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Abstract

Remotely sensed datasets indicate that Fisher Glacier underwent two surges since 1948: during
approximately 1969-72 and 2013-16. These were characterized by an advanced terminus posi-
tion (terminus-wide average advance 571 + 143 m from 1963 to 1972 and 868 + 8 m from 2014 to
2017), intense surface crevassing (up to >30 km up-glacier from the terminus during both surges),
high surface velocities and a down-glacier transfer of mass. The intervening quiescent phase lasted
for 40 years, during which velocities were generally low (<50 m a™!), but underwent a slow mul-
tidecadal increase starting around 1985, spreading from the middle of the glacier. A pre-surge
buildup phase beginning around 2008 resulted in velocities of up to ~200 m a™'. The active phase
of the surge initiated in winter 2013/14, with velocities of up to 1500 m a™! propagating both up-
and down-glacier from the mid-glacier region. In July 2016, the surge rapidly terminated within a
period of ~1 month. Characterized by a rapid onset and termination, but also displaying a multi-
decadal acceleration prior to the surge, the cause of Fisher Glacier’s surges may be best explained
by a unifying framework such as the enthalpy balance theory.

1. Introduction

Surge-type glaciers are characterized by dynamic instabilities that result in periodic alternating
cycles of fast flow, termed the active phase, and slow flow, termed the quiescent phase (Meier and
Post, 1969; Sevestre and Benn, 2015). Active phase velocities are usually at least an order of mag-
nitude higher than quiescent flow speeds (Meier and Post, 1969), and quiescent phase velocities
are almost always slower than velocities on neighboring non-surge-type glaciers (Burgess and
others, 2013). The documentation of repeat surge events, particularly in Yukon/Alaska (Eisen
and others, 2001, 2005; Bevington and Copland, 2014; Abe and others, 2016; Kochtitzky and
others, 2019; Nolan and others, 2021) and Svalbard (Sund and others, 2009; Sevestre and oth-
ers, 2015), indicates that the active phase generally lasts for <1 to ~5 years for a temperate
glacier, and ~2 to 20 years for a polythermal glacier.

The traditional consensus is that two main mechanisms drive glacier surges: changes in basal
thermal conditions on polythermal glaciers, and changes in basal hydrological conditions on
temperate glaciers (Kamb and others, 1985; Murray and others, 2003). While some regions such
as Yukon/Alaska tend to be heavily influenced by hydrological controls, and surges in areas like
Svalbard and the Canadian High Arctic tend to be influenced by thermal controls (Jiskoot and
others, 2000), there are numerous cases where these mechanisms do not explain a glacier’s surg-
ing behavior (Herreid and Truffer, 2016; Benn and others, 2022). More recently, the enthalpy
balance theory has been proposed as a way of explaining glacier surging based on changes in
energy content of a glacier, regardless of the exact mechanisms at play (Sevestre and Benn, 2015;
Benn and others, 20193, 2019b, 2022). According to this theory, climate seems to be a first-order,
global control on the distribution of surge clusters, whereas glacier geometry is a second-order,
regional control.

The mountain ranges of Yukon/Alaska are home to one of the world’s largest clusters of surge-
type glaciers. Meier and Post (1969) identified 204 glaciers there as being surge-type, and in the
St. Elias Mountains specifically, 151 glaciers were classified as surge-type by Clarke and others
(1986). With access to better data, the number of surge-type glaciers in the St. Elias Mountains
was updated to 46 observed, 93 probable and 105 possible in the Randolph Glacier Inventory
v7 (RGI Consortium, 2023). Studies over the past decade have provided increasingly detailed
information about the surges of major glaciers on the eastern side of the St. Elias Mountains,
such as Natudiy (Lowell Glacier) (Bevington and Copland, 2014), Ddn Zhur (Donjek Glacier)
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(Abe and others, 2016; Kochtitzky and others, 2019), Little Kluane
(Main and others, 2024), Klutlan (Altena and others, 2019), Dusty
(Young and others, 2024) and Tweedsmuir (Sharp, 2021). However,
to date there has been no detailed study of the surge characteris-
tics of Fisher Glacier, the largest remaining surge-type glacier in
this region without such an analysis. Documenting the diversity of
surge behaviors is critical to better understanding the mechanisms
driving the spectrum of dynamic instabilities that are observed on
glaciers globally.

The objectives of this study are to reconstruct the surge history
of Fisher Glacier by measuring the frequency, duration and loca-
tion of past surges, and to assess the primary factors that control
its surging. This is undertaken using a variety of remote sensing
datasets and field observations from the past ~75 years, including
air photos, satellite images, digital elevation models (DEMs) and
surface velocities.

2. Study area

The St. Elias Mountains, which form the largest non-polar icefield
in the world, contain a glacierized area of ~32,900 km?, with glacier
elevations varying between 0 and 5930 m above sea level (a.s.l.).
Both surge-type and non-surge-type glaciers in Yukon/Alaska have
been losing mass recently, with a regional mass trend of —72.5 + 8
Gt a”! from 2002 to 2019 (Ciraci and others, 2020). Annual air
surface temperatures in the St. Elias Mountains have been increas-
ing since 1979 at all elevations from 2000 to 6000 m a.s.l., with a
maximal rate 1.6x larger than the global-mean rate (0.028°C a™!
vs. 0.017°C a™!) at the highest elevations (5500-6000 m a.s.l.) from
1970 to 2015 (Williamson and others, 2020).

Fisher Glacier is a large valley glacier located in Kluane National
Park in the southeastern portion of the St. Elias Mountains
(60°04’56"" N, 138°03’46"" W), is ~45 km long, an average of
3.8 km wide, and covers an area of >400 km? (Fig. 1). Its ter-
minus is located around 500 m a.s.l, and it drains eastward into
the Alsek River, which flows mainly south into the Gulf of Alaska.
The top of the main accumulation zone extends to an elevation
of >1500 m, shared with Naluddy, which flows parallel to Fisher
Glacier ~20 km to the north. A weather station located on a
nunatak at 1248 m a.s.l. on Natudéy (Fig. 1b), near the equilib-
rium line, recorded a mean annual air temperature of —4.1°C over
2019-23.

Previous studies on Fisher Glacier are limited. One of the ear-
liest mentions of the glacier is by Clarke and Holdsworth (2002,
p. J312), who state that ‘Fisher Glacier [...] surged around 1970,
but little information about this event is available, but provide no
further details. Burgess and others (2013) provide a velocity map
which shows winter velocities of around 0.1-0.3 m d~! (37-110 m
a™!) from 2007 to 2011, while Van Wychen and others (2018) show
similar winter velocities of ~40 ma™! in 2007-08 and ~60 ma™! in
2009-10. More recently, Altena and others (2019) mentioned that
an increase in speed was observed on Fisher Glacier from 2013 to
2018, reaching velocities of about 4 m d™! (1460 m a™').

3. Methods
3.1. Changes in terminus extent

Terminus extents were quantified for the period 1948-2022 from
a total of 66 air photos and satellite images (Supplementary
Table S1), including sub-annual changes between August 2013
and August 2017 during a period of rapid terminus advance. The
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up-glacier boundary of these terminus extents was clipped to a
common line in the ablation zone, located ~3.4 km up-glacier
from the maximum terminus extent, past which the terminus never
retreated (Fig. 2). Terminus changes were measured using the
Glacier Termini Tracking (GTT) toolbox in ArcGIS Pro (Urbanski,
2018). The GTT toolbox uses digitized terminus extents to deter-
mine two-dimensional rates of change by measuring the distance
between points at user-designated intervals along terminus out-
lines with different dates (Urbanski, 2018). This was undertaken
once for the entire length of the terminus at a point interval of
100 m to provide a measure of total mean retreat, and then once
for each of three subsections titled the Northern Terminus, Central
Terminus and Southern Terminus (Fig. 2), at a point interval of
50 m.

For the pre-satellite era (before 1972), historical air photos,
taken by the Royal Canadian Air Force (RCAF), were acquired
from the National Air Photo Library in Ottawa, Ontario and the
Yukon Energy, Mines and Resources Library in Whitehorse, Yukon
(Supplementary Table S1). The 1948, 1954, 1972 and 1976 termini
were mapped from orthorectified images generated from nadir
air photos taken by the RCAF from an altitude ranging between
10,500 and 40,000 ft (3200 to 12,192 m), depending on year, and
typically scanned at 600 dots per inch (see procedure outlined in
3.4.1).

For the satellite era, at least one summer (May-September)
cloud-free optical satellite image was acquired for each year from
1973 to 2022 (Supplementary Table S1). Images from July to
September were prioritized when available to ensure consistent
temporal separation and minimal snow cover. Terminus outlines
from 1963 and 1977 were delineated from two declassified satellite
images from the KH-5 Argon and KH-9 Hexagon projects, respec-
tively, obtained from the United States Geological Survey (USGS)
EarthExplorer (https://earthexplorer.usgs.gov/). Both declassified
satellite images were manually georeferenced to a 3 m resolution
PlanetScope image from 4 July 2022 using affine transformation,
with nine ground control points (GCPs) for 1963, and eight for
1977. The RCAF orthomosaics were manually georeferenced to the
same PlanetScope image.

Landsat 1-4 Multispectral Scanner (MSS) images and Landsat
5 Thematic Mapper (TM) images were obtained from USGS
EarthExplorer for the period 1973-87, for the most part as pre-
cision and terrain corrected files, which means that no further
georeferencing or pre-processing was required. Historical SPOT
1-3 imagery from 1988 to 1996 were downloaded from the
USGS EarthExplorer, while SPOT 4-5 images from 2001 to 2009
were downloaded from CNES’s Spot World Heritage Programme
(https://regards.cnes.fr/user/swh/modules/60). Most of the SPOT
images were downloaded as L1A products and required slight geo-
metrical corrections of up to a few pixels, using the Shift function in
ArcGIS Pro to align the terminus area with a recent PlanetScope or
RapidEye image. Landsat 5 TM and 7 Enhanced Thematic Mapper
Plus (ETM+) images (downloaded from USGS EarthExplorer),
and one Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) scene (downloaded from NASA Earthdata;
https://www.earthdata.nasa.gov/), were used to fill gaps when no
SPOT or other higher resolution images were available. RapidEye
1-4 and PlanetScope images were acquired courtesy of Planet
Images, through their Education and Research Program, and cov-
ered the period 2010-22.

Uncertainties associated with the terminus change rates are
dependent on the georeferencing error for images that were man-
ually corrected, and on the ground resolution of the imagery.
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Figure 1. (a) Map of the Yukon outlining the areas covered by panels (b) (red) and (c) (black). Background: GeoYukon Map Services. (b) Location of Fisher Glacier (bold) and other
glaciers referred to in the text. Red stars indicate the Haines Junction weather station and the Lowell Glacier automatic weather station (AWS). Background: Landsat image
mosaic from August 2017 and July/August 2022. (c) Overview of Fisher Glacier, with black line marking centerline and km markers indicating distance from 2015 terminus.
Colored contour lines show 50 m hypsometry bands on the main glacier trunk, with each color representing a 250 m elevation range. Base image: RapidEye-1, 22 June 2016.

The georeferencing error was calculated by measuring the offset
between stable ground features located near the terminus on the
air photos or declassified imagery and PlanetScope image from 4
July 2022. For the declassified imagery, this was 119.25 m for 1963
and 31.25 m for 1977, while for the RCAF air photos it was 32.67 m
for 1948, 85.75 m for 1954, 60.25 m for 1972 and 20.14 m for 1976.
In relation to image resolution, a conservative maximum uncer-
tainty of +2 pixels was used as an estimate for terminus delineation
(Kochtitzky and others, 2019; Lauzon and others, 2023), assuming
that errors resulting from manual terminus delineation are ran-
dom. This corresponds to 120 m for Landsat 1-4, 60 m for Landsat
5,30 m for Landsat 7, Landsat 8 and ASTER, 20 m or 40 m for
SPOT 1-5 (depending on the image), 10 m for RapidEye 1-5, 6 m
for PlanetScope, 15 m for the 1977 KH-9 image and ~280 m for
the 1963 KH-5 image. For the historical air photos from 1948, 1954,
1972 and 1976, this equates to 2.94, 5.24, 6.12 and 7 m, respectively.

Uncertainties for the terminus advance and retreat calculated
by the GTT toolbox were then calculated using the formula (after
Hall and others, 2003):

Uncertainty

\/ (pixel length)* + (pixel width)® + georectification error

number of years

1

The pixel length and width in Equation (1) were calcu-
lated as the mean pixel size for both images involved in the
calculation.

Changes in terminus area were calculated by creating polygons
of the digitized termini, and time series of terminus area change
were plotted to show the evolution through a full surge cycle.
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Figure 2. The three subsections on which the Glacier Termini Tracking toolbox was run (shaded areas), along with two examples of terminus polygons showing the maximum
(1972) and minimum (2014) extents over the study period. The straight white line indicates the common line to which all terminus extents were clipped. Base image:

PlanetScope, 4 July 2022.

Following methodology developed by Krumwiede and others
(2014), uncertainties for area changes (A,,) were assumed to be +1
pixel and calculated from the following equation:

A

er 2
where 7 is the number of pixels that make up the perimeter of the
terminus area (approximated by dividing the outline length by the
image pixel size) and m is the spatial resolution of the sensor bands

expressed as the area of a pixel (e.g. 900 m? for a 30 x 30 m pixel).

(n-m)

3.2. Surface velocities

Surface velocities of Fisher Glacier from 1985 to 2018 were primar-
ily obtained from version 1 of the NASA Inter-mission Time Series
of Land Ice Velocity and Elevation (ITS_LIVE) dataset (https://its-
live.jpl.nasa.gov; Gardner and others, 2019). These are produced by
the auto-RIFT feature tracking processing chain (Gardner and oth-
ers, 2018), using optical imagery from Landsat 4, 5, 7 and 8. Files
were downloaded and clipped to Fisher Glacier’s outline, as defined
by the Randolph Glacier Inventory version 6.0 (RGI Consortium,
2017).

Annual ITS_LIVE velocity mosaics at 240 m resolution were
used for most periods, created from a weighted average of all
available image-pairs that have a center date that falls within
that calendar year (Gardner and others, 2018). Since the annual
mosaics are composed of multiple scene pairs, they have lower

uncertainties than the individual scene pairs but can miss details
of velocity changes that occur over sub-annual periods. Therefore,
velocity scene pairs at 240 m resolution (before 2013) and 120 m
resolution (2013 and later) were used to derive short-term veloc-
ities for 2010 to 2016 during a period of rapidly changing speed.
Filters for scene pair acquisition were set to a time separation
of 14-120 days, with >30% coverage of the area of interest. The
velocity pair results were then manually sorted and selected for
best coverage both spatially and temporally, with a mean time
separation of ~40 days for most image pairs. The uncertainty
associated with the annual ITS_LIVE velocity mosaics is included
with the downloaded product. For the individual scene pairs, the
uncertainty was calculated as the average difference over bare
ground.

Since optical image matching used in ITS_LIVE requires sur-
faces with distinctive features to track, it does not work well in the
winter when the surface is typically snow-covered, sun angles are
poor and daylight is limited. To derive winter velocities during the
period of enhanced flow, we therefore used synthetic aperture radar
(SAR)-based speckle tracking of RADARSAT-2 ultrafine data for
2014 to 2017, subsampled to 50 m resolution (Supplementary Table
S2). SAR velocities derived from images collected in neighboring
swaths within seven days of the original acquisition were combined
to provide better spatial coverage across the glacier. In all cases,
velocities for overlapping areas were nearly identical, so the mean
velocity was used. In such cases, the dates referred to in the text are
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the first date of the first velocity pair and the last date of the second
velocity pair.

As it was not possible to derive glacier-wide velocity maps from
the historical air photos for the pre-satellite era, point velocities
were determined from manual tracking of the displacement of dis-
tinctive looped moraines and moulins or potholes between 1954
and 1976. The displacement of each feature was measured from
the center of each moulin or pothole, and from the furthest point
of successive loops for the looped moraines. In total, 10 moulins
or potholes (near the glacier center) and four looped moraines
(near the southern glacier margin) were identified and total dis-
placement was measured for two periods: 1954-72 and 1972-76.
Uncertainties associated with image resolution were calculated in
the same way as for the terminus change described above (1.8 m
for 1954-72 and 7.4 m for 1972-76). While this method pro-
vides a general idea of ice velocities during this time, the temporal
resolution is poor and it is not possible to distinguish between qui-
escent and active phase velocities if both occurred during a single
measurement period.

3.3. Interpretation of surface feature changes

During a surge, the surface of a glacier often changes signifi-
cantly due to rapidly changing ice velocities and down-glacier
transfer of mass. In this study, surface features on Fisher Glacier
were identified visually in nadir satellite imagery and air photos
(Supplementary Table S1), and traced out and tracked manually
in ArcGIS Pro. A Gigapan (large panoramic) photo of the abla-
tion zone was also taken from a bedrock knoll on the north side
of the glacier (60°06'21.996"" N, 138°05'54.960"” W) on 11 August
2015, and repeated on 25 July 2021, which provided an oblique
view of surface changes. Additionally, numerous oblique photos,
taken with handheld cameras from a helicopter (2015, 2021) and
Helio Courier aircraft (2021), offered views of the terminus and
across the ablation area.

The timing of crevasse appearance, location, shape and extent
on the glacier surface were used to provide insight into ice dynamic
processes and a means to narrow down surge initiation and ter-
mination times and locations. The drainage of supraglacial lakes
is also connected to crevasse formation and changes in basal
water pressures (Murray and others, 2003), and was assessed
visually to help reconstruct surge timing. As potholes are asso-
ciated with the quiescent phase of the surge cycle (Meier and
Post, 1969; Liestol and others, 1980; Sturm, 1987), their evolution
on the glacier surface was characterized using available imagery.
This visual analysis is of particular importance in identifying
older surges which occurred during times when glacier veloci-
ties and surface elevation changes were difficult, or impossible, to
determine.

3.4. Surface elevation changes

3.4.1. Historical DEMs from air photos

The historical air photos from 1954, 1972 and 1976 (Supplementary
Table S1) were used to create high-resolution orthoimages and
DEMs of Fisher Glacier using Structure from Motion (SfM), fol-
lowing the methodology of Medrzycka and others (2023). Agisoft
Metashape Professional was used to process the scanned images
for SfM analysis after any poorly focused or overexposed scenes
had been removed, which was common over snow-covered areas
at higher elevations. Sixteen photos were used for the 1954 DEM,
17 photos for the 1972 DEM, and 16 photos for the 1976 DEM. The

1954 and 1976 DEMs cover the area up to ~27 km from the termi-
nus, whereas the 1972 DEM covers the area up to ~35 km from the
terminus. Masks were manually added to the photos in Metashape
to remove any non-desired objects such as borders or marks on the
scanned image caused by dust and dirt. The fiducial marks on the
photos were defined, and each image was typically assigned a min-
imum of five GCPs on stable ground defined from cloud-free 3 m
resolution PlanetScope images from 4 July and 12 August 2022. All
GCPs (19 for 1954, and 31 for both 1972 and 1976) were placed
on at least two images, with horizontal coordinates derived from
the PlanetScope images, and elevations (in m a.s.l.) from the 2 m
resolution ArcticDEM v3 mosaic (https://www.pgc.umn.edu/data/
arcticdem/; Porter and others, 2018). Following the initial photo
alignment, three dense point clouds (one per year) were created
and manually filtered, to remove any remaining outlier points. The
final point clouds were then used to create 3D models which were
exported as DEMs, and orthophotos projected to WGS 1984 UTM
Zone 7N.

3.4.2. Satellite-derived DEMs

Existing satellite-derived DEMs of Fisher Glacier were acquired
from two ArcticDEM v3 strips at 2 m resolution, and the ASTER
GDEM v3 (https://asterweb.jpl.nasa.gov/gdem.asp) at 30 m resolu-
tion. In addition, we created DEMs from 70 ASTER stereo satellite
images covering Fisher Glacier and its surroundings. Images were
selected with <80% cloud cover and daytime acquisition, down-
loaded in Level 1A format. These images were converted to DEMs
using the MicMac ASTER MMASTER processing chain (Girod
and others, 2017), which offers an accuracy better than £10 m and
minimizes the jitter-induced bias that affects ASTER imagery. The
DEMs were manually inspected to remove those containing visible
noise due to cloud cover or bad lighting, and the highest quality
DEM from each year was selected. This process yielded a total of
nine DEMs that were sufficiently noise-free, from 11 September
2003, 11 July 2004, 17 July 2006, 25 September 2014, 10 June and
14 July 2016, 4 July 2018, 16 July 2019 and 16 July 2020. The two
2016 DEMs each covered only about half of the glacier: one cov-
ering the top and the other the bottom. Since the acquisition dates
of both DEMs were close, and elevation differences in overlapping
areas were negligible, they were combined to provide a single DEM
for 2016 with glacier-wide coverage.

3.4.3. DEM co-registration and trend analysis

Once the historical air photo and MMASTER DEMs had been
created they were iteratively co-registered using a Python pack-
age (https://github.com/iamdonovan/dem-coregistration), based
on the co-registration algorithm developed by Nuth and Kb
(2011). Prior to co-registration the DEMs were resampled to 30 m
to be consistent with the ASTER GDEM v3. Some of the DEMs
required additional filtering prior to co-registration to remove
smaller patches of noise, which was accomplished by differencing
them from the ASTER GDEM v3 and then filtering for values over a
certain threshold. For the MMASTER DEMs, the threshold was set
at 100-125 m (depending on the DEM). For the air photo DEMs,
the threshold value was set at 200-250 m to account for greater
errors in this data source and a longer time separation between the
differenced DEMs.

Once co-registration was completed, trends in surface elevation
change were computed using the make_stack.py script from the
pygeotools Python package (https://pygeotools.readthedocs.io).
The tool uses a ‘stack’ of rasters to create a raster showing the
change in elevation standardized to values of m a™!. It requires
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at least three DEMs, which allows it to reduce uncertainties by
calculating apparent change over stable ground and adjust the
corresponding change over the glacier surface. Trends in sur-
face elevation change were computed for three periods: 2003-14,
2016-20 and 2003-20, to enable quantification of elevation differ-
ences around a period of rapid glacier change in 2014-16. Since
make_stack.py requires multiple DEMs from different years it
was not used for the air photo DEMs, nor for the MMASTER
DEMs covering the period of rapid glacier change from 2014 to
2016 since there were only two DEMs available (one for 2014
and another for 2016). In these two cases, the DEMs were differ-
enced using the Minus tool from the Spatial Analyst toolbox in
ArcGIS Pro, and the resulting DEMs of difference were filtered
and standardized to annual values. Uncertainties were measured
by calculating the mean value over stable ground (0.03 m a™! for
1954-72, 0.32 m a~! for 1972-76, 0.27 m a~! for 2003-14, 5.58 m
a”! for 2014-16, 1.45 m a™! from 2016-20 and 0.34 m a™! from
2003-20).

4. Results
4.1. Terminus length and area changes from 1948 to 2022

Fisher Glacier’s terminus retreated over most of the study period,
punctuated by two short periods of rapid advance (Figs. 3 and 4).
Historical air photos and declassified satellite imagery from 1948
to 1963 show that the terminus length and area of Fisher Glacier
decreased steadily over this time (Figs. 3a and 4a), with a total
reduction in area of 3.03 + 1.85 km?.

Between 1963 and 1972, the terminus area increased by
5.81 + 1.89 km?, reaching 15.86 * 0.06 km? in 1972, the largest
over the study period (Fig. 3). Over this period, the glacier also
increased in length by an average total of 571 m, but this was
highly spatially variable (Fig. 4b). The south terminus increased
by >1900 m and the north terminus by >1400 m, but the cen-
tral terminus only increased by <200 m. However, based on Fisher
Glacier’s recent behavior and the nearly 9 year gap in image avail-
ability, it is likely that the advance lasted for a shorter period, and
that the advance amounts are minimums if the glacier started to
retreat prior to 1972.

Over the following ~42 years, the terminus retreated at a fairly
constant rate, until it reached its minimum extent on 31 July
2014 (Fig. 3a). Over this period, Fisher Glacier attained a terminus-
wide average change of —2.05 km (Figs. 3b and 4c). As with the
prior advance, this retreat was spatially variable, with the north-
ern section retreating the most and central section retreating the
least. The surrounding topography of each section is quite differ-
ent, with the central being land-terminating and, at its maximum
extent, the glacier terminus pushing up against an ~300 m high
hill. In contrast, both the northern and southern sections are
water-terminating, although the north terminates in deeper water
in a permanent lake, whereas the south terminates in seemingly
shallower water (Fig. 4d).

In summer 2014, Fisher Glacier’s terminus began a new period
of advance that would last for the next ~2 years (Figs. 3b and 4d).
Between 31 July and 2 September 2014, the terminus experienced
a rapid but small advance of an average of 18 + 78 m, although
some areas such as the north terminus were still retreating. This
advance corresponded to a 0.13 + 0.08 km? area increase. The
rate of advance then slowed but remained above zero through the
fall and winter of 2014-15. The first significant terminus advance
occurred between 21 May and 23 June 2015, although it was

Gabriel Partington et al.

mainly constrained to the northern section. After May 2015 the
rate of change began climbing steadily through the summer and
fall of 2015, reaching a peak in winter 2015-16. The fall and
winter of 2015-16 is when the terminus experienced its great-
est change, advancing by an average of 526 + 20 m between 4
October 2015 and 10 May 2016, with the greatest advance in the
northern section (1236 + 20 m). The rate of advance remained
high throughout early summer 2016, until sometime between 18
July and 21 August 2016 when it rapidly dropped and the termi-
nus became stagnant, or showed very slight retreat, until 6 August
2017.

The period of rapid change lasted for a total of ~2.1 years (31
July 2014 to 21 August 2016), during which the terminus increased
in area by a total of 5.41 + 0.23 km?. By 2017, terminus area changes
returned to being negative, with this trend being maintained to the
end of the study period in summer 2022 (Figs. 3a and 4e).

4.2. Velocity changes from 1954 to 2022

Manual tracking of surface features from historical air photos
from 1954, 1972 and 1976 provide point surface velocities in the
mid-region (ablation area) of the glacier, ~10-20 km from the ter-
minus (note that all calculated distances are measured from the
2015 terminus, as shown in Fig. 1¢). Potholes and moulins located
along the glacier centerline progressed down-glacier by an aver-
age of 233 + 1.8 m a™! from 1954 to 1972. Their displacement then
decreased to an average of 22 + 7.4 ma~! from 1972 to 1976. Due to
the lack of detail concerning how velocities varied during 1954 to
1972, it is likely that short-term velocities were much higher during
at least one part of this period if a surge occurred.

NASA ITS_LIVE average annual velocity mosaics show that
surface velocities gradually increased along the centerline, though
remained generally low (ranging from <50 to 90 + 14 m a™'),
from 1985 to 2010 (Fig. 5). Over this time, the mean annual
centerline velocity increased by a few meters per year (Fig. 5b).
Figure 5a illustrates the gradual up- and down-glacier spread dur-
ing this multidecadal slow velocity increase. Between 2011 and
2012, average velocities started increasing more rapidly (Fig. 5b),
with the speedup in 2011 occurring in the central ~20 km of the
glacier (Fig. 6). This region of high velocity expanded to encompass
a larger part of the glacier over the next couple of years, with the
speedup increasing substantially in 2014 and 2015 as Fisher Glacier
began a period of rapid acceleration.

The annual centerline velocities increased yearly since 1985,
starting at the 25 km mark and slowly spreading up- and down-
glacier (Fig. 7a). The increase is very gradual at first, with higher
speeds starting around 2008, when they surpassed 100 + 60 m
a”! in the region from 22 to 29 km from the terminus. In Fig. 7a,
the following years’ peak velocities (i.e. 2009) can be seen slowly
increasing, both up- and down-glacier from where they first
started. In 2012, they passed the 150 + 102 m a! mark, in 2013
they climbed above 200 + 52 m a™!, and by 2015 they reached
>600ma.

The short-term velocity data obtained from ITS_LIVE and SAR
sources show further detail concerning the evolution of velocities
throughout the period of rapid surface movement that lasted from
2013/14 to 2016. After velocities started to accelerate in 2014, they
rapidly increased throughout spring 2015 (February to April), and
by late summer and fall 2015 the entire length of the glacier was
flowing at an average of ~1000 m a~'. The winter and spring of
2016 are when the greatest velocities occurred: between 7 February
and 9 March 2016, the rapid velocities finally reached the terminus,
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Figure 3. Time series of (a) total terminus area (black line) and annual rate of change (red line) for Fisher Glacier from 1948 to 2022; (b) change in terminus length in relation
to its 1948 extent; error bars are only included on the terminus-wide line because they are the same for all lines.

which had previously remained below 100 m a!. At this time, the
terminus attained a mean velocity of ~700 m a™! and increased to
a mean of >1100 m a™! from March 2 to 26, 2016. February 2016
also marked the time where the upper glacier reached its observed
peak speeds, with enhanced velocities reaching >41 km up-glacier
from the terminus, affecting approximately 91% of Fisher Glacier’s
length (Figs. 6 and 7a). Velocities remained high throughout the
early summer of 2016 with a peak of 2157 m a™! recorded between
13 May and 6 June 2016, around 12 km from the terminus.

At the end of June 2016, flow speeds in the mid-glacier
(12-21 km) dropped by ~1000 m a™! in the span of a month (from
amean of 1758 m a™! in early June to 735 m a™' in July). Between
July and September 2016, the velocities dropped again, this time to
amean of 162 m a~! in the mid-glacier. By January/February 2017
the mean ice velocity was only 34 m a™!, and this remained similar
through 2018. ITS_LIVE point data from 2017 to 2022 shows that
Fisher Glacier undergoes regular midsummer speedups (Fig. 7b),

but these are short-lived and the mean velocity during the rest of
the year remains low (<50 m a™! from 2017 to 2022).

4.3. Surface feature changes

4.3.1. Surface feature changes between 1948 and 2010

In the 1948 and 1954 historical air photos the glacier surface
appears smooth, and in 1954 potholing is present from ~15 km
from the terminus to at least 30 km up-glacier, beyond which no
imagery is available (Fig. 8a). By 1972, nearly all the potholes had
disappeared due to extensive new crevassing that covers the glacier,
with only a few of the largest still visible (Fig. 8b). In the lower
~7 km of the glacier, crevasses were widespread across the entire
ice surface at this time, whereas above this some areas were less
crevassed, although not completely unaffected. Additionally, the
ice margins across the lower glacier, which were in a state of down-
wasting in 1954, are bulging out in 1972 (Fig. 8b). Furthermore,
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Figure 4. Terminus extents during Fisher Glacier’s periods of advance (b, d) and retreat (a, c, €) between 1948 and 2022: (a) Retreat from 1948 to 1963. Base image: 12-06-1948
air photo. (b) Advance from 1963 to 1972. Base image: KH-5 image from 29-08-1963. (c) Retreat from 1972 to 2014, with decadal terminus outlines showing retreat patterns.
Base image: Air photo from 08-08-1972 at the glacier’s maximum documented extent. (d) Advance from 2014 to 2016. Base image: RapidEye-3 image of Fisher Glacier’s
minimum extent on 31-07-2014. (e) Retreat from 2016 to 2022. Base image: RapidEye-1 image from 22 June 2016. All images are presented at the same scale.

the texture of the snow up to 33 km from the terminus, and on the
upper tributaries, suggests the presence of snow-covered crevasses
in the upper glacier in 1972.

Images from 1976 and 1977 show that the glacier surface had
smoothed out, although remnants of large crevasses from 1972
were still present along the glacier margins and at the terminus
(Fig. 8¢). It did not take long for the potholes to reappear, because
in 1977 >100 small potholes were already present, although they
were smaller and less extensive than in 1954. As of 1984, potholes
now extended far above the snowline to 37 km from the terminus,
and they remained extensive in the mid-1990s (Fig. 8d), but had
reduced by the early 2000s.

4.3.2. Surface feature changes between 2010 and 2021

The period ~2014 to 2016 was marked by a series of rapid and
pronounced surface feature changes. The potholes and associated
surface ponds, still numerous in 2010, almost entirely disappeared
or drained between 2011 and 2014. At the end of July 2014 (i.e. date
of minimum terminus extent), a RapidEye-3 image shows that
the glacier surface was still smooth throughout its entire length
(see part of the glacier surface in Fig. 4d). Extensive crevassing
began spreading across the lower glacier during winter 2014-15,
or in spring 2015, as crevasses opened from the terminus up to
~15 km up-glacier. At this point, the crevasses were mostly located
along the glacier margins. Field observations confirm the extensive
crevassing in the lower ablation area and terminus (Fig. 9), with the
glacier’s surface very broken up and characterized by undulating
hills on a surface that is typically smooth and flat when not surging

(Figs. 9c and d). Large seracs were also observed both at the ter-
minus (Fig. 9a) and up-glacier in the lower ablation area (Fig. 9f).
The terminus was heavily fractured and terminated in the north-
ern proglacial lake with a defined ice cliff as a calving front (Fig.
9a). By the end of summer 2015, the large crevasses at the terminus
and along the margins in the ablation zone were generally about
20-30 m wide. The smaller crevasses, which at this point were gen-
erally found toward the center of the trunk, measured a maximum
of about 8-12 m in width.

Crevasse formation was amplified across most of the glacier
between summer 2015 and summer 2016. RapidEye-1 imagery
from 22 June 2016 shows very large crevasses and serac forma-
tion at the terminus, with crevasses generally measuring 20-40 m
at their widest point, although some reached widths of >60 m
(Fig. 4e). The crevasses up-glacier from the terminus had now
spread across the entire glacier width in most areas and extended
up to 37 km up-glacier from the terminus, similar to 1972. This
included intense crevassing on the tributaries high in the accumu-
lation zone. By 2021, the ice was much smoother, and only crevasse
remnants can be distinguished on the surface (Figs. 9b and d). In
2021, potholes reappeared (Fig. 9g), covering an extensive region
where potholes used to be located prior to 2011 (Fig. 8f).

4.4. Surface elevation changes from 1954 to 2022

Elevation changes derived through DEM differencing of histori-
cal images show that from 1954 to 1972 the area of Fisher Glacier
below 1050 m a.s.l. experienced thickening at an average rate
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Figure 5. (a) Decadal surface velocity mosaics (m a™) of Fisher Glacier covering the period 1985-2018 (1980s = 1985-89; 1990s = 1990-99; 2000s = 2000-09; 2010s =
2010-18). These mosaics display the mean velocity derived from all ITS_LIVE annual mosaics available for each decade. (b) Average annual centerline velocity (1985-2018)
of Fisher Glacier, calculated from the mean of all cells within 500 m on either side of the centerline over a distance of 0-45 km up-glacier from the 2015 terminus. Figure 1c

shows the centerline.

of + 1.70 + 0.03 m a™!, while the surface area above 1050 m a.s.l.
lowered at an average of —1.45 + 0.03 m a™! (Fig. 10a). The dynamic
balance line (DBL), defined as the location where surface eleva-
tion change switches from positive to negative (Dolgoushin and
Osipova, 1975), was located at 19.9 km from the terminus for 1954
to 1972. The trends in ice volume change follow a similar pattern to
the elevation change trends (Fig. 10b), with the area above 1050 m
a.s.l. undergoing a mean volume loss of —0.02 km? a™! from 1954
to 1972.

From 1972 to 1976, the historical DEM of difference shows that
nearly all 50 m hypsometry bands had a negative surface elevation
change (Fig. 10a). With that said, the elevation bands at higher ele-
vations were subjected to the greatest thinning rates: The elevation
bins from 450-950 m a.s.l. lowered by an average of =3.10 + 0.32 m
a”!, whereas the elevation bins above 950 m a.s.l. lowered by an

average of —5.79 + 0.32 m a™'. This resulted in the greatest vol-
ume loss occurring in the upper parts of the glacier (an average
of —0.072 km? a™! above 950 m a.s.l. compared to —0.018 km? a™!
below 950 m a.s.1; Fig. 10b).

The next available DEMs are the MMASTER DEMs cover-
ing 2003 to 2020. From 2003 to 2014, the DBL was located at
31.5 km up-glacier from the terminus, with the area above this
(at >1250 m a.s.l.) increasing in surface elevation at an average
rate of + 2.37 £ 0.27 m a! (Figs. 10c and 11a). This translated to
an average annual volume gain of 0.058 km® a~! above the DBL
(Fig. 10d). The area below the DBL lowered at an average rate of
-1.88 + 0.27 m a7}, although the volume loss from 450-1000 m
a.s.1. was only slightly negative.

Following this, the elevation change map from 2014 to 2016
shows a down-glacier transfer of mass from above the DBL (1300 m
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Figure 6. Annual surface velocity mosaics (m a™) of Fisher Glacier covering the period 2010-18, derived from ITS_LIVE data (Gardner and others, 2019).

a.s.l; 31.5 km) to the area below it (compare Fig. 11a and b). The
area below 1300 m a.s.l. experienced an average surface elevation
increase of 18 + 5.58 m a™}, although this varied spatially. The ter-
minus and lower receiving zone (<700 m a.s.l.; 0-4.8 km from the
terminus) raised by + 39.77 + 5.58 m a~!, while the lower- to mid-
section of the glacier (i.e. area between 700 and 1270 m a.sl, or
4.8-23.7 km from the terminus) only raised by + 9.41 + 5.58 m a™!
(Fig. 11c). The surface elevation changes from the MMASTER dif-
ference DEMs suggest that the DBL moved up-glacier by ~11.5km,
rising by ~250 m in elevation, between the historical (1954 to 1972)
and recent (2003 to 2016) periods.

From 2016 to 2020, Fisher Glacier started another period of
widespread surface thinning, similar to what was observed after
1972. The glacier surface now displayed a negative rate of change
over its entire length, with no evidence for mass gain in the reser-
voir zone. The thinning rates were more pronounced in the receiv-
ingarea (Fig. 11¢), and the greatest volume loss occurred at 1000 m
a.s.l. (=0.119 km? a7%; Fig. 10d). The lower half of the glacier (up to
22.7 km from terminus; <1100 m a.s.l.) thinned at an average rate
of —6.94 + 1.45 m a™!, while the upper half displayed an average
rate of —2.33 £ 1.45mal.

The overall surface elevation trend on the main trunk from 2003
to 2020 shows that the DBL was located at an average altitude of
990 m a.s.l, which corresponds to a distance of ~16 km from the
2015 terminus (Fig. 11d) and is very similar to the DBL for 1954 to
1972. This means that about 70% of Fisher Glacier’s area is located
above the DBL. End of summer snowlines from 2010 to 2022 sug-
gest that the equilibrium line altitude (ELA) is located at a mean
elevation of 1409 m a.s.l., ~38 km up-glacier from the terminus

and nearly at the head of the glacier. The reservoir zone is thus
located primarily in the ablation area. Over the entire 2003 to 2020
period, Fisher Glacier displays a glacier-wide net volume change
of —5.14 + 1.26 km®. Figure 11d also shows that, while most of the
mass comes from the upper reservoir zone and accumulation area
of the main trunk, a few tributaries also contribute: in particular,
Tributary 1 and the upper tributary both display elevated surface
lowering rates compared to the other tributaries, and these were the
same two that displayed the highest velocities from 2013 to 2016
(Figs. 6 and 11d).

5. Discussion

The results strongly suggest that Fisher Glacier underwent two
surges between 1948 and 2022 that were separated by a ~40 year
quiescent phase. In the following section, the most recent surge is
discussed first as it is better constrained than the older one and can
therefore provide insight into the changes that likely occurred in
the older surge when less imagery and data are available.

5.1. Evidence for a recent surge from 2013 to 2016

Fisher Glacier experienced significant change over the period
2013-16, during which its velocities dramatically increased, mass
was redistributed down-glacier, the terminus advanced signifi-
cantly and the ice surface displayed a number of changes includ-
ing crevassing, serac development and formation of new looped
moraines.
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Figure 7. (a) Annual ice velocities from 1985 to 2018 in 250 m distance bins along the centerline of Fisher Glacier, extracted from ITS_LIVE annual mosaics (Gardner and
others, 2019). Red lines are the approximate boundary between <50 and >50 m a™, showing the long-term patterns of the speedup starting from the middle part of the
glacier. (b) Point velocities from 6 locations along the centerline of Fisher Glacier, derived from ITS_LIVE data (Gardner and others, 2019). Inset map shows the point locations
with corresponding colors. Point locations 1-6 are located at 2, 10, 22, 27.5, 31.5 and 37 km from the 2015 terminus, respectively.

Velocity changes were the first sign of change on Fisher Glacier, ~ 1980s to 2000s (at a rate of ~2 m a™!), during which it increased
appearing much earlier than the other tracked changes. The ice  both up- and down-glacier from the central part of the trunk, orig-
velocity displayed a very long and gradual increase through the inating at a location around 24 km from the terminus. However,
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Figure 8. Evolution of potholes and crevasses on Fisher Glacier through two full appearance/disappearance cycles in three main pothole fields in (a) 1954, large potholes
present; (b) 1972, almost no potholes; (c) 1977, small potholes reappearing; (d) 1995, large potholes; (e) 2016, almost no potholes (centerline distance markers shown on
black line); and (f) 2021, small potholes reappearing. Inset map shows the location of the pothole fields near the mid-point of the glacier.

we still consider the glacier to be in its quiescent phase during this It was only from about 2008 onward that the annual velocity
time as the flow was slow overall (ranging from <50t0 90 + 14 m  began increasing at an enhanced rate (i.e. an annual rise of >2 m
a™!) and the terminus retreated on average by >2 km during this  a™!). 2007-08 marked the start of the pre-surge buildup when a
period. localized region at the center of the glacier first began flowing
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Figure 9. Surface feature changes of Fisher Glacier between 11-08-2015 (left column)
and 25-07-2021 (right column): (a, b) Contrast between seracs and ice cliff where
the terminus meets the proglacial lake along the northern section of the terminus
(left), compared to a smooth surface in 2021 (right). (c, d) View across the lower
ablation area, showing the contrast between a broken up, extensively crevassed and
undulating surface in 2015 (left), compared to a smooth, flat and generally higher
surface in 2021 (right). (e) Close-up of crevasses in the ablation area in 2015. (f) Close-
up of seracs in the ablation area in 2015. Blue ice is indicative of recently exposed
areas, suggesting an actively changing landscape. (g) Ponds formed in potholes on
an otherwise featureless/flat surface, with Tributary 2 on the right.

>70 m a”'. In 2010, the moderate flow speeds of the pre-surge
buildup phase spread to a greater portion of the glacier, increasing
up- and down-glacier from where they began in the central region.
From 2008 to 2013 or so, most potholes, ponds and moulins that
remained on the glacier surface drained or closed due to changes in
the glacier morphology. The terminus, however, still showed con-
sistent retreat with no sign of slowing. Additionally, the reservoir
zone was still gaining elevation (mean 33 + 4 m from 2003 to 2014),
while the receiving zone was losing elevation (mean —26 + 4 m
from 2003 to 2014).

We consider the active phase of the surge to have begun in
2013 as the mean centerline velocities were >100 m a™' with local
flow speeds in excess of 200 m a™! in the central region. However,
the glacier surface remained visibly unchanged through 2013 and
early 2014. The first visible signs of surging only became notice-
able in late 2014, when the terminus began advancing very slowly
as the surge front finally reached it. The first significant changes
in terminus length and area came in early summer 2015, approxi-
mately coinciding with the time when the rapid velocities reached
the terminus area. Spring/early summer 2015 is also when the
glacier surface became heavily crevassed. Longitudinal crevasses
were observed from ~4 km down to the terminus where they
splay outward, suggesting that the ice is being thrust upward there
(Colgan and others, 2016). Seracs were also observed along the
glacier margins and across the lower ablation area in regions where
the ice became convex, which is a clear sign of active surging (Meier
and Post, 1969; Hambrey and Alean, 2004). The advancing ice and
down-glacier transfer of mass also created a new ice cliff at the
advancing front. Additionally, the spring of 2015 saw the appear-
ance of a number of supraglacial and ice-marginal lakes which
subsequently drained through the summer during the same period
that velocities increased in the lower glacier.

The velocities and terminus advance both peaked during win-
ter or early spring of 2016, ~2 years after the active phase initiated.

13

Velocities reached a peak of >5.5 m d™! (2100 m a™') from early
February to early June 2016, at a distance of 8—12 km from the ter-
minus. Correspondingly, the terminus was subjected to its greatest
area change during this period, and crevasses kept growing and
spreading across the glacier’s surface. Our results are consistent
with those of Altena and others (2019), who describe an increase
in speed on Fisher Glacier from 2013 to 2018, and a down- and
up-glacier propagation from the same surge initiation point that
we identified at ~22 km. However, their peak reported velocities
of ~4 m d™! were lower than ours, likely because their results
were more generalized at the glacier-wide scale. Guillet and oth-
ers (2025, their figure 9, panel 4) show that the first clear increase
in surface velocity of Fisher Glacier began approximately 1000 days
(2.7 years) before the surge peak, aligning with our findings of the
active phase beginning in late 2013 and peaking in mid-2016.

Velocities dropped rapidly at the end of summer 2016 within the
space of only 1-2 months. The slowdown began at the same loca-
tion where the surge had initiated (~20-25 km from the terminus),
and, as with the initiation, it also spread up- and down-glacier.
The abrupt timing of the surge termination is also visible in Guillet
and others’ (2025) results. The following years were characterized
by slow velocities (<50 m a™!), surface lowering, and terminus
retreat. The crevasses took a few years to close completely, but had
mostly disappeared by 2021, and potholes had reappeared at the
same location as before, which Sturm (1987) argues is a sign of
quiescence.

5.2. Evidence for a historic surge ~1970

The historic air photos and satellite imagery provide evidence for a
surge that occurred shortly before 1972, supported by the observa-
tion of Clarke and Holdsworth (2002) that it had surged around
1970. The RCAF images from 1947, 1948 and 1954 all show a
smooth surface that is devoid of crevasses, and an ice margin that
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Figure 10. (a) Fisher Glacier hypsometry (grey bars) and average annual surface elevation change per 50 m elevation band for 1954-72 (pink) and 1972-76 (green). (b) Mean
annual ice volume change per 50 m elevation band for the same periods as in (a). (c) Fisher Glacier hypsometry (grey bars) and average annual surface elevation change per
50 m elevation band for 2003-14 (blue), 2014-16 (red) and 2016-20 (orange). (d) Mean annual ice volume change per 50 m elevation band for the same periods as in (c). Note

the difference in scales between (b, d).

is in a state of downwasting. The 1954 orthophoto, whose cover-
age extends further up-glacier than the 1947 and 1948 photos, also
shows many large potholes covering the glacier surface above the
18-22 km mark. Additionally, the terminus length and area data
show that the terminus had retreated and covered a smaller area
between 1948, 1954 and 1963.

In 1972, the air photo shows a surface that is crevassed from
the terminus all the way up to >30 km up-glacier, and a termi-
nus more advanced than in 1963. A ~170 m high nunatak that was

visible at the terminus in the previous images has been completely
covered by ice, indicating a significant increase in ice volume
there. The glacier surface in 1972 greatly resembles that of 2016
in terms of crevasse distribution and extent, and much like 2016,
the crevasses at the terminus were chaotic, being oriented both in
transverse and longitudinal directions, and forming serac fields.
The appearance of a new looped moraine ~22 km up-glacier from
the terminus further supports the occurrence of a surge during this
time.
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Figure 11. Annual rate of surface elevation change on Fisher Glacier from (a) 2003-14, (b) 2014-16, (c) 2016-20 and (d) entire period 2003-20 (derived from 9 MMASTER
DEMSs). The dynamic balance line for this period is shown as a black line. Insets in the top right of each panel show the apparent surface elevation change over stable ground
for the corresponding period. Base image: Sentinel-2, 12 August 2022.

Our results also give clues as to the possible end date of the line with velocities observed from 2017 onward during the return
historical surge. To start, the point velocities from surface feature-  to quiescence after the recent surge, suggesting that the surge was
tracking show a mean velocity of 22 m a™! from 1972 to 1976, in  near its termination in 1972. Second, in the 1976 and 1977 imagery,
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the terminus had already begun retreating from its 1972 extent, the
crevasses were mainly closed, and small potholes had started to
reform. In the recent surge, crevasses took several years to close
after velocities reduced and potholes only reappeared in 2021,
about 4 years after surge termination, providing further evidence
that the 1972 image shows the glacier close to termination. Third,
the pattern of elevation changes across Fisher Glacier’s surface from
1972 to 1976 (i.e. widespread thinning; green line in Fig. 10a) is
similar to the pattern observed from 2016 to 2020 during the most
recent switch back to quiescence, which highlights the similari-
ties between both surges and further supports a termination date
around 1972.

Based on a combination of historical data and inferences made
based on similarities with the recent surge, our reconstruction
of the sequence of events surrounding the historical surge is: (i)
quiescent phase from at least 1947 to ~1963, (ii) active phase
from ~1969 to ~1972, and (iii) quiescence from 1972/73 to
2012. The time between the historical surge’s termination and the
recent surge’s initiation suggests a quiescent phase duration of
~40 years.

5.3. Comparison with other surge-type glaciers in the St. Elias
Mountains

Fisher Glacier displays local velocities up to 5.5 m d~! (2000 m a™!)
at its peak, although average surge velocities over most of the
glacier reached approximately 4 m d™'. These velocities are lower
than many surge-type glaciers in the Yukon (Kochtitzky and oth-
ers, 2019) and fall below the median peak surface velocity of
6.8 m d! identified by Guillet and others (2025) in the Alaska-
Yukon surge cluster. For example, Naluddy (Bevington and
Copland, 2014), Variegated (Kamb and others, 1985; Lawson,
1997) and Tweedsmuir (Krimmel and Meier, 1975; Sharp, 2021)
glaciers all reached peak velocities of 10 + m d™! during their
surges, about double that recorded on Fisher Glacier. Even higher
peak velocities have been recorded on Walsh (14 m d~!; Meier and
Post, 1969; Fu and Zhou, 2020), Little Kluane (13 m d~!; Main and
others, 2024), and Sit’ Kusa (Turner; marine-terminating) (up to
25 m d7!; Nolan and others, 2021; Liu and others, 2024) glaciers.
However, some large surge-type glaciers in the St. Elias Mountains
do display similar speeds to Fisher Glacier, such as Klutlan Glacier
which experienced velocities of 4+ m d™' in its 2014-18 surge
(Altena and others, 2019; Samsonov and others, 2021), and Din
Zhur which flows at 2.0-4.5 m d™!, depending on the surge (Abe
and others, 2016; Kochtitzky and others, 2019). Conversely, the few
small polythermal surge-type glaciers in the St. Elias Mountains
display much lower peak surge velocities of 0.12 m d™! (Trapridge
Glacier; Frappé and Clarke, 2007) and 0.05-0.10 m d™! (South
Glacier; De Paoli and Flowers, 2009).

Fisher Glacier’s ~3 year active phase duration is comparable to
that of the other glaciers in the St. Elias Mountains. Variegated,
Natuddy, Dan Zhur, Tweedsmuir, Sit' Kusa, and Little Kluane
glaciers all have active phases that typically last less than 3 years
(Meier and Post, 1969; Krimmel and Meier, 1975; Kamb and oth-
ers, 1985; Lawson, 1997; Bevington and Copland, 2014; Abe and
others, 2016; Kochtitzky and others, 2019; Nolan and others, 2021;
Samsonov and others, 2021; Main and others, 2024), whereas
Walsh and Klutlan glaciers both exhibit active phases lasting up to
4 years (Fu and Zhou, 2020; Samsonov and others, 2021). Guillet
and others (2025) report a median surge duration of 2.3 years
in Alaska-Yukon from 2000 to 2024. Fisher Glacier’s active phase
duration is therefore in the middle- to upper-end of the typical
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range and is within the range initially described by Meier and Post
(1969).

The recent surge of Fisher Glacier initiated in the winter or
early spring, similar to Variegated, Walsh, Sit’ Kusa, Little Kluane,
possibly Klutlan and some of Tweedsmuir’s past surges (Kamb
and others, 1985; Lawson, 1997; Altena and others, 2019; Nolan
and others, 2021; Samsonov and others, 2021; Sharp, 2021; Liu
and others, 2024; Main and others, 2024). Conversely, Natuday’s
surges typically initiate in late summer or early fall (Bevington and
Copland, 2014), while Dén Zhur is alone with a summer initiation
time (Abe and others, 2016; Kochtitzky and others, 2019). Surges
in the St. Elias Mountains show a clear pattern of active phase
termination during the summer, including for Fisher Glacier.

Fisher Glacier’s surges initiate and terminate from the central
section of the trunk, and the surge propagates both up- and down-
glacier, although the up-glacier progression is a little more subdued
(i.e. lower peak velocities than the down-glacier progression). This
is uncommon among glaciers in the St. Elias Mountains. Most
glaciers have surges that initiate in the mid- to upper-glacier and
progress down-glacier from the initiation point. Notably, Walsh,
Variegated, Sit’ Kusa and Little Kluane glaciers all initiate in their
upper region and propagate down-glacier from the initiation loca-
tion (Lawson, 1997; Samsonov and others, 2021; Liu and others,
2024; Main and others, 2024). Like Fisher Glacier, Klutlan and Din
Zhur glaciers also initiate in the mid-trunk. However, Dén Zhur’s
surges only affect the lower 20 km of the glacier as the surge front
only progresses down-glacier from the initiation point at 18-22 km
from the terminus (Abe and others, 2016; Kochtitzky and oth-
ers, 2019). Klutlan Glacier’s surges are similar to Fisher Glacier’s
because it is one of the rare cases where the surge spreads both
up- and down-glacier, although its 2014 surge primarily affected
the area downstream from the initiation point (Altena and others,
2019; Samsonov and others, 2021) and the up-glacier progression
of Klutlan Glacier’s surge was limited in extent to its westernmost
basin (Altena and others, 2019).

Comparing Fisher Glacier’s recent surge to the characteristics
of surge-type glaciers in other regions shows that its termination
phase is much more rapid and abrupt than most surges in Svalbard-
Russian Arctic and High Mountain Asia, and its surge duration is
also shorter than the median in these regions (Guillet and others,
2025). That being said, comparing an individual surge event to an
entire region can be misleading as there are numerous examples of
surges within these regions which share similar characteristics to
Fisher’s (e.g. Sortebree’s active phase length of ~2.5 years (Pritchard
and others, 2005), Monacobreen’s peak surface velocities of 4.5 m
d™! (Murray and others, 2003; Mansell and others, 2012; Banerjee
and others, 2022), and Khurdopin Glacier’s surge timing (Quincey
and others, 2011; Quincey and Luckman, 2014)).

5.4. Surge mechanisms of Fisher Glacier

Given the characteristics and timing of the two surges described
for Fisher Glacier, and those found elsewhere, we can make infer-
ences concerning the likely mechanism(s) that caused them. Some
of the main characteristics seen in surges traditionally assigned to
a hydrological control are short active phases lasting 1-3 years fol-
lowed by short quiescent phases of about 10-40 years (Meier and
Post, 1969; Kamb and others, 1985; Lawson, 1997), rapid surge
initiation in the late autumn or winter (Kamb and others, 1985;
Lawson, 1997) and an abrupt surge termination in the late summer
(Kamb and others, 1985; Lawson, 1997; Murray and others, 2003;
Bevington and Copland, 2014; Abe and others, 2016). Conversely,
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surges traditionally assigned to a thermal control typically have
longer active phases of 3-10+ years, longer quiescent phases of
50+ years, a gradual surge initiation and/or termination, and the
surge initiation and termination timing is variable (i.e. no defined
season) (Copland and others, 2003; Murray and others, 2003;
Quincey and others, 2011).

During Fisher Glacier’s recent surge, the three winters from
2014 to 2016 were the periods with the most activity (great-
est velocity changes, most significant terminus advances, appear-
ance of crevasses), which is suggestive of a hydrological control
on the surging. Since there is less water reaching the bed in
the winter months, any subglacial drainage conduits that were
formed during the summer get overpowered by the ice overbur-
den pressure, which collapses them and disperses the water into
an inefficient/dispersed subglacial drainage system. This inefficient
drainage system is highly pressurized and leads to increased basal
sliding and, ultimately, increased velocities (Kamb and others,
1985). Fisher Glacier’s rapid termination at the end of the summer
also aligns with the hydrologic control mechanism, since increased
water input from summer melt can create large drainage conduits,
which decrease sliding (Kamb and others, 1985; Benn and oth-
ers, 2019a). The similar timing of Fisher Glacier’s and Sit" Kusa’s
latest surges may further support the evidence of hydrologically
controlled surging at Fisher Glacier. Liu and others (2024) surmise
that accumulated mass balance in the reservoir zone exceeding
a critical driving stress seems to regulate Sit' Kusds surge recur-
rence overall, but that annual meltwater input leading to high basal
enthalpy appears to be a driving force in modulating the surge’s
initiation. Under this proposed mechanism, Fisher Glacier’s mul-
tidecadal speedup may be the result of a gradual mass balance
accumulation in the reservoir zone, while a year with a particularly
elevated meltwater input could have triggered the surge.

Although the active phase length and the timing of surge initia-
tion and termination show evidence of a hydrologically controlled
surge, Fisher Glacier also displays characteristics that are not typ-
ical of hydrologically controlled surges. Notably, its relatively long
quiescent phase of ~40 years and the multidecadal pre-surge veloc-
ity buildup are uncharacteristic of a hydrologic surge mechanism.
It therefore seems that Fisher Glacier’s surges may be the result
of an interaction between various controls, but further research
is needed to elucidate the mechanisms at play, particularly in the
central region of the glacier around 22 km up-glacier from the ter-
minus. This region plays a key role in Fisher Glacier’s surges as it is
the location where the recent surge initiated and terminated, and
it is from here that the multidecadal velocity increase originated.
This location is also just down-glacier from Tributary 1 (i.e. a main
tributary that seems to speed up and contribute to the down-glacier
mass transfer during a surge; Fig. 11), and approximately at the
location of the DBL from 1954 to 1972. Its surge dynamics may
also be better explained by a newer framework such as the enthalpy
balance theory (Sevestre and Benn, 2015; Benn and others, 2019a,
2019b, 2022).

5.5. Implications for Fisher Glacier’s future surges

Although the two surges broadly resembled each other in terms
of general patterns, the maximum terminus extent reached in
the ~1972 surge (15.86 + 0.06 km?) was greater than in 2016
(7.88 + 0.04 km?), and the maximum height of the ice was much
higher in the earlier surge. The northern terminus in the histor-
ical surge reached a maximum extent only 0.9 km away from
the western bank of the Alsek River, whereas the recent surge’s
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maximum extent was ~2.8 km away. Although the historical surge
came relatively close to reaching the river in 1972, the likelihood
of Fisher Glacier damming it in the future is low because under
current and projected future climate conditions all glaciers in this
region are expected to maintain a negative mass balance (Berthier
and others, 2010; Liu and others, 2022). Accordingly, we expect
Fisher Glacier’s future surges to reach successively smaller extents,
as has happened at Naludédy (Bevington and Copland, 2014) and
Din Zhur (Kochtitzky and others, 2019). Topographic restrictions
have also limited the change in extent of the central and southern
parts of the terminus during the past two surges, meaning that the
northern section would be the only one with potential for blocking
the Alsek River, but this is extremely unlikely under current trends
due to the mass balance implications discussed above.

6. Conclusions and future outlook

This study demonstrates that Fisher Glacier has undergone two full
surges over the past ~70 years. Its surge history can be broken into
5 distinct periods:

(i) Quiescent phase 1(1947-68/69): 21+ year long period during
which the terminus progressively retreated, and ice thinned
in the lower receiving zone and thickened in the upper reser-
voir zone. The ice surface was characterized by potholes, and
there were few crevasses. Assuming similar surge dynamics to
its recent history, we suggest that a pre-surge buildup phase
would have occurred from ~1964 to 1968/69.

(ii) Active phase 1 (historic surge; ~1969-72): The terminus
advanced by several hundred meters and thickened by tens of
meters as mass was transferred down-glacier, and the glacier
surface became heavily crevassed, particularly along its mar-
gins and in the terminus region. Fisher Glacier reached its
maximum documented extent of ~0.9 km from the Alsek
River during this surge.

(iii) Quiescent phase 2 (1972/73-2012): A 40 year period charac-
terized by low velocities, but which increased gradually (by
~2 m a’!) since at least the mid-1980s, spreading both up-
and down-glacier from the central region of the trunk at
~22 km up-glacier from the terminus. The terminus experi-
enced sustained retreat during this time, and the ice surface
was generally smooth with only potholes and moulins visible
in some areas. The reservoir zone was subject to thickening,
and the terminus thinned, both by tens of meters. A pre-surge
buildup began around 2008-10, during which velocities in
the central region of the glacier increased at an accelerated
rate for 3-5 years before reaching active phase velocities of
>200mal.

(iv) Active phase 2 (recent surge; 2013-16): The velocities
increased significantly (to ~1500 m a™') in the middle of the
glacier and propagated both up- and down-glacier. Although
there was no clearly defined initiation time or surge front, the
greatest velocity increases and terminus advances occurred
each winter during the three surge years. Velocities peaked
at >2100 m a! in winter 2016 at ~12 km from the termi-
nus and dropped rapidly along most of the glacier’s length
over a period of 1-2 months in late summer 2016. The surge
termination occurred first in the middle part of the glacier,
near where it initiated, and spread up-glacier and down-
glacier from there. During this active phase, the receiving
zone thickened by a mean of 32 + 10 m while the reser-
voir zone thinned by a mean of 16 + 10 m, the terminus
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advanced by a terminus-wide mean of 868 + 8 m and crevasses
developed across the glacier’s surface.

(v) Quiescent phase 3 (ongoing since 2017): By early 2017, veloc-
ities returned to quiescent speeds (<50 m a™!) along the entire
length of the glacier and the regular seasonal velocity pat-
tern (i.e. midsummer speedup) returned. Additionally, the
crevasses and seracs closed up and potholes started develop-
ing ~4 years after surge termination.

The timing of Fisher Glacier’s peak surge velocity in winter, and
summer termination, align with what is traditionally attributed to
a hydrological surge control, as does the abrupt termination and
the short active phase length. However, its multidecadal velocity
increase prior to the most recent surge aligns with what is tradi-
tionally attributed to a thermal control. An unusual attribute is the
double surge front which progresses both up- and down-glacier
from the initiation point in the middle of the glacier. Thus, the
observed surge dynamics support the increasingly popular notion
of dynamically unifying processes driving glacier surges, rather
than a singular process, meaning that the enthalpy balance the-
ory may provide a better framework with which to understand the
cause of Fisher Glacier’s surges (Sevestre and Benn, 2015; Benn and
others, 2019a, 2019b, 2022).

This study provides a reconstruction of Fisher Glacier’s previous
surges and a base from which we can carry out more detailed stud-
ies that focus on particular aspects of its surge dynamics. It is highly
likely that future surges of Fisher Glacier will not dam the Alsek
River, although water inputs from the glacier could contribute to
changing river water levels. Future work that could improve under-
standing of the mechanisms at play and the physical properties
of the glacier that contribute to surging include ice penetrating
radar to determine the glacier’s thickness and basal topography,
and measurements of englacial and basal ice temperatures.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/j0g.2025.10084.
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