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ABSTRACT.
The dynamically driven advance and retreat of surge-type glaciers shapes surrounding ecosys-
tems and landscapes di!erently from non-surging glaciers; however, the diversity in surge
behaviour, even among neighbouring glaciers, makes them challenging to predict. Here, we
reconstruct the six-decade surge history of Tweedsmuir Glacier in the Saint Elias Mountains,
capturing two surge cycles. We use historical and satellite images to document rates of ice-
thickness change, surface slope, cycle length, dynamic balance line position, and terminus ad-
vance and retreat between 1950 and 2010. Additionally, spectral analysis of the reconstructed
glacier surfaces confirms that surface topography is amplified during and immediately follow-
ing surges. Collectively, these proxies indicate that either the surge cycle lengthened over the
study period, or themost recent surge (2007–2009) initiated with a lower driving stress than the
preceding one (1973). While the glacier historically contacted the river during surges, termi-
nus retreat has likely reduced the hazard of ice-damming. This study extends the known surge
record of Tweedsmuir Glacier by two-and-a-half decades and provides a new proxy for distin-
guishing surge and quiescent phases from historical DEMs, multidecadal validation data to test
theories of glacier surging, and a potential test site for improved bed-topography inversions
that leverage high-slip regimes.

INTRODUCTION

Mountain glaciers are actively reshaping landscapes, habi-
tats, and water resources across the planet due to sustained
periods of negative net mass balance driven by climate
warming. However, some glaciers undergo dynamically-
driven cycles of advance and retreat that are decoupled from
climate forcing. Glacier surges are short episodes of fast
flow on timescales of years to decades (the active surge
phase) triggered by changes in the subglacial thermal and/or
hydrological state, and followed by longer periods of slow
flow (the quiescent phase) (e.g. Meier and Post, 1969; Clarke
and others, 1984; Kamb and others, 1985; Raymond, 1987;
Dowdeswell and others, 1991; Björnsson, 1998). This rapid
transport of mass from a reservoir that accumulates over
years–centuries to a lower-lying receiving zone o!en results
in a terminus advance and poses unique hazards to human
activity and ecosystems, such as ice dams and their associ-

ated glacial lake outburst floods (e.g. Post and Mayo, 1971;
Hewi" and Liu, 2010; Clague and Rampton, 2011; Bhambri
and others, 2019; Kochtitzky and others, 2020). Additionally,
the high-slip regime of surges has been used as an analog
for understanding fast flow at outlet glaciers on the polar
ice sheets (e.g. Doyle and others, 2018; Young and others,
2019), and been proposed as a natural laboratory to improve
inversions of bed topography (Morin and others, 2023).
Many surge-type glaciers exist in an optimal climatic en-

velope between “cold and dry” and “warm and temperate”
end members (Sevestre and Benn, 2015; Benn and others,
2019), suggesting that climate exerts a first-order control on
the global distribution of surge clusters and an indirect con-
trol on surge dynamics. Several studies corroborate a rela-
tionship between mass balance and surge behaviour (Lovell
and others, 2026), whereby diminishing accumulation in the
reservoir zone leads to a decrease in the maximum terminus
extent (Eisen and others, 2005; Bevington andCopland, 2014;
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Kochtitzky and others, 2019, 2020) and flow velocity (Frappé
andClarke, 2007; De Paoli and Flowers, 2009) a"ained during
surges, and in the most extreme case, the cessation of surges
altogether (e.g. Dowdeswell and others, 1995). The length of
a surge cycle may also adjust to the accumulation rate pre-
ceding the surge, and is generally thought to lengthen with
decreasing net balance (Eisen and others, 2001), although
some glaciers exhibit relatively consistent (Kochtitzky and
others, 2020) or even shortened intervals under decreasing
negativemass balance (Bevington and Copland, 2014). How-
ever, the ability of a glacier to accumulate a su#icient reser-
voir can also be modulated dynamically by spatial varia-
tions in bed topography and composition (Fowler and oth-
ers, 2001; Flowers and others, 2011; Crompton and others,
2018; Lovell and others, 2018; Nolan and others, 2021; Liu and
others, 2024). This variable interplay between climate and
glacier dynamics contributes to the diversity of surge be-
haviour and makes it challenging to understand how surge-
type glaciers will respond to climate change (Lovell and oth-
ers, 2026), motivating the need for multidecadal observa-
tions at the scale of individual glaciers.

Furthermore, surge-type glaciers interact with surround-
ing ecosystems inways that di#er fromnon-surging glaciers.
Notably, terminus advances during surges of Nà$ùdäy (Low-
ell Glacier) in southwestern Yukon in have created an ice
dam across the Alsek River several times in the past 1000
years, leading to catastrophic flooding upstream and block-
ing ecologically and culturally important sockeye salmon
migrations (Lindsey, 1975; Holdsworth and others, 2002;
Clague and Rampton, 2011). However, geomorphic evidence
suggests that since the late 1800s, none of the glaciers in
the Alsek watershed (including Nà$ùdäy) have blocked the
river (Clague and Rampton, 2011). Despite the absence of
an ice-dam, sockeye salmon have not returned to the upper
watershed.

It has been postulated that the neighbouring Tweedsmuir
Glacier, located down-river from Nà$ùdäy, may be an impor-
tant control on the present-day configuration of the Alsek
River (Champagne&Ashihik First Nations, 2006; Shugar and
others, 2024). The terminus of Tweedsmuir Glacier abuts
a ridge, forcing the Alsek River through a narrow bedrock
canyon—a notorious section of rapids known as “Turnback
Canyon” (Figure 1) that may be a remaining barrier to mi-
grating fish. Thus, an advance or retreat of Tweedsmuir
Glacier could alter the course of the Alsek River and directly
impact anadromous fish in the Alsek watershed. Yet, li"le is
known about the dynamics and surge history of Tweedsmuir
Glacier, let alone its future.

This study has two complimentary motivations: ad-
vancing our understanding of the interplay between cli-

mate and surge dynamics from remotely-sensed observa-
tions of the glacier surface, and characterizing the evolution
of the culturally- and ecologically-significant Tweeedsmuir
Glacier. We begin by documenting key characteristics of
surges of Tweedsmuir Glacier between 1950 and 2010—the
rate of change of ice thickness, surface slope, cycle length,
and terminus advance/ retreat. We then use spectral analy-
sis to quantify the amplification of glacier surface topogra-
phy during surges relative to quiescent phases, corroborat-
ing prior theory (Gudmundsson, 2003). We focus our discus-
sion on how surge behaviour has changed across cycles, and
show that several proxies (e.g. changes in surface slope, ice
thickness, terminus position, and the amplitude of surface
topography) indicate either a lengthening of the surge cy-
cle, or a decrease in the critical driving stress at which surges
initiate.

STUDY SITE AND SURGE HISTORY OF
TWEEDSMUIR GLACIER

Tweedsmuir Glacier is a surge-type valley glacier in the
Saint Elias Mountains (Figure 1), a high coastal mountain
range between southwestern Yukon, northwestern British
Columbia, and Southeast Alaska, with a high density of
surge-type glaciers. Of the 204 surge-type glaciers identi-
fied in western North America by Post (1969), 136 of them
are found here. On the traditional territories of the Cham-
pagne and Aishihik First Nations, Tweedsmuir Glacier is
one of the largest glaciers in the Canadian portion of the
Saint Elias Mountains. It spans elevations between approx-
imately 200 and 2800ma.s.l. (RGI 7.0 Consortium, 2023).
Covering a total area of 592 km2 (RGI 7.0 Consortium, 2023),
the glacier is „80 km long, „3.5 km wide along the main
trunk, and spreads into an 8.5 km-wide piedmont lobe at
its terminus. Based on airborne ice-penetrating radar obser-
vations from NASA’S Operation IceBridge (MacGregor and
others, 2021) and unpublished ground and helicopter-based
ice-penetrating radar data collected in July 2022, there is a
10 km-long overdeepening beneath the piedmont lobe (To-
ber and others, 2026), which reaches a maximum ice thick-
ness of 500m (Figure 3 a,b). The upstream end of the lobe is
bordered by a„ 100m-tall basal ridge (grey arrows in Figure
3 a,b), beyond which the basal topography is unknown.
Two surges of Tweedsmuir Glacier have previously been

observed. The first initiated in early 1973 (“Surge 1”), reach-
ing peak activity in June–July and terminated by the end
of the year or in early 1974 (Holdsworth and others, 2002;
Krimmel and Meier, 1975). Surface velocities during this
time were estimated by measuring the displacement of me-
dial moraines in the terminal piedmont lobe. Based on these
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Fig. 1. Map of Tweedsmuir Glacier, Alsek River, Turnback Canyon, and elevation profiles used in this study. The GLIMS glacier polygon
(Raup and others, 2007) is outlined in black and the RGI (RGI 7.0 Consortium, 2023) centreline is shown in a dashed black line. Inset:
Location of Tweedsmuir Glacier (orange star) in British Columbia, Canada. Background: Copernicus Sentinel-2 image acquired on 14
August 2026.

estimates, surface speeds during the active surge phase ex-
ceeded 10m day´1 between late July and mid September,
1973 (Krimmel and Meier, 1975), and decreased by an order
of magnitude to 1m day´1 in late August, 1978 (Holdsworth
and others, 2002), at the beginning of the quiescent phase.
During the winter of 1973–74, Tweedsmuir Glacier tem-
porarily dammed the Alsek River (Holdsworth and others,
2002).

The second observed surge of Tweedsmuir Glacier began
sometime before October, 2007 and was completed by June,
2009 (“Surge 2”) (National Park Service, 2015). Based on
ITS_LIVE velocity measurements (Supplementary Figure S1;
Gardner and others, 2024), the terminal lobe of the glacier
reached a peak velocity of 11m day´1 in April, 2008. This
surge is not as well studied, scientifically, as the first, but
was monitored by the U.S. National Park Service (National
Park Service, 2015) due to the risk of an ice dam across the
Alsek River. Observations suggest that the glacier contacted
the Alsek River again in August of 2008, but did not create

an ice dam.

DATA AND METHODS

We produced and compiled a six-decade record of Digital El-
evation Models (DEMs) of Tweedsmuir Glacier derived from
historical and satellite imagery. We subtracted the DEMs to
quantify elevation changes over the two observed surge cy-
cles, tracked terminus advance and retreat with the ortho-
mosaics, and applied techniques from spectral analysis to
compare the glacier-surface topography between surge and
quiescent phases.
The surface elevations of Tweedsmuir Glacier were recon-

structed for 1950, 1969, 1974, 1979, and 1987 from scanned
historical air photographs (Supplementary Figure S2), and
2007, 2009, and 2010 from SPOT-5 satellite stereopairs. We
acquired an additional publicly-available Shu"le Radar To-
pography Mission (SRTM) satellite DEM from 2000. Al-
though these timestamps were dictated by data availabil-
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Table 1. Timeline of historical and satellite DEMs. Shaded rows
denote active surge phases.

Date
Surge a

Phase
DEM b

Source
Pixel

Size (m)
Vertical c

Accuracy (m)
1950 ? HSfM 2 13.0
1969 Q HSfM 2 3.2
1974 S1 HSfM 2 5.7
1979 Q HSfM 2 4.8
1987 Q HSfM 2 3.6
2000 Q SRTM 30 5.7
2007 S2 SPOT-5 12 10.2
2009 S2 SPOT-5 12 11.6
2010 Q SPOT-5 12 13.1
2009–
2021 Reference ArcticDEM v4.1 2 2–12

a%iescent and active surge phases are denoted by “Q” and “S”, respec-
tively.

bDEM sources marked as “HSfM” are produced from historical images
and “SPOT-5” are produced from stereo-pairs in this study. Shu"le Radar
Topography Mission (SRTM) is a publicly available DEM product.

cVertical accuracy is the normalized Median Absolute Deviation
(nMAD) relative to the reference DEM (see text for details).

ity, they are well distributed throughout di#erent phases
of the surge cycle (Table 1). The earliest snapshots, 1950
and 1969, provide insight prior to previously-documented
observations (Figure 2). The first observed surge in 1973
(Holdsworth and others, 2002) is bracketed by the 1969 and
1974 DEMs. The next three timestamps, 1979, 1987 and 2000,
cover the subsequent quiescent period. The 2007, 2009, and
2010 snapshots bracket the second observed surge (2007–
2009) (National Park Service, 2015) and mark the end of a
complete surge cycle.

Historical DEM generation

Historical images and initial camera metadata

Historical images were acquired by the Royal Canadian Air
Force and Austin Post/ US Geological Survey, and obtained
from three collections: the Canadian National Air Photo Li-
brary (1950: 85 images, 1979: 29 images), the North Ameri-
can Glacier Aerial Photography (NAGAP) Archive (1974: 16
images, Nolan and others, 2017), additional NAGAP images
scanned by the University of Alaska Fairbanks for this study
(1969: 16 images), and the province of British Columbia’s
GeoBC image library (1987: 22 images). Initial horizon-
tal camera positions were manually estimated by locating
the centre of each image in the ESRI World Imagery global
basemap using QGIS v3.34.15 (Dawson and others, 2025).

Vertical positions were estimated assuming a flight alti-
tude of 1000m above the National Elevation Dataset (United
States Geological Survey, 2019) with camera orientations
pitch, roll, and yaw set to 0° (nadir, heading north), as per
the workflow described in Knuth and others (2023). Meta-
data for each image set, including the camera type, focal
lengths, scanning resolutions, and distance between fiducial
markers are summarized in Supplementary Table S1.

Image pre-processing

Historical images were pre-processed using the Historical
Image Pre-Processing (HIPP) library (Knuth and others,
2021) to standardize the images and improve the camera
model optimization during subsequent photogrammetric re-
construction. All images were enhanced with a contrast-
limited adaptive histogram equalization and cropped around
the principal point to remove the photo frame. When pos-
sible, we used fiducial markers to apply an a#ine transfor-
mation and remove distortion that can arise from film stor-
age, handling, or scanning. Example raw images and fiducial
markers are shown in Supplementary Figure S2, and camera
metadata and fiducial marker distances are provided in Sup-
plementary Table S1.
The 1950 image set was pre-processed with an a#ine

transformation to match mean fiducial marker positions,
following the workflow described by Knuth and others
(2023), as no calibration reports were available. Fidu-
cial markers were manually detected in each image using
Agiso! Metashape v2.0.3—herea!er, “Metashape”—(Agiso!
Metashape, 2023) and the average position of each marker
was used to define the a#ine transformation with HIPP.
Like most images in the NAGAP archive, the 1969 and

1974 image sets do not have visible fiducial markers and lack
calibration reports. Instead, notch pa"erns on the photo
frame were used as “pseudofiducial markers” to estimate
principal points. No a#ine transformation was applied when
using pseudofiducial markers (Knuth and others, 2023).
The 1979 and 1987 image sets were pre-processed in HIPP

using an a#ine transformation obtained from measured
fiducial marker positions and their calibrated dimensions.
Fiducial markers were automatically detected in Metashape
and manually refined where necessary. For the 1979 im-
agery, calibrated fiducial positions were extracted from the
corresponding camera calibration report. As no calibration
report was available for the 1987 imagery, we instead used
nominal fiducial coordinates compiled by McNabb (2025),
derived from a collection of calibration reports for the same
camera model (Wild RC8).
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Fig. 2. Footprint of historical DEMs and orthomosaics produced in this study. Tweedsmuir Glacier is outlined in black by the
GLIMS outline (Raup and others, 2007) with a 500m bu#er.

Four-dimensional Structure from Motion photogrammetry
(4D SfM)

Structure from Motion (SfM) is a photogrammetric tech-
nique that builds three-dimensional point clouds from
overlapping two-dimensional images. With the images
standardized, we performed a two-step multi-temporal
bundle adjustment using Historical Structure from Mo-
tion (HSfM)—a python-based automated pipeline for SfM
photogrammetric reconstruction and DEM co-registration
(Knuth and others, 2023). The HSfM workflow does not re-
quire the manual placement of ground control points to geo-
reference the resulting point clouds and instead uses the es-
timated initial camera positions.

First, a joint bundle adjustment was performed, where all
available images across all image sets (i.e. all acquisition
dates) were processed together to optimize the camera mod-
els and produce a composite DEM. The composite DEM was
then co-registered using HSfM’s multi-stage co-registration
procedure (Knuth and others, 2023), which applies a three-
step Iterative Closest Point (ICP) alignment routine followed
by the Nuth and Kääb (2011) DEM co-registration method
for sub-pixel refinement. The resulting combined transform
is then applied back to the bundle adjusted cameras to cor-
rect their absolute position and orientation. Next, the op-
timized camera models were used for photogrammetric re-
construction using each individual image set belonging to a
single acquisition date. The intrinsic parameters from the
multi-temporal optimization were held fixed during these
bundle adjustment runs. Instead of employing the multi-

stage HSfM co-registration procedure again for the single-
date DEMs, we achieved be"er results with the Least Z
Di#erence method (Rosenholm and Torlegård, 1988), which
performs both a three-dimensional translation and rotation.
We implemented the Least Z Di#erence co-registration with
the Python library xDEMv0.2.0—herea!er, “xDEM”—(xDEM
contributors, 2026). The co-registration process is described
in detail below.
The final single-date DEMs were posted as 2m resolution,

which is greater than the ground sample distance computed
for each bundle-adjusted image set and equal to the reso-
lution of the reference DEM (ArcticDEM). Small data gaps
in the DEMs were filled using the GDAL FillNodata algo-
rithm (implemented via rasterio in Python), which interpo-
lates missing pixels by inverse distance weighting of valid
pixels found in a four-direction search, with a maximum
search distance of 50 pixels (100m). Using the initial camera-
position estimates and themulti-temporal SfM approach de-
scribed above, we produced DEMs with error estimates on
the order of „ 10m a!er final co-registration (Table 1, Sup-
plementary Figure S3).

Satellite DEM generation

In addition to historical DEMs, we generated three DEMs of
Tweedsmuir Glacier from stereoscopic images acquired by
the High Resolution Stereoscopic (HRS) instrument onboard
the SPOT-5 satellite. SPOT-5 HRS captures forward (HRS1)
and backward (HRS2) viewing geometries in a single orbital
pass (e.g. Toutin and others, 2011; Korona and others, 2009).
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We processed three stereo pairs acquired between Septem-
ber 2007 and September 2010 (Table 1), covering a footprint
of approximately 11 000 km2. The DEMs were created us-
ing the NASA Ames Stereo Pipeline (Beyer and others, 2018;
Shean and others, 2016), with a processing workflow con-
sisting of: relative orientation, map projection, dense stereo
matching, triangulation, and DEM rasterization.
First, we performed a relative bundle adjustment on the

forward and backward images of each stereo pair to evalu-
ate their internal geometric consistency (Beyer et al., 2018).
Rational polynomial coe#icient (RPC) camera models were
subsequently generated from the SPOT-5 metadata and ap-
pended to the corresponding metadata files. To minimize
disparity search ranges and reduce the impact of severe to-
pographic distortions during the matching phase, we map-
projected the forward and backward images onto the Coper-
nicusGLO-30 reference surface using the RPC cameramodel
(Beyer and others, 2018; Shean and others, 2016).
Dense stereo matching was performed on the map-

projected pairs using a hybrid Semiglobal Matching
(SGM)/More Global Matching (MGM) mode in which SGM
is used at preceding resolution levels and MGM at the fi-
nal resolution level (Hirschmuller, 2008; Facciolo and others,
2015; Beyer and others, 2018). Disparities were further re-
fined using an a#ine-adaptive window correlation technique
(Stein and others, 2006; Beyer and others, 2018). The re-
fined disparities were triangulated to generate point clouds,
which were subsequently rasterized into DEMs using ASP’s
point2dem utility (Beyer and others, 2018; Shean and others,
2016), producing final surface models with a grid spacing of
approximately 12m.

DEM co-registration
All DEMs were co-registered to ArcticDEM v4.1 (Porter and
others, 2023), a 2m-resolution mosaic DEM from strips col-
lected between 2009 and 2021, using the Least Z Di#erence
algorithm (Rosenholm and Torlegård, 1988) in xDEM. The
horizontal and vertical accuracy of ArcticDEM is approxi-
mately 4m (Polar Geospatial Center, 2026).
To exclude unstable terrain, i.e. terrain that undergoes

changes on the timescale of the study period, we apply a
stable-ground mask that only includes pixels classified as
grassland and bare/ sparse vegetation in the ESA World-
Cover v200 (Zanaga and others, 2022) global land cover map.
We mask out all glaciers using the Global Land Ice Mea-
surements from Space (GLIMS) glacier outlines (Raup and
others, 2007) and apply a 100m bu#er to the outline of
Tweedsmuir Glacier. Additionally, slopes greater than 45˝

are excluded from the reference DEM for co-registration (e.g.
Nuth and Kääb, 2011; Knuth and others, 2023).

In order to remove systematic broad-scale errors in the
1979 and 1987 DEMs, which appear as “doming” e#ects in
the residuals, we apply xDEM’s deramping correction with
a second-order polynomial to these two DEMs a!er co-
registration. We report the vertical accuracy of the DEMs
in Table 1 as the normalized Median Absolute Deviation
(nMAD) of the residuals between the DEM and the refer-
ence ArcticDEM over stable terrain:

NMAD “ 1.4826medianp|dzi ´ mdz |q , (1)

where dzi are the individual errors, and mdz is the me-
dian of the errors (Höhle and Höhle, 2009). Thus, the NMAD
is an estimate of the standard deviation that is resilient to
outliers and a robust measure of DEM accuracy (Höhle and
Höhle, 2009). The histograms of residuals before and a!er
co-registration are provided in Supplementary Figure S3.

Ice thickness change and surface slope
Driving stress exerts a key control on both the initiation and
termination of surges (e.g. Clarke and others, 1984; Eisen and
others, 2001; Liu and others, 2024; Terleth and others, 2024).
Assuming longitudinal stress gradients are small (i.e. Shal-
low Ice Approximation), the glacier driving stress is

ωd “ εigH sinpϑq , (2)

where εi is the density of ice, g is gravitational accelera-
tion,H is the ice thickness, and ϑ is the glacier-surface slope
(e.g. Cu#ey and Paterson, 2010).
During quiescence, mass accumulates in the reservoir

zone, thickening and steepening the glacier surface until the
driving stress approaches a critical value and a surge begins
(Clarke and others, 1984; Eisen and others, 2001; Liu and oth-
ers, 2024). The surge then transfers mass from the reservoir
to the receiving zone, thinning and fla"ening the reservoir
and lowering its driving stress. Together with the evacuation
of stored basal water, the reduction in driving stress eventu-
ally terminates the surge (Clarke and others, 1984; Terleth
and others, 2024). While we do not have absolute ice thick-
ness measurements to calculate the driving stress directly,
we gain insight into changes in driving stress throughout
the surge cycle by tracking changes in H and ϑ .
The glacier-surface slope is tracked throughout the study

period along a centerline. We extracted elevation profiles
from each DEM, sampled every 30m, and calculated the
slope of the best-fi"ing first-order polynomial using a least-
squares linear regression. We exclude the lower 3 km from
the linear regression due to undulating topography in the
terminal lobe (Figure 3 a,b). The centerline profile follows
the RandolphGlacier Inventory (RGI) geometrical centerline
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Fig. 3. Evolution of centreline surface profiles of Tweedsmuir Glacier over two surge cycles. The location of the centreline profile
is shown in Figure 1. Active surge years are denoted with thick lines and bold text. (a) Absolute elevations during Cycle 1, bracketing the
first-observed surge in 1973. (b) Absolute elevations during Cycle 2, bracketing the second-observed surge between 2007 and 2009. The
2000 quiescent profile is shown in both panels for comparison across cycles. Bed topography was acquired from Operation IceBridge
(MacGregor and others, 2021) and an unpublished helicopter-basd ice-penetrating radar survey (IPR). Black arrow denotes bumps in the
surface topography near the dynamic balance line (hinge point) and grey arrows denote surface bumps that correspond to a basal ridge
(discussed in text). (c & d) As per a& b but elevations are relative to the 2000 centreline profile. “DBL” denotes the dynamic balance line.
(e) Timeseries of surface slope (relative to horizontal) estimated from a least-squares linear regression of the centreline elevation profiles.
The shaded region in panels a and b shows the portion of the surface used in the regression (all but the lower 3 km). The unexpectedly
shallow slope in 1969 is likely an artifact of the limited spatial coverage of the DEM (see text).
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Fig. 4. Rates of elevation (ice thickness) change for a se-
quence that prioritizes spatial coverage. Mean rates of change
reported in the text are calculated within the GLIMS outline (Raup
and others, 2007) denoted in black. The vertical uncertainty of each
DEMofDi#erence is printed on each panel as per Equation 3. Surge
1 is captured in panel (a), the following quiescent phase is captured
in panels (b) and (c), and Surge 2 is captured in panel (d).

(RGI 7.0 Consortium, 2023) throughout the main trunk, and
was manually-adjusted in the terminal lobe to follow more
closely to the direction of flow based on a qualitative analy-
sis of the ITS_LIVE (Gardner and others, 2024) multi-year
composite velocity vectors (Figure 1, Supplementary Fig-
ure S4).
To analyze changes in ice thickness, we created two se-

quences of DEMs of Di#erence (DoDs). First, due to the lim-
ited spatial coverage of the 1969 and 1974 DEMs (Figure 2),
we used the 1950 and 1979 DEMs to bracket Surge 1, produc-
ing a sequencewith high spatial coverage, including both the
receiving zone and most of the reservoir through both surge
cycles, but that is limited in temporal resolution (Figure 4).
The second DoD sequence prioritizes temporal resolution,
but is spatially limited to the receiving zone in the terminus
for Surge 1 (Figure 5).
We assume that changes in bed elevations are negligible,

as the rates of glacial isostatic upli! in this region are gener-
ally on the order of a few centimeters per year (Hu and Frey-
mueller, 2019) and erosion/deposition beneath the glacier is
impossible to measure. Annual rates of ice-thickness change
(!h!t´1) are calculated by dividing the change in surface el-
evation by the number of years in the DoD interval. Maps of
the rate of ice thickness change are shown in Figures 4& 5,
and in the text, we report the mean rates of thinning and
thickening within the (unbu#ered) GLIMS outline. We also
assume that most mass transfer occurred during the surge
and estimate the corresponding peak rate of ice thickness
change for intervals that cover an active surge by dividing
themean change in surface elevation by the number of years
elapsed since the surge.
The vertical uncertainty of the DEMs (Table 1) was prop-

agated to the rates of ice-thickness change (Figures 4& 5)
as:

ϖ !h
!t

“
a
ϖ1

2 ` ϖ2
2

!t
(3)

where ϖ1 and ϖ2 are the nMAD for each individual DEM
in the DoD pair and !t is the time between the DEMs.

Terminus position and risk of ice-dam
We manually traced the terminus position of the glacier
from orthomosaics produced from the historical images and
SPOT5 stereo reconstructions, as described above. Addition-
ally, we traced the terminus in two panchromatic satellite
images: one acquired by Landsat7 on 10 August 2000 to
match the 2000 SRTM DEM, and one acquired by Landsat9
on 31 August 2025 to provide present-day context.
The terminus of Tweedsmuir Glacier is di#icult to map

from imagery due to substantial debris-cover, particularly
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Fig. 5. Rates of elevation (ice thickness) change for a sequence that prioritizes temporal resolution. The vertical uncertainty of
each DEM of Di#erence is printed on each panel as per Equation 3. Top row shows (a) Surge 1 and (b) the first five years of the following
quiescent phase. Bo"om row shows (c) the beginning of Surge 2 and (d) the rest of the active phase.
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N

surge 1 surge 2

1950 (?)
1969 (Q)
1974 (S)
1979 (Q)

Cycle 1
1987 (Q)
2000 (Q)
2009 (S)
2010 (Q)
2025 (Q)

Cycle 2

1987 (Q) 1974 (S) a b

c

Turnback Canyon

Fig. 6. Potential ice-dam hazard from surges of Tweedsmuir Glacier. Terminus traces are overlaid on orthomoasics from (a) the
1987 quiescent phase and (b) one year a!er Surge 1. The black dashed box in panel a denotes the extent of panel b, which shows the
advance and retreat of the northern portion of the terminus. (c) Distance from the glacier terminus to the riverbank on the opposite side
of the Alsek River (denoted by the caution symbol) along the transect in panel b, serving as a proxy for the risk of ice-damming.
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the central and southern sections and during quiescent
phases (Figure 6 a). We did not a"empt to delineate the ter-
minus across debris cover, and therefore, our analysis is con-
fined to the northern section of the terminus (Figure 6 b).
The northern section of the terminus is the most variable
and hazardous for flooding, as it has historically advanced
and contacted the Alsek River during surges (Holdsworth
and others, 2002; National Park Service, 2015). The rest of
the terminus is less variable as it is restricted by a terminal
ridge that confines Turnback Canyon.

As a first-order assessment of the risk of ice damming dur-
ing surges, we extracted the terminus positions along a tran-
sect that extends from the riverbank of the Alsek River on
the opposite side of Tweedsmuir Glacier. The transect was
manually chosen based on a location in the 1974 post-surge
imagery where the glacier extended almost entirely across
the river (Figure 6 b). Hence, the “distance from the oppo-
site riverbank” provides a proxy for the risk of an ice dam,
assuming a constant configuration of the Alsek River.

Spectral analysis of surface topography
Both theory (Gudmundsson, 2003) and observations (Gud-
mundsson and others, 2003; De Rydt and others, 2013) sug-
gest that basal topography is transmi"ed to the glacier sur-
face when the ratio of basal slip to internal deformation
is high, such as during surges. In these sliding-dominated
regimes, bed undulations with wavelengths of 1–20 ice
thicknesses are predicted to appear at the surface, with
transfer amplitude peaking at wavelengths of 3–8 ice thick-
nesses (Figure 8; Gudmundsson, 2003). We therefore expect
surface topography in this wavelength range to have greater
amplitude during the active surge phase than during quies-
cence, providing a metric for basal slipperiness throughout
the surge cycle. To test this, we quantify surface amplitudes
through spectral analysis of the DEM timeseries.

We extracted elevations from each DEM, except for 1969
due to its limited coverage, along three profiles: the center-
line profile described in the previous section, together with
one additional profile on either side (north and south) of the
centerline (Figure 1). The north and south profiles are o#-
set from the centerline by one kilometre in each direction
and similarly manually adjusted in the terminal lobe to ap-
proximately follow ice flow and therefore target longitudinal
undulations in the surface topography, although the velocity
field in the terminal lobe is noisy (Supplementary Figure S4).
Each profile is sampled every 30m and detrended with the
line of best fit from a least-squares linear regression.

We then performed a Continuous Wavelet Transform
(CWT) on each detrended elevation profiles, which decom-
poses the topographic profile into its frequency content as

scaled and shi!ed versions of a base wavelet function. A no-
table advantage of the wavelet transform over other spec-
tral transforms, such as traditional implementations of the
Fourier transform, is its ability to analyze localized vari-
ations in the amplitude spectrum, in this case, along the
glacier-surface profiles.
The CWT of a discrete sequence, zn with length N and

sampling interval ωx , is defined as the convolution of zn
with a wavelet function, ε (Torrence and Compo, 1998).
Therefore, the wavelet amplitude,Wn , is a measure of how
well the wavelet, ε, matches the sampled topographic pro-
file, zn :

Wnpsq “
N´1ÿ

n1“0

zn1 ε˚
„ pn 1 ´ nqωx

s

!
, (4)

where ε˚ represents the complex conjugate of ε. The
positional information gained from a wavelet transform is a
result of the finite length of the wavelet function (in contrast
to the infinite length of a sinusoid in a Fourier transform) as
ε is scaled by s , and translated along the position index, n
(Torrence and Compo, 1998).
We used the popular Morlet wavelet (e.g. Shugar and oth-

ers, 2010; Ignéczi and others, 2018), a complex sine wave
multiplied by a Gaussian envelope (Figure 7 e), to estimate
the amplitude of features in the topographic profile. In the-
ory, when using the L1 normalization, the wavelet amplitude
should represent the physical amplitudes of topographic fea-
tures for undulations shaped similar to the wavelet (Ignéczi
and others, 2018; MathWorks, 2021). We report wavelength
in units of ice thicknesses, adopting a characteristic ice
thickness of H “ 400m.
The full amplitude spectra in Figure 7 provide positional

context, and themean spectrum for each profile is compared
to theoretical bed-surface transfer amplitudes (Gudmunds-
son, 2003) in Figure 8. Further, we track the mean amplitude
of wavelengths between 3–20 ice thicknesses through time
to target features that may be expressions of the underlying
bed topography during surges (Figure 9).

RESULTS

Changes in volume and surface slope over
60 years

Surge 1: 1973

Between 1950 and 1979, the reservoir thinned at a mean rate
of ´2.3 ˘ 0.5ma´1 and the receiving zone thickened at a
mean rate of 1.2 ˘ 0.5ma´1 (Figure 4 a). Assuming most
of the mass transfer occurred during the surge, six years
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A

Fig. 7. ContinuousWavelet Transform of detrended glacier surface topography. Locations of the south, centre, and north profiles
are shown in Figure 1. Each row represents a year, with the surge phase indicated by S (active surge), Q (quiescence), and ? (unknown).
Wavelength is shown in units of ice thicknesses using a characteristic ice thickness of 400m. The cones of influence (i.e. regions with edge
e#ects) are shaded in black. White lines denote the detrended surface profiles, with amplitude units in metres. Yellow boxes highlight
“Feature A” discussed in the text. The Morelet wavelet function is shown in black in panel e.
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before the end of the interval, the peak rates of thinning
and thickening are ´10.9 ˘ 2.3ma´1 and 5.7 ˘ 2.3ma´1

in the reservoir and receiving zone, respectively. The termi-
nal lobe thickened at a mean rate of 15.3 ˘ 1.3ma´1 be-
tween 1969 and 1974 (Figure 5 a).

The dynamic balance line that separates the reservoir
from the receiving zone, identified as the line of zero thick-
ness change between 1950 and 1979 (Figure 4 a) and the
hinge point between the centreline profiles (Figure 3 c), is
located approximately 18 km from the terminus at an eleva-
tion of 670 ˘ 4.8ma.s.l.We note that although the interval
includes six years of change a!er the surge, the 1974 cen-
treline profile intersects the 1950 profile in a similar location
(Figure 3 c), indicating that it is a reasonable approximation.

Along the centreline, the glacier surface is steepest in 1950
and shallows approximately 0.3˝, or 25%, by 1969 and 1974
(Figure 3 e). While this is typical following a surge, it is un-
expected for the 1969 quiescent profile. Considering only
the overlapping sections of the 1950 and 1969 profiles in the
lower receiving zone, the slopes and elevations are similar
(Figure 3 a,c), with the 1969 profile just 15.6 ˘ 13.9m thin-
ner, on average, than in 1950. Thus, the shallow slope in
1969 is likely an artifact of the limited spatial coverage of
the DEM.

The terminus position is almost unchanged between 1950
and 1969 (Figure 6). A!er the surge, the terminus advanced
350m and 1 km between 1969 and 1974, making contact with
the Alsek River (Figure 6 b). The glacier terminus was just
200m from the opposite riverbank in 1974 (Figure 6 c).

!iescent Phase: 1974–2007

In the first eight years (1979–1987) of the subsequent qui-
escent phase, the receiving zone thinned at a mean rate of
´3.5 ˘ 0.75ma´1 and the reservoir began to accumulate at
a mean rate of 1.2 ˘ 0.75ma´1 (Figure 4 b). These rates of
change remained comparable, but slightly lower in the fol-
lowing 13 years (1987–2000), with mean rates of thinning
and thickening of ´2.8 ˘ 0.5ma´1 and 0.9 ˘ 0.5ma´1 in
the receiving zone and reservoir, respectively (Figure 4 c).

The glacier surface gradually steepened during the qui-
escent phase, eventually reaching a surface slope in 2000
that is comparable to but slightly shallower than that of
1950 (Figure 3 e). Despite the similarity in surface slope, the
glacier was approximately 70 ˘ 14.2m thinner in 2000 than
in 1950 (Figure 3 c).

The terminus gradually retreated 500m–1.5 km (depend-
ing on the location of measurement) during the quiescent
phase, between 1974 and 2000. By 2000, it was 1.4 km from
completely covering the Alsek River along the transect in
Figure 6.

Surge 2: 2007-2010

Between 2000 and 2007, the receiving zone thickened at a
mean rate of 3.7 ˘ 1.7ma´1 and the reservoir thinned at
a mean rate of ´2.9 ˘ 1.7ma´1 (Figure 5 c). However, as-
suming that most of the mass transfer occurred in the fi-
nal year of the interval, 2007, the peak rates of thicken-
ing and thinning in the receiving zone and reservoir were
25.7 ˘ 1.7ma´1 and ´20.3 ˘ 1.7ma´1, respectively. In
the la"er part of the surge, between 2009 and 2010, the re-
ceiving zone thickened at 9.6 ˘ 7.7ma´1 and the reservoir
thinned at ´11.2 ˘ 7.7ma´1. The receiving zone extended
kilometres further up glacier during this part of the surge
than in 2007, and was accompanied by a surge of the south-
ernmost tributary (Figure 5 d).
Ice thickness changes during the 2000–2010 interval (Fig-

ure 4 d,) and the hinge point in the centreline profiles
(Figure 3 d) show that the dynamic balance line moved
up glacier by several kilometres compared to the first-
observed surge. During this interval, it is located approx-
imately 23–25 km from the terminus at an elevation of
710 ´ 730 ˘ 5.7ma.s.l., 40–70m higher than during the
first surge.
The centreline surface slopes are similar to Surge 1 (Fig-

ure 3 e), but the surface elevations are lower during this cy-
cle. This is apparent in the 2007, 2009, and 2010 active-
and post-surge profiles, which are approximately 50m lower
than the 1974 post-surge surface (Figure 3 c,d). The ice thick-
ness during and a!er Surge 2 is instead comparable to that
of 1987, approximately halfway through the preceding qui-
escent phase (Figure 3 d).
Similarly, terminus positions for comparable surge phases

have retreated between the two cycles, extending only as far
a!er the surge in 2009 as the 1987 quiescent-phase terminus,
or 250–700m further upstream than the 1974 post-surge ex-
tent (Figure 6 b). The terminus was 600m from reaching the
riverbank on the opposite side of the Alsek river a!er Surge
2 (Figure 6 c).

Amplification of surface topography during
surges
A consistent pa"ern in the CWT spectra is the amplifica-
tion of surface features (“bumps”) with wavelengths greater
than three ice thicknesses during surges, compared to quies-
cent phases (Figures 7, 8, & 9). This is most apparent in the
northern profile, but the cycle is captured in all profiles by
our new metric: the average amplitude of the 3–20 ice thick-
ness wavelengths (Figure 9). Although the centreline profiles
have substantially lower amplitudes than the northern and
southern profiles, the same pa"ern persists, with amplitudes



14 Sharp and others: Surface signatures of Tweedsmuir Glacier surges

dimensionless wavelength (6x H-1)

m
ea

n 
am

pl
itu

de
 (m

)

0

0.2

0.4

0.6

0.8

1

th
eo

re
ti

ca
l b

ed
-s

u
rf

ac
e 

tr
an

sf
er

 a
m

p
lit

u
d

e

100 101
0

2

4

6

8

10

12

14

16

18
south

a

100 101

centre

b

100 101

north

c1950 (?)
1974 (S)
1979 (Q)
1987 (Q)
2000 (Q)
2007 (S)
2009 (S)
2010 (Q)

C = 1
C = 100
C = 1000
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Figure 8), assuming a characteristic wavelength of 400m.

consistently greater in surge phases than quiescent phases
(Figure 8).
The glacier surface in 1950, a previously-undocumented

phase of the surge cycle, has similar spectral characteristics
to the known quiescent phases. It has lower amplitudes than
the surge surfaces across all profiles (Figure 7, Figure 9) and
all wavelengths (Figure 8), but is particularly bumpy in the
upper half of the northern profile with wavelengths of 5–9
ice thicknesses (Figure 7 c). Similarly, the mean amplitude
of wavelengths within the target 3–20 ice thickness band in
1950 is 1.5–2.5 times lower than following Surge 1 (Figure 9).
Some surface bumps persist throughout all phases, but

their amplitudes decay with time following surges. For ex-
ample, “Feature A” in Figure 7 (yellow box) decays from a
wavelet amplitude of approximately 18m immediately a!er
Surge 1 (1974) to 8–10m just six years a!er the surge (1979),
and again from 22m during Surge 2 (2007) to 12–14m im-
mediately following the surge (2009 and 2010, respectively).
We find that the wavelet amplitudes are notably smaller

than the physical amplitudes in the elevation profiles. For
example, “Feature A” has a true amplitude of approximately
50m in 2007 but a wavelet amplitude of 22m (Figure 7 r). Be-
cause the CWT is a correlation between the signal and the
scaled Morlet wavelet (illustrated in Figure 7 e), the wavelet
amplitude reflects the degree of similarity between a given
topographic feature and the wavelet’s characteristic shape
at a given scale (Equation 4). For features whose shape dif-
fers from the shape of the wavelet, energy is distributed
across a range of scales rather than concentrated at the scale
corresponding to the feature’s true wavelength, and there-
fore peak wavelet amplitude typically underestimates the
feature’s actual amplitude. Thus, we find that wavelet am-
plitude is a robust measure of relative feature strength across
scales, rather than an absolute measure of physical relief.

DISCUSSION

Evolution of surge behaviour over six
decades

Our dataset extends beyond the previously documented ob-
servational record, leaving the surge phase of Tweedsmuir
Glacier in 1950 unknown. Determining the phase repre-
sented by 1950 is important for assessing changes in surge-
cycle length andmagnitude through time. We therefore first
combine observational proxies to infer the most likely surge
phase represented by the 1950 DEM and then consider how
the glacier has evolved across surge cycles.
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Inferences and implications of the phase of 1950

Without any accounts of surges of Tweedsmuir Glacier prior
to 1973, we rely on proxies to determine the glacier’s posi-
tion within the surge cycle in 1950. We compiled three stan-
dard metrics: ice thickness, surface slope, and terminus po-
sition (all relative to known surge phases), and a newmetric:
the amplitude of surface topography. We are confident that
the glacier is in a quiescent phase in 1950 due to its thin re-
ceiving zone (Figure 3 a; Figure 4 a), steep slope (Figure 3 e),
retreated surface position (Figure 6), and smooth surface to-
pography relative to the active- and post-surge phases (Fig-
ure 9).
Further, we suggest that 1950 represents themiddle to end

of a quiescent phase. First, the steep slope of the 1950 cen-
treline, particularly in the reservoir, is comparable to—and
actually greater than—that of 2000, 80% through the quies-
cent phase in Cycle 2 (Figure 3 a,c). Similarly, the amplitude
of “Feature A” in Figure 7 (yellow box), which is consistently
amplified during surges and subsequently decays through-
out quiescence, is almost non-existent in 1950 (Figure 7 c),
similar to the 2000 profile (Figure 7 o). Next, the ice thick-
ness in the receiving zone is essentially unchanged between
1950 and 1969 (Figure 3 a). We would expect significant sur-
face lowering in the receiving zone over 19 years of a qui-
escent phase, as is observed over the 13 years between 1987
and 2000 (Figure 3 b). Finally, the terminus position is also
almost unchanged between 1950 and 1969 (Figure 6). Again,
we would expect a greater retreat over two decades of a qui-
escent phase.
Taken together, these four proxies suggest that the glacier

was approaching the end of a quiescent phase in 1950 and
that there may have been an undocumented surge between
1950 and 1969, implying a cycle length of less than 22 years
(1951–1973), substantially shorter than the 34-year cycle
captured in this study (1973–2007). As an additional line
of evidence, we note the kilometre-scale advance and com-
pression of medial moraines in the terminus between 1950
and 1969 (Figure 10 b), typical of surges (Figure 10 c, e.g.
Post, 1972; Young and others, 2022), compared to virtually
no change during known quiescent phases (Figure 10 d).
However, without direct observations, we cannot rule out

an alternative interpretation: that there was not a surge be-
tween 1950 and 1969 and that the cycle length remained
constant at 34 years, placing the previous surge in the early
1940s. This alternative requires unexpectedly low rates of
thinning in the receiving zone and terminus retreat during
the last 70% of the quiescent phase (1950–1973). It also re-
quires that the glacier sustained a driving stress exceeding
that at which Surge 2 initiated for 23 years (1950–1973) with-
out surging (Figure 3). Both interpretations therefore imply

a change in surge behaviour through time. If a surge oc-
curred between 1950 and 1969, the surge cycle has length-
ened. If it did not, the threshold driving stress at which
surges are triggered has decreased.

Climatic controls on surge behaviour

The suite of observations presented in this study suggests
that between comparable surge phases, the glacier thinned
and the terminus retreated through time, the dynamic bal-
ance line moved upstream, and the cycle lengthened and/or
the two surges initiated at di#erent driving stresses. Indi-
vidually, each of these metrics are controlled by surge dy-
namics, but collectively, they indicate a climatically-driven
change in surge behaviour with the current trend of warm-
ing and negative mass balance across Alaskan and Yukon
glaciers (e.g. Larsen and others, 2015;Wells and others, 2026).
Thinning (Figure 3) and terminus retreat (Figure 6) be-

tween the two surge cycles indicate that the rate of abla-
tion exceeds the replenishment from surges in the lower ab-
lation zone, and the terminus may continue to retreat on
timescales greater than the length of the surge cycle. Ad-
ditionally, if 1950 represents a late-stage quiescent phase
and an undocumented surge occurred shortly therea!er, the
resulting surge cycle would have lasted less than 22 years
(1951–1973), substantially shorter than the 34-year cycle
captured in this study (1973–2007). A lengthening of the
surge cycle is consistent with a negative mass balance, as a
lower accumulation rate leading up to a surge can increase
the time it takes to build up su#icient driving stress to initi-
ate a surge (Eisen and others, 2001).
The dynamic balance line moved approximately 5 km up-

glacier over the study period (Figure 3, Figure 4). Although
our observations suggest that the 1950 DEM might repre-
sent a di#erent surge cycle than the 1973 DEM, the 1950
and 1979 observations provide a benchmark for the position
of the dynamic balance line during the 1–2 cycles preceding
the 2007–2009 surge. By definition, the dynamic balance line
is the downstream limit of the reservoir zone that accumu-
lates mass leading up to a surge. The factors controlling its
position on a given glacier are not well understood but have
been observationally linked to bedrock ridges (Flowers and
others, 2011; Liu and others, 2024). We note a prominent
ridge in the Operation IceBridge bed profile and a consis-
tent surface bump just downstream of the dynamic balance
line in Surge 1 (grey arrow in Figure 3 a), and another par-
ticularly bumpy portion of the surface in the same locations
as the dynamic balance line in Surge 2 (black arrow in Fig-
ure 3 b). Thus, it is possible that the dynamic balance line
on Tweedsmuir Glacier aligns with basal ridges and has mi-
grated upstream in response to glacier thinning. However,
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new fold

new fold

Fig. 10. Advance and compression of medial moraines between 1950 and 1969 (a & b) and following the known surge in 1973 (c).
Moraines are almost unchanged during quiescence (d). Manually-traced moraines are overlaid on orthomosaics from historical air photos
for each respective year, with the previous orthomosaic trace provided for reference as a thin line. Arrows indicate displacement of moraine
folds. Successive moraine traces are indistinguishable during quiescence, so only the 1974 trace is overlaid on panel d.
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without observations of the bed, this idea remains specula-
tive.
While surges may become less expansive and/or less fre-

quent in the future, the dynamic balance line remains in
the ablation area (Figures 3, 4, & 5), tens of kilometres be-
low the end-of-summer snowline in our image sets (Figure
2)—another line of evidence that its position is dynamically
controlled rather than climatically controlled. In addition,
Surge 2 was able to initiate with a lower driving stress (con-
stant or lower ϑ , lower H) than Surge 1. Thus, dynamic re-
filling of the reservoir still outpaces climatic mass loss in the
upper ablation zone and we expect surges of Tweedsmuir
Glacier to continue in the future.

Diminishing threat of ice dams and
implications for the Alsek River
The northern portion of the terminal lobe, upstream of Turn-
back Canyon, poses the greatest risk of an ice-dam across
the Alsek River, as the rest of the terminus is confined by
a bedrock ridge. Our results suggest that this is a dimin-
ishing hazard (neglecting potential re-configurations of the
river), as the most recent, 2009–2010, post-surge terminus
was several-hundred-metres less extensive than in 1973 (Fig-
ure 6). Given the position of the glacier at the time of writing
(2025), the terminus would be required to advance at least
1.2 km during the next surge to reach the opposite side of
the river (Figure 6 c)—an advance even greater than that of
the 1973 surge, which is unlikely given the observations in
this study and the negative mass balance across Alaska and
the Yukon (e.g. Larsen and others, 2015; Wells and others,
2026).
An interesting question is how the Alsek River will re-

spond to the retreating terminus of Tweedsmuir Glacier. If
the northern portion of the terminus continues to retreat at a
rate of 400m per surge cycle (Figure 6) and assuming a con-
stant cycle length 34 years (likely a minimum-bound), the
terminus of Tweedsmuir Glacier could retreat over 3 km by
2300. Thus, the Alsek River could occupy a new route in the
next few centuries and possibly bypass Turnback Canyon.
However, a re-configuration of the river would need to erode
substantial material at and beneath the present-day termi-
nus of Tweedsmuir Glacier. Our results constrain the tempo-
ral and spatial pa"erns of retreat for further geomorpholog-
ical studies that would be required to answer this question.

Insights on improved inversions of bed
topography
It has been proposed that surges can be leveraged to im-
prove bed inversions (Morin and others, 2023), since basal

topography with wavelengths of 1–20 ice thicknesses are
transmi"ed to the surface in high-slip regimes (Gudmunds-
son, 2003; Gudmundsson and others, 2003; De Rydt and oth-
ers, 2013). Although we lack su#icient basal topographic
data to directly test this hypothesis, it is likely that the sur-
face bumps amplified during surges on Tweedsmuir Glacier
reflect corresponding features in the bed. With spectral
analysis, we show that these bumps begin to decay im-
mediately following a surge. Thus, under this assumption,
a “bed-representative” surface persists for only one year
following the active surge at Tweedsmuir Glacier. While
this timescale should be calibrated with other surge-type
glaciers, our observations suggest that to truly leverage the
high-slip regime, bed inversions should use surface topogra-
phy acquired during or immediately following a surge. With
new tools such as HSfM (Knuth and others, 2023), surface to-
pography can be reconstructed from historical images and
combined with modern surge observations to improve spa-
tiotemporal data coverage and increase signal-to-noise ra-
tios. This study serves as a framework for such opportuni-
ties.

CONCLUSION

Improving the observational record of surge dynamics is
particularly important for understanding how glaciers in
the Saint Elias Mountains will interact with their surround-
ing landscapes and ecosystems in the future. Advances in
remote-sensing techniques over the past decade have cre-
ated new opportunities to analyze long-term changes of
surge-type glaciers with cycles that are multiple decades
long. In this study, we extend the surge record of
Tweedsmuir Glacier back to 1950 using multi-temporal
Structure from Motion photogrammetry with historical
aerial photographs. We show that across two surge cycles,
the glacier has thinned, the terminus has retreated, and
the dynamic balance line has moved a few kilometres up-
stream. Collectively, these characteristics, along with sur-
face slope and a new metric: the amplification of surface to-
pography, indicate a corresponding change in either surge-
cycle length or the threshold driving stress at which surges
of Tweedsmuir Glacier initiate. While surges of Tweedsmuir
Glacier will continue in the future, continued retreat of the
terminus may diminish the historically-prevalent hazard of
an ice dam across the Alsek River (in its current configu-
ration). This study provides a framework for tracking the
multidecadal evolution of surge-type glaciers using observ-
able surface signatures of surges, and o#ers new insight for
improving inversions of the bed topography beneath them.
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peak surge
velocity

Fig. S1: ITS_LIVE velocity timeseries for Tweedsmuir Glacier at the location marked in the inset map

(59.8055→N, -138.0841→E). Blue line denotes annual composite velocities and circles denote individual image

pair measurements coloured by the time between image acquisitions. Figure produced with the ITS_LIVE

MATLAB repository (https://github.com/chadagreene/ITS_LIVE)
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Fig. S2: Example raw images and corresponding fiducial markers for each image set. See Figure 3 in Knuth

and others (2023) for examples of pseudofiducial markers.
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Fig. S3: Residuals between the reference DEM (Arctic DEM) and historical and SPOT5 DEMs ofer stable

terrain before and after co-registration.
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north
centre
south

Fig. S4: ITS_LIVE composite velocity field (black arrows) for Tweedsmuir Glacier and location of

elevation profiles used in this study. Figure produced with the ITS_LIVE MATLAB repository

(https://github.com/chadagreene/ITS_LIVE)
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Table S1: Camera metadata and fiducial marker distances for each historical image set. Sources

indicate the library that scans were obtained from (NAPL = Canadian National Air Photo Library; NAGAP

= USGS North American Glacier Aerial Photography archive; UAF = University of Alaska Fairbanks;

GeoBC = British Columbia GeoBC Image Library). Midside distances are measured left–right (L–R) and

top–bottom (T–B); corner distances are measured along the bottom-left–top-right (BL–TR) and top-left–

bottom-right (TL–BR) diagonals and pseudo = images with pseudofiducials. ↑ denotes fiducial distances

estimated from mean marker positions.

Acquisition date

(yyyy-mm-dd)
Source Roll Camera type

Nominal focal

length (mm)

Scanning

resolution (µm)

Pre-processed square

image dimensions (pixels)

Midside fiducial

distance (mm)

Corner fiducial

distance (mm)

L–R T–B BL–TR TL–BR

1950

1950-07-03 NAPL A12819 Williamson OSC 152.950 12.4 17712 220.057↑ 220.143↑ 302.025↑ 302.444↑

1950-07-18 NAPL A12820 Williamson OSC 153.850 12.4 17712 220.057↑ 220.143↑ 302.025↑ 302.444↑

1950-02-15 NAPL A12850 Williamson OSC 152.650 12.4 17712 220.191↑ 220.196↑ 302.478↑ 302.455↑

1950-07-18 NAPL A12852 Williamson OSC 153.850 12.4 17712 220.040↑ 220.047↑ 302.098↑ 302.688↑

1950-07-03 NAPL A12856 Williamson OSC 152.950 12.4 17712 220.057↑ 220.143↑ 302.025↑ 302.444↑

1969

1969-08-25 NAGAP/UAF 69V1 Unknown 151.283 20.0 17552 pseudo pseudo – –

1974

1974-08-31 NAGAP 74V2 Unknown 151.283 20.0 11270 pseudo pseudo – –

1979

1979-08-21 NAPL A25291 Zeiss RMK A 153.370 12.4 15128 226.010 225.986 – –

1979-08-22 NAPL A25292 Zeiss RMK A 153.370 12.4 15128 226.010 225.986 – –

1979-08-22 NAPL A25293 Zeiss RMK A 153.370 12.4 15128 226.010 225.986 – –

1987

1987-08-24 GeoBC bc87076 Wild RC8 152.262 12.0 15624 – – 299.813 299.818
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