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Abstract. Although the Antarctic Peninsula has a similar cli-
mate to that of other regions hosting surge-type glaciers, only
one glacier surge has been previously observed in this re-
gion. We examined ice surface velocity, elevation and termi-
nus position changes of Antarctic Peninsula glaciers to iden-
tify glacier surges. This revealed only four surges from three
glaciers, all on James Ross Island. Gourdon Glacier surged
from 2005 to 2007 then again from 2013 to 2018, Kotick
Glacier surged from 2013 to 2017 and Whisky Glacier surged
from 2020 to 2024. All four surges were characterised by
significant advances in glacier terminus position and, for the
latter three surges where observations are more abundant, at
least an order-of-magnitude speed-up accompanied by ice
surface elevation gain in the terminal zone and drawdown
of ice from above, as each surge progressed. The landform
record and historical imagery suggest additional surges of
Kotick Glacier and Gourdon Glacier may have occurred in
the second half of the 20th century. Reanalyses, reconstruc-
tions and observations of air temperature suggest that atmo-
spheric warming since 1940 has increasingly exposed these
and neighbouring glaciers on the northern tip of the Antarc-
tic Peninsula and its surrounding islands to conditions that
are typical of surge-type glaciers globally. Climate projec-
tions indicate that future warming will expose more glaciers

on the Peninsula to climatic conditions conducive to surging
until the mid-20th century, after which the surge-conducive
area remains steady under Shared Socioeconomic Pathway
(SSP) 2-4.5 and declines under SSP5-8.5. This suggests that
surges on the Antarctic Peninsula may become more com-
mon over the coming decades, motivating continued moni-
toring.

1 Introduction

Glaciers on the Antarctic Peninsula have undergone large
changes in ice motion and geometry on seasonal to decadal
timescales that are driven by a range of atmospheric and
oceanic processes. Notable glacier dynamic changes have
included the retreat, disintegration and loss of ice shelves
principally due to rising air temperature (Cook and Vaughan,
Rott et al., 1996; Doake and Vaughan, 1991, Cooper, 1997,
MacAyeal et al., 2003; Rack and Rott, 2004, Braun et al.,
2009) and the consequent short-lived (approximately one
year) acceleration, thinning then long-term (decadal) decel-
eration of their tributary glaciers (Rignot et al., 2004; Scam-
bos et al., 2004; Wuite et al., 2015; Rott et al., 2018; See-
haus et al., 2018). Following their response to the disinte-
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gration of the Larsen-B Ice Shelf in 2002, several glaciers
in the Larsen-B Embayment underwent a second phase of
acceleration in 2022. This renewed speed-up was linked to
the evacuation of 11-year-old landfast sea ice, which oc-
curred during a period of anomalously high air temperatures
and strong offshore winds (Ochwat et al., 2024; Surawy-
Stepney et al., 2024; Sun et al., 2023). On the east coast of
the Antarctic Peninsula, atmospheric rivers can drive extreme
melt events (Gorodetskaya et al., 2023) even during (austral)
winter (Kuipers Munneke et al., 2018). Surface meltwater ac-
cess to the ice bed may cause short-lived (i.e. lasting less than
two weeks) grounded ice acceleration (Tuckett et al., 2019),
although this is debated and surface-to-bed meltwater con-
nections through grounded ice have yet to be demonstrated
(Rott et al., 2020; Tuckett et al., 2020). Some glaciers, par-
ticularly those along the west coast, undergo notable speed-
ups during the (austral) summer (Wallis et al., 2023a; Boxall
et al., 2022), which in many cases closely follow changes
in glacier terminus position, although the drivers remain de-
bated (Boxall et al., 2024). Many glaciers along the west
coast have undergone substantial retreat since at least the
1980s (Cook et al., 2005; Cook and Vaughan, 2010; Cook
et al., 2016) and exhibited widespread acceleration due to
warm ocean water incursions (Hogg et al., 2017) particularly
since 2020 (Wallis et al., 2023b; Davison et al., 2024). Thus,
Antarctic Peninsula glaciers display a wide range of dynamic
behaviours due to their summertime exposure to positive air
temperatures, contrasting oceanic settings on the east coast
compared to the west coast, significant changes to ice shelf
extent and associated buttressing, and variable sea ice condi-
tions.

Surge-type glaciers are characterised by phases of rapid
ice flow and advance that are separated by much longer pe-
riods of quiescence, during which ice flow is typically an or-
der of magnitude slower than the surge phase (Jiskoot, 2011;
Guillet et al., 2025). Many theories seeking to explain the
timing and mechanism for glacier surging have been pro-
posed (Kamb et al., 1985; Fowler et al., 2001; Murray et al.,
2003; Dunse et al., 2015). The enthalpy balance theory for
glacier surging proposes that all surge cycles reflect imbal-
ances between the rates that heat and water (enthalpy) are
produced at, and are evacuated from, glacier beds (Benn
et al., 2019a, 2023; Terleth et al., 2024). This model is con-
sistent with clustering of surge behaviour in regions with
climatic conditions intermediate between cold/dry and war-
m/humid end members; under intermediate climatic condi-
tions, frictional heating from ice flow can increase enthalpy
too fast to be balanced by slow evacuation processes such
as heat conduction through cold ice, but too slow to sustain
fast processes, such as meltwater evacuation through efficient
subglacial conduits (Sevestre and Benn, 2015; Guillet et al.,
2025). As a result, glaciers oscillate between fast and slow
modes of ice flow in order to achieve steady-state mass bal-
ance over multi-annual timescales. In the enthalpy balance
model of surging, glacier geometry and physical setting play
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a secondary but important role in dictating the distribution
of surge-type glaciers, meaning that climate conditions alone
are not expected to be prognostic of surge occurrence — many
glaciers exposed to conditions typical of surge-type glacier
settings do not surge, presumably because their geometry or
underlying geology permit steady-state mass and enthalpy
fluxes (Benn et al., 2019a, 2023).

Based on glacial geomorphology, Carrivick et al. (2012)
questioned why no surge-type behaviour seemed to occur
on James Ross Island (JRI), off the north-east coast of the
Antarctic Peninsula, and Sevestre and Benn (2015) postu-
lated that glacier surging could occur on the Antarctic Penin-
sula given that the post-2000 climatic conditions were sim-
ilar to those observed at other surge-type glaciers globally.
Recognition that parts of the Antarctic Peninsula experience
a climate typical of surge-type glaciers was reiterated in a
more recent review (Lovell et al., 2026). One surge of Kotick
Glacier on JRI has been identified based on an observed
tripling of ice velocity in 2015 along with frontal thickening
and advance (Stringer et al., 2025).

Here, we present satellite observations of three glaciers
on JRI that show each glacier has surged at least once since
2000. We visually interpret the geomorphological record and
glacier terminus position change visible in satellite and aerial
imagery to provide evidence of surging in the 20th century
and discuss the behaviour of these glaciers in the context of
the globally-defined optimal climatic envelope for surge-type
glaciers (Sevestre and Benn, 2015; Guillet et al., 2025).

2 Methods

We used existing (Gardner et al., 2025) and new measure-
ments of ice surface velocity across the Antarctic Peninsula
from 1985 to 2025 to identify potential surging behaviour.
Candidate surges were confirmed where possible using ele-
vation change and terminus position change measurements
(Cook et al., 2005). The combination of these measure-
ments allowed us to characterise surges from three glaciers
— Kotick Glacier, Gourdon Glacier and Whisky Glacier —
on JRI (Fig. 1). The quality and comprehensiveness of the
observations generally improved over time as more satel-
lite images became available, which could have resulted in
missed surging behaviour prior to, or early in, the observa-
tional record. To identify potential 20th century surging be-
haviour, we supplemented our measurements with visual in-
terpretation of glacial geomorphology, ice margin position
and ice surface characteristics using space- and airborne im-
agery. Finally, we placed the observations of surging be-
haviour in the context of climatic changes over JRI and the
wider region from 1940 to 2150 using ERAS reanalyses and
CMIP6 projections under moderate (Shared Socioeconomic
Pathway (SSP) 2-4.5) and extreme (SSP5-8.5) warming sce-
narios.
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Figure 1. Study area and overview of terminus position change at (a) Whisky Glacier, (b) Gourdon Glacier, and (c¢) Kotick Glacier. The
satellite images in (a), (b) and (c) labelled 2018-02-28, 2024-03-25 and 2017-03-30 are true-colour Sentinel-2 images; those labelled 2014-
01-18 and 2017-02-04 are true-colour Landsat 8 images; the remainder are true-colour pan-sharpened Landsat 7 images. The upper right
panel shows the 2014 to 2025 average ice surface speed on James Ross Island, overlaid on a 10 m Reference Elevation Model of Antarctica
(REMA) hillshade (Howat et al., 2022a), with the locations of panels (a)—(c) marked and glacier basins (Cook et al., 2014) delineated in
black. The inset map shows the outline of the Antarctic Peninsula (Gerrish et al., 2024) with ice shelves (Mouginot et al., 2017) shaded grey
and Esperanza Station labelled in magenta. Sentinel-2 data courtesy of ESA Copernicus. Landsat 7 and 8 data courtesy of USGS/NASA.

REMA data courtesy of the Polar Geospatial Center.

2.1 Ice velocity

Ice velocity was estimated from feature and speckle track-
ing of Landsat 8 and 9 (January 2013 to present) and
Sentinel-2 (January 2016 to present) optical image pairs, and
Sentinel-1a (April 2014 to present), Sentinel-1b (October
2016 to December 2021) and Sentinel-1c (December 2024
to present) Interferometric Wide swath mode Single-Look
Complex Synthetic Aperture Radar (SAR) amplitude image
pairs. We supplement our feature tracking with velocity es-
timates derived from Landsat 7 image pairs from February
2000 to September 2013 generated as part of the ITS_LIVE
project (Gardner et al., 2025). Prior to tracking, the SAR im-
ages were focused and co-located using the Generic Map-
ping Toolbox for SAR imagery (GMTSAR; Sandwell et al.,
2011a, b) and the optical images were co-registered by cross-
correlating the images over bedrock areas.

We oversampled the SAR images in the azimuth direction
by a factor of four and used image patch sizes of 128 x 512
single-look oversampled azimuth and range pixels, with a
step size of 32 and 64 pixels, respectively between patches
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(Davison et al., 2023). For the optical image pairs, we used
an iterative cross-correlation approach with two passes, shift-
ing and deforming the image using information in the first
pass before performing the second pass. We varied the im-
age patch size depending on the satellite image resolution.
For Landsat image pairs, we used image patch sizes of
64 pixel x 64 pixel with a step of 16 pixels in the first pass,
then a patch size of 42 pixel x 42 pixel and a step of 6 pixels
in the second pass. For Sentinel-2 image pairs, we used im-
age patch sizes of 96 pixel x 96 pixel with a step of 24 pixels
in the first pass, then a patch size of 56 pixel x 56 pixel and
a step of 8 pixels in the second pass. Tracking of each image
patch was undertaken in MATLAB, within a version of PIV-
suite (Thielicke and Stamhuis, 2014; https://uk.mathworks.
com/matlabcentral/fileexchange/45028-pivsuite last access:
15 July 2026) adapted for ice flow (Tuckett et al., 2019;
Davison et al., 2020). Computationally efficient subpixel
displacement estimates were made by obtaining an initial
estimate of the cross-correlation peak using a fast Fourier
transform and then upsampling by a factor of 50 the dis-
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crete Fourier transform using matrix multiplication of a small
neighbourhood (1.5 pixel x 1.5 pixel) around the original
peak location (Guizar-Sicairos et al., 2008).

The resulting velocity estimates were filtered in several
stages. Correlations with a signal-to-noise ratio (defined as
the ratio of the primary cross-correlation peak to the aver-
age of the remaining cross-correlation field) less than 5.8 for
Sentinel-1 derived data (de Lange et al., 2007) and 11 for
Landsat and Sentinel-2 data were removed. Remaining spu-
rious estimates were removed primarily using an image seg-
mentation filter with segment difference thresholds approx-
imating realistic strain values (Rosenau et al., 2015), and a
kernel density filter based on the paired displacements in
the range and azimuth directions (Adrian and Westerweel,
2011). The filtered Sentinel-1 velocity fields were trans-
formed from radar to map coordinates using the Reference
Elevation Model of Antarctica (REMA) 100m x 100 m Dig-
ital Elevation Model (Howat et al., 2019, 2022a) and were
posted on a 150 m x 150 m grid.

Ice velocity data from all coincident image pairs from
each mission were mosaicked, co-located and stacked. The
stacked data were smoothed using a 3 pixel x 3 pixel mov-
ing median kernel and resampled to 200 m. Additional filter-
ing of the stacked data based on temporal variations in veloc-
ity magnitude and flow direction removed remaining outliers,
defined as those with a velocity magnitude more than three
scaled median absolute deviations from those in a 24 d mov-
ing window or a flow direction more than 15° different from
the time average (Davison et al., 2025).

Time series of ice motion were created by taking the
mean value from within 1000 m x 1000 m (Whisky Glacier)
or 500 m x 500 m (Gourdon Glacier and Kotick Glacier) re-
gions of interest (ROI), ignoring pixels in lower and upper
25th percentiles values at each epoch. Where the ROI con-
tained data gaps and had more than 33 % finite values, we
estimated the values of missing pixels through a robust linear
fit between the finite values and those from a multi-year aver-
age of the stacked data — we did this in order to avoid aliasing
velocity gradients within the ROI as temporal changes in ice
speed. The resulting time-series from within each ROI were
smoothed using a second degree 24 d Savitsky—Golay filter.
Analysis of apparent motion over non-moving bedrock ar-
eas indicates average errors of 10 to 20myr~", though in the
terminal zone, glacier margin position changes and sea ice
motion can contaminate the velocity retrievals, resulting in
greater noise (e.g. Fig. 2a). We expect these values to under-
estimate the true error in ice-covered areas, especially where
the ice surface profile has changed significantly because we
assume a fixed ice surface for the geocoding, and because
our image patch sizes are similar to (0.5 to 1 times) the width
of the glaciers. Tests using a range of DEMs did not signifi-
cantly affect the retrieved ice speed.
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2.2 Surface elevation change

We calculated surface elevation change between 2m x 2m
REMA DEM strips (Howat et al., 2022b) over irregular
time-periods from November 2012 to August 2024. Prior
to DEM differencing, individual strips were co-registered in
pDEMtools (Chudley and Howat, 2024) to the 2m x 2m
REMA mosaic over bedrock areas identified using the Sci-
entific Committee on Antarctic Research (SCAR) Antarctic
Digital Database (ADD) rock outcrops mask extracted from
Landsat 8 imagery (Burton-Johnson et al., 2016; Gerrish,
2020). We supplement the REMA DEM strips over Whisky
Glacier with a single 2m x 2m Digital Surface Model de-
rived from Pléiades stereo imagery acquired on 28 January
2026 (Berthier et al., 2024). Errors in the elevation change
time-series are estimated as the root-mean-square-difference
between DEM strips over rock outcrops; the median error
is 5.5 m.

2.3 Terminus position change

We manually delineated glacier termini in sufficiently clear
Landsat 7, Landsat 8 and Sentinel-2 optical imagery from
2000 to present using the Google Earth Engine Digitisation
Tool (GEEDIT) and calculated width-averaged terminus po-
sition change using the multi-centreline method in the Mar-
gin change Quantification Tool (MaQiT), both of which are
described in more detail by Lea (2018). To examine terminus
position changes over longer time periods, we utilised the ter-
minus position dataset described in Cook et al. (2005). Since
we are focused on the impact of surges on terminus position,
we did not attempt to capture any seasonal terminus position
fluctuations. Given that changes in terminus position during
surges are typically much greater than seasonal fluctuations,
we do not expect this choice to affect our ability to identify
surge-driven terminus position changes.

2.4 Auxiliary images

To support our investigation of potential surging behaviour
in the 20th century we visually examined the glacial geo-
morphological features, ice margin position and ice surface
characteristics in one historical aerial image and three high-
resolution WorldView images of Kotick Glacier. The aerial
image is a 1 : 95000 Vinten 70 image acquired by the British
Antarctic Survey (BAS) on 18 January 1979 (British Antarc-
tic Survey, 1979), which we manually georeferenced in Ar-
cGIS Pro using exposed bedrock areas. The WorldView im-
ages are ~ (0.6 m resolution and were acquired on 5 February
2015, 11 October 2019 and 31 October 2025. The 2015 im-
age is a single-band image from WorldView-1 and the other
two are WorldView-2 RGB images pan-sharpened with an
associated panchromatic image (Imagery © 2026 Vantor).
We supplemented the WorldView images with a 2m x 2m
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Figure 2. Whisky Glacier surge dynamics. (a) speed and (b-e) speed anomalies relative to the 2017-2019 winter mean overlaid on cor-
responding Sentinel-1 backscatter images. (f) Elevation and (g—j) elevation anomalies relative to the 25 January 2015 ice surface from
2m x 2m REMA strips (Howat et al., 2022b). The most retreated and advanced terminus positions are also shown in panels (a) and (f).
(k) Speed and (1) elevation time-series along the flowline shown in (a). (m) Width-averaged terminus position change. Contains modified
Copernicus Sentinel-1 data. REMA data courtesy of the Polar Geospatial Center.

REMA strip acquired on the 9 December 2024 (Howat et al.,
2019, 2022b).

2.5 The surging climatic envelope and climate
reanalyses

We used the global climatic envelope for surge-type glaciers
(henceforth referred to as the Surging Climatic Envelope,
SCE) produced by Guillet et al. (2025), updated from
Sevestre and Benn (2015). This global dataset was produced
using the January 2000 to December 2023 mean of monthly
ERAS5-Land climate reanalysis (Mufoz-Sabater et al., 2021)
of the median winter total precipitation and the median
summer temperature, sampled at the centroid of each Ran-
dolph Glacier Inventory polygon using bi-cubic interpola-
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tion. The SCE was defined by the climate conditions cover-
ing the x % highest density climatic region (in temperature-
precipitation space) of all glaciers that surged in between
1990 and 2024 (Guillet et al., 2025); here we consider val-
ues of x from 20 to 99.

To compare climatic conditions on JRI to the SCE, we cal-
culated median winter total precipitation and median sum-
mer temperature during 10-year periods in 1-year increments
from 1940 to 2025 using daily ERAS reanalysis outputs
(Hersbach et al., 2020). To assess whether our study glaciers
fall within the optimum climatic envelope for surging during
each 10-year averaging period, we interpolate each climatol-
ogy to the centroid of each glacier — mimicking the approach
used to generate the SCE — allowing us to examine changes
in winter precipitation and summer temperature over each
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glacier with respect to the global climatic envelope. To assess
the validity of the ERAS temperature changes over JRI, we
also examined reconstructed (RECON) monthly near-surface
temperature anomalies from 1958 to 2022 (Bromwich and
Wang, 2024; Bromwich et al., 2025) and in-situ measure-
ments of monthly-mean two metre air temperature at Es-
peranza Station (—63.4° N, —56.98° W; Fig. 1 inset; Turner
et al., 2004). RECON provides only temperature anoma-
lies; to enable comparisons with the climatic envelope, we
summed the RECON anomalies with our 1950-1960 clima-
tology from ERAS. We smoothed the monthly RECON and
Esperanza summer median temperatures with a 10-year mov-
ing mean filter for comparison to the SCE.

To identify the spatial distribution of the SCE over time,
we also identified all ERAS pixels located within the optimal
climatic envelope during each 10-year averaging period from
1940 to 2024. To identify glaciers that could in future fall
within the SCE, we examined year 2100 projections of near-
surface air temperature and precipitation from the Coupled
Model Intercomparison Project Phase 6 (CMIP6) (O’Neill
et al., 2016). We incorporated 31 models forced by SSP 2-4.5
and 34 models forced by SSP5-8.5 (see Table S1 in the Sup-
plement for model details and citations). For each of these
model outputs, we determined all locations within the SCE
in the same manner as performed for ERAS5 during recent
decades. These spatial analyses of the climatic envelope lo-
cation over time allowed us to examine which regions and
glacier basins around the Antarctic peninsula have been, are,
and will be exposed to surge-conducive climatic conditions.

3 Results

Our observations of changes in glacier terminus position,
ice surface velocity and elevation in combination reveal that
three glaciers on JRI surged between 2000 and 2025.

3.1 Whisky Glacier

The long-term terminus position record (Cook et al., 2005),
indicates sustained retreat of Whisky Glacier since 1945,
within the resolution of the measurements (Fig. S1 in the
Supplement). Whisky Glacier was flowing at 45+ 19 myr~!
approximately 2km from the terminus between 2017 and
2019 (Fig. 2a), but the whole glacier began to accelerate in
the 2019/2020 summer, reaching speeds of up to 200 myr~!
in the terminal zone by the following autumn. During the
2021/2022 summer, the whole glacier rapidly accelerated,
reaching speeds of up to 800myr~! in the terminal zone
(Fig. 2k). Although the acceleration was more pronounced
and more sustained in the terminal zone (Fig. 2b—e and k),
the entire glacier reached speeds greater than 800 % of
the 2017 to 2019 average speed (Fig. 2d). Clear seasonal
speed changes are superimposed on the longer-term accel-
eration, resulting in peak speeds during the 2021/2022 and
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2022/2023 summers; the latter summer in particular was
characterised by a sudden, large speed-up to over 900 myr~!
from November to December 2022. After the 2022/2023
summer, ice surface speeds decreased (with superimposed
summer speed-ups) and along-glacier speed gradients di-
minished. Since approximately mid-2024, ice-surface speeds
have stabilised at around four times pre-event values. Dur-
ing and following this period of dramatic speed change, the
Whisky Glacier terminus advanced by more than 800 m be-
tween 2021 and 2026 (Fig. 2m).

Concurrent with the changes in speed and terminus posi-
tion of Whisky Glacier, we observed a redistribution of mass
from the upper to lower parts of the glacier (Fig. 2g—j and 1).
The uppermost reaches lowered by approximately 40 m be-
tween 2020 and 2026, with the greatest rates of lowering dur-
ing the 2021/2022 summer through 2022. Drawdown rates
diminished down-glacier and the lowest few kilometres of
the glacier increased in elevation by over 20 m from 2022 on-
wards. Surface elevation increases were concentrated down-
stream of the tributary (Carro Pass) (Fig. 2i and j), where
there was a coincident drainage of a likely subglacial lake
(Fig. 3). Evidence that meltwater was stored in the subglacial
lake and perhaps elsewhere beneath Whisky Glacier is pro-
vided by observations of extensive turbid meltwater plumes
at the glacier terminus during the period of anomalously high
flow speeds (Fig. S2).

3.2 Gourdon Glacier

The terminus position dataset of Cook et al. (2005), derived
in part from georeferenced aerial imagery, shows a ~ 900 m
advance of Gourdon Glacier from 1964 to 1974 (Fig. S1).
There are no uncertainty estimates for these traces and no
measurements between 1964 and 1974. The next trace (1977)
indicates the terminus had by this time returned to around
the 1964 position. Thus, we cannot determine whether the
1974 trace represents an advancing or retreating terminus,
or if apparent advance from 1964 to 1974 occurred steadily
during the 10-year period or rapidly during a short period
prior to 1974, or if the 1974 trace is erroneous.

Between 2000 and 2005, Gourdon Glacier was flowing at
~25myr~! near the terminus and the terminus was rela-
tively stationary — it retreated 170 m between 2000 and 2003
before readvancing to within 55 m of its initial position by
2005. Between January 2005 and January 2006, the termi-
nus advanced 560 m on average and then a further 130 m by
February 2007 (Fig. 4m). The glacier terminus then steadily
retreated until 2014, at which point its location was similar
to that in 2000 (Fig. 4m). The only velocity measurement
during that time is from 2006 when the velocity was almost
quadruple (90 myr~") the speed measured in 2000 (Fig. 4k).

Gourdon Glacier underwent a phase of acceleration, ice
surface elevation change and terminus position change be-
tween 2013 and 2020. Ice surface speed across the whole
tongue increased between 2013 and 2016, reaching peak

https://doi.org/10.5194/tc-20-4293-2026
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Figure 3. Surface elevation changes over a subglacial lake in Carro Pass (location in Fig. 1), Whisky Glacier. (a,b) Show profiles of ice
surface elevation along the black line in panel (d), with the elevation low stands coloured. (c) Elevation time-series extracted over the
potential subglacial lake — extracted between the red lines in (d) — with the low stands marked by coloured vertical lines. (d) The flowline is
overlain on a hillshade of a 2 m x 2 m REMA strip (2022-09-03) (Howat et al., 2022b). REMA data courtesy of the Polar Geospatial Centre.

REMA data courtesy of the Polar Geospatial Center.

speeds near the terminus of 325myr~! in 2015 (13 times
the average speed during 2000 to 2005), before speeds re-
turned to ~25myr~! by 2020 (Fig. 4k). Our velocity data
may capture the beginning of this acceleration as it propa-
gated upstream — speeds were already four times greater near
the terminus in 2013 than those observed in 2000, but speeds
near the glacier headwall were less than 50 myr~!, similar to
those observed in the years following the period of elevated
speed (Fig. 4k). Clear summertime speed-ups across most of
the glacier in 2014/2015 and 2015/2016 were superimposed
on the period of elevated speeds. Interestingly, flow speed
decreased in a step-wise manner, interrupted by periods of a
few months to over a year in which flow speed was relatively
constant. From November 2012 to September 2015, Gour-
don Glacier thinned by 2.4 to 3.4 m in its upper reaches (dark
blue and black lines in Fig. 4i) whilst the central and lower
portions of the tongue thickened by 2.0 to 4.2 m (light blue
and purple lines in Fig. 4i). Thinning of the entire glacier
occurred from 2017 to 2023, with thinning of up to 15.2m
in the lowest part of the glacier. Since March 2023, the up-
per reaches of the glacier have been thickening by 2.7 myr~!
and, if those rates continue, the glacier will regain its pre-
surge ice thickness in September 2029 (Figs. 4i and S3). The
terminus advanced by 180 m from March 2015 to January
2018, before retreating ~ 700 m through to 2025 (Fig. 4m).

https://doi.org/10.5194/tc-20-4293-2026

3.3 Kotick Glacier

Our measurements show a phase of synchronous speed, ele-
vation and terminus position changes at Kotick Glacier be-
tween 2014 and 2018 (Fig. 5). Speed measurements for
Kotick Glacier are only available from late-2013 onwards.
In 2014, ice surface speed near the terminus was 100 to
150myr~!, which then increased to 300 myr~—! in 2015 be-
fore decelerating to 25 myr~! between 2015 and 2018. This
temporal pattern of speed change was similar across the en-
tire glacier and ice flow speed remained steady at 25 myr—!
from 2018 to the end of our observation period (Fig. 5k).
Peak speeds during 2015 diminished with distance upstream
of the terminus, but remained over 200 % greater than those
observed since 2018 (Fig. Sb—e and k). We observed termi-
nus advance of 1000m from 2013 to 2016, when a calv-
ing event disrupted the advance that continued through 2019
(Fig. 5Sm). As with Whisky Glacier, we observed surface low-
ering of over 35 m in the upper reaches of the glacier, though
we note that lowering across the glacier continued at a rate
of 2.2 to 3.3myr~! even after ice speeds dropped and sta-
bilised (Fig. 5g—j and 1). The apparent thickening in the lower
reaches of the glacier shown in Fig. 5g—j is due to terminus
advance.

Unlike Gourdon Glacier and Whisky Glacier, the terrain
around Kotick Glacier hosts many landforms from an ear-
lier period of glaciation (Figs. 1c and 6). We examined these
landforms and glacier geometry in aerial and satellite im-
agery to investigate glacier geometry and behaviour prior
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to our observations of ice surface elevation and velocity. A
WorldView image acquired on 5 February 2015 shows a se-
ries of short (~ 70 m), narrow (< 25 m) linear ridges oriented
at a range of angles obliquely to ice flow to the true-left of
Kotick Glacier (Fig. 6). These ridges are approximately sym-
metrical in cross-section with an amplitude of 2 m (Fig. 6d).
The ridges were visible prior to the 2013 to 2017 advance
of Kotick Glacier, though two of the ridges were partially
overridden during that advance. A georeferenced aerial im-
age acquired in January 1979 (Fig. S4) provides indirect ev-
idence that the area hosting these ridges was overridden at
the time: the image does not directly capture the area hosting
the ridges, but it clearly shows Kotick Glacier approximately
350 m from the present-day ridges (Fig. S4). Based on the
geometry of the visible part of Kotick Glacier in 1979 and
the elevation difference (40 m) between the edge of the im-
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aged glacier and the ridges, it is plausible that Kotick Glacier
occupied the location of the ridges in January 1979. Based
on these observations, it seems likely that the ridges formed
between 1979 and 2000, when our terminus position obser-
vations show the area hosting the ridges was not ice covered.

4 Discussion
4.1 Glacier surge characteristics

Our observations of change in glacier terminus position, ice
surface velocity and elevation in combination reveal that
three glaciers on JRI surged between 2005 and 2025. The
surge phase of each glacier was characterised by greater than
500 m of glacier terminus advance, acceleration of the whole
glacier and a redistribution of mass from the upper to lower
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portions of each glacier, visible from a drawdown and surface
lowering of the upper glacier and thickening lower down.
The surge phase of these glaciers lasted approximately four
years, with a progressive acceleration to peak speeds that per-
sisted for approximately one year or two summers, followed
by a comparatively prolonged deceleration in which speeds
remained substantially greater than pre-surge values for more
than 3 years. These characteristics of the surge phase are typ-
ical of tidewater glacier surges and differ from typical land-
terminating surge phases, which generally have shorter de-
celeration phases lasting less than two years (Guillet et al.,
2025). In comparison to specific, well-known glacier surges:
the duration of the surge phases observed here are longer than
those observed on the land-terminating Variegated Glacier,
Alaska (1-2 years) (Kamb et al., 1985; Eisen et al., 2001), but
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comparable to those of the marine-terminating Monacobreen
and Morsnevbreen, Svalbard (Benn et al., 2019b, 2023).
Our observational record is generally too short to ro-
bustly determine the duration of the quiescent phase of these
glaciers; our data suggest that Gourdon Glacier surged twice
since 2005 with a 7-year quiescent phase, implying that an-
other surge may be imminent. However, the upper reaches
of the glacier did not begin to regain mass until 2023, and
the observed thickening rate (2.7 myr~!) implies that pre-
surge thicknesses will not be reached again until September
2029 (Figs. 4i and S3). Across the upper reaches of Whisky
Glacier, surface lowering rates decreased in 2025 but there
was no evidence of high-elevation mass gain by the end of
our elevation change observations (January 2026), likely be-
cause ice flow speeds were still elevated relative to the pre-
surge quiescent values (Fig. 2k and 1). We note that the en-
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Figure 6. Candidate crevasse-squeeze ridges (CSRs) adjacent to Kotick Glacier (location in Fig. 1c). Panel (a) shows a WorldView-1 image
and panels (b) and (¢) show WorldView-2 images with candidate CSRs labelled. Panel (d) shows a hillshade (three times vertical exagger-
ation) of a Reference Elevation Model of Antarctica (REMA) strip (9 December 2024) with the location of the elevation transect shown in
panel (e). REMA data courtesy of the Polar Geospatial Center. Imagery © 2026 Vantor.

tirety of Kotick Glacier continued to thin even after slow-
ing to quiescent speeds (Fig. 51). Based on a compilation
of observations, Stringer et al. (2025) estimate the modern-
day equilibrium-line altitude on JRI is higher than 300 m
above sea level; Kotick Glacier has no ice above this ele-
vation and has a much smaller area of ice above 200 m than
either Gourdon Glacier or Whisky Glacier (Fig. S5). This im-
plies that Kotick Glacier now has no accumulation area and
cannot build up to another surge; therefore, we suggest that
Kotick Glacier is now senescent, rather than quiescent, like
several small, formerly surging glaciers in Svalbard (Benn
et al., 2023).

Our observations suggest that the surge of Whisky Glacier
was initiated at or a short distance upstream of the termi-
nus. During the rising limb of the surge, the acceleration of
Whisky Glacier was clearly greater in the lower reaches of
the glacier than in the upper reaches (Fig. 2). We also ob-
served frequent and increasingly extensive turbid plumes at
the Whisky Glacier terminus from 2020 through 2023 (dur-
ing the surge) as well as a large calving event near the plume
in December 2021 (Fig. S2). These observations highlight
the role of basal enthalpy, supplemented by efficient surface-
to-bed meltwater connections associated with more exten-
sive crevassing and enhanced generation of basal meltwater
through rapid ice motion (Dunse et al., 2015; Sevestre et al.,
2018).

We note that a likely subglacial lake in Carro Pass drained
between 14 September 2019 and 30 December 2019 (Fig. 3),
which coincides approximately with the onset of the Whisky
Glacier surge (ice velocity tripled during 2020). This may
have contributed to the greater acceleration of the lower
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reaches of Whisky Glacier; however, given that this lake
drained approximately annually during our observational pe-
riod, and because the late-2019 drainage was smaller than
in previous years (Fig. 3), it seems unlikely that the lake
drainage was the primary cause of the surge. There are, how-
ever, clear indications that the surge affected the subglacial
hydrological connections between the subglacial lake and
Whisky Glacier. Ice surface elevation over the lake did not
begin to recover until the 2021/2022 summer, indicating that
the evacuation of stored basal meltwater during the surge
seemed to prevent lake refilling throughout 2020. Ice surface
elevations over the lake have since returned to pre-surge lev-
els, indicating complete or partial refill of the lake (Fig. 3).

4.2 Spatial extent of surging on the Antarctic Peninsula
and neighbouring islands

To our knowledge, only the surge of Kotick Glacier has pre-
viously been described as an unambiguous surge (Stringer
et al., 2025). The higher resolution velocity data used here al-
lows us to substantially revise the estimated tripling in speed
to a 12-fold increase (Fig. 5). Stringer et al. (2025) also re-
ported the recent advance of Whisky Glacier but lacked the
auxiliary data to confirm surging behaviour. Earlier work
(Nichols, 1973) proposed that Northeast Glacier, flowing into
Marguerite Bay, may be a surge-type glacier based on ob-
servations (Nichols, 1960) of coherent iceberg and sea ice
motion adjacent to the advancing glacier terminus. Our ve-
locity data do not reveal any surging behaviour at Northeast
Glacier (not shown) and the ice delta described by Nichols
(1960) appears to reform in most years, so may reflect sea
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ice conditions and retention of icebergs near the seasonally-
advancing terminus, rather than a sudden increase in calving
activity associated with a surge.

We conducted a preliminary exploration for other glacier
surges on the Antarctic Peninsula by exploring ice speed
time-series to identify candidate surges. Of the hundreds of
glaciers examined, we found only two glaciers (Fig. S6)
with speed time-series characterised by very slow motion fol-
lowed by a substantial increase in velocity lasting more than
1 year. These may constitute surging behaviour, but we have
not examined terminus position or elevation change measure-
ments, which would allow us to rule out other processes, such
as temporary ungrounding or retreat. Both of the glaciers that
exhibit surge-like ice velocity variations are located on is-
lands surrounding the northern tip of the Antarctic Peninsula
(Fig. S6). We did not find evidence of surging elsewhere on
the Antarctica Peninsula, but acknowledge that the sparsity
of velocity data prior to 2016 could result in missed surges
and future studies could incorporate a larger range of obser-
vations to produce a comprehensive inventory of Antarctic
glacier surges.

4.3 Onset and frequency of surging on James Ross
Island in relation to 20th century climate change

Given that glacier surges are a recently identified phe-
nomenon in Antarctica, we discuss the potential influence
of climate change on their occurrence. This discussion is
motivated in part by several published examples of appar-
ent changes in surge frequency that were temporally associ-
ated with changes in climate or mass balance. The most strik-
ing of these examples is the cessation of surging at Vernagt-
ferner in the Otztal Alps, which surged from the 17th to the
19th century but has not surged since; this senescence was at-
tributed to both rising atmospheric temperatures and glacier
mass loss (Hoinkes, 1969). More recent works have exam-
ined changes in surge frequency over comparatively shorter
periods that were not always significantly longer than the
quiescent phase. Putting aside the potential observation bias
inherent in those (and any) attempts, they indicate a cessa-
tion of surging activity of small glaciers in Svalbard due to
thinning since the Little Ice Age (Dowdeswell et al., 1995;
James et al., 2012; Benn et al., 2019a) and increasing surge
frequency in the late-20th century in the Karakoram, associ-
ated with a period of anomalously high modelled precipita-
tion (Copland et al., 2011). Several other examples are dis-
cussed in a comprehensive review (Lovell et al., 2026). When
viewed under the lens of statistical analyses showing that
surge-type glaciers occupy a distinct (though broad) climatic
envelope (Sevestre and Benn, 2015; Guillet et al., 2025) and
the theoretical basis by which those conditions encourage the
build-up of a mass and enthalpy imbalance that culminates in
a surge (Benn et al., 2019a, 2023), these examples of appar-
ent changes in surge frequency globally begin to build up
a picture of how the surging behaviour of glaciers on JRI
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might have changed in response to changing climatic condi-
tions over the last century.

To evaluate how climatic changes over the last century
might have affected the surging behaviour of JRI glaciers,
we compared ERAS reanalysis of two-metre air temperature
and precipitation over JRI in 10-year averaging periods to the
globally defined SCE (Guillet et al., 2025; Fig. 7a). This anal-
ysis indicates that these glaciers have been exposed to condi-
tions at the cooler end of the SCE since at least the beginning
of the reanalysis period (1940) and have pushed further into
the SCE as atmospheric temperatures have risen and precipi-
tation has increased (Fig. 7a). Comparisons with air temper-
ature measurements at Esperanza Station (100 km from JRI;
location in Fig. 1) and an Antarctic-specific near-surface air
temperature reconstruction (RECON; Bromwich et al., 2025)
confirm the approximate magnitude and timing of the air
temperature trend shown in ERAS5 (Fig. 7a). Thus, as pre-
dicted by Sevestre and Benn (2015), glacier surging on JRI
at any time since 1940 is consistent with the enthalpy balance
theory of glacier surging (Benn et al., 2019a, 2023), because
the climate appears to have been conducive to the develop-
ment of a mass and basal enthalpy imbalance since the be-
ginning of the reanalysis period. Further progression of these
glaciers into the SCE (i.e. towards warmer, more humid con-
ditions; Fig. 7a) implies a greater rate of basal enthalpy accu-
mulation and increased surge activity. Enthalpy balance the-
ory predicts that basal hydrological processes may hinder a
smooth transition to higher velocities, forcing the glaciers to
undergo velocity fluctuations to discharge mass over longer
cycles.

There is therefore a theoretical basis on which to expect an
increase in the prevalence of surging on JRI over the last cen-
tury. As with previous work, this study suffers from observa-
tion bias due to the increase in observations over time, which
limits our ability to evaluate changes in surge frequency over
the last century. Two of our observations (glacial landforms
at Kotick Glacier and terminus advance of Gourdon Glacier)
suggest that surging may have occurred on JRI in the sec-
ond half of the 20th century. The first piece of evidence for
20th century surging on JRI comes from the glacial geomor-
phological record adjacent to Kotick Glacier. We observed a
group of five short (~ 70 m), low amplitude (2 m) ridges on
the true-left of Kotick Glacier (Fig. 6). These ridges are ori-
ented obliquely to the present-day ice flow direction. Two of
the ridges were partially overridden during the 2013 to 2017
surge of Kotick Glacier (Fig. 6). Based on these character-
istics, we suggest they are crevasse-squeeze ridges (CSRs)
(Rea and Evans, 2011; Evans et al., 2016; Rivers et al., 2023),
which are thought to be the infills of basal crevasses pre-
served at the termination of a surge (e.g. Benediktsson et al.,
2009). A single BAS aerial image acquired in January 1979
shows the upper reaches of the glacier in a geometry that
strongly indicates the area hosting the CSRs was covered by
Kotick Glacier in January 1979 (Fig. S4). Given the poor
preservation potential of CSRs in terrestrial environments,
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Figure 7. (a) The trajectory of the climate of James Ross Island (JRI) with respect to the optimal envelope for glacier surging (SCE). The
black contours show the boundaries of the SCE at each probability level. The coloured circles show the climate of JRI in 10-year periods
from 1940 to 2025, in 1-year increments, from ERAS. The coloured squares and triangles show the ensemble mean climate of JRI in 10-year
periods from 2020 to 2100 (SSP2-4.5) and 2150 (SSP5-8.5) from a suite of CMIP6 simulations (detailed in Table S1). The bars on the
right-hand side, show the observed (Esperanza Station) and reconstructed (RECON) 10-year median summer temperature over time. Note
the RECON data include only temperature anomalies from 1956 onwards — we have added them to the ERAS data here to illustrate the
potential range of temperatures on JRI over time. (b) The area of grounded ice exposed to the SCE on the Antarctic Peninsula.

we argue that the candidate CSRs therefore likely formed in
a surge during or after 1979, but prior to the 2013 to 2017
surge. The surface of Kotick Glacier in the 1979 aerial image
does not appear to be heavily crevassed in its upper reaches,
which would be expected during and immediately following
a surge. If a surge did occur between 1979 and 2000, it was
not apparent from the 1988 terminus position trace of Cook
et al. (2005). We note that if surging of JRI tidewater glaciers
occurred in the past, then the landform record would predom-
inantly be submarine. To our knowledge there is no suitably
high-resolution bathymetric data adjacent to these glaciers
with which to interrogate the submarine landform record but
future studies could acquire this information to help to clarify
the surge history of JRI glaciers.

The second piece of evidence for 20th century surging on
JRI is provided by observations of the terminus position of
Gourdon Glacier (Cook et al., 2005; Fig. S1). The terminus
of Gourdon Glacier advanced by 900 m from 1964 to 1974,
which could be indicative of a surge. We treat this inference
with caution, however, because we do not have correspond-
ing ice surface elevation or velocity measurements to con-
firm this advance was caused by a surge. The long duration
between these terminus position observations and the lack
of terminus position uncertainty estimates further limit our
ability to attribute this apparent advance to a surge of Gour-
don Glacier. This advance could, amongst other factors, have
been caused instead by interannual variations in sea ice ex-
tent or simply errors in the georectification of the oblique
aerial imagery used to delineate the glacier terminus.
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Overall, it is clear that four surges at three glaciers on
JRI have occurred since 2005 (Figs. 2, 4 and 5) and there is
some, albeit inconclusive, evidence that two of these glaciers
may have surged in the second half of the 20th century. The
glaciers on JRI have been exposed to the SCE since at least
the 1940s but have progressed further into the SCE over time
(Fig. 7a). From a theoretical and statistical perspective, surg-
ing was therefore possible in the 20th century and the prob-
ability of surging has increased as the climate has become
warmer and wetter (Benn et al., 2019a, 2023; Guillet et al.,
2025). Our observations are consistent with the hypothesis
that changes in climate over the past century have increased
the likelihood or frequency of surging on JRI. However, we
have few constraints on the timing and frequency of surging
during the 20th century and a more detailed reconstruction
of 20th century Antarctic Peninsula surging, derived from
archive aerial imagery and field observations of the subma-
rine and subaerial landform record, would be required to con-
firm a change in surge frequency over the last century, which
would provide an informative test case for theories seeking
to explain surging behaviour.

4.4 Changes to the locations exposed to the surging
climatic envelope through the 20th and
21st centuries

Although the location of the SCE is not a definitive predic-
tor of surging behaviour, we examine how climate change
through the 20th century and projected climate changes over
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the 21st century have affected and will affect the locations
exposed to climatic conditions conducive to glacier surging
(Fig. 8; videos S1-S15 in the Supplement). We preface this
discussion by noting that the SCE is defined at surge-type
glacier centroids, which approximate the equilibrium line al-
titude (e.g. Carrivick and Brewer, 2004), whereas surging is a
whole-glacier phenomenon. Thus, the SCE provides the cli-
mate over a small subset of the area occupied by surge-type
glaciers. In consequence, spatial maps of the SCE, such as
those discussed here, will tend to underestimate the potential
extent of surging and a given glacier may be susceptible to
surging if the SCE encroaches into the ablation zone and to-
wards the equilibrium line altitude, even if the entire basin
is not encompassed by the SCE. The SCE was also defined
for a population of predominantly valley glaciers up to a few
tens of kilometres in length (Guillet et al., 2025) and glacier
size exerts a strong secondary influence on the propensity for
a glacier to surge (Benn et al., 2019a); we therefore restrict
our discussion of the SCE to the Antarctic Peninsula, which
hosts glaciers of similar dimensions to those on which the
SCE was defined.

With these caveats in mind, the restriction of observed
surging behaviour to the warmest, northernmost parts of
Antarctica and surrounding islands is broadly consistent
with the present-day and historical spatial distribution of
ERAS temperature and precipitation with respect to the SCE
(Figs. 7a and 8). ERAS5 shows a steady southward migration
of the areas exposed to the SCE from 1940 to 2020 (Fig. 8)
and a corresponding increase (92km”yr—!, p <0.05; Ta-
ble S2) in the area of grounded ice on the Peninsula ex-
posed to the SCE (Fig. 7c; videos S1-S5). In the 1940s,
the SCE began to encroach on JRI at the 0.6 SCE prob-
ability level, though climate variability in the 1940s inter-
mittently exposed JRI to conditions closer to the centre of
the SCE (Fig. 7a) and lower probability SCE levels encom-
pass JRI throughout the reanalysis period (Fig. 8). The SCE
shifted southwards through the last quarter of the 20th cen-
tury, encompassing JRI and the northernmost tip of the
Peninsula, while extending along the eastern coastline as far
south as Larsen-C Ice Shelf but with minimal transgression
onto grounded ice (Fig. 8a; videos S1-S5). Low-to-moderate
probability SCE transgression onto the Larsen, Wilkins and
George VI ice shelves occurred in the late-20th or early-
21st century (Fig. 8; videos S1-S3). For comparison, similar
shifts in climate across Greenland have been associated with
a change in spatial extent of surge envelopes and with the
number of surge-type glaciers per sub-region (Lovell et al.,
2023).

Analyses of CMIP6 model output allows us to briefly ex-
plore the potential for changes in surge occurrence around
the Antarctic Peninsula throughout the 21st century under
modest (SSP2-4.5) and extreme (SSP5-8.5) warming scenar-
ios (Fig. 8; videos S6-S15). We note there is a positive tem-
perature bias of 1.6 and 1.3 °C in the CMIP6 SSP2-4.5 and
SSP5-8.5 ensemble means compared to ERAS (Fig. S7), that
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hinders comparisons or the computation of long-term trends
(Fig. 7). ERAS is known to underestimate mid-20th cen-
tury temperature and overestimate late-20th century temper-
ature around Antarctica (Bromwich et al., 2024); however,
the mismatch with temperature recorded at stations is small-
est on the Peninsula (Bromwich et al., 2024). At three sta-
tions with long-term temperature records (Esperanza, Fara-
day/Vernadsky and Orcadas), ERA5 has a mean bias of
—0.19 £ 1.42°C at Faraday, —0.18 &= 1.60 °C at Orcadas and
—1.02 £1.33 °C at Esperanza and the temperature trends are
within 0.006 °C decade™! at Orcadas and Esperanza and al-
most within error at Faraday (Fig. S8; Table S3). Thus, the
offset between ERAS5 and the CMIP6 ensemble mean is
likely predominantly due to overestimation of temperature
in CMIP6. This could be due to the coarser resolution of the
CMIP6 simulations, which will resolve the effects of steep
topography less effectively than ERAS.

Keeping in mind the temperature offset between ERAS
and CMIP6, the CMIP6 output shows a continuation of
the spatiotemporal trends in SCE exposure exhibited by
ERAS throughout the 20th century (Figs. 7 and 8, video S1;
video S1). Over JRI, the combination of ERAS and CMIP6
output show a climate trajectory pushing deeper into, through
then further from the SCE core from 1940 through 2150
(Fig. 7). When variability amongst CMIP6 ensemble mem-
bers is considered, there is little divergence between emis-
sions scenarios in projections of the SCE extent up to the
middle of the 21st century. In both emission scenarios, both
east and west coasts of the Antarctic Peninsula as far south
as the Larsen-B Embayment enter the SCE at the 0.6 prob-
ability level before 2050 (Fig. 8; videos S8 and S13). Many
more glaciers further south on the Peninsula have complete
or partial exposure to the SCE at lower probability levels in
the first half of the 21st century (videos S6, S7,S11 and S12).
Beyond 2050, changes to the areas of the Antarctica Penin-
sula exposed to the SCE are relatively minor in SSP2-4.5
(Figs. 7b and 8f). Under extreme warming (SSP5-8.5), JRI
and much of the Peninsula warm sufficiently to lower their
exposure to the SCE (Figs. 7 and 8; video S1).

The historical and projected changes to the parts of the
Antarctic Peninsula exposed to the SCE provide a crude indi-
cation of how surge occurrence and frequency have and may
continue to change in response to climate change. The histor-
ical changes to climate through the 20th and early-21st cen-
tury, resulting in greater exposure of JRI and surrounding is-
lands to the SCE and increased likelihood of surging (Figs. 7
and 8), is broadly consistent with the timing and location of
glacier surges observed here. Analysis of CMIP6 model out-
put with respect to the SCE suggests that we might expect an
increase in the number of surge-type glaciers on the Antarc-
tic Peninsula throughout the remainder of the 21st century in
moderate warming scenarios (Fig. 8). If atmospheric warm-
ing continues unabated, the climate of the Antarctic Penin-
sula is likely to become less conducive to surging beyond
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Figure 8. Mapping the optimal surging climatic envelope (SCE) on the Antarctic Peninsula with ERAS and the CMIP6 ensemble mean.
Each panel shows the location of SCE for the labelled decade, overlaid on a 200 m Reference Elevation Model of Antarctica (REMA) mosaic
(Howat et al., 2022a). The solid-coloured contours show the edge of the SCE for each probability level. The dashed contours show the
maximum extent of the 0.2 probability SCE when the standard deviation of temperature and precipitation within the decade is considered
alongside the decadal mean (ERAS) climate. REMA data courtesy of the Polar Geospatial Center.

2050, which may result in a reduction in surge frequency and
extent.

5 Conclusion

We present observations of surging between 2005 and 2025
at Whisky Glacier, Gourdon Glacier and Kotick Glacier on
James Ross Island, Antarctica. The surges exhibit all the
characteristics typical of tidewater glacier surges, particu-
larly a rapid acceleration over the course of a year, peak
speeds lasting up to two summers, redistribution of mass
from higher to lower elevations along with terminus advance,
and a prolonged deceleration phase lasting several years.
Gourdon Glacier has likely surged twice since 2005 with
a 10-year quiescent phase. There is reasonable, yet incon-
clusive, evidence that Kotick Glacier and perhaps Gourdon
Glacier surged between the 1970s and 2000s. The occurrence
and timing of the surges observed and inferred here are con-
sistent with the enthalpy balance theory for glacier surges
because these glaciers have occupied and pushed deeper into
the optimal climatic envelope for glacier surging since at
least the 1940s. Based on examination of the historical and
projected spatial distribution of atmospheric conditions asso-
ciated with surging, we hypothesise that surging will become
more prevalent on the Antarctic Peninsula over the coming
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decades. Under extreme warming, however, surge occurrence
on the Antarctic Peninsula may decline in the second half of
the 21st century. We suggest that continued monitoring of
Antarctic Peninsula ice surface elevation and speed change
will enable detection, and perhaps prediction, of surging in
the coming decades. Finally, surge behaviour should not be
ignored when interpreting observations of glacier geometry
change and the landform record in future studies of northern
Antarctic Peninsula glacier dynamics.

Code availability. The code required to reproduce the
analyses presented in this paper 1is available from
https://doi.org/10.5281/zenodo.21276597  (Davison et al,
2026). The open-source GMTSAR code is available from
https://topex.ucsd.edu/gmtsar/ (last access: 15 July 2026).
PIVsuite, which provided the basis for our feature tracking soft-
ware, is available from https://uk.mathworks.com/matlabcentral/
fileexchange/45028-pivsuite (last access: 15 July 2026). pDEM-
tools is documented in https://pdemtools.readthedocs.io/en/v1.2.3/
(last access: 15 July 2026).

Data availability. The data required to reproduce the
analyses presented in this paper 1is available from
https://doi.org/10.5281/zenodo.21276597 (Davison et al., 2026).
Sentinel-1 images are freely available from https://dataspace.
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(last access: 15 July 2026). Sentinel-2 images are freely avail-
able from https://dataspace.copernicus.eu/data-collections/
copernicus-sentinel-missions/sentinel-2  (last access: 15 July
2026) and https://browser.dataspace.copernicus.eu/ (last ac-
cess: 15 July 2026). Landsat 7 and 8 images are freely
available from https://earthexplorer.usgs.gov/ (last access: 15
July 2026). REMA DEM strips and mosaics are freely avail-
able from https://www.pgc.umn.edu/data/rema/ (last access:
15 July 2026). The BAS aerial image used in this study is
available through the BAS Archives with reference code BAS:
ES2/2/9/1979/JR/1/18 and the projected image presented in Fig. S4
is available from https://doi.org/10.5281/zenodo.21276597
(Davison et al., 2026). ERAS5 monthly gridded temper-
ature and precipitation fields are freely available from
https://doi.org/10.24381/cds.f17050d7 (Copernicus Climate
Change Service, 2023). CMIP6 model output is freely available
from https://doi.org/10.24381/cds.c866074c (Copernicus Climate
Change Service, Climate Data Store, 2021). Temperature obser-
vations from Esperanza Station, Orcadas and Faraday/Vernadsky
are freely available from http://www.nerc-bas.ac.uk/icd/gjma/
(last access: 15 July 2026). RECON data are freely available
from  https://amrdcdata.ssec.wisc.edu/dataset/reconstruction-of-
antarctic-near-surface-air-temperatures-at-monthly-intervals-since-
1958 (last access: 15 July 2026).
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