaska as part of the
International Boundary Commission. He took photos (Fig. 3a)
in a panorama across the terminus of Kaskawulsh Glacier from
a ridge to the north of the terminus (station 3 in Fig. 1). These
were obtained from scans of glass plates held by Library and
Archives Canada, Ottawa (McArthur, 1900), and are also archived
by the Mountain Legacy Project (https://explore.mountainlegacy.
ca/stations/show/2321).

A field visit was made on 30 July and 1 August 2012, to take
repeat terrestrial photos from the sites of the original 1899 and
1900 photos (Figs 2b, 3b). Based on the alignment of features
in the foreground and background of the historical photos,
together with the discovery of historical markers on the ground
such as carved sticks and small cairns, we have high confidence
that the exact locations of the original photos were found.
To place the terminus extent recorded in McArthur’s, 1900 pho-
tos on a projected map, a total of twenty distinctive landmarks,
including bedrock hills and terminal moraines, were identified
and matched with a Sentinel-2 image from 8 August 2017.

Historical aerial imagery collected on 10 September 1956, at a
flight altitude of 3400–4900 m asl by the Royal Canadian Air
Force was used to determine the 1956 terminus position. These
images were obtained from the National Air Photo Library,
Ottawa, Canada, and scanned at 150 dots per inch, resulting in
a pixel resolution of ∼10 m (Foy and others, 2011). Eleven aerial
photographs, each covering a 15.2 × 15.2 km area were mosaicked
to fully cover the terminus region, and here we use the orthomo-
saics initially processed by Foy and others (2011).

From 1972–99, Landsat 1–5 imagery was obtained in approxi-
mately 5-year intervals, with preferential selection from the sum-
mer months (1 June – 30 September) to minimise the impact of
snow cover; similarly, images with significant cloud cover were
avoided. From 2000–20, optical images from a variety of satellite
sensors (Landsat 5, 7, 8; Sentinel 2: Table S1) were obtained on an
annual basis, following the same selection criteria. Images were
mosaicked together for 2006, 2008–10 and 2012 to reduce missing
data due to the 2003 failure of the Landsat 7 Scan Line Corrector.
Imagery was selected from the United States Geological Survey
Earth Explorer website (https://earthexplorer.usgs.gov/) and
downloaded as Level 1 GeoTIFF.

The satellite imagery was projected into Universal Transverse
Mercator (UTM) zone 7N (NAD1983 datum, GRS80 ellipsoid),
and colour corrected to provide the best distinction between ice
and surrounding bedrock. For later satellite imagery
(post-2000), red-green-blue (RGB) channels were assigned to
Landsat bands 5, 4 and 2, respectively, while for earlier imagery
(1972–99) RGB values were assigned to Landsat bands 3, 2 and
1. The terminus positions were traced manually using the ‘draw’
tool in ArcGIS (version 10.7) and converted to polygons using
the same up-glacier bounding points to determine area change.
Change in terminus extent since 1900 was measured for each per-
iod along 26 planes in the direction of ice flow and then averaged
to provide a mean value for the terminus, adhering to the meth-
odology of Foy and others (2011). This also allowed for the char-
acterisation of glacier retreat for each of the terminus lobes (north
and south). Crevassing on the glacier surface in 2000 and 2015
was visually examined using two Landsat 7 band 8 images
(15 m resolution, panchromatic band), which were both obtained
during the late summer.

All termini outlines were either created or examined manually
by the same person to maintain consistency between outlines. The
methodology described by Krumwiede and others (2014) was
used to determine the uncertainties. Using the assumption that
the outlines are within half of a pixel of the actual terminus out-
line, there is an average uncertainty of 1.2 m, with a range from
0.05–15.5 m. This method has also been used by Haritashya
and others (2018) and Kochtitzky and others (2020).

3.2 Digital elevation model analysis

3.2.1 Changes in ice volume and surface height of glacier
terminus
To determine changes in glacier surface elevation over time,
digital elevation models (DEMs) were created from SETSM
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WorldView imagery and ASTER Level 1A reconstructed unpro-
cessed instrument data using the MMASTER software package
(Girod and others, 2017). DEMs with sufficient quality and cover-
age were available for 2003, 2006, 2012, 2014, 2016, 2018 and
2020 (Table S2). These DEMs have a 10 m vertical and 2 m hori-
zontal uncertainty (Girod and others, 2017). The SETSM and
ASTER DEMs were co-registered (Shean and others, 2016) to
the ASTER GDEM version 3 using overlapping bedrock eleva-
tions. We used the ASTER GDEM for co-registration as it has
better coverage and consistency than the ArcticDEM or other
products.

A DEM of difference (DoD) was created by subtracting the
earliest ASTER DEM (2003) from the latest ASTER DEM
(2020). Glacier volume change was calculated by summing the
DEM difference for each 30 × 30 m pixel over the terminus region.
To convert ice volume to water equivalent ice volume, the result
was multiplied by near-surface density, assumed to be 917 kgm−3

for the ablation zone, where the entirety of this study is located.
Elevation profiles were extracted and smoothed using a 300m
moving window to reduce noise.

Structure from Motion (SfM) was used to create a DEM of the
Kaskawulsh terminus region from aerial photo surveys on 28 July

and 1 August 2021 (Table S2). The survey was completed using a
nadir-pointing Nikon D850 camera with 24 mm lens (AF-S
NIKKOR 24mm f/1.8 G ED), which took photos through an
open port in the floor of a Helio Courier fixed-wing aircraft.
The plane maintained an elevation of ∼700 m above ground
level, with ∼250 m horizontal distance between adjacent flight
lines, at an average velocity of 55 m s−1. Images were captured
automatically every 3 s using an intervalometer. A Trimble R7
dual-frequency GPS receiver attached to an Antcom
42GNSSA-XT-1 antenna mounted on top of the aircraft logged
positions at a rate of 10 Hz. The camera flash mount was used
to trigger a Trimble Event Input Marker and 1 PPS Output device,
which inserted a marker in the Trimble R7 GPS record each time
that a photo was taken, following the methodology of Nolan and
others (2015). Camera positions were derived using a custom R
script (version 4.0.5) based on linear interpolation between the
recorded 10 Hz GPS positions and the timing of the event marker,
which included compensation for the offset between the GPS
antenna and camera sensor inside the aircraft. Camera position-
ing errors were computed by combining the standard deviations
of coordinates calculated with the Natural Resources Canada
Precise Point Positioning solution and uncertainties in the lever

Fig. 2. Photo comparison of Kaskawulsh Glacier terminus taken from Mountain Legacy Project (MLP) station 1 on Figure 1: (a) Summer 1899, taken by Alfred Hulse
Brooks; and (b) 31 July 2012, taken by the MLP (image ID A0006335). The dashed white line represents the approximate terminus position in 1899. Photos are
courtesy of the MLP and Library and Archives Canada / Bibliothèque et Archives Canada.
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arm position. The effects of aircraft attitude variability on the
lever arm orientation (and therefore on the camera position in
relation to the antenna) were approximated by considering varia-
tions in the pitch, yaw and roll angles typically reached during
normal flight (±15°, ± 15° and ± 30°, respectively).

The survey photos were taken in RAW format and corrected to
remove chromatic aberrations and compensate for vignetting,
before conversion to TIFFs in Adobe Lightroom (version 5).
Images were then imported into Agisoft Metashape software
(version 1.6) and re-aligned several times to create a sparse
cloud, optimising each alignment to compensate for reprojection
errors. A dense cloud was created using high quality and mild

filtering. The dense cloud segments were imported into
CloudCompare (version 2.11.1), duplicate points were removed,
and segments were filtered using the M3C2 algorithm to clean
the noisy cloud surface (Lague and others, 2013). The filtered
point cloud represents the median elevation within a 0.25 m
radius around each point. Points further than 1 m away were con-
sidered outliers and excluded from the median computation. Each
block was exported into both DEM and RGB orthomosaic rasters
at 0.5 m resolution, where each pixel represents the average eleva-
tion or RGB values, respectively, of all points within the 0.5 m cell.

Glacier ice surface elevation in 1899/1900 was obtained by first
aligning historical imagery (Figs 1, 2) with the SfM-derived 2021

Fig. 3. Photo comparison of Kaskawulsh Glacier terminus taken from Mountain Legacy Project (MLP) station 3 on Figure 1: (a) Summer 1900, taken by James
Joseph McArthur; (b) 1 August 2012, taken by the MLP (image ID A0006385); and (c) 24 July 2021, taken by Luke Copland. Photos (a) and (b) are courtesy of
the MLP and Library and Archives Canada / Bibliothèque et Archives Canada.
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orthomosaic via prominent features around the glacier margin
such as trim lines. The approximated ice position in 1899/1900
was outlined, and the DEM elevation was extracted at ∼30 m
intervals. The 2021 surface elevation was then subtracted from
the 1899/1900 elevation to obtain the change in ice thickness.

3.2.2 Changes in area, surface elevation, volume and depth of
proglacial lakes
The areal extents of the two proglacial lakes at the terminus of
Kaskawulsh Glacier were outlined as often as possible from
1956–2021 to quantify area change using Sentinel-2, Landsat and
ASTER imagery (Fig. 1, Table S3). Error analysis of the outlines fol-
lowed the same methodology as the termini outlines (Section 3.1,
Table S3). There is an average uncertainty of 0.2 km2 for Slims
Lake area, and 0.2 km2 (12.8%) for Kaskawulsh Lake.

Images were preferentially chosen from June and July for con-
sistency, although imagery from May, August and September was
used when no June/July imagery was available. Comparison of a
sample of lake areas between June and September in the same
year demonstrated a difference in lake area of <10%. Water sur-
face elevation in 2021 was obtained from the mean of elevations
extracted around the 2021 lake margins in the SfM DEM. A
5m internal buffer was added to the 2021 lake outline, to ensure
that the water surface elevation was captured rather than glacier
ice, and a visual inspection was performed with the orthomosaic
to discard any points which intersected an iceberg or island.
Mean water surface elevations in 2015 and 2016 were extracted
from the 2021 SfM DEM based on the location of the shoreline
in photos from those years. The 2021 SfM DEM was used to esti-
mate the change in volume of the north proglacial lake (Slims
Lake) after its May 2016 drainage.

3.2.3 Glacier ice thickness and terminus floatation
To assess floatation at the glacier terminus provided by the
proglacial lakes, the ratio of ice thickness to water depth was
used to compute Hb, the thickness of ice in excess of floatation:

Hb = HM − rw
ri

Hw, (1)

where HM is ice front thickness, ρw is the density of water
(1000 kg m−3), ρi is the density of glacier ice (917 kg m−3)
(Shumskiy, 1960), and Hw is water depth. If Hb approaches 0,
or is negative, floatation would occur.

Ice thickness across the glacier terminus was obtained via two
helicopter radar surveys in July 2021 (Fig. 4a). The airborne sys-
tem design stems from past radar surveys with an uncrewed-aerial
vehicle (Briggs and others, 2020) and is adapted from the current
IceRadar Variant 3, and the original IceRadar setup (Mingo and
Flowers, 2010) used in other studies (Rabatel and others, 2018;
Pelto and others, 2020; Magnússon and others, 2021). The
radar was mounted on a slung platform, 30 m below the helicop-
ter (Fig. 4b) and was equipped with an integrated L1 5 Hz Garmin
GNSS, and with two versions (Bennest Enterprises Ltd.) of a
Narod transmitter (Narod and Clarke, 1994) producing 512 Hz
and 5 kHz repeat pulse, respectively. A 7.6 m half-length dipole
antenna set was used for the survey and radar data were acquired
with stacking set to 5000, a 125 MS s−1 sampling rate, and use of a
20MHz low-pass input filter. The platform was flown at a nom-
inal 30 m above the ice surface with a speed of ∼10 to 15 m s−1

during data collection. The air wave and reflected ice-bed wave
were picked from each trace using Radar Tools (modified from
release 0.4; github ID: njwilson23/irlib). Ice thickness was deter-
mined using a velocity of radar waves in ice of 1.68 × 108 m s−1

(Fujita and others, 2000).
The glacier bed elevation was calculated by subtracting the

2021 ice thickness from the 2021 ice surface elevation. To deter-
mine ice thickness in 2015 and 2016, a thinning rate of 1 m a−1

(lower bound) and 2 m a−1 (upper bound) was applied to
account for surface melt and ice thinning between those years
and 2021, based on the measurements of Young and others
(2020). As the land adjacent to the glacier terminus has been
consistently covered by water since at least 2000 (Shugar and
others, 2017), it was not possible to directly measure the
land’s elevation, and therefore this had to be inferred. Water
depth of Slims Lake in 2015 and 2016 was calculated by sub-
tracting ice depth from the lake surface elevation for each
year. These water depth values and resulting floatation calcula-
tions are presented as a range to account for spatial variability
in surface mass loss.

Fig. 4. (a) Bed elevation and surface elevation (m asl) of Kaskawulsh Glacier across radar survey lines A-A′ (near terminus) and B-B′ (∼6 km up-glacier) (See Fig. 1
for locations). (b) Photo of the IceRadar Variant 3 (Blue Systems Integration Ltd.) used for the ice depth surveys, mounted on a helicopter-slung platform. A 512 Hz
transmitter and 5 MHz antennas mounted in a ‘X’ formation were used.
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3.3 Velocity mapping

Glacier surface velocities were determined between 2007 and 2021
from speckle tracking of pairs of ALOS PALSAR, RADARSAT-2
and RADARSAT Constellation Mission (RCM) data (Table S4).
The winter 2007–08 and 2009–10 ALOS PALSAR datasets were
originally published by Van Wychen and others (2018), while
the 2011 and 2012 RADARSAT-2 datasets were originally pub-
lished by Waechter and others (2015). Velocity maps for winters
2014–2020 (typically January through April annually) were cre-
ated for this study from RADARSAT-2 ultra-fine (3 m resolution)
and fine-wide (8 m resolution) image pairs acquired by
Parks Canada, most with 24-day separation defined by the
RADARSAT-2 repeat orbit interval, although some had 48-day
separation (Table S4). RCM data from winter 2021 had a
12-day separation and 3m resolution. Winter imagery was used
to avoid melt that can cause loss of coherence between SAR
image pairs collected at other times of the year, and is considered
most suitable to quantify long-term velocity trends as it is not
influenced by short-term melt and rain events that are common
in summer (Waechter and others, 2015).

The RADARSAT-2 and RCM data were processed with
GAMMA software, which has been demonstrated to provide veloci-
ties comparable to other speckle tracking methods in Canada and
Svalbard (Waechter and others, 2015; Schellenberger and others,
2016; Van Wychen and others, 2018). The SLC images were
then used to create multi-look images, which through averaging
reduces the amount of speckle (noise), and ultimately produces
backscatter intensity. Pairs of backscatter intensity images were
then co-registered, and a patch intensity cross-correlation used to
search for a block of pixels selected from the first image in the
second image. The offset between the matched pixel blocks indi-
cates displacement in both the azimuth and range directions over
the time period between the images (Lu and Veci, 2016). Image
chip sizes of ∼500m were used in the azimuth and range direc-
tions, with ∼50% overlap between image blocks for images from
2012–2020. Imagery from 2011 required a smaller image chip
size (∼250m) due to the lower spatial resolution of those scenes.

Post-processing of the displacements was undertaken using
custom scripts and tools in R, Matlab and ArcGIS. Magnitudes
were first coarse filtered to remove any values less than 5 m a−1

(the lower limit of detection), and anything greater than
5000 m a−1 (maximum velocities previously recorded at the ter-
minus are ∼200 m a−1; Waechter and others, 2015). The outputs
were reprojected into UTM zone 7N to match the optical satellite
imagery. The data were then automatically filtered based on flow
direction, using the assumption that glaciers follow the general
orientation of surrounding topography (e.g., valley walls), the
orientation of medial moraines, and flow in a generally downslope
direction. In addition, single cells that deviated by >45° in flow
direction from the mean of surrounding cells were removed
using a custom Matlab script. Once fine-filtering was complete,
the velocities were clipped to the Randolph Glacier Inventory
(RGI) version 6.0 outline of Kaskawulsh Glacier (RGI
Consortium, 2017) and overlapping values from multiple image
pair dates within the same winter were averaged to provide a sin-
gle value. Finally, an Inverse Distance Weighting (IDW) algo-
rithm with fixed geographic point influence limits of either 500
or 250 m (based on input image resolution) was then applied to
the filtered velocity point dataset to produce a continuous raster
surface of ice velocities.

Velocities were extracted at 50 m intervals along centrelines for
the north and south lobes of the terminus of Kaskawulsh Glacier
(Fig. 1) and smoothed using a 300 m moving window. Velocities
were also extracted at 50 m intervals along cross-profiles G-G′ and
H-H′ (Fig. 1) and smoothed using a 300 m moving window, with

the medial moraine located at 0 km. This is similar to the meth-
odology used by Waechter and others (2015).

3.3.1 Additional velocity datasets
NASA’s Inter-Mission Time Series of Land Velocity and Elevation
(ITS_LIVE) programme provides mean annual surface velocities
derived from Landsat 4, 5, 7 and 8 imagery over the period
1995–2018, at 240 m resolution. These are based on the
auto-RIFT feature tracking processing chain, as described by
Gardner and others (2022). The parameter v (velocity magnitude
in m a−1) was extracted along the north and south lobe centrelines
of Kaskawulsh Glacier (Fig. 1) in ArcGIS version 10.7 across the
same profiles as our SAR datasets, using the same procedure
described in the previous section.

3.3.2 Velocity error analysis
Errors in speckle-tracking methods can arise from several sources,
including poor image co-registration, DEM errors, inconsistencies
in the satellite orbital model, cross-correlation errors, and layover
or foreshortening effects in the radar imagery (Schellenberger and
others, 2016; Van Wychen and others, 2018). For the imagery
used in this study, Van Wychen and others (2018) provide errors
of 9–15 m a−1 for the 2007–10 ALOS PALSAR data, while
Waechter and others (2015) list errors of 17 m a−1 for the 2011
RADARSAT-2 fine-beam imagery, and 13 m a−1 for the 2012
ultrafine imagery (Table S4). A buffer of 100 m was created sur-
rounding the RGI 6.0 outlines on the images processed for this
study to define stable ground. The mean apparent velocity over
these regions was used to define the velocity error, which ranged
between 3 and 13 m a−1 for the 2014–2020 RADARSAT-2 data,
and was 15 m a−1 for the 2021 RCM data.

Errors associated with the ITS_LIVE dataset, including surface
skipping and sensor biases, are presented in the ITS_LIVE
Regional Glacier and Ice Sheet Surface Velocities Known Issues
documentation (http://its-live-data.jpl.nasa.gov.s3.amazonaws.com/
documentation/ITS_LIVE-Regional-Glacier-and-Ice-Sheet-Surface-
Velocities-Known-Issues.pdf). ITS_LIVE provides the error prod-
uct v_error (error in velocity magnitude in m a−1), which was aver-
aged over the Kaskawulsh Glacier RGI 6.0 outline.

3.3.3 dGPS validation
A dual frequency Global Positioning System (dGPS) system
installed on the terminus of Kaskawulsh Glacier was used to val-
idate both DEM generation and SAR velocity results (Fig. 1). A
Trimble R7 receiver was used between May 2008 and May
2015, and a Trimble NetR9 receiver between August 2017 and
July 2021. These units recorded their position at 15 s intervals,
typically for 24 h day−1 in the summer (May–August) and
2 h day−1 for the remainder of the year. The data was post-
processed using Natural Resources Canada’s Precise Point
Positioning Service, which enables positioning to an accuracy of
∼1–2 cm in the horizontal dimension and ∼5 cm in the vertical
(Waechter and others, 2015).

4. Results

4.1 Changes in area and extent of terminus

The area and extent of the terminus of Kaskawulsh Glacier have
both dramatically decreased over the past ∼120 years, as shown in
the comparisons between the 1899/1900 and recent photos
(Figs 2, 3). The average terminus retreat between 1900 and 2020
was 1380 ± 36 m, with similar amounts at both lobes, correspond-
ing to a total loss in ice area of 16 ± 0.5 km2 (Fig. 5). The average
rate of retreat over the entire period since 1900 is 22 ± 0.5 m a−1.
Since 2000, when annual observations are available, the greatest
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rate of terminus retreat occurred from 2015–16, when the glacier
receded by an average of 93 m. There have also been instances of
short-term terminus advance, such as from 1975–80 (26 ± 1.5 m),
2010–11 (87 ± 3.8 m), and 2014–15 (36 ± 1.0 m), but these were
dominated by local changes across only ∼3 of the 26 planes
used to measure terminus change, with near stagnation along
the majority of the glacier front. Aside from 1975–80, these
advances were not sustained over multiple years, and are likely
due to seasonal variability associated with the timing of satellite
images, local terminus instability, glacier dynamics and melt
variability.

4.2 Change in terminus lakes extent

Historical images illustrate that there were no proglacial lakes pre-
sent in 1899 and 1900 (Figs 2a and 3a), indicating that the mod-
ern lakes formed at some point between 1900 and the first
available air photo in 1956. From 1956 to 1980 Slims Lake was
no larger than 1 km2, and then it fully drained by 1990
(Table S3). Over the mid and late-1990s, the lake reformed and
increased in size until the most recent drainage event in 2016

(Fig. 6). Kaskawulsh Lake increased in size from 1956 to 1972,
then remained mostly stable until 2000, after which it grew rap-
idly. Its size peaked in 2016, then decreased in extent until 2021
(Table S3). Kaskawulsh Lake has been consistently larger than
Slims Lake in all available observations, except for air photos
and satellite imagery from 1956, 2015 and 2021.

Slims Lake drained in May 2016, after reaching a peak area of
3.7 ± 0.2 km2 in summer 2015. The drainage occurred due to the
formation of a meltwater channel in an area of dead ice near the
terminus, which allowed water to flow from Slims Lake into
Kaskawulsh Lake, along a channel that followed the outer edge
of the terminus. The outlet at the head of the new channel is
now 17 m lower than the outlet which previously fed Ä’äy Chù
(Shugar and others, 2017), indicating that the switch in drainage
will persist. The loss of water volume during the 2016 drainage
was 0.056 ± 0.01 km3 equal to an average reduction in water
depth of at least 15.35 m over the 2015 lake surface. The area of
Kaskawulsh Lake peaked in 2016 at 3.4 ± 0.1 km2, shortly after
the drainage of Slims Lake into it. Since the drainage event in
2016, the areal extent of Slims Lake has been ∼1 km2, with a slight
increase in size to 1.3 ± 0.1 km2 by 2021 (Table S3). This recent

Fig. 5. (a) Selected terminus positions of Kaskawulsh Glacier, 1717–2020. Base image: Sentinel-2, August 3 2019, UTM Zone 7N; (b) Area of the terminus of
Kaskawulsh Glacier from 1900–2020, computed from the polygons shown in (a).

Fig. 6. (a) Proglacial lake extents for select periods from 1956–2020. Base image: Sentinel-2, August 3 2019, UTM Zone 7N; (b) ITS_LIVE mean velocity at two cross-
profiles (purple and yellow lines; left axis, a−1) compared to Slims Lake area (blue columns; right axis, km2). H-H′ is furthest cross-profile from glacier terminus, I-I′

is closest to the terminus front (Fig. 1).
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increase in lake size has primarily occurred through terminus
retreat, with the lake expanding into new ice-free regions; it has
not re-occupied the former lakebed close to Ä’äy Chù.

Observations of seasonal area change in 2021 showed differen-
tial response of the two lakes (Table S3). Kaskawulsh Lake was
∼1 ± 0.1 km2 in mid-May, increased during the summer months
to over 3 ± 0.2 km2 by 31 July 2021, and then decreased to 0.99
± 0.1 km2 by 12 September 2021 as meltwater supply lessened
(Table S3). In contrast, Slims Lake showed only minor changes
between seasons, increasing from 1.23 ± 0.1 km2 in May 2021 to
1.36 ± 0.1 km2 in late July, then decreasing to 1.20 ± 0.1 km2 in
September.

4.3 Ice thickness changes

Ice thickness transects across the terminus of Kaskawulsh Glacier
show that there is consistently thicker ice in the north lobe
(>600m) compared to the south lobe (up to 400m) (Fig. 4a). A
comparison of bed and surface elevations along radarlines A-A′

and B-B′ (location in Fig. 1) show that there is a reverse slope
along the north lobe of the glacier, with the greatest difference
between bed elevations (>200m) occurring at −1.5 km along the

survey profile. As there were missing bed returns in this area, it
is likely that the difference between the bed elevations in this
zone are underestimated. In contrast, the south lobe does not
have a reverse slope aside from within 0.5 km of the medial
moraine. Instead, average bed elevations at 1–2 km along the profile
are higher up-glacier at B-B′ (760m asl) compared to A-A′ (705m
asl). It appears that ice in the north lobe is increasingly constricted
to a narrow region as the ice approaches the terminus. This, along
with the velocity patterns shown in Figure 7, suggest that ice is pri-
marily funnelled through the north lobe of the terminus, which
feeds into Slims Lake.

The terminus of Kaskawulsh Glacier has lost substantial thickness
since 1899, with the ice surface sitting approximately 227m lower at
the western edge of the glacier at location I (Fig. 1) in 2020 compared
to 1899/1900, with a range of ice loss from 186 to 279m. Thinning
rates have been particularly high over the past two decades, with
losses exceeding 70m at some locations across the terminus between
2003 and 2020 (Fig. 8). The mean total surface elevation loss from
2003–20 was 26.6 ± 1.7m, or 1.56m a−1 over the terminus region
as a whole. The loss was greatest for the south (Kaskawulsh Lake)
lobe, thinning at an average rate of 2.1 ± 0.1m a−1, compared to
the north (Slims Lake) lobe at 1.1 ± 0.1m a−1 (Fig. 8).

Fig. 7. Surface velocities across the terminus of Kaskawulsh Glacier for each winter from 2014–2021 derived from SAR speckle tracking, together with the long-term
change in velocity from 2014–2021. The change in velocity was calculated on a cell-by-cell basis using Cell Statistics tool in ArcGIS between the 2014/2015 and 2020/
2021 mean. Note different scale for positive vs negative changes. Projection: UTM 7N, base image: Sentinel-2, August 3 2019.
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Elevation change profiles along the H-H′ cross-section
(Fig. 1), ∼6.5 km up-glacier from the terminus (Fig. 9a), also
demonstrate a marked reduction in glacier surface height
from 2003–20. Losses at this location have been most pro-
nounced along the north (Slims Lake) side, with average eleva-
tion loss of 22 ± 1.7 m (1.3 m a−1) north of the medial moraine
on H-H′. On the south side of the medial moraine the average
elevation loss was 13.3 ± 1.7 m (0.78 m a−1). The I-I′ cross-
section (Fig. 9b), which is within 2.5 to 4 km from the
terminus, experienced a loss of 25–30 m (1.47–1.76 m a−1)
across most of the glacier from 2003–20, aside from a narrow
region of elevation increase north of the medial moraine.

4.4 Terminus velocities

A comparison of the glacier velocities derived from the dGPS
record and RADARSAT-2 speckle-tracking for the same dates
found generally strong agreement between the two methods, in
terms of both magnitude and direction of motion (Fig. 10). The
RADARSAT-2 velocities were often slightly lower than
the point velocities derived from the dGPS station, likely due to
the ∼500 m averaging area that the speckle-tracking velocities
are derived from. However, the magnitudes only varied by
<10% between the methods and the relationships were all highly
statistically significant at p < 0.001.

Long-term (1995–2018) annual velocities from the ITS_LIVE
dataset point to variations which occur over multi-year periods,
particularly for the north lobe (Fig. 11a) compared to the south
(Fig. 11b). For the north lobe, highest velocities occurred a

distance of 8–10 km from the terminus. From 1995–99, glacier
velocities at this location for the north lobe reduced from ∼120
to ∼90 m a−1, then increased through the 2000’s, peaking in
2012 at ∼160 m a−1, after which they dropped from ∼155 m a−1

in 2015 to ∼120 m a−1 in 2018. While the velocity signal is domi-
nated by the high velocities up-glacier, there is also a clear signal
in the lowermost ∼3 km of the terminus, where average velocities
ranged from a low of ∼20 m a−1 in 1998/1999, and increased dra-
matically through the 2000’s to a peak of ∼125 m a−1 in 2013.
They then decreased from 105 m a−1 in 2015 to 55 m a−1 in
2018, a 48% loss at a rate of 12.5 m a−2. While the south lobe exhi-
bits a weaker signal (Fig. 11b), average glacier velocities followed a
similar pattern to the north lobe.

From the detailed patterns provided by the RADARSAT-2 data
since 2014 it is clear that the north and south lobes behaved dif-
ferently (Fig. 7), with the centerline profiles indicating that the
north lobe experienced the largest velocity changes at ∼3 km
up-glacier from the terminus (Fig. 12a). Velocities decreased
from ∼100 m a−1 in 2014–2015, to 75 m a−1 in 2016–2017 and
finally to 50 m a−1 in 2017–2021. The south lobe experienced
the largest change in velocities at 5–7 km up-glacier from the
terminus, where they decreased from ∼100m a−1 in 2014, to
∼75m a−1 in 2015/16, 50 m a−1 in 2017 and finally to 25m a−1

in 2021 (Fig. 12b). Velocity data in 2021 is more noisy than
other years due to the change in data source from RADARSAT-2
to RCM, and associated change in spatial resolution and reduction
in number of scenes available for averaging (Table S4).

At the cross-profiles since 2014, velocities are consistently
higher up-glacier near cross-profile G-G′ (16–18 km up-glacier

Fig. 8. Elevation change across the terminus of Kaskawulsh Glacier between 2003 and 2020, clipped to the 2020 glacier outline. The black 2020 polygon delineates
the terminus region, where a total ice loss value was calculated. Projection: UTM 7N, base image: Sentinel-2, August 3 2019.
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from the terminus; Fig. 12c), and have shown little recent slow-
down. In comparison, velocities at profiles H-H′ and I-I′ (within
7 km of the terminus; Figs 12d, 12e) are lower and have slowed
dramatically over 2014–2021, with the highest velocities decreas-
ing from ∼90 to 50 m a−1 near the glacier centreline, and to near
stagnation at the glacier margins.

4.5 Terminus floatation

Comparison of the ratio of ice thickness to water depth in 2015,
2016 and 2021 allowed for determination of the location of ter-
minus flotation along line A-A′ to be calculated for these years
(Fig. 13a; with ranges provided for 2015 and 2016 to account for
the variability in ice thinning of 1 to 2m a−1 (Young and others,
2020) compared to the 2021 ice thickness measurements). In
2015, both the high and low estimates for floatation were below
0, which indicates that the ice was floating for the lowermost
∼350m of the terminus as it entered Slims Lake. In contrast,
after the drainage of Slims Lake in May 2016, no section of the ter-
minus was floating in summer 2016, with 0.8 to 10.1 m of ice loss
needed to induce floatation over the lowermost ∼200m at that
time. In 2021 there was also no evidence of floatation, with at
least 2.7 m of thinning required to induce floatation over the lower-
most 27m of the terminus, and more needed up-glacier of there.

Figure 13b indicates the region of the terminus that was likely
floating, based on extrapolation of the 2015 floatation zone along

line A-A′ and ice surface elevation contours, verified with the pres-
ence of water-filled crevasses and ponded water on the glacier surface
in 5m resolution RapidEye-3 imagery from September 8, 2015. This
region accounts for the upper range in surface melt in Figure 13a
and covers an area of 1.13 km2, extending ∼100 to 800m inland
from the terminus. In addition, the presence of large, tabular ice-
bergs in Slims Lake are indicative of a floating terminus, as this is
the condition typically required to produce these features.

5. Discussion

5.1 Long-term changes in terminus position

The long-term photographic record highlighted in this study
(Figs 2, 3) demonstrates that Kaskawulsh Glacier was still near
its Little Ice Age maximum extent in 1899/1900. Previously,
Borns and Goldthwait (1966) suggested that the glacier began
advancing in the 1500s, reaching its maximum Little Ice Age
(LIA) limit by ∼1690. However, radiocarbon dating of tree frag-
ments in the outermost terminal moraine by Reyes and others
(2006) place the timing of maximum extent from 1717–1750.
Their outline represents the maximum LIA extent of the glacier,
with the north (Slims Lake) lobe dated to the mid-1750s, and
the southern (Kaskawulsh Lake) lobe to 1717. The relative prox-
imity of the 1899/1900 terminus position to the 1717/1750 mor-
aines, along with a Geological Survey of Canada map of the
glacier terminus from 1900 to 1904 (McConnell, 1905; see

Fig. 9. Elevation change along cross-profile (a) H-H′ and (b) I-I′ from 2003-2020. Note: negative values on the x-axis represent the northern side of the glacier,
corresponding to Slims Lake. See Figures 1 and 8 for profile locations.

Fig. 10. Comparison of RADARSAT-2 derived ice motion (a) magnitude and (b) direction values with in-situ velocities from the Kaskawulsh dGPS Station (location
shown in Fig. 1). Solid blue line shows the 1:1 relationship between the two measurement methods.
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Fig. 2a in Flowers and others, 2014) indicate that there were only
minor changes in the terminus position of Kaskawulsh Glacier
from ∼1750 until the start of the 20th century. The expansion
of Kaskawulsh Glacier occurred concurrently with that of the
coastal Gulf of Alaska glaciers, which reached their LIA maximum
extent (or maintained their maximal positions) from 1790–1900
(Gaglioti and others, 2019).

Kaskawulsh Glacier has been retreating since the beginning of
the 20th century, with rates increasing since the start of the 21st
century (Fig. 5). The glacier has been experiencing long-term
thinning in the terminus region compared to the LIA maximum
extent, with estimated ice thickness loss from 1899 to 2021 ran-
ging from 186 to 279 m, with an average of 227 m, based on a
comparison of ice-free DEMs with 1899/1900 terminus extent

Fig. 11. Annual average velocity profiles in m a−1 created from ITS_LIVE data along the (a) north and (b) south lobe centrelines of Kaskawulsh Glacier, 1995–2018.
See Figure 1 for location of centrelines and distance markers.

Fig. 12. Velocity profiles in m a−1 derived from speckle-tracking of Radarsat-2 data for centrelines along the (a) north and (b) south lobes of Kaskawulsh Glacier,
2014–2021. Cross-profiles of velocity measurements in m a−1 at cross-profiles (c) G-G′, (d) H-H′ and (e) I-I′ on Kaskawulsh Glacier from 2014–2021. Locations for all
centrelines, cross-profiles and distance markers are shown in Figure 1.
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along bedrock outcrops (i.e., ice marginal locations in Figs 2, 3).
The total volume loss of the terminus from 2003–20 (extent of
black polygon in Fig. 8) was 0.38 ± 0.005 km3, at a mean thinning
rate of 1.56 m a−1, equivalent to 0.35 ± 0.005 Gt of ice. The forma-
tion of substantial proglacial lakes occurred at Kaskawulsh Glacier
between 1900 and 1956, as they were not present in the 1899 or
1900 historical photos (Figs 2a, 3a). There was significant growth
in Slims Lake after 1990, when it had drained completely, to a
maximum of 3.6 ± 0.2 km2 in 2015. Lake area grew steadily
from 1995–2009, varied little between 2010–14, and then
increased sharply in 2015 before draining in 2016 (Fig. 6). The
size and location of Kaskawulsh and Slims lakes have evolved

(Fig. 6a) simultaneously with terminus retreat (Fig 5), with the
lakes growing and changing location to occupy regions previously
covered by glacier ice. This glacier-lake evolution has also been
observed across the Southern Alps in New Zealand, as demon-
strated by Carrivick and others (2022).

5.2 Long-term changes in terminus velocity

The velocity patterns indicate that ice flow at the terminus is
dominated by the north lobe (Figs 7, 11), which flows into
Slims Lake, compared to the south lobe, which terminates in
Kaskawulsh Lake. This velocity pattern has been evident since

Fig. 13. (a) Ice in excess of floatation at Kaskawulsh Glacier terminus in 2015, 2016 and 2021, along a section of radar line A-A′ (see Fig. 4a for ice thicknesses). The
vertical dashes represent the terminus extent for 2015 (coral), 2016 (green) and 2021 (dark blue). (b) Zone of likely floatation at the terminus of Kaskawulsh Glacier
as it entered Slims Lake in 2015, based on ice surface elevation and presence of water-filled crevasses in RapidEye-3 imagery. Projection: UTM 7N; base image:
RapidEye-3, 8 September 2015.
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the mid-1990s, and along with ice thickness observations
(Fig. 4a), indicates that significantly more ice is funnelled through
the north lobe towards Slims Lake, whereas the south lobe has
been relatively stagnant in comparison.

Borns and Goldthwait (1966) estimated glacier velocity near
the terminus to be ∼215 m a−1 for 1953–55, although the exact
location is not known, precluding any detailed comparisons
with our measurements. Waechter and others (2015) reported
a peak winter velocity at cross-profile H-H′ of approximately
180 m a−1 in 1987–88, 60 m a−1 in 1997–98 and 80 m a−1

in 2011–12, which align with the winter RADARSAT-2 velo-
cities reported here (Fig. 7). Average annual ITS_LIVE veloci-
ties decreased at H-H′ and I-I′ from 1995–99, from ∼45 to
∼20 m a−1 and ∼30 to 15 m a−1, respectively (Fig. 6b). From
2000–13, average velocities increased at cross-profile H-H′

from ∼25 to ∼75 m a−1 and at I-I′ from ∼20 to ∼70 m a−1.
The highest velocities observed at both H-H′ and I-I′ occurred
in 2013, at ∼135 m a−1.

To understand the drivers of more recent changes of the
velocity of the north lobe, analyses were undertaken of the rela-
tionship between the mean velocity at profiles G-G′, H-H′ and
I-I′ and the changes in area of Slims Lake (Supplementary
material, Fig. S1). R2 values demonstrate that ∼30% of the vari-
ance of the combined winter and annual average velocities at
H-H′ and I-I′ is explained by Slims Lake area ( p < 0.05),
while the relationship at G-G′ is not significant. More variabil-
ity is explained when average winter velocities are excluded
(∼50 and ∼40%, for H-H′ and I-I′, respectively) (Fig. S1).
This indicates that there is a relationship between changing
ice velocities and Slims Lake extent close to the terminus,
whereas up-glacier the influence of the lake size is minimal,
and that this relationship is significant only when considering
annual average velocities.

5.3 Rapid change in velocity after 2016 Slims Lake drainage
and loss of floatation

Analysis of velocities over the 5-year periods before (2010–15),
and after (2016–21), the Slims Lake drainage for each of the
terminus lobes are shown in Table S5. Pre-drainage (2010–
15) there was no significant change in velocity change for
either lobe, nor within the combined terminus region. After
the 2016 drainage, there was a statistically significant slowdown
( p≤ 0.05) across the terminus at a mean rate of 3.5 m a−2,
with the slowdown dominated by the north lobe, decreasing
at 4.0 m a−2 compared to the south lobe decreasing by 2.9 m a−2.

Our analysis shows that, while Kaskawulsh Glacier winter vel-
ocities have been slowing prior to the May 2016 proglacial lake
drainage, the velocity decreased markedly after 2016 to a low of
<50 m a−1 in 2021 (Fig. 12b). The effect is most pronounced
over the lower 5 km of the north lobe terminus, where velocities
decreased from ∼75 to <50 m a−1, a 33% decrease. Annual average
ITS_LIVE velocities (Fig. 11), while temporally limited up to
2018, indicate a similar drop in velocities from ∼100 m a−1 in
2015, to ∼60 m a−1 in 2018 within 5 km of the terminus, a 41%
loss. From 5–10 km up-glacier, the signal is weaker, where veloci-
ties decreased from ∼130 m a−1 in 2015 to 100 m a−1 in 2018, a
22% deceleration. This indicates that the effect of the proglacial
lake might be localised, as beyond ∼7 km up-glacier from the ter-
minus the friction from the valley sides and the distance from the
floating section can limit any additional dynamic thinning and
acceleration.

The floatation data (Fig. 13) suggests that the last 325 to 375 m
of the glacier terminus was floating in 2015, but that floatation has
not occurred since then despite continued retreat, an increase in
the lake size, and continued ice thinning. This suggests that the

May 2016 drainage event and associated loss of floatation was a
primary driver of the recent reductions in velocity across the gla-
cier terminus, in combination with the ongoing reduction in ice
thickness due to surface melt.

5.4 Lake theory: hydrology and flow dynamics

An additional possible driver slowing ice flow following lake
drainage is adjustments to the basal hydrology. Channels form
at the base of glaciers when there is a strong gradient in hydraulic
potential which allows sufficiently fast water flow to melt the
overlying ice (Röthlisberger, 1972; Shreve, 1972). This is influ-
enced by the baseline or outlet potential; when a lake is present
that is floating the terminus of a glacier, the outlet hydraulic
potential is the same as the ice overburden pressure. However,
when that lake drains, the outlet pressure is atmospheric, imme-
diately steepening the hydraulic gradient. The change in gradient
would encourage faster water flow underneath the ice and there-
fore growth of larger and more efficient channels that can become
lower pressure, and can draw more water from the distributed
subglacial system, slowing down the ice further (Fountain and
Walder, 1998).

If we take the ice thickness and surface elevation from near the
centreline along radar line A-A′, and from near the terminus
along radar line B-B′, we can calculate the hydraulic potential
for both a full lake and drained lake scenario. We use the
Shreve (1972) hydraulic potential equations with the assumption
that water pressure underneath the ice is at overburden pressure:

∅ = rwgz + rigH, (2)

where ρw is the density of water (1000 kg m−3), ρi is the density of
ice (917 kg m−3), g is the acceleration due to gravity (9.81 m s−2), z
is the elevation of the bed (m), and H is the ice thickness (m). We
calculate the average gradient of hydraulic potential using the
following:

∇∅ = (rwgz1 + rigH1)− (rwgz2 + Pw2)
D

, (3)

where z1 and H1 are the basal and ice thickness values (m) at the
upper site, z2 is the basal elevation (m) at the terminus, D is the
distance between the upper site and terminus (m), and Pw2 is
the outlet water pressure either at overburden pressure (if the
lake is full) or 0 if the lake is empty. This gives a value of
339.7 Pa m−1 when the lake is full and 440.6 Pa m−1 when the
lake is empty, demonstrating a significant increase in hydraulic
potential gradient that would directly impact flow rates of subgla-
cial water. Even when water is at pressures lower than overburden,
depending on the volumes entering the system, the change in
hydraulic gradient will impact the rates that water flow to the out-
let at atmospheric pressure.

Longitudinal stretching is another process which may have
been influenced by the growth of Slims Lake (Fig. 6) as the glacier
terminus thinned (Figs 8, 9) and the ice started to float (Fig. 13).
When floatation occurs, there is a reduction in basal friction and
increased velocities cause thinning to propagate up-glacier (Benn
and Evans, 2010). This can also impact subglacial hydrology by
reducing the overburden pressure and steepening the hydraulic
gradient. This process was documented at Glaciar Upsala, in
Southern Patagonia, where, once floatation and enhanced basal
sliding was induced, longitudinal stretching rates reached
0.22 a−1 (Naruse and Skvarca, 2000); as well as at Yakutat
Glacier, Alaska, where 17% of total ice thinning was attributed
to dynamic thinning from 2007–10 (Trüssel and others, 2013).
A dGPS study in the Himalaya found that ice thickness loss
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was 3 times greater for a lake-terminating glacier compared to
land-terminating, with numerical modelling indicating that this
was driven by dynamically induced ice thinning along with a
negative surface mass balance (Tsutaki and others, 2019).
Similarly, Pronk and others (2021) found that ∼50% of the lake-
terminating glaciers in their study area experienced a velocity
acceleration towards the glacier termini, which they attributed
to dynamic thinning.

Thinner ice is more easily able to crevasse and to calve into a
lake, thus increasing terminus retreat and allowing Slims Lake to
grow (Warren and Kirkbride, 2003; Benn and others, 2007;
Tsutaki and others, 2019). During the 2000–15 period of lake
growth and velocity acceleration, crevassing at the terminus
increased in both intensity and extent (Fig. S2). The frequent
presence of large, tabular icebergs in Slims Lake suggests that calv-
ing is a more common process at the north lobe terminus, com-
pared to the south lobe at Kaskawulsh Lake, where significantly
fewer and much smaller icebergs are observed, and the ice is
much thinner (Fig. 4a). This increase in longitudinal drag pulls
ice at an accelerated rate from upstream until friction from the
valley walls and the distance from the floating segment mitigate
the additional dynamic thinning and acceleration (∼5 km from
glacier terminus), thus limiting the impact on up-glacier
velocities.

The presence of a reverse bed slope (Fig. 4a), particularly over
the northern portion of the terminus, indicates that as
Kaskawulsh Glacier continues to retreat (up to 23 km as suggested
by Young and others, 2020), deeper topography will be exposed.
While a substantial portion of Slims Lake drained in 2016, it has
started to grow again, and it will continue expanding as it infills
exposed space vacated by retreat. Schoof (2007) has shown that
steady grounding lines cannot be stable on reverse bed slopes
because retreat into deeper water enhances ice flux, promoting
additional terminus recession; however, Schoof’s study does not
account for lateral support, such as from valley walls, which
may impact the degree of instability and be an influence for
Kaskawulsh Glacier. As Slims Lake expands into the exposed
trough, it will become easier for floatation to occur, which may
cause velocities to increase, and for the grounding line to rapidly
retreat (Sutherland and others, 2020). For example, rises in bed-
rock topography were found to strongly control glacier terminus
fluctuations at Glaciar Upsala, Argentina (Naruse and Skvarca,
2000). Field and others (2021) also suggest that proglacial lake
geometry and topographic setting (e.g., the ability for the sur-
rounding basin to accommodate lake growth, as is possible
under a reverse-slope regime) exert a key influence on glacier
stability.

5.5 Comparisons with velocity changes at other proglacial
lakes

The influence of proglacial lakes on glacier terminus velocities
and glacier dynamics have previously been examined in locations
such as Switzerland, New Zealand, Nepal and Iceland (Tsutaki
and others, 2013; Haritashya and others, 2015; Baurley and
others, 2020). For example, Robertson and others (2013) found
that an increase in the size of a proglacial lake adjacent to
Hooker Glacier, New Zealand, occurred simultaneously with an
increase in terminus retreat, as ablation changed from melting
to calving. Modelling of Yakutat Glacier found that while progla-
cial lake presence has a substantial immediate influence on glacier
retreat rates via calving, this is subsequently compensated for
through an increase in surface melt, leading to near-equal glacier
volume loss over time (Trüssel and others, 2015). Haritashya and
others (2015) reported that the lowermost ∼3 km of Tasman
Glacier, New Zealand, experienced a steady acceleration from

near-stagnation to 40–50 m a−1 during the 2000’s which coin-
cided with the rapid growth of a proglacial lake, while a study
of Rhonegletscher, Switzerland also demonstrated an increase in
annual velocity by a factor of 2.7 at the glacier terminus during
the formation of a proglacial lake over a 5-year period (Tsutaki
and others, 2013). In the central and eastern Himalaya, Pronk
and others (2021) found that velocities of land-terminating gla-
ciers were on average less than half those of lake-terminating
glaciers.

Numerical modelling has suggested that the presence of a pro-
glacial lake caused the glacier to retreat more than 4 times further
up-glacier, and ice acceleration 8 times higher, compared to the
modelled glacier with the same climatic parameters terminating
on land (Sutherland and others, 2020). In simulations of Pukaki
Glacier in New Zealand, lake presence contributed up to 82% of
the grounding line recession and 87% of ice velocity for the
first 5000 years before influence declined, suggesting that the lar-
gest impact on glacier dynamics is during the transition between a
land-terminating and lake-terminating environment (Sutherland
and others, 2020). The relationship between proglacial lake size
and glacier velocities is more moderate at Kaskawulsh Glacier
compared to those predicted by numerical modelling, possibly
due to complicating environmental/structural factors including
the irregular bed shape and additional proglacial lake.
Regardless, this study provides a basis to investigate further the
implications of increasing proglacial lake size on glacier dynamics.

6. Conclusions

This study has extended the photographic record of Kaskawulsh
terminus changes to 120 years, almost doubling the length of
the previous record of Foy and others (2011), demonstrating
that terminus retreat since the end of the LIA continues, but
has been increasing in recent years. The glacier has experienced
fluctuations in annual and wintertime average velocities from
1995–2021, but two main trends are common between the vel-
ocity datasets. From 2000–15, annual average glacier velocities
increased at a rate of ∼5.5 m a−2, while from 2010–15 average
winter velocities increased by ∼2 m a−2. Associated with increas-
ing velocities was the expansion of proglacial Slims Lake at the
northern terminus, from ∼0.2 km2 in 1995 to ∼3.6 km2 in 2015.
The spring 2016 drainage of Slims Lake instigated a major reduc-
tion in both winter and annual average terminus velocities
through a loss of floatation along the northern terminus.
Average winter velocities decreased at a rate of ∼3.5 m a−2 from
2016–21 across the terminus zone, dominated by reductions in
the northern lobe. From 2016–18, annual average velocities
along the lowermost ∼10 km of both the north and south glacier
centrelines (Fig. 1) decreased by ∼8 m a−1. Approximately 45% of
the change in annual average velocity is explained by the size
of Slims Lake. Glacier velocities were mainly influenced within
∼7 km of the glacier terminus, suggesting a localised control on
glacier dynamics, although further studies are needed to under-
stand if these controls will impact up-glacier velocities over time.

Although the 2016 drainage of Slims Lake ended terminus
floatation and locally reduced glacier velocities, the probability
of a new, even larger, lake forming is high as the glacier enters
a reverse bed slope regime through continued terminus retreat
(Young and others, 2020). As such, this scenario provides an
opportunity to further study the projected retreat of Kaskawulsh
Glacier and its application to glacier dynamics. Representing the
mid-point on the climate sensitivity continuum between least-
sensitive (tidewater glaciers) to highest sensitivity (land-
terminating glaciers) (Warren and Kirkbride, 2003), the impacts
of various factors on lake-terminating glaciers are not yet fully
understood and require further examination. Such linkages will
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likely be of increased importance in the coming decades as it has
been hypothesised that there may be an increase in proglacial lake
formation with climate warming (Zhang and others, 2015; Cook
and others, 2016; Furian and others, 2022).

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/jog.2022.114

Data. The photogrammetry dataset (DEM and Orthomosaic) generated for
this study, together with our RADARSAT-2 wintertime glacier velocities, are
available from the Polar Data Catalogue (https://polardata.ca/) under CCIN
reference numbers 13285 and 13292, respectively. Original RADARSAT-2
data is available through MDA Geospatial Services (https://www.asc-csa.gc.
ca/eng/satellites/radarsat2/order-contact.asp). Historical terrestrial photos are
available from the Mountain Legacy Project website (https://mountainlegacy.
ca). All satellite imagery (Landsat, Sentinel-2 and ASTER), air photos, and
ITS_LIVE annual velocity mosaics are publicly available from data sources
listed in the methods.

Acknowledgements. We thank Kluane First Nation and Parks Canada for
permission to undertake field measurements at Kaskawulsh Glacier. Support
for this research has been provided by the University of Ottawa, Natural
Resources Canada (Canada Centre for Earth Observation and Mapping), the
Northern Scientific Training Program, the Canadian Space Agency (Radarsat
Constellation Mission Data Utilization and Application Plan), Montana State
University, NSERC, the Weston Family Foundation, Canada Foundation for
Innovation, Ontario Research Fund, Parks Canada, Kluane Lake Research
Station and Polar Continental Shelf Program. Support for travel to conferences
and attendance of courses was generously provided by the ArcticNet Network
of Centres of Excellence Canada Student Training Fund, GlacioEx and
RemoteEx. We thank the Mountain Legacy Project and Library and Archives
Canada / Bibliothèque et Archives Canada for providing the historical imagery.
We are grateful for the thoughtful and constructive comments provided by editor
L. Andreassen, and by reviewers M. Truffer and J. Sutherland.

Author contributions. BM and LC designed the study. BM processed the
velocity/lake datasets, completed the analysis and wrote the initial draft of
the manuscript with input from LC, MS, CD, WVW and WK. SS, JD, CD,
LM, WK, DM, BS, EH and WVW all provided processed datasets. All authors
revised the paper prior to submission.

References

Bachelder J and 6 others (2020) Chemical and microphysical properties of
wind-blown dust near an actively retreating glacier in Yukon, Canada.
Aerosol Science and Technology 54(1), 2–20. doi: 10.1080/02786826.2019.
1676394

Barrand NE and Sharp MJ (2010) Sustained rapid shrinkage of Yukon gla-
ciers since the 1957–1958 international geophysical year. Geophysical
Research Letters 37, 1–5. doi: 10.1029/2009GL042030

Baurley NR, Robson BA and Hart JK (2020) Long-term impact of the pro-
glacial lake Jökulsárlón on the flow velocity and stability of
Breiðamerkurjökull glacier, Iceland. Earth Surface Processes and
Landforms 45, 2647–2663. doi: 10.1002/esp.4920

Benn DI and Evans DJA (2010) Glaciers and Glaciation, 2nd Edn. London,
UK: Hodder Education, p. 789.

Benn DI, Warren CR and Mottram RH (2007) Calving processes and the
dynamics of calving glaciers. Earth-Science Reviews 82, 143–179. doi: 10.
1016/j.earscirev.2007.02.002

Bigelow DG and 5 others (2020) The role of englacial drainage of an ice-
dammed lake, Kaskawulsh Glacier, Yukon, Canada. Journal of
Geophysical Research: Earth Surface 125, 1–21. doi: 10.1029/2019JF005110

Borns HW and Goldthwait RP (1966) Late-Pleistocene fluctuations of
Kaskawulsh Glacier, SW Yukon Territory, Canada. American Journal of
Science 264(8), 600–619. doi: 10.1016/j.yqres.2006.06.005

Briggs R, Thibault C, Mingo L and King T (2020) Usage of UAVs for
surveying and monitoring icebergs (Essay). Journal of Ocean Technology
15(3), 46–57.

Brooks AH (1905) The Geography and Geology of Alaska. A Summary of
Existing Knowledge. United States Geological Survey Professional Paper
No. 45. Washington, Government Printing Office, 327.

Carrivick JL and 6 others (2022) Coincident evolution of glaciers and ice-
marginal proglacial lakes across the Southern Alps, New Zealand: past, pre-
sent and future. Global and Planetary Change 211, 103792.

Ciracì E, Velicogna I and Swenson S (2020) Continuity of the mass loss of the
world’s glaciers and ice caps from the GRACE and GRACE follow-on mis-
sions. Geophysical Research Letters 47, 1–11. doi: 10.1029/2019GL086926.

Cook SJ, Kougkoulos I, Edwards LA, Dortch J and Hofmann D (2016)
Glacier change and glacial lake outburst food risk in the Bolivian Andes.
Cryosphere 10, 2399–2413. doi: 10.5194/tc-10-2399-2016

Denton GH and Stuiver M (1967) Late Pleistocene glacial stratigraphy and
chronology, northeastern St. Elias Mountains. In Bushnell VC and Ragle
RH (eds), Icefield Ranges Research Project: Scientific Results, vol. 1.
New York: American Geographical Society; Montreal: Arctic Institute of
North America, pp. 197–217.

Farinotti D and 6 others (2019) A consensus estimate for the ice thickness
distribution of all glaciers on earth. Nature Geoscience 12, 168–173. doi:
10.1038/s41561-019-0300-3

Field HR, Armstrong WH and Huss M (2021) Gulf of Alaska ice-marginal
lake area change over the Landsat record and potential physical controls.
The Cryosphere 15, 3255–3278. doi: 10.5194/tc-15-3255-2021

Flowers GE, Copland L and Schoof CG (2014) Contemporary glacier
processes and global change: recent observations from Kaskawulsh
Glacier and the Donjek Range, St. Elias Mountains. Arctic 67(1), 22–34.
doi: 10.14430/arctic4356

Fountain AG and Walder JS (1998) Water flow through temperate glaciers.
Reviews of Geophysics 36(3), 299–328.

Foy N, Copland L, Zdanowicz C, Demuth M and Hopkinson C (2011)
Recent volume and area changes of Kaskawulsh Glacier, Yukon, Canada.
Journal of Glaciology 57(203), 515–525. doi: 10.3189/002214311796905596

Furian W, Maussion F and Schneider C (2022) Projected 21st-century glacial
lake evolution in high mountain Asia. Frontiers in Earth Science 10, 821798.
doi: 10.3389/feart.2022.821798

Gaglioti BV and 6 others (2019) Timing and potential causes of 19th-century
advances in coastal Alaska based on tree-ring dating and historical accounts.
Frontiers in Earth Sciences 7(82), 1–15. doi: 10.3389/feart.2019.00082.

Gardner AS, Fahnestock MA and Scambos TA (2022) ITS_LIVE regional
glacier and Ice sheet surface velocities. Data archived at National Snow
and Ice Data Center. doi: 10.5067/6II6VW8LLWJ7

Girod L, Nuth C, Kääb A, McNabb R and Galland O (2017) MMASTER:
improved ASTER DEMs for elevation change monitoring. Remote Sensing
9(7), 704. doi: 10.3390/rs9070704

Haritashya UK and 9 others (2018) Evolution and controls of large glacial
lakes in the Nepal Himalaya. Remote Sensing 10(5), 798. doi: 10.3390/
rs10050798

Haritashya UK, Pleasants M and Copland L (2015) Assessment of the evo-
lution in velocity of two debris-covered valley glaciers in Nepal and New
Zealand. Geografiska Annaler 97(3), 1–15. doi: 10.1111/geoa.12112

Hugonnet R and 10 others (2021) Accelerated global glacier mass loss in the
early twenty-first century. Nature 592, 726–731. doi: 10.1038/s41586-021-
03436-z

Kienholz C and 5 others (2015) Derivation and analysis of a complete
modern-date glacier inventory for Alaska and northwest Canada. Journal
of Glaciology 61(227), 403–420. doi: 10.3189/2015JoG14J230

Kochtitzky W, Copland L, Painter M and Dow C (2020) Draining and filling
of ice-dammed lakes at the terminus of surge-type Dan´ Zhùr (Donjek)
Glacier, Yukon, Canada. Canadian Journal of Earth Science 57, 1337–
1348. doi: 10.1139/cjes-2019-0233

Krumwiede BS and 5 others (2014) Recent glacier changes in the Mongolian
Altai Mountains: case studies from Munkh Khairkhan and Tavan Bogd. In
Kargel J, Leonard G, Bishop M, Kääb A and Raup B (eds), Global Land Ice
Measurements From Space. Berlin, Heidelberg: Springer Praxis Books.
Springer, pp. 481–508. doi: 10.1007/978-3-540-79818-7_22

Lague D, Brodu N and Leroux J (2013) Accurate 3D comparison of complex
topography with terrestrial laser scanner: application to the Rangitikei can-
yon (N-Z). ISPRS Journal of Photogrammetry and Remote Sensing 82, 10–
26. doi: 10.1016/j.isprsjprs.2013.04.009

Larsen CF and 5 others (2015) Surface melt dominates Alaska glacier mass
balance. Geophysical Research Letters 42(14), 5902–5908. doi: 10.1002/
2015GL064349

Lu J and Veci L (2016) Offset Tracking Tutorial: Sentinel-1 Toolbox. Toronto:
Array Systems Computing Inc. and ESA. doi: https://step.esa.int/docs/tutor-
ials/S1TBX%20Offset%20Tracking%20Tutorial.pdf.

16 Brittany Main and others

https://doi.org/10.1017/jog.2022.114 Published online by Cambridge University Press

https://doi.org/10.1017/jog.2022.114
https://doi.org/10.1017/jog.2022.114
https://polardata.ca/
https://www.asc-csa.gc.ca/eng/satellites/radarsat2/order-contact.asp
https://www.asc-csa.gc.ca/eng/satellites/radarsat2/order-contact.asp
https://www.asc-csa.gc.ca/eng/satellites/radarsat2/order-contact.asp
http://mountainlegacy.ca
http://mountainlegacy.ca
http://mountainlegacy.ca
https://doi.org/10.1080/02786826.2019.1676394
https://doi.org/10.1080/02786826.2019.1676394
https://doi.org/10.1029/2009GL042030
https://doi.org/10.1002/esp.4920
https://doi.org/10.1016/j.earscirev.2007.02.002
https://doi.org/10.1016/j.earscirev.2007.02.002
https://doi.org/10.1029/2019JF005110
https://doi.org/10.1016/j.yqres.2006.06.005
https://doi.org/10.1029/2019GL086926
https://doi.org/10.5194/tc-10-2399-2016
https://doi.org/10.1038/s41561-019-0300-3
https://doi.org/10.5194/tc-15-3255-2021
https://doi.org/10.14430/arctic4356
https://doi.org/10.3189/002214311796905596
https://doi.org/10.3389/feart.2022.821798
https://doi.org/10.3389/feart.2019.00082
https://doi.org/10.5067/6II6VW8LLWJ7
https://doi.org/10.3390/rs9070704
https://doi.org/10.3390/rs10050798
https://doi.org/10.3390/rs10050798
https://doi.org/10.1111/geoa.12112
https://doi.org/10.1038/s41586-021-03436-z
https://doi.org/10.1038/s41586-021-03436-z
https://doi.org/10.3189/2015JoG14J230
https://doi.org/10.1139/cjes-2019-0233
https://doi.org/10.1139/cjes-2019-0233
https://doi.org/10.1139/cjes-2019-0233
https://doi.org/10.1007/978-3-540-79818-7_22
https://doi.org/10.1016/j.isprsjprs.2013.04.009
https://doi.org/10.1002/2015GL064349
https://doi.org/10.1002/2015GL064349
https://step.esa.int/docs/tutorials/S1TBX%20Offset%20Tracking%20Tutorial.pdf
https://step.esa.int/docs/tutorials/S1TBX%20Offset%20Tracking%20Tutorial.pdf
https://doi.org/10.1017/jog.2022.114


MagnússonEand6others (2021)Developmentof a subglacial lakemonitoredwith
radio-echo sounding: case study from the eastern Skaftá cauldron in the
Vatnajökull ice cap, Iceland. The Cryosphere 15, 3731–3749. doi: 10.5194/
tc-15-3731-2021

McArthur JJ (1900) International Boundary Survey collection. Accession
1969–095 NPC, plates 62-66 (envelopes 6843–6847). Library and
Archives Canada, Ottawa.

McConnell RG (1905) Sketch map of Kluane Mining District, Yukon Territory.
Ottawa: Geological Survey of Canada. doi: 10.4095/107320

Mingo L and Flowers GE (2010) An integrated lightweight ice-penetrating
radar system. Journal of Glaciology 56(198), 709–714. doi: 10.3189/
002214310793146179

Narod BB and Clarke GK (1994) Miniature high-power impulse transmitter
for radio-echo sounding. Journal of Glaciology 40(134), 190–194. doi: 10.
3189/S002214300000397X

Naruse R and Skvarca P (2000) Dynamic features of thinning and retreating
Glaciar Upsala, Glacier in Southern Patagonia. Arctic, Antarctic, and Alpine
Research 32(4), 485–491. doi: 10.2307/1552398

Nolan M, Larsen C and Sturm M (2015) Mapping snow depth from manned
aircraft on landscape scales at centimeter resolution using
structure-from-motion photogrammetry. The Cryosphere 9(4), 1445–1463.
doi: 10.5194/tc-9-1445-2015

Pelto B, Maussion F, Menounos B, Radić V and Zeuner M (2020)
Bias-corrected estimates of glacier thickness in the Columbia River Basin
Canada. Journal of Glaciology 66, 1–13. doi: 10.1017/jog.2020.75

Pronk JB, Bolch T, King O,Wouters B and BennDI (2021) Contrasting surface
velocities between lake- and land-terminating glaciers in theHimalayan region.
The Cryosphere 15, 5577–5599. doi: 10.5194/tc-15-5577-2021

Rabatel A, Sanchez O, Vincent C and Six D (2018) Estimation of glacier
thickness from surface mass balance and ice flow velocities: a case study
on Argentière Glacier. France. Frontiers in Earth Science 6, 1–16. doi: 10.
3389/feart.2018.00112.

Reyes A, Luckman B, Smith D, Clague J and Van Dorp R (2006) Tree-Ring
dates for the maximum little ice age advance of Kaskawulsh Glacier,
St. Elias Mountains, Canada. Arctic 59(1), 14–20.

RGI Consortium (2017) Randolph Glacier Inventory – A Dataset of Global
Glacier Outlines: Version 6.0: Technical Report, Global Land Ice
Measurements from Space, Colorado, USA. Digital Media. doi: 10.7265/
N5-RGI-60

Robertson CM, Brook MS, Holt KA, Fuller IC and Benn DI (2013) Calving
retreat and proglacial lake growth at Hooker Glacier, Southern Alps, New
Zealand. New Zealand Geographer 69, 14–25. doi: 10.1111/nzg.12001

Röthlisberger H (1972) Water pressure in intra-and subglacial channels. Journal
of Glaciology 11(62), 177–203. doi: 10.3189/S0022143000022188

Schellenberger T, Van Wychen W, Copland L, Kääb A and Gray L (2016)
An inter-comparison of techniques for determining velocities of maritime
Arctic Glaciers, svalbard, using radarsat-2 wide fine mode data. Remote
Sensing 8(9), 785. doi: 10.3390/rs8090785

Schoof C (2007) Ice sheet grounding line dynamics: steady states, stability, and
hysteresis. Journal of Geophysical Research 112, F03S28. doi: 10.1029/
2006JF000664

Shean DE and 6 others (2016) An automated, open-source pipeline for
mass production of digital elevation models (DEMs) from very high-
resolution commercial stereo satellite imagery. ISPRS Journal of

Photogrammetry and Remote Sensing 116, 101–117. doi: 10.1016/j.
isprsjprs.2016.03.012

Shreve R (1972) Movement of water in glaciers. Journal of Glaciology 11(62),
205–214. doi: 10.3189/S002214300002219X

Shugar DH and 6 others (2017) River piracy and drainage basin reorganiza-
tion led by climate-driven glacier retreat. Nature Geoscience 10, 370–375.
doi: 10.1038/ngeo2932

Shumskiy P (1960) Density of Glacier Ice. Journal of Glaciology 3(27), 568–
573. doi: 10.3189/S0022143000023686

Solomon S and 7 others (2007) Climate Change 2007: The Physical Science
Basis. Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge.

Sutherland JL and 5 others (2020) Proglacial lakes control glacier geometry
and behavior during recession. Geophysical Research Letters 47, 1–11. doi:
doi: 10.1029/2020GL088865.

Trant AJ, Starzomski BM and Higgs E (2015) A publically available database
for studying ecological change in mountain ecosystems. Frontiers in Ecology
and the Environment 13(4), 187–187. doi: 10.1890/15.WB.007.

Trüssel BL, Motyka RJ, Truffer M and Larsen CF (2013) Rapid thinning of
lake-calving Yakutat Glacier and the collapse of the Yakutat Icefield, south-
east Alaska, USA. Journal of Glaciology 59(213), 149–161. doi: 10.3189/
2013J0G12J081

Tsutaki S and 6 others (2019) Contrasting thinning patterns between lake-
and land-terminating glaciers in the Bhutanese Himalaya. The Cryosphere
13, 2733–2750. doi: 10.5194/tc-13-2733-2019

Tsutaki S, Sugiyama S, Nishimura D and Funk M (2013) Acceleration and
floatation of a glacier terminus during formation of a proglacial lake in
Rhonegletscher, Switzerland. Journal of Glaciology 59(215), 559–571. doi:
10.3189/2013JoG12J107

Van Wychen W and 5 others (2018) Surface velocities of glaciers in western
Canada from speckle-tracking of ALOS PALSAR and RADARSAT-2 data.
Canadian Journal of Remote Sensing 44(1), 57–66. doi: 10.1080/07038992.
2018.1433529

Waechter A, Copland L and Herdes E (2015) Modern glacier velocities across
the Icefield Ranges, St. Elias Mountains, and variability at selected glaciers
from 1959 to 2012. Journal of Glaciology 61(228), 624–634. doi: 10.3189/
2015JoG14J147

Warren CR and Kirkbride MP (2003) Calving speed and sensitivity of New
Zealand lake-calving glaciers. Annals of Glaciology 36, 173–178. doi: 10.
3189/172756403781816446

Williamson SN and 9 others (2020) Evidence for elevation-dependent warm-
ing in the St. Elias Mountains, Yukon, Canada. Journal of Climate 33, 3253–
3269. doi: 10.1175/JCLI-D-19-0405.1

Young EM, Flowers GE, Berthier E and Latto R (2020) An imbalancing act:
the delayed dynamic response of the Kaskawulsh Glacier to sustained mass
loss. Journal of Glaciology 67(262), 313–330. doi: 10.1017/jog.2020.107

Zemp M and 10 others (2019) Global glacier mass changes and their contri-
butions to sea-level rise from 1961 to 2016. Nature 568, 382–386. doi: 10.
1038/s41586-019-1071-0

Zhang G, Yao T, Xie H, Wang W and Yang W (2015) An inventory of glacial
lakes in the third pole region and their changes in response to global warm-
ing. Global and Planetary Change 131, 148–157. doi: 10.1016/j.gloplacha.
2015.05.013

Journal of Glaciology 17

https://doi.org/10.1017/jog.2022.114 Published online by Cambridge University Press

https://doi.org/10.5194/tc-15-3731-2021
https://doi.org/10.5194/tc-15-3731-2021
https://doi.org/10.5194/tc-15-3731-2021
https://doi.org/10.5194/tc-15-3731-2021
https://doi.org/10.5194/tc-15-3731-2021
https://doi.org/10.4095/107320
https://doi.org/10.3189/002214310793146179
https://doi.org/10.3189/002214310793146179
https://doi.org/10.3189/S002214300000397X
https://doi.org/10.3189/S002214300000397X
https://doi.org/10.2307/1552398
https://doi.org/10.5194/tc-9-1445-2015
https://doi.org/10.1017/jog.2020.75
https://doi.org/10.5194/tc-15-5577-2021
https://doi.org/10.3389/feart.2018.00112
https://doi.org/10.3389/feart.2018.00112
https://doi.org/10.7265/N5-RGI-60
https://doi.org/10.7265/N5-RGI-60
https://doi.org/10.1111/nzg.12001
https://doi.org/10.3189/S0022143000022188
https://doi.org/10.3390/rs8090785
https://doi.org/10.1029/2006JF000664
https://doi.org/10.1029/2006JF000664
https://doi.org/10.1016/j.isprsjprs.2016.03.012
https://doi.org/10.1016/j.isprsjprs.2016.03.012
https://doi.org/10.3189/S002214300002219X
https://doi.org/10.1038/ngeo2932
https://doi.org/10.3189/S0022143000023686
https://doi.org/10.1029/2020GL088865
https://doi.org/10.1890/15.WB.007
https://doi.org/10.3189/2013J0G12J081
https://doi.org/10.3189/2013J0G12J081
https://doi.org/10.5194/tc-13-2733-2019
https://doi.org/10.3189/2013JoG12J107
https://doi.org/10.1080/07038992.2018.1433529
https://doi.org/10.1080/07038992.2018.1433529
https://doi.org/10.3189/2015JoG14J147
https://doi.org/10.3189/2015JoG14J147
https://doi.org/10.3189/172756403781816446
https://doi.org/10.3189/172756403781816446
https://doi.org/10.1175/JCLI-D-19-0405.1
https://doi.org/10.1175/JCLI-D-19-0405.1
https://doi.org/10.1175/JCLI-D-19-0405.1
https://doi.org/10.1175/JCLI-D-19-0405.1
https://doi.org/10.1017/jog.2020.107
https://doi.org/10.1038/s41586-019-1071-0
https://doi.org/10.1038/s41586-019-1071-0
https://doi.org/10.1038/s41586-019-1071-0
https://doi.org/10.1038/s41586-019-1071-0
https://doi.org/10.1038/s41586-019-1071-0
https://doi.org/10.1016/j.gloplacha.2015.05.013
https://doi.org/10.1016/j.gloplacha.2015.05.013
https://doi.org/10.1017/jog.2022.114

	Terminus change of Kaskawulsh Glacier, Yukon, under a warming climate: retreat, thinning, slowdown and modified proglacial lake geometry
	Introduction
	Study area
	Methods
	Changes in terminus length, area and surface characteristics
	Digital elevation model analysis
	Changes in ice volume and surface height of glacier terminus
	Changes in area, surface elevation, volume and depth of proglacial lakes
	Glacier ice thickness and terminus floatation

	Velocity mapping
	Additional velocity datasets
	Velocity error analysis
	dGPS validation


	Results
	Changes in area and extent of terminus
	Change in terminus lakes extent
	Ice thickness changes
	Terminus velocities
	Terminus floatation

	Discussion
	Long-term changes in terminus position
	Long-term changes in terminus velocity
	Rapid change in velocity after 2016 Slims Lake drainage and loss of floatation
	Lake theory: hydrology and flow dynamics
	Comparisons with velocity changes at other proglacial lakes

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


