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Abstract

Sit’ Tlein (Malaspina Glacier), located in Southeast Alaska, has a complex flow history. This pied-
mont glacier, the largest in the world, is fed by three main tributaries that all exhibit similar flow
patterns, yet with varying surge cycles. The piedmont lobe is dramatically reshaped by surges that
occur at approximately decadal timescales. By combining historical accounts with modern remote
sensing data, we derive a surge history over the past century. We leverage the Stochastic Matrix
Factorization, a novel data analysis and interpolation technique, to process and interpret large
datasets of glacier surface velocities. A variant of the Principal Component Analysis allows us to
uncover spatial and temporal patterns in ice dynamics. We show that Sit” Tlein displays a wide
range of behaviors, spanning quiescence to surge with seasonal to decadal variations of ice flow
direction and magnitude. We find that in the lobe, surges dominate the velocity dataset’s variance
(spanning 1984-2021), while seasonal variations represent a much smaller part of the variance.
However, despite the regular surge pulses, the glacier lobe is far from equilibrium, and widespread
retreat of the glacier is inevitable, even without further climate warming.

1. Introduction

Sit’ Tlein (“Big Glacier” in Tlingit, temporarily known as “Malaspina Glacier” (pers. comm.
Yakutat Elders, 2023)), located in Southeast Alaska, is the largest glacier-complex in the world
outside of the ice sheets (Windnagel and others, 2023). Its piedmont lobe holds approximately
700 km” of ice almost entirely in the ablation zone, and is separated from the Pacific Ocean by
moraines of variable width (Figure 1, (Thompson and others, 2021)). The glacier originates in
the Saint Elias mountain range and is exposed to strong climatic gradients with topographic
rain-shadow effects (Whiteman, 2000, Wendler and others, 2017).

Radar depth sounding shows that the piedmont lobe’s bed is mainly below sea level (Tober
and others, 2023) with deep subglacial troughs, which are sometimes related to geological faults
(Cotton and others, 2014), some of which extend close to peripheral lakes on the outskirts of the
glacier’s lobe. In 2021, our field campaign discovered seawater intrusion in one of the peripheral
lakes (Thompson and others, 2021), and satellite images have shown an increase in peripheral
lake area during the last 10 years. The small ocean separation together with the over-deepened
bed make the piedmont lobe susceptible to further intrusion by warm seawater, with a potential
for rapid glacier retreat (Motyka and Beget, 1996, Post and others, 2011, Brinkerhoff and others,
2017). This could make Sit’ Tlein Alaska’s greatest sea level rise contributor, with Alaska already
projected to lead glacial sea level rise contribution outside of Greenland and Antarctica during
this century (Edwards and others, 2021, Rounce and others, 2023).

Sit’ Tlein’s flow is characterized by surging. The unusually high flow rates of surging glaciers,
as shown by the heavy crevassing and accompanied by glacier advance, were recognized more
than 100 years ago by Tarr and Martin 1914 along the coast of Southeast Alaska. They attributed
surges to earthquakes, but this was not confirmed by subsequent events. Meier and Post 1969
first proposed a definition of surges as quasi-periodic events of one to several years duration
with glacier velocities up to two orders of magnitude higher than quiescent flow. These events
are generally separated by years to decades. Since then, global inventories of surge-type glaciers
have been compiled (e.g. Guillet and others, 2022, Kdab and others, 2023), and Sevestre and
Benn (2015) grouped those glaciers into preferred climatic zones. A detailed process study
at Variegated Glacier (Kamb and others, 1985) highlighted the important role of pressurized
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Figure 1. (a) Contextual map of Sit’ Tlein. Velocity transects are shown by the colored lines (blue, orange, purple, and pink), and the important landforms are outlined in
yellow. The background color depicts the glacier’s bed elevation (Tober and others, 2023), elevations close to sea-level appear as a line in the legend due to a compression
of the colorbar, although they are represented by a gradient of green on the figure. (b) The image shows the iconic folded moraines of Sit’ Tlein (Sentinel-2, August 4th 2024,

retrieved from the Copernicus Browser, courtesy of ESA).

subglacial water in enabling the high flow velocities, while other
studies emphasized the role of frozen/temperate transitions at the
glacier bed (e.g. Clarke and others, 1984). These mechanisms were
put into a consistent framework via the enthalpy model by Benn
and others (2022). Despite some progress (e.g. Thegersen and
others, 2019, Minchew and Meyer, 2020), physical mechanisms
remain insufficiently understood to make predictive surge models
possible. In particular, it is difficult to even agree on a clear defini-
tion for surging, and some authors have argued for a full spectrum
of flow behaviors ranging from steady flow to total glacier collapse
(Herreid and Truffer, 2016, Kaab and others, 2021).

Understanding the glacier’s dynamics is crucial to predicting
glacier evolution during the next few decades. This is difficult due
to complicated surge-type flow patterns in Sit’ Tlein’s three main
tributaries (Agassiz, Seward, and Marvine-Hayden), which con-
verge into a single lobe. These surges have variable amounts of
impact, from affecting most of the glacier surface to only a small
portion of it. They are generally asynchronous, but there is at least
one documented occurrence of simultaneous surging (Muskett and
others, 2008). To date, no predictive model can forecast the timing
and extent of these complex dynamical patterns.

Here, we will use a combination of published reports from
recorded Indigenous oral history and early European explorers,
scientific reports from the pre-satellite era, and a compilation of
satellite derived data to compile a century-scale history of ice flow
of the Sit’ Tlein and its tributaries. We adopt a technique new
to glaciology, Stochastic Matrix Factorization, to fill gaps in the
satellite-derived velocity record, and we discuss the implications
of our results on the health of the glacier.
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2. Methods

We use three types of data sources to study the flow and surge
histories: pre-satellite (aerial pictures, expedition, and scientific
reports), Landsat images, and ITS_LIVE (Gardner and others,
2022). Every source captures distinct aspects of ice flow and surges
(extent, duration) at different spatiotemporal resolutions. Thus, we
provide dataset-specific surge definitions. This is in line with pre-
vious work that required adjustments for surge criteria depending
on the methodology used for classification (Jiskoot and others,
2000, Copland and others, 2003, Sevestre and Benn, 2015). Several
authors have discussed the limitations of those surge definitions
(Sevestre and Benn, 2015, Herreid and Truffer, 2016, Truffer and
others, 2021, Benn and others, 2022, Guillet and others, 2022).
Sit" Tlein’s dynamics cover a broad, continuous range, making
it challenging to identify distinct events without defined thresh-
olds. To address this, we adopt threshold-based classifications to
clearly define surges and facilitate the discussion. Our Landsat
surge classification considers a spatial displacement threshold,
while the ITS_LIVE surge classification involves both spatial and
temporal dimensions, enabled by the dataset’s enhanced temporal
resolution. We also calculate yearly fluxes at the throat (transi-
tion area from glacier trunk to glacier lobe), and near the ter-
minus of each tributary. We then detail the Stochastic Matrix
Factorization interpolation method and apply it to the ITS_LIVE
dataset. Finally, we describe the novel data decomposition method
ROCK-PCA and apply it to the interpolated velocity product.
These methods allow an analysis of ice-flow dynamics for large
datasets.
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Figure 2. Surge classification based on Landsat displacements.

2.1. Pre-satellite reports

Sit’ Tlein is located on Tlingit land that has been inhabited for
thousands of years (Schurr and others, 2012, Shorty, 2016). Some
sources mention Sit’ Tlein’s impact on communities and the land-
scape in the early 19th century (Cruikshank, 2001). From the
1800s to the 1950s, mountaineering and scientific expeditions
(Washburn and Sharp expeditions Tarr, 1907a, Tarr and Martin,
1914, Cruikshank, 2001), brought written and photographic evi-
dence of the glacier’s state. We use those sources to determine
whether the glacier was in quiescence or actively surging at the time
of the historical encounters.

During quiescence, Sit' Tlein’s lobe is flat and not heavily
crevassed. A surge will generate chaotic surface features and lead
to moving ice reaching the terminus. If a report mentions travel-
ers crossing the ice on foot, we will consider it as local evidence of
quiescence. However, if there is a broken ice surface, demolished
trees, or changes at the terminus, we consider it as surge evidence.

2.2. Displacement from Landsat records

We quantify ice displacements using Landsat 1 to 9 cloud-free sum-
mer images merged into mosaics and cropped to Sit’ Tleins lobe.
The time between each mosaic is centered around a year (figure
S1). We compare the annual mosaics spanning from 1973 to 2023
to find large displacements indicative of surges.

We assess the three tributaries separately (Figure 1). We fur-
ther distinguish displacements of the trunks (constrained laterally)
from displacements in the lobes (less lateral confinement) between
each mosaic. We use moraines as tracking features to manually
assess flow displacement and identify potential surges (Herreid and
Truffer, 2016). We create an index (Figure 2) describing the type of
displacement a tributary is experiencing. This index is composed
of 2 numbers and 1 letter. The first number indicates displacement
in the tributary’s trunk, the second in its lobe, with values rang-
ing between 1 (no displacement), 2 (<500 m), and 3 (>500 m). A
surge is expected to exceed a 500 m displacement threshold, while
non-surging years might not quite reach it. This value was chosen
after observing the entire record of yearly mosaics for the three
tributaries. We choose the flux gates (Figure 1) of each tributary
as a separation between lobes and trunks. To quantify the extent of
each surge, we introduce the third index, a letter, either F for ‘Full’
(displacements reach further than half of the lobe) or P for ‘Partial’
(displacements reach less than half of the lobe). In most cases, an
‘F’ case will propagate to the terminus. An example of each case is
shown in figure S8.

2.3. Velocities

2.3.1. ITS_LIVE velocity dataset

Ice velocities are quantified by analyzing 39 years of surface veloc-
ities (1984 to 2023) generated with the autonomous Repeat Image
Feature Tracking (autoRIFT) algorithm (Gardner and others, 2018,
Lei and others, 2021) for the ITS_LIVE project, interpolated to
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a 5-day timestep. This global dataset uses optical and Synthetic
Aperture Radar (SAR) images from various satellites to calcu-
late pixel displacements between two images through a cross-
correlation technique. The number of available images increased
dramatically twice during the record: in 2014, when Landsat-8
products started becoming available, and in 2017 with Sentinel 2
products. The velocity dataset was downloaded as a netcdf file from
the ITS_LIVE Amazon Web Service server (code adapted from
https://github.com/nasa-jpl/ITS_LIVE); only slices with more than
40% of valid data were accepted, regardless of the image pair time
separation. This dataset (datacube) is a stack in time of 2D matri-
ces with its three axes representing time, northing, and easting (t,
¥, X). We group each entry within a 5-day window and calculate the
median. We note that this approach does not take into account the
finite time interval over which the velocity is measured (i.e., the
interval of time between repeat images from which the velocities
are derived (see Minchew and others (2017), Greene and others
(2020), Charrier and others (2021) for alternative approaches).
Then, we interpolate missing values using a method based on
Stochastic Matrix Factorization (Mnih and Salakhutdinov, 2007),
detailed in the next subsection.

We analyze three items: ice velocities along longitudinal tran-
sects on each tributary, ice-flow direction on the Seward tributary
transect, and spatial patterns of surge velocities. The first item
allows us to quickly identify main events in the dynamics of Sit’
Tlein by capturing the flow variations at the transition between the
trunks and lobes. The second item is generated by creating an index
that calculates the mean speed-weighted position along the Seward
transect as a proxy of flow direction:

2o XY
()= &2,
where v; is the speed at position x; along the transect. The purpose
of analyzing this quantity is to assess subtle changes in directional-
ity as the ice enters the main lobe.

Finally, the third item represents the spatial extent of the
strongest surges. A location is considered surging if its monthly
median speed exceeds four times the time serie’s median, for at
least five months within a 12 months rolling window. This condi-
tion filters out seasonal speed-ups. Once the surge dates have been
obtained, we determine which year has the highest surge velocities.
The resulting map shows when each location was the most strongly
impacted by a surge.

1

2.3.2. Ice flux

We trace two flux gates for each tributary (Figure 1): one where the
ice exits the trunk and spills into the lobe (throat of the tributary),
and one close to the terminus of the lobe. The near-terminus fluxes
of Agassiz and Marvine glaciers are very small, and we will not
discuss them further. The gates at the throats are curved approx-
imately perpendicularly to the ice flow. This shape marks the onset
of flow divergence (figure S2) in the lobe. The throat flux gates are
close to the equilibrium line altitude (Brinkerhoft and others, 2025)
and allow us to evaluate the amount of transferred ice from the
accumulation area to the ablation area.

We use surface velocities and ice thickness to estimate ice fluxes
through the flux gates. Ice thickness is obtained by differencing the
complete Interferometric Synthetic Aperture Radar DEM (IFSAR,
USGS 2013), and the bed elevation from Tober and others 2023.
We make one main assumption to calculate the fluxes: the surface
velocity is related to the depth-averaged velocity by a factor k: v =
kVgurface- For motion of an infinite plate with a flow law exponent



of n =3, this factor is bounded between k = 0.8 (no slip) and k=1
(sliding without internal deformation). Since we expect significant
amounts of basal sliding (the ice is assumed temperate), we choose
a value of k = 0.95 £ 0.05. Therefore, the flux of ice through the
flux gate is approximated as:

F

N N
/ VH -ndS~ Y viH,-nA; =Y H(v,Ay—v,Ax), (2)

with v = (v, v,) the depth-average velocity, H the ice thickness,
n a vector normal to the flux gate, N the number of segments in
the flux gate, and F the path along the flux gate. A, is the length
of the ith segment of the flux-gate. We calculate fluxes from the
yearly velocity mosaics provided by ITS_LIVE to reduce temporal
variability.

We obtain the uncertainty of the flux from standard error prop-
agation. ITS_LIVE and the ice thickness datasets both provide
error estimates.

Since the ice flux is strongly dominated by the the Seward trunk,
we calculate normalized ﬂuxes to compare temporal variations
among tributaries usmg T2 Here, q represents the flux, y is the

time-averaged flux, and o is its standard deviation.

2.4. Stochastic matrix factorization interpolation

The ITS_LIVE dataset is a stack of 2D velocity fields along time,
thus forming a 3D array (X). Each element of this array falls
into one of three categories: on-ice, off-ice, or invalid (no data).
We determine on-ice locations based on outlines from the RGI
Consortium (2017) version 6.

The interpolation assumes that the flattened matrix Xg,,, con-
taining values at different spatial locations (rows) and times
(columns), can be decomposed into limited sets of spatial
and temporal orthogonal basis functions, U and V. These
bases fully characterize the spatio-temporal variability of the
dataset, with their product X,.; = UVT being a predic-
tion of the spatiotemporal velocities without gaps. However,
computing the singular value decomposition (SVD) of datasets
with missing data is not possible, so we adopt an alternative
method based on Stochastic Matrix Factorization (Mnih and
Salakhutdinov, 2007). This method uses spatiotemporal variance
patterns to infer missing values in our largely sparse but organized
dataset.

To apply the interpolation to the ITS_LIVE dataset, we make
the following assumptions:

1. Our dataset X (or in its flattened form, Xﬂa,) has a low rank
(hence its factorization into two low rank matrices, U and V)
2. Each entry shares a similar normally distributed error o2

The Stochastic Matrix Factorization Interpolation revolves around
minimizing the L2 norm:

|Xpat — UV 3)

This norm is the squared differences between our dataset X and
the product of two matrices U and V, evaluated only for on-ice
values (hence the hat notation on both matrices). While this min-
imization is evaluated only on valid entries, it applies to the entire
dataset, such that missing entries are interpolated. The objective is
to find the optimal U and V whose product is as close as possible
to X.
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The algorithm proceeds as follows:

. Initialization

We flatten X in the spatial dimensions to obtain a 2D matrix
X of dimension (RC, T), with R and C the number of rows
and columns, and T the number of timesteps. We mask the
invalid entries and obtain Xﬂat' At each time step, we com-
pute the median off-ice velocity and discard entries where the
absolute value exceeds the 95th percentile of the absolute time
series. We then subtract the remaining median oft-ice velocities
from all on-ice pixels. We then standardize the data following:
Xﬂm = Xl here ¢ and std are the the mean and stan-

std

dard deviation of Xﬂa,. Thus Xﬂat is a standardized, masked,
and flattened array. We solve a regularized minimization prob-
lem by finding two matrices U and V of dimensions (RC, M)
and (M, T) that approximate X subject to regularization terms
measuring spatial and temporal smoothness. The product UV
is a flattened interpolation of X, with U and V approximat-
ing the SVD components of X if it had no missing values. The
matrix UV contains the M spatial modes of X, where each
column captures a portion of the dataset’s spatial variance. V
represents the temporal strength of the modes; its dimensions
are [C, T]. We selected M = 10 modes, as higher-order modes
beyond 10 typically capture noise rather than meaningful vari-
ance. This choice is supported by the SVD of an interpolated
dataset using M =100 modes (a conservative value ensuring
over 99% of the variance is included), showing that the first
10 modes account for approximately 95% of the total variance.
Finally, we define UV as the matrix UV with masked invalid
entries.

. Least Squares with minimization of L2 norm

To minimize expression 3, we use the steepest gradient
descent fitting the matrices U and V. We use four regulariza-
tion terms with associated regularization weights (A, A,, A,,
A;), determining the contribution of each term relative to the
goodness of data fit:

Emisfit = (Xﬂat - 6‘7)2 (4)
_ >\uHU||12~7rob >\VHVH12'"7017
Ereg - (RC)2 + (RC)2 (5)
Ay
s‘uuce = E (Z 8UR + Z aUC) (6)
E, =X > o (7)
time R

The misfit is only computed for the non-masked entries
of X. Norm regularization uses the squared Frobenius norm
weighted by A, and A, (row and column spaces) to enforce U
and V to have comparable magnitudes. Spatial smoothness is
ensured via the squared norms discrete gradients > QU3 and
>~ QUZ. Finally, the temporal regularization promotes smooth-
ness over time using the squared differences > 9¢2. Once these
terms have been calculated, we compute a total regularized cost
functional:

Etot = Emisﬁt + Ereg + Espace + Etime' (8)

Minimizing this functional provides us with optimized
matrices Uand V.
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3. Reconstruction of the 3D interpolated array
The optimized matrix product UV from the optimization
represents an interpolated dataset without gaps. We call X
the unflattened and interpolated UV product matching the 3D
shape of X. Most of the noise has been removed, assuming that
the modes beyond the first 10 primarily capture the dataset’s
noise.
4. Quality assessment
Finally, we evaluate the quality of the interpolation by calcu-
lating the difference between each corresponding entry in both
interpolated and initial datasets: X — X. We fit a normal and a
Student’s ¢ distribution to the histogram of the differences. We
also calculate the average and standard deviation of the normal-
ized differences per velocity bin from 0 to 2000 m a~*. We finish
by comparing the differences in flow direction between the two
datasets.

2.5. Mode analysis of the variance

We extract the spatio-temporal patterns of the velocity dataset by
using a technique derived from the Principal Component Analysis
(PCA), called Rotated Complex Kernel—Principal Component
Analysis (ROCK-PCA) (Bueso and others, 2020), which has
the advantage of decomposing nonlinear modes (Cristianini and
Scholkopf, 2002) and decoupling them in space and time (Horel,
19841984, Esquivel and Messina, 2008). We find that our dataset is
quasi-stationary and non-linear, based on the Augmented Dickey-
Fuller test (Fuller, 2009) and low Pearson coefficients from linear
fits to the time-averaged velocities. The ROCK-PCA differs from a
standard PCA in that it calculates complex modes, allowing for the
derivation of phased differences for each mode, and the modes are
not required to be orthogonal.

3. Results
3.1. Reports

We find evidence for advances, surges, retreats, and quiescence as
early as 1837 to 1956, with several hiatuses of observations. We
report the findings in their chronological order below.

« Late Holocene Sit’ Tlein retreat: The earliest evidence of retreat
is shown by two sources. The Tlingit tribe in Yakutat uses ‘Sit’
Tlein® ("Big Glacier’ in Tlingit) for both Malaspina and Hubbard
glaciers. This indicates that they were once one single body of ice
reaching to the coast (Cruikshank, 2001, Thompson and others,
2024). Old moraines located in Disenchantment Bay, disappear-
ing under Sit’ Tlein’s current eastern side of the piedmont lobe
(Barclay and others, (2001), Calkin and others, 2001) show that
the moraine was deposited by Hubbard Glacier. This means two
things: the two glaciers were probably joined (which corrobo-
rates the Tlingit name), and Sit’ Tlein had retreated further than
its contemporary position.

« Late Holocene/1837 Sit’ Tlein advance: The Vancouver expe-
dition (1794 in Icy Bay) reported trees along the shore near Sit’
Tlein. In 1837, the Belcher expedition’s observations found no
evidence of trees along the shore (Cruikshank, 2001), indicating
a possible advance of Sit’ Tlein’s lobe.

« 1890/91 Sit’ Tlein quiescence: In 1890 and 1891, Russell crossed
the ice from the Marvine Glacier to the West twice (Russell, 1893,
Tarr, 1907a). Other expeditions from the Duke of Abruzzi and
Bryant both used the glacier because of its easy terrain (Tarr,
1907a), indicating quiescence along their routes.
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» 1907 Marvine surge: Tarr (1907a, 1907b) observed a chaotic
glacier surface forbidding any crossing by foot. They recorded
photographic evidence of the fractured and moving terminus
of Marvine, and also of trees being destroyed by the ice. They
observed from a distance that, according to a member of this
expedition and also of 1897’s Abruzzis expedition, Seward’s
throat looked “far more broken”

« 1935 Marvine surge: After a hiatus of 30 years, Bradford
Washburn (Washburn, 1935) provides aerial photographs of
eastern Sit’ Tlein showing Marvine’s lobe undergoing a strong
surge based on how broken up the surface is, reminiscent of the
photographs from Tarr in 1906.

o 1948/53 Seward quiescence: Sharp (1951, 1953, 1958) provide a
U.S. Coast Guard aerial pictures mosaic from 1953, and an exten-
sive description of fieldwork spanning 1948 to 1953, focused
solely on the Seward tributary. They mention the lobe being
accessible by foot, while the photographs do not show extensive
crevasses.

o 1954 Seward surge: In the same publication, Sharp (1958) ded-
icates a chapter on the sudden increase in activity of Seward’s
lobe from 1954 to 1956. In contrast with their previous years’
fieldwork on the ice, they noted increased noise from crevasses
and debris falling into said crevasses, along with an increase
in crevasses size and quantity. They indicate that other parties
observed such activity continuing in 1955 and 1956.

After Sharp’s work, we are not aware of any relevant records until
the first Landsat images in 1972.

3.2. Landsat

Table 1 summarizes ice activity from 1973 to 2021 for each tribu-
tary based on the XXF/P classification explained in the methods.

Agassiz fully surged twice over the 50-year record. Most of the
surges we identified do not propagate further than the middle of
its lobe, but we record two occurrences (1986, 2002) reaching its
terminus (identified as “33F” in the table). The 1986/87 surge was
synchronous with the other tributaries, as the entire Sit’ Tlein lobe
experienced unrest at this time. Agassiz’s flow oscillates slightly
from southwest to northeast and produces banded moraines on
its eastern part (figure S3). The ice flow forms a medial moraine
marking the suture line between the Seward and Marvine lobes.

Marvine’s two primary feeder trunks result in more complex
dynamics, whereas Seward and Agassiz each have only one trunk.
We document four partial surges in Marvine’s trunks that stopped
in the upper half of the lobe in 1974/75, 1984, 1986, and 2013. We
classify the 1984 and 1986 surges as separate events because no sig-
nificant displacements were observed between 1985 and 1986. 1987
is the only surge that moved ice to Marvine’s terminus, displacing
it by almost 10 kilometers (figure S4). It activated both trunks and
the lobe in its entirety, and occurred synchronously with Seward’s
surge. Marvine’s lobe displays banded moraines indicative of a flow
oscillation at the throat of the trunk. They are more pronounced
than Agassiz’s but not as spectacular as Seward’s. Like Agassiz, the
border with Seward’s lobe is marked by lower displacements and
stacked moraines.

The Seward tributary surged five times in the 50-year record;
all of its surges propagated past the upper half of the lobe. They
took place in 1977, 1981/82, 1986/87, 2008/09, and 2020/21. With
Seward’s trunk flowing consistently above 500 m of displacement
per year, our surge threshold for Landsat displacements is fre-
quently exceeded. Hence, our surge assessment for Seward is only
valid for its lobe. The 1977 and 2021 surges bear a strong spatial
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Table 1. Classification of ice movement from Landsat mosaic spanning 1972-2021. Full surges have been highlighted in orange, partial surges in blue. 1 = no
displacement, 2 = displacement < 500 m, 3 = displacement > 500 m. “F” is a displacement propagating past the first half of a lobe, “P” otherwise

Year Agassiz Seward Marvine
1973 22P as 2P
1974 22P 32P 33P
1975 22P 32F 33P
1976 22P 32F 11P
1977 2P 33F 11P
1978 21P 7?7? ?7??
1979 2P 32P 21P
1980 11P ?7?? s
1981 2P 33F 22P
1982 22P 33F 21P
1983 22P 32P 32P
1984 22F 32P 33P
1985 2F 32P 21P
1986 33F 33F 33P
1987 32F 33F 33F
1988 ?21P 32P 11P
1989 7?7? 32P 11P
1990 ?7?? 32P 21P
1991 1P 7?? 21P
1992 22P 32P 21P
1993 22P 32P 21P
1994 22F 32P 21P
1995 22F 32P 11F
1996 22F 32P 11F
1997 22F 32P 21P
1998 22F 32F 21P
1999 22F 32F 21P

Year Agassiz Seward Marvine
2000 22F 33F 31P
2001 32F 32F 21P
2002 33F 32F 31P
2003 21P 32F 22P
2004 22P 32P 21P
2005 22P 32F 21P
2006 22P 32F 21P
2007 22P 32F 21P
2008 22P 33F 21P
2009 22P 33F 21P
2010 22P 32P 21P
2011 22F 32P 21P
2012 22F 32P 31P
2013 32F 32F 33P
2014 22F 32F 21P
2015 22F 32P 21P
2016 22P 32P 21P
2017 22P 32P 21P
2018 22P 32F 21P
2019 22P 32F 21P
2020 22P 33F 21P
2021 22P 33F 21P

resemblance in how local they are and propagate along a well-
defined subglacial valley to Fountain Stream (Figure 1), displacing
the terminus by roughly 500 m. Seward’s surges are peculiar in
that they only activate the ice in specific parts of the lobe, leav-
ing other areas completely unaffected. In 1986/87, the eastern part
of the lobe spectacularly surged while the western part was not
impacted. It coincided with Agassiz’s surge, and most importantly
with Marvine’s surge. It moved the terminus by a few kilometers
and almost entirely covered Malaspina Lake. The ice in the zone of
influence of the surge was mobilized regardless of its surface cover
(debris or clean ice). Surges of this magnitude can redefine entire
portions of the lobe and change the boundaries of the glacier (fig-
ure S5). Outside of these periods, ice displacements are generally
constrained to areas of clean ice and tend to slow by an order of
magnitude over a short distance at the outskirts of the lobe, where
the moraines stack. On a few occasions, the lobe shows movement
below 500 m per year that stops a few hundred meters from the
terminus.

3.3. ITS_LIVE

3.3.1. Velocity interpolation and modes
The ROCK-PCA decomposition provides spatiotemporal modes
of the variance, each described by complementary spatial maps
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and an intensity time series. The analysis shows that 78.8% of the
dataset’s variance is explained by its first 6 modes.

The spatial patterns of the modes show similarities in active
areas of the tributaries. Mode 1 emphasizes western Seward’s lobe
and the lower trunk. Mode 2 shows strong variance in the lower
trunk, Seward’s lower lobe, and Marvines eastern trunk. Mode 3
brings out features in Marvine’s throat and lobe, in Seward’s eastern
lobe, and in parts of Seward’s western lobe. Mode 4 distinguishes
Marvine’s eastern trunk from the rest of the glacier. Mode 5 draws
attention to Agassiz’s lobe and Seward’s lower trunk. Finally, Mode
6 highlights Seward’s lower trunk, nearby small areas, and part of
Agassiz’s upper trunk.

Temporally, modes 1, 2, 4, and 5 display yearly cycles. Mode 1
has strong peaks in 1986/87 and 2021. Mode 2 presents a multi-
year oscillation with a strong break after 2000. Mode 3 distinctively
picks out the unusual pattern of the 1986/87 surge, which also leaks
into modes 1, 5 and 6. Modes 4, 5, and 6 do not show clear pat-
terns before 2014, the year after which annual variations appear.
The appearance of better resolved annual cycles later in the time
series could be a result of better temporal resolution in the recent
ITS_LIVE products. Mode 4 also displays a drop in 2013/14. Mode
5 shows negative values for a multi-year period in 1985/86/87 and
2001/02/03. Finally, mode 6 does not display any noticeable pattern
similar to the other modes.
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Figure 3. (a) Amplitude of the first 6 modes of the velocity. A non-zero amplitude represents changes in the variance. (b) Principal Components (modes in times) with
explained variance of the dataset (in %) associated with their respective modes (color coded). High positive values mean the spatial pattern shown in (a) is at its maximum
contrast. Negative values mean the spatial pattern is the opposite of the positive spatial pattern. Values around zero indicate that the spatial pattern is flat.
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We do not show the phase patterns of the ROCK-PCA here, as
they are difficult to interpret in the absence of modes with very
regular oscillations in time.

3.3.2. Ice flow history

The ITS_LIVE dataset is richer than Landsat’s in terms of data den-
sity. Whereas the observed surges in the Landsat mosaics record
agree with those from the ITS_LIVE dataset, other events do not
fall into a binary surge classification.

We retrieve ice velocities at transects located at the throat of
each tributary’s trunk (Figure 4) to assess the temporal variations.
For reference, the un-interpolated equivalent can be seen in fig-
ure S12. To quantify the propagation of surges down the lobes, we
select velocities along each tributary’s central flow line. Only speeds
exceeding 4 times the median (see Methods) are plotted (figure
S6). Surges tend to propagate far down Seward and Agassiz lobes,
while their trunks do not meet the surge requirement to appear
on the plot. Marvine’s surges are mostly located in its main branch
and rarely propagate to the lobe, except for the 1986/87 surge that
reached the terminus.

We identify several surges based on Figures 4 and S2. In 1986
and 1987, all the tributaries experienced fast flow propagating far
down their lobes. All of Seward’s lobe was impacted with a par-
ticularly strong response from the eastern part. The next surge
occurred in 1999 in the western part of Seward’s lobe and propa-
gated to the terminus (Fountain Stream, Figure 1). In 1999, Agassiz
started showing a noticeable increase in peak velocities until its
2002 maximum. This signal propagated from the throat to the ter-
minus (figure $6). In 2008/09, Seward surged again in both the
eastern and western parts of the lobe. In 2013, Marvine surged,
but the signal weakened at the throat, while prior to July, Seward
was almost surging. Finally, in 2020/21, Seward surged only in the
western part of the lobe to its terminus. This surge is well defined
with two peaks (one in 2020, another in 2021), and a slowdown in
between.

Both Seward and Agassiz show a seasonal signal of summer
speedup and winter slowdown (Figure 4). However, Seward is
prone to surging without noticeable precursor signs, while Agassiz
has a gradual buildup during the years preceding a surge. For
Marvine, the velocities are very low aside from the 1986/87 and
2013 surges, and seasonal patterns or precursor signs of surges are
difficult to observe.

The calculation of Seward’s speed-weighted mean flow direc-
tion (Figure 4a) shows that the 1986/87 surge resulted in the most
eastward flow diversion of the whole record. The signal displays a
noticeable change eastward in 2002/03. 2013 marks a change in the
appearance of the time series, probably due to data density. Before
2013, some yearly oscillations are visible, but the poor data reso-
lution makes it difficult to see a structure beyond the annual cycle.
After 2013, the annual signal shows a slight jerk eastward in the fall
of every year, then a change in direction towards the west until the
next Fall.

We investigate when each part of the lobe changed the most
throughout the record. For each pixel, we calculate the median
monthly speeds and retrieve the date of the fastest month of the
time series, under the condition that the year has 5 months or more
of surging velocities (figure S7). We can thus identify which surge
had the most impact at any given map location. The 1986/87 surge
is the strongest on record for the eastern part of Sit’ Tlein’s lobe and
low velocity areas. Agassiz’s strongest surge occurred in 2002, while
western Seward’s lobe’s strongest surge happened in 2021. Marvine
had significant surges both in 1986/87 and in 2013, although the
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most recent one was limited to the throat. We hypothesize that
the 2013 signal at Seward’s terminus reflects erroneous ITS_LIVE
velocities caused by thermokarst changes misinterpreted as dis-
placement by the cross-correlation algorithm.

3.4. Summary of surge history

Table 2 summarizes identified surges, periods of confirmed quies-
cence, and observational ambiguities and data gaps. Data density
increased markedly with the start of the satellite era, resulting in
higher certainty of identifying surges. The 1980s stand out as an
active decade, with surges occurring at all tributaries. Generally,
surges repeat at about decadal intervals, but are not synchronized
across tributaries.

3.5. Flux gates

The average influx of ice through all three tributaries into the lobe is
5.1 km®a~!. Divided by the ablation area (2308 km?), this averages
to2.2ma! of ice spread over the lobe. Seward accounts for 86% of
the total influx to the piedmont, while Agassiz and Marvine supply
13.65% and 0.35% of ice, respectively.

Years of higher velocities (e.g. 1994, 2012, 2017) at Seward’s
throat are not matched at the terminus. 2021 marks Seward’s
throat’s maximum flux for the entire record. Although Seward’s ter-
minus’s spike is the 2nd highest of the record in 2021, the year of
highest flux through the transect is in 1987. Spikes in fluxes tend
to reach the terminus with a 1-year delay from those observed at
the flux gate at the throat. The 2021 and 2022 fluxes at Seward’s ter-
minus are equivalent to 116% of the cumulated flux between 2010
and 2020, indicating that surging is essentially the only mechanism
supplying ice to the near-terminus region. The highest flux of ice
entering Sit’ Tlein’s lobe occurred in 2021, while the 1986 surge
produced the 2nd highest peak (Figure 5a). Agassiz and Seward
present a strong correlation in their variations, with a varying lag
changing from 0 years to 3 years.

We estimate a total cumulative ice flux to Sit’ Tlein’s lobe of
193.5 4 18.5km’ between 1985 and 2022, which corresponds to
28% of the total 691.6 km® of ice contained in the lobe (Tober
and others, 2023). With the current yearly average ice influx of
5.1 km’, it would take 132 years to restock the lobe at its current
volume.

Supplementary figure S10 shows the scaled cumulative flux at
each point along Seward terminus’s flux gate. It displays a highly
asymmetrical profile with four different peaks, three of which are
spatially close together. Most of the flux at the terminus reaches the
western and central parts of the flux gate. The highest peak coin-
cides with Fountain Stream (Figure 1), while the three grouped
peaks represent the area north of SitKagi Lagoon and Backdoor
Lake. There is an increase in flux in the eastern part of the flux gate,
which corresponds to the area around Malaspina Lake. The loca-
tions of these flux peaks are a reflection of the bed topography and
show how bed troughs direct ice flow in the lobe.

3.6. Dataset quality

We compare the ITS_LIVE original and interpolated datasets, and
assess the quality of the original dataset.

Sit’ Tlein’s piedmont lobe has better data coverage than the
trunks (Figure 6a). Generally, fast ice has low data density, while
the stagnant moraines have higher data density. The apparent
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Figure 4. (a) Seward’s throat transect flow direction variations. The x-axis represents the speed-weighted mean flow position from west to east along the transect (equation 1).
The vertical dashed line helps visualize the flow transitions from a southeastern or southwestern direction. (b) Velocities along transects spanning the three tributaries. The
x-axis shows position along the transects (blue = Agassiz, orange = Seward, purple = Marvine), and the y-axis shows time (from top to bottom, 1984 to 2022). The vertical
white lines separate the tributaries. The dashed black rectangles surround identified surges. (c) Velocities of three points at the center of the tributary’s throat’s transect. The
dashed horizontal lines represent 4 times the median of the points’ time series.
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Table 2. Table summarizing surges for the three tributaries in the past century. Purple represents surges witnessed by the expeditions, green represents surges
shown by the Landsat mosaics only, and orange represents surges detected both through the ITS_LIVE dataset and Landsat mosaics. Grey rectangles and dots
represent observations of quiescence, while black rectangles and black dots represent a lack of observations. Ambiguous data, in crimson red, means that one
method indicates a surge while the other does not. It can also be due to a non-confident observation from a report
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patches are due to the footprint of the images used in ITS_LIVE.
Data density from 1984 to 2000 is low (Figure 6b) compared to
the twofold data increase in 1999 (launch of Landsat-7). 2013 to
2019 marks the biggest improvement in data density following the
launches of Landsat-8 and Sentinel 1 & 2 missions. This explains
the over-representation of the latest decade in the dataset.

For both velocity components, the spread of scaled differences
between interpolated and initial datasets increases as velocities
decrease (Figure 7a), while their averages are stable. Therefore,
errors do not scale with velocities, and there is no magnitude
bias introduced by the interpolation. The algorithm corrects out-
liers, as shown by the better fit of the Student’s ¢ distribution to
the histogram of differences (Figure 7b), compared to the normal
distribution fit. Mean differences are 0 m a™! for both velocity com-
ponents, confirming the absence of bias from the interpolation. The
main flow direction is southwesterly, consistent with glacier flow
from its accumulation to its ablation areas (Figure 7¢). Including
lower velocities lowers the distribution width (turquoise and red
distributions).
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4. Discussion

Our results show that despite a shared regional setting, each of the
main tributaries of Sit’ Tlein displays different dynamics. Albeit
commonalities (seasonality, surges), they are generally not syn-
chronized. We thus present the analysis for each tributary sepa-
rately. We first review the interpolation method and modes analysis
of the velocity dataset, then we detail each tributary’s specificity,
and finish with a discussion on folded moraine formations and the
role of surges in ice resupply at the terminus.

4.1. Modes analysis

Although the ROCK-PCA provides a phase metric for the modes,
we exclude it from the analysis, as interpreting the phase of non-
periodic modes is complicated and would offer limited insight for
our study.

The ROCK-PCA decomposition reveals that Seward’s dynamics
dominate the dataset’s variance, while surge signals spread through



Journal of Glaciology 11

a _Fluxes per Year

8_
; |
m 67
E 1
X
x 47
]
i
27 . N \ | Tributary surge
0 /H\ — . __9 N T Terminus surge
b Surge
{— Seward
0.8+ — Agassiz

5 i —— Seward terminus
i 0.6+ —}— Total Influx
E 0.4
© 0.4
& Al
0.2+
0.0+

1984 1988 1992 1996 2000 2004 2008 2012 2016 2020
Distance along transect (m)

Figure 5. (a) Annual fluxes for 4 flux gates (Figure 1) with the calculated propagated errors (vertical red bars). The curve labeled ‘Total influx’ (black) represents the sum
of Agassiz, Seward, and Marvine flux gates values for each year. The fluxes at Marvine Glacier throat and terminus, and Agassiz terminus, are too small to be shown on the
figure. (b) Scaled fluxes of the Seward terminus and throat. The fluxes have been scaled according to the minimum and maximum values of their time series, for comparative
reading. The grey areas spanning the two sub-figures represent identified surge events.

a b Amount of Valid Glacier Pixels per Year
175
Dataset Spatial Completeness c 2
ver . " 2 O 150
- 0,72 =
100 o6m T
. (]
P 2 125
200 . ‘ 058 &
@) " § 3 .‘ v —
£ o . E o
< 300 X 04k Q1007
. o —_
o = O
= 032 o
400 5 =
9 3T 754
028 2
A Y
500 &8 °
—
013 2 504
600 i s E
100 200 500 600 700 0.0 2
Easting 25+

1985 1990 1995 2000 2005 2010 2015 2020

Figure 6. Dataset quality in space and time. Both figures show how many values occur depending on their location in space, and which years are the most represented.
(a) Fraction of valid data points for each pixel compared to the complete dataset (number of 2D slices with any valid entries) (b) Number of valid data pixels as a function of
time.

almost every mode. The fact that different surges are picked up by =~ data variance, eastern and western Seward’s lobe are another, as
specific modes shows that their expression in the variance of the  well as Seward and the rest of Sit’ Tlein. The Marvine glacier illus-
dataset differs. The modes’ spatial patterns align with surge foot- trates this, with decoupled trunks and lobe dynamics as seen in the
prints, but also reveal variance dipoles (i.e., regions opposed in  Landsat record, and reflected in the spatial patterns of modes 2, 4,
magnitude of variance). Lobes and trunks represent one pair of  and 5.
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Figure 7. (a) Plot of scaled mean (solid lines) and standard deviation (faded areas) of the differences between initial and interpolated velocity components Vx (purple) and
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The ROCK-PCA can guide the analysis of a dataset by stream-
lining the identification of its main characteristics. Even without
prior knowledge, one could identify key patterns: Seward as the
most dynamic glacier, each tributary exhibiting surges, decoupling
between western and eastern Seward’s lobe, Marvine’s trunk and
lobe behaving as distinct dynamic systems, and the glacier showing
annual oscillations in flow dynamics. However, there is no guaran-
tee that a derived mode can be linked to a specific physical process,
and the mode analysis should always be done with careful consider-
ation of other spatial and temporal knowledge of system behavior.

4.2. Interpolation quality assessment

The differences between the interpolated dataset and observations
do not reveal any clear spatial or temporal structure, indicating a
lack of systematic errors (figure S11). The interpolation corrects
for outliers by prioritizing solutions that avoid large gradients (in
space or time), as shown by the good fit of the Student’s ¢ distri-
bution, which is associated with fewer but more extreme outliers
(Figure 7b). Penalizing large gradients through a strong regular-
ization is an informed choice: glacier surface velocities can vary in
space and time, but we assume that they do so smoothly. Finally,
the constant histogram width regardless of the threshold suggests
ITS_LIVE’ errors are independent of velocity magnitude.
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4.3. Agassiz Glacier

According to the Landsat mosaics and ITS_LIVE datasets surge
definitions, the Agassiz Glacier surged several times, most dra-
matically in 1986. Its flow is cyclical: it builds up over several
years, surges for a year, then slows down. This sequence is unique
when compared to other nearby glaciers. Trapridge Glacier’s slow
surge is less dramatic and ends more gradually (Frappé and Clarke,
2007), while Variegated Glacier shows a more abrupt surge onset
despite a build-up phase (Raymond and Harrison, 1988) similar to
Agassiz’s. The binary surge classification fails in this case, and could
be improved upon by considering the spatial extent of elevated
velocities (Liu and others, 2024).

Another striking feature is how Agassiz’s ice is blocked by
Seward’s and forced to take a 90-degree turn to the west, past its
throat. Figure 1 shows how a bed trough is aligned with the fastest
flow, which is also observed for Seward’s tributary.

4.4. Marvine Glacier

Marvine is the slowest tributary, although it displays the widest
range of flow dynamics. Its baseline velocities are almost stagnant
in the lobe, while its surges exhibit a large range of magnitudes,
scaling from spatially limited to redefining the glacier’s extent in
1986/87.
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The 1906, 1935, and 1986/87 surges were spectacular in their
reach, magnitude, and duration. They could be rare and related
to synchronously occurring eastward surges of Seward. Two out
of these three surges coincide with a Seward surge. The 1935 pic-
tures only capture Marvine’s lobe and arguably the eastern portion
of Seward’s. Without any cover of Seward’s upper lobe, we have a
lack of evidence of either a surge or quiescence there.

Marvine’s main trunk is made of two branches. The eastern one
provides most of the ice to the lobe (we use velocities as a proxy for
ice supply). This branch sometimes surges beyond its throat and
remains repeatedly active, unlike the more stagnant lobe and west-
ern branch (figures S8, S9). Surges in one branch don’t typically
trigger surges in the other, but both branches show elevated veloci-
ties for several years before and during the 1986/87 surge. Marvine
might enter a major surge (1906, 1935, 1986/87) only when both
branches surge; otherwise, the ice supply might not be enough to
activate the stagnant ice dam in the lobe.

4.5. Seward Glacier

Seward’s dynamics dominate the variance of velocity in the pied-
mont lobe (Figures 3 and 5). Its quasi-decadal surge cycle regularly
impacts the texture of the piedmont lobe while heterogeneously
mobilizing areas at the terminus. The pre-satellite data show that
surges are not a new phenomenon, but only since Landsat images
can we properly estimate their impact on the lobe. 1986/87 and
2020/21 surges are the most impactful, considering ice influx
into the lobe, impacted area, or impact location. However, their
effects seem limited in time, as shown by the post-1986/87 surge
Malaspina Lake geometry recovery in barely a decade. Yet, the ter-
minus’s flux profile (figure S10) shows ice resupply to preferential
zones. The locations of higher flux coincide with the presence of
deep troughs in the glacier bed (Figure 1).

In the past 39 years, Seward’s lobe flow has been highly direc-
tional (Figure 4a), which raises the question of the impacts of such
behavior. We hypothesize that the direction a surge takes across
Seward’s lobe may depend on how ice flow is directed at the time
of surge initiation. The 1986 surge was mostly active between June
and late September 1986, as shown by images from the same year.
The flow direction at this period was directed towards the south-
east. The 2020 surge started in spring, when the ice flow was in
its south-westernmost direction. Both times, the flow direction
followed the apparent seasonal cycle.

4.6. Ice flow interactions in a broader context

All three tributaries exhibit evidence of ice flow interactions
at different scales. They range from intra-tributary to inter-
tributary, including flow oscillation and glacier redirection (block-
age/damming).

We hypothesize that routing of subglacial water causes flow
redirection (intra-tributary oscillation). The ice in the throat is
heavily crevassed, allowing for a fast transfer of meltwater from
the surface of the glacier to its bed. Seasonal meltwater on glaciers
induces seasonal drainage system changes, which can impact basal
motion through the modification of effective pressure (Kamb,
1987, Truffer and others, 2000, Hewitt, 2013, Werder and others,
2013).

The second hypothesis, applicable to both intra- and inter-
tributary settings, is that ice flow redirection can be guided by
a gradient in compressive strain from the ice damming an area.
We speculate that it creates the folded moraines by rerouting the
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ice flow yearly (see next subsection). This hypothesis can also
be used for inter-tributary ice dynamics, as observed for other
glaciers (Main and others, 2024, Polashenski, 2024, Van Wychen
and others, 2025). Seward’s lobe blocks and redirects ice from the
other tributaries. We do not have sufficient insight to determine if
Marvine or Seward caused significant drag on the other during the
1986/87 surge, although we can observe on satellite images that the
two lobes are impacting each other’s shape while surging. Finally,
although Seward and Agassiz have a strong ice flux correlation,
their dynamics and accumulation area settings are very different.
The inactive area between the two lobes is fairly large and does
not show movement that could indicate a drag induced by Seward’s
western lobe.

Sit" Tlein does not have wavy moraines typically associated
with alternating surges between tributaries (Kotlyakov and others,
2008, Young and others, 2024). Other studies report interact-
ing tributaries in dendritic glaciers (Kristensen and Benn, 2012,
Main and others, 2024, Young and others, 2024), but Sit’ Tlein
might not belong in this category (cf. Jiskoot and others, 2017).
Its size and highly variable flow-affected areas might prevent drag-
induced surges most of the time, as illustrated by the 2020/21
surge confined to Seward. No spatially-conjoint surges have been
observed between western Seward and Agassiz, possibly due to
the slow debris-covered zone between them acting as a cushion
that prevents surge propagation. The interface between Seward and
Marvine is also made of a slow, debris-covered zone, although it is
more active than its Agassiz-Seward counterpart.

4.7. Morphogenesis of folded moraines

Sit’ Tlein’s folded moraines are probably its most striking surface
feature (Figures 1, S3, 4, S5, S8). They were previously thought to
be generated by surges (Lingle and others, 1997, Muskett and oth-
ers, 2003), but the oscillation of flow direction suffices to generate
them, as shown by the annual Landsat mosaics displaying moraines
being folded even during quiescence. Small variations in moraine
patterns are subsequently amplified by the laterally divergent flow
as the ice spreads into the piedmont lobe. Ramberg (1964) used
an analogue wax model to recreate the shape of folded moraines
without introducing surge-like events. The mechanism inducing
the flow variation direction is inherent to the hourglass shape of
the glacier: two reservoirs connected by a narrow outlet. Minor
variations in the velocity and composition of the material would
be enough to create disturbances that induce flow direction oscil-
lation. Surges enhance the process by exaggerating the moraines’
folds and movements, but they do not appear to be essential to their
morphogenesis.

4.8. Surge implications for ice resupply

Parts of Seward’s terminus have been stagnant for many decades in
places the ice is covered in debris and vegetation, including mature
trees. The stacking of moraines is a reflection of ice resupply, which
happens primarily through surges, and this stacking is heteroge-
neous throughout the terminus. While we identified seasonal flow
direction changes, predicting surge direction also requires precise
timing of surge onset. This information is important for assessing
the location and pathways of Sit’ Tlein’s retreat.

Glacier surges most often resupply the area north of Sit'Kagi
Lagoon and Backdoor Lake (Figure 1). This leaves other areas with-
out ice supply and subject to thinning and retreat, particularly in
the eastern part of the lobe. If a surge delivers 10 years worth
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of ice but occurs infrequently, retreat becomes inevitable as melt
outpaces incoming flux. Although events like the 1986/87 eastern
surge can reshape the extent of Sit’ Tlein, the longevity of the effects
vary. Malaspina Lake recovered its original shape in a decade, while
the terminus of Marvine still bears the marks of the surge.

Given the low elevation of Sit’ Tlein’s lobe, current resupply
and mass balance would not permit its formation under today’s
climate. The yearly average influx to Sit’ Tlein’s lobe is 2.2 ma™!
of ice resupply averaged over the lobe. Any melt exceeding this
amount indicates a disequilibrium for the area. Sharp (1951) mea-
sured ablation rates above 3 m over an entire summer, while we
measured 2.9 m of melt between July and August 2021 (averaged
over the lobe). The entire lobe is located in the ablation area, the
summer melt (after snow melt) thus reflects the annual climatic
balance. Our measurements started after snow melt and were ter-
minated before snowfall, therefore, they somewhat underestimate
the annual climatic balance. Nonetheless, those numbers exceed
the average ice supply and show that the lobe is at a disequilibrium.
Modeling work from Brinkerhoff and others 2025 and several mass
balance studies over the area (Muskett and others, 2008, Larsen and
others, 2015, Hugonnet and others, 2021) are consistent with this
assessment.

5. Conclusion

Sit’ Tlein has experienced surges for over a century. Although the
record is incomplete, snapshots offered by reports and satellite
mosaics allow us to ascertain that the dynamic patterns observed
over the last 37 years, the period corresponding to satellite obser-
vations, have been occurring before that with a different reach and
perhaps frequency.

We showed that approaching a vast dataset like ITS_LIVE
requires adapted pre-processing and data analysis methods capa-
ble of handling non-linear patterns. The Probabilistic Matrix
Factorization interpolation performed very well with such an orga-
nized data structure and corrects the original dataset by removing
its outliers and performing an informed interpolation across data
gaps. The ROCK-PCA enabled us to streamline the dataset analy-
sis by highlighting key features of the spatiotemporal variance. It
revealed an organized ice dynamics structure and paired dynami-
cal systems.

We categorized 100 years of surges following methods specific
to each dataset, by identifying surge regimes for each tributary,
assessing their spatiotemporal distribution, and quantifying their
impact on their respective areas. Velocity and flux analysis revealed
the Seward tributary as the primary driver of ice dynamics in
Sit’ Tlein and clarified that seasonal ice flow redirection explains
the formation of banded moraines across the lobe. The surges,
previously thought to be solely responsible for their formation
(Muskett and others, 2008), might speed up and enhance the pro-
cess. Our analysis is consistent with a lab experiment (Ramberg,
1964) showing that moraine bands can occur without surges.

All three tributaries show repeated surges with different charac-
teristics, and generally occurring at different times. However, they
can coincide on occasion, as last happened in 1986/87. In the cur-
rent climate, a surge is the only mechanism to activate the stagnant
terminal ice that is buried under sediment or vegetation. Surges
from the Seward Glacier have a localized influence on the lobe, and
the main direction of flow appears to be related to the timing of
surge onset.

Overall, on a decadal scale, surges fail to offset the imbalance
induced by high surface melt. The challenging detail for models
is to capture the spatial distribution of a given surge event, which
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can have a large temporary influence on a very localized part of the
terminus.
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be found at https://doi.org/10.1017/j0g.2025.10079.

Data availability statement. Code, data, and supplementary figures can be
found at https://doi.org/10.5281/zenodo.15652862.

Acknowledgements. This study is part of a collaborative research project
funded by the National Science Foundation (NSF) and the National Park
Service (NPS). VDC, MT, ME, and CFL were supported by the NSF Grant
#1929566. DB was supported by the NSF Grant #1929718. MSC, MD, BST,
and JWH were supported by the NSF Grant #1929577). MGL was supported by
Wrangell-St. Elias National Park and Preserve, and by the PMIS project 230360.
We thank Gregoire Guillet, Emma Marshall, Kristin Timm, Anna Thompson,
Tyler Kuehn, Russ Mitchell, Natalie Wagner, and Elvie Underwood for discus-
sions, manuscript review, and advice during the production of this study. We
gratefully acknowledge the constructive feedback provided by Alex Gardner,
one anonymous reviewer, and Hester Jiskoot, Scientific Editor. Their insightful
comments and suggestions significantly improved the quality and clarity of this
manuscript.

Author contributions. MT, DJB, MF, JWH, ML and CFL developed the
project and acquired financial support. CFL, JWH, BST, MSC, and MT acquired
and processed bed altimetry data. BST and DJB developed and analyzed bed
altimetry data and products. MF provided velocity data and guidance on the
surface velocity product. DJB wrote the numerical interpolation method. VDC,
MT, and MC developed surface velocity products analysis. VDC developed the
paper concept and wrote the original draft. MT, DJB, MGL, and MD contributed
to the revisions. All co-authors contributed to discussions and development that
led to this manuscript.

References

Barclay DJ, Calkin PE and Wiles GC (2001) Holocene history of Hubbard
Glacier in Yakutat Bay and Russell Fiord, southern Alaska. Geological Society
of America Bulletin 113(3), 388-402. doi:10.1130/0016-7606(2001)113<
0388:HHOHGI>2.0.CO;2

Benn DI, Hewitt IJ and Luckman AJ (2022) Enthalpy balance theory uni-
fies diverse glacier surge behaviour. Annals of Glaciology 63(87-89), 88-94.
doi:10.1017/a0g.2023.23

Brinkerhoff D and 11 others (2025) The demise of the world’s largest piedmont
glacier: a probabilistic forecast. The Cryosphere 19(6), 2321-2353. doi:10.
5194/tc-19-2321-2025

Brinkerhoff D, Truffer M and Aschwanden A (2017) Sediment transport
drives tidewater glacier periodicity. Nature Communications 8(1), 1-8.
doi:10.1038/s41467-017-00095-5

Bueso D, Piles M and Camps-Valls G (2020) Nonlinear PCA for spatio-
temporal analysis of Earth observation data. IEEE Transactions on Geoscience
and Remote Sensing 58(8), 5752-5763. doi:10.1109/TGRS.2020.2969813

Calkin PE, Wiles GC and Barclay DJ (2001) Holocene coastal glaciation of
Alaska. Quaternary Science Reviews 20(1-3), 449-461. doi:10.1016/S0277-
3791(00)00105-0

Charrier L, Yan Y, Koeniguer EC, Leinss S and Trouvé E (2021) Extraction of
velocity time series with an optimal temporal sampling from displacement
observation networks. IEEE Transactions on Geoscience and Remote Sensing
60, 1-10. doi:10.1109/TGRS.2021.3128289

Clarke GK, Collins SG and Thompson DE (1984) Flow, thermal structure,
and subglacial conditions of a surge-type glacier. Canadian Journal of Earth
Sciences 21(2), 232-240. doi:10.1139/e84-024

Copland L, Sharp MJ and Dowdeswell JA (2003) The distribution and flow
characteristics of surge-type glaciers in the Canadian High Arctic. Annals of
Glaciology 36, 73-81. doi:10.3189/172756403781816301

Cotton MM, Bruhn RL, Sauber J, Burgess E and Forster RR (2014) Ice sur-
face morphology and flow on Malaspina Glacier, Alaska: Implications for
regional tectonics in the Saint Elias orogen. Tectonics 33(4), 581-595. doi:10.
1002/2013TC003381



Journal of Glaciology

Cristianini N and Scholkopf B (2002) Support vector machines and kernel
methods: the new generation of learning machines. AI magazine 23(3),
31-31. doi:10.1609/aimag.v23i3.1655

Cruikshank J (2001) Glaciers and climate change: perspectives from oral
tradition. Arctic 54(4), 377-393.

Edwards TL and 10 others (2021) Projected land ice contributions to twenty-
first-century sea level rise. Nature 593(7857), 74-82. doi:10.1038/s41586-
021-03302-y

Esquivel P and Messina A (2008) Complex empirical orthogonal function
analysis of wide-area system dynamics. In 2008 IEEE Power and Energy
Society General Meeting-Conversion and Delivery of Electrical Energy in the
21st Century, 1-7. doi:10.1109/PES.2008.4596270

Frappé TP and Clarke GK (2007) Slow surge of Trapridge glacier, Yukon terri-
tory, Canada. Journal of Geophysical Research: Earth Surface 112(F3). doi:10.
1029/2006JF000607

Fuller WA (2009) Introduction to Statistical Time Series. John Wiley & Sons.

Gardner A, Fahnestock M and Scambos T (2022) MEaSUREs ITS_LIVE
Landsat image-pair Glacier and ice sheet surface velocities, version 1. doi:10.
5067/IMR9D3PEI28U

Gardner AS, Moholdt G, Scambos T, Fahnstock M, Ligtenberg S, Van Den
Broeke M and Nilsson J (2018) Increased West Antarctic and unchanged
East Antarctic ice discharge over the last 7 years. The Cryosphere 12(2),
521-547. doi:10.5194/tc-12-521-2018

Greene CA, Gardner AS and Andrews LC (2020) Detecting seasonal ice
dynamics in satellite images. The Cryosphere 14(12), 4365-4378. doi:10.
5194/tc-14-4365-2020

Guillet G, King O, Lv M, Ghuffar S, Benn D, Quincey D and Bolch T (2022)
A regionally resolved inventory of High Mountain Asia surge-type glaciers,
derived from a multi-factor remote sensing approach. The Cryosphere 16(2),
603-623. doi:10.5194/tc-16-603-2022

Herreid S and Truffer M (2016) Automated detection of unstable glacier
flow and a spectrum of speedup behavior in the Alaska Range. Journal
of Geophysical Research: Earth Surface 121(1), 64-81. doi:10.1002/
2015JF003502

Hewitt I (2013) Seasonal changes in ice sheet motion due to melt water lubrica-
tion. Earth and Planetary Science Letters 371, 16-25. doi:10.1016/j.jpgl.2013.
04.022

Horel JD (1984) Complex principal component analysis: theory and examples.
Journal of climate and Applied Meteorology 23(12), 1660-1673. doi:10.1175/
1520-0450(1984)023 < 1660:CPCATA>2.0.CO;2

Hugonnet and 9 others (2021) Accelerated global glacier mass loss in the early
twenty-first century. Nature 592(7856), 726-731. doi:10.1038/s41586-021-
03436-z

Jiskoot H, Fox TA and Van Wychen W (2017) Flow and structure in a dendritic
glacier with bedrock steps. Journal of Glaciology 63(241), 912-928. doi:10.
1017/jog.2017.58

Jiskoot H, Murray T and Boyle P (2000) Controls on the distribution of surge-
type glaciers in Svalbard. Journal of Glaciology 46(154), 412-422. doi:10.
3189/172756500781833115

Kiidb A and 9 others (2021) Sudden large-volume detachments of low-angle
mountain glaciers-more frequent than thought? The Cryosphere 15(4),
1751-1785. doi:10.5194/tc-15-1751-2021

Kadib A, Bazilova V, Leclercq PW, Mannerfelt ES and Strozzi T (2023) Global
clustering of recent glacier surges from radar backscatter data, 2017-2022.
Journal of Glaciology 69(277), 1515-1523. doi:10.1017/j0g.2023.35

Kamb B and 7 others(1985) Glacier surge mechanism: 1982-1983 surge of
Variegated Glacier, Alaska. Science 227(4686), 469-479. doi:10.1126/science.
227.4686.469

Kamb B (1987) Glacier surge mechanism based on linked cavity configura-
tion of the basal water conduit system. Journal of Geophysical Research: Solid
Earth 92(B9), 9083-9100. doi:10.1029/JB092iB09p09083

Kotlyakov V, Osipova G and Tsvetkov D (2008) Monitoring surging glaciers
of the Pamirs, central Asia, from space. Annals of Glaciology 48, 125-134.
doi:10.3189/172756408784700608

Kristensen L and Benn D (2012) A surge of the glaciers Skobreen-Paulabreen,
Svalbard, observed by time-lapse photographs and remote sensing data.
Polar Research 31(1), 11106. doi:10.3402/polar.v31i0.11106

https://doi.org/10.1017/jog.2025.10079 Published online by Cambridge University Press

15

Larsen C, Burgess E, Arendt A, O’Neel S, Johnson A and Kienholz C (2015)
Surface melt dominates Alaska glacier mass balance. Geophysical Research
Letters 42(14), 5902-5908. doi:10.1002/2015GL064349

Lei Y, Gardner A and Agram P (2021) Autonomous repeat image feature track-
ing (autoRIFT) and its application for tracking ice displacement. Remote
Sensing 13(4), 749. doi:10.3390/rs13040749

Lingle CS, Fatland DR, Voronina VA, Ahlnaes K and Troshina EN (1997)
Dynamic behavior of the Bering Glacier-Bagley Icefield system during a
surge, and other measurements of Alaskan glaciers with ERS SAR imagery.
In Proceedings of the 3rd ERS Symposium on Space at the Service of Our
Environment, 2.

Liu J, Enderlin EM, Bartholomaus TC, Terleth Y, Mikesell TD and Beaud F
(2024) Propagating speedups during quiescence escalate to the 2020-2021
surge of SitKusa, southeast Alaska. Journal of Glaciology 70, e57. doi:10.
1017/j0g.2023.99

Main B, Copland L, Flowers GE, Dow CF, Van Wychen W, Samsonov S and
Kochtitzky W (2024) Topographic and hydrological controls on partial and
full surges of Little Kluane Glacier, Yukon. Journal of Glaciology 70, e42.
doi:10.1017/j0g.2024.35

Meier MF and Post A (1969) What are glacier surges? Canadian Journal of
Earth Sciences 6(4), 807-817. doi:10.1139/e69-081

Minchew BM and Meyer CR (2020) Dilation of subglacial sediment governs
incipient surge motion in glaciers with deformable beds. Proceedings of the
Royal Society A 476(2238), 20200033. doi:10.1098/rspa.2020.0033

Minchew B, Simons M, Riel B and Milillo P (2017) Tidally induced variations
in vertical and horizontal motion on Rutford Ice Stream, West Antarctica,
inferred from remotely sensed observations. Journal of Geophysical Research:
Earth Surface 122(1), 167-190. doi:10.1002/2016JF003971

Mnih A and Salakhutdinov RR (2007) Probabilistic matrix factorization
Advances in Neural Information Processing Systems. Vancouver, Canada 20,
1257-1264.

Motyka RJ and Beget JE (1996) Taku Glacier, southeast Alaska, USA: late
Holocene history of a tidewater glacier. Arctic and Alpine Research 28(1),
42-51. doi:10.1080/00040851.1996.12003146

Muskett RR, Lingle CS, Sauber JM, Post AS, Tangborn WV and Rabus BT
(2008) Surging, accelerating surface lowering and volume reduction of
the Malaspina Glacier system, Alaska, USA, and Yukon, Canada, from
1972 to 2006. Journal of Glaciology 54(188), 788-800. doi:10.3189/
002214308787779915

Muskett RR, Lingle CS, Tangborn WV and Rabus BT (2003) Multi-decadal
elevation changes on Bagley Ice Valley and Malaspina Glacier, Alaska.
Geophysical Research Letters 30(16), 1857. doi:10.1029/2003GL017707

Polashenski D (2024) Ice Velocity and Basal Motion Evolution of Mountain
Glaciers on Multi-decadal to Centennial Timescales Ph.D. thesis, University
of Alaska Fairbanks.

Post A, O’Neel S, Motyka RJ and Streveler G (2011) A complex relation-
ship between calving glaciers and climate. Eos, Transactions American
Geophysical Union 92(37), 305-306. doi:10.1029/2011E0370001

Ramberg H (1964) Note on model studies of folding of moraines in
piedmont glaciers. Journal of Glaciology 5(38), 207-218. doi:10.3189/
50022143000028781

Raymond C and Harrison W (1988) Evolution of Variegated Glacier, Alaska,
USA, prior to its surge. Journal of Glaciology 34(117), 154-169. d0i:10.3189/
$0022143000032184

RGI Consortium (2017) Randolph Glacier inventory—A dataset of global
glacier outlines version 6. doi:10.7265/4m1f-gd79

Rounce DR, Hock R, Maussion F, Hugonnet R, Kochtitzky W, Huss M,
Berthier E, Brinkerhoff D, Compagno L, Copland L and others (2023)
Global glacier change in the 21st century: every increase in temperature
matters. Science 379(6627), 78-83. doi:10.1126/science.abo1324

Russell IC (1893) Malaspina glacier. The Journal of Geology 1(3), 219-245

Schurr TG and 10 others (2012) Clan, language, and migration history has
shaped genetic diversity in Haida and Tlingit populations from Southeast
Alaska. American Journal of Physical Anthropology 148(3), 422-435. doi:10.
1002/ajpa.22068

Sevestre H and Benn DI (2015) Climatic and geometric controls on the
global distribution of surge-type glaciers: implications for a unifying



16

model of surging. Journal of Glaciology 61(228), 646-662. doi:10.3189/
2015JoG14J136

Sharp RP (1951) Accumulation and ablation on the Seward-Malaspina
glacier system, Canada-Alaska. Geological Society of America Bulletin 62(7),
725-744. doi:10.1130/0016-7606(1951)62[725:AAAOTS]2.0.CO;2

Sharp RP (1953) Deformation of bore hole in Malaspina Glacier, Alaska.
Geological Society of America Bulletin 64(1), 97-100. doi:10.1130/0016-
7606(1953)64[97:DOBHIM]2.0.CO

Sharp RP (1958) The latest major advance of Malaspina Glacier, Alaska.
Geographical Review 48, 16-26. doi:10.2307/211699

Shorty N (2016) Holding on to Tlingit culture through research and education.
Knowledge Cultures 4(3), 44-57

Tarr RS (1907b) The Malaspina Glacier. Bulletin of the American Geographical
Society 39, 273-285. doi:10.2307/198256

Tarr RS (1907a) Recent advance of glaciers in the Yakutat Bay region, Alaska.
Bulletin of the Geological Society of America 18(1), 257-286. doi:10.1130/
GSAB-18-257

Tarr RS and Martin L (1914) Alaskan Glacier Studies of the National
Geographic Society in the Yakutat Bay, Prince William Sound and Lower
Copper River Regions, Washington, D.C.: National Geographic Society,
498.

Thogersen K, Gilbert A, Schuler TV and Malthe-Sorenssen A (2019)
Rate-and-state friction explains glacier surge propagation. Nature
Communications 10(1), 2823. doi:10.1038/s41467-019-10506-4

Thompson AC and 9 others (2021). Saltwater intrusion in proglacial lakes
at Malaspina Glacier, Southeast Alaska: Introducing the Worlds Newest
Tidewater Glacier. In AGU Fall Meeting Abstracts, New-Orleans, U.S., vol-
ume 2021, C13B-07 2021.

Thompson AC, Loso MG, Mooneyham SA, Tober BS, Larsen CF and
Holt JW. (2024). A new surficial geologic map of the Sit’ Tlein foreland
and supplemental map with a time-series of Landsat-based proglacial lake
outlines from 1972-2020. Technical Report NPS/WRST/NRR—2024/2620
National Park Service, Fort Collins, Colorado, surficial geology and
proglacial lake change at Sit’ Tlein (Malaspina Glacier), Wrangell-St, Alaska:
Elias National Park and Preserve.

Tober B, Holt J, Christoffersen M, Truffer M, Larsen C, Brinkerhoff D
and Mooneyham S (2023) Comprehensive Radar Mapping of Malaspina

https://doi.org/10.1017/jog.2025.10079 Published online by Cambridge University Press

Victor Devaux-Chupin et al.

Glacier (Sit'Tlein), Alaska—The World’s Largest Piedmont Glacier—Reveals
Potential for Instability. Journal of Geophysical Research: Earth Surface
128(3), €2022JF006898. doi:10.1029/2022JF006898

Truffer M 9 others (2021) Chapter 13 - Glacier surges. In Haeberli, W, and
Whiteman, C, (eds.), Snow and Ice-Related Hazards, Risks, and Disasters
(Second Edition), 2 Edn. Amsterdam. Netherlands: Elsevier, pp. 417-466.
doi:10.1016/B978-0-12-817129-5.00003-2

Truffer M, Harrison WD and Echelmeyer KA (2000) Glacier motion dom-
inated by processes deep in underlying till. Journal of Glaciology 46(153),
213-221. doi:10.3189/172756500781832909

USGS (2013) Digital Elevation - Interferometric Synthetic Aperture Radar
(IFSAR) - Alaska. 10.5066/P9C064CO. https://www.usgs.gov/centers/
eros/science/usgs-eros-archive-digital-elevation-interferometric-synthetic-
aperture-radar.

Van Wychen W, Jiskoot H, Shannon K and Gorwill C (2025) The long mul-
tiphase trunk-tributary surge history of the high-Arctic Chapman Glacier,
1959-2023. Arctic, Antarctic, and Alpine Research 57(1), 2441541. doi:10.
1080/15230430.2024.2441541

Washburn B (1935) Morainic bandings of Malaspina and other Alaskan
glaciers. Bulletin of the Geological Society of America 46(12), 1879-1890.
doi:10.1130/GSAB-46-1879

Wendler G, Gordon T and Stuefer M (2017) On the precipitation and precip-
itation change in Alaska. Atmosphere 8(12), ISSN 2073-4433. d0i:10.3390/
atmos8120253

Werder MA, Hewitt IJ, Schoof CG and Flowers GE (2013) Modeling chan-
nelized and distributed subglacial drainage in two dimensions. Journal of
Geophysical Research: Earth Surface 118(4), 2140-2158. doi:10.1002/jgrf.
20146

Whiteman CD (2000) Mountain meteorology: Fundamentals and applications,
Oxford, UK: Oxford University Press.

Windnagel A, Hock R, Maussion F, Paul E, Rastner P, Raup B and Zemp M
(2023) Which glaciers are the largest in the world? Journal of Glaciology
69(274), 301-310. doi:10.1017/j0g.2022.61

Young EM, Flowers GE, Jiskoot H and Gibson HD (2024) Reconstructing
glacier surge kinematics using a numerical ice-flow model applied to the
dusty glacier, St. Elias Mountains, Canada. Geophysical Research Letters
51(10), e2023GL107386. doi:10.1029/2023GL107386



	A century of flow and surge history of Sít' Tlein (Malaspina Glacier), Southeast Alaska
	1. Introduction
	2. Methods
	2.1. Pre-satellite reports
	2.2. Displacement from Landsat records
	2.3. Velocities
	2.3.1. ITS_LIVE velocity dataset
	2.3.2. Ice flux

	2.4. Stochastic matrix factorization interpolation
	2.5. Mode analysis of the variance

	3. Results
	3.1. Reports
	3.2. Landsat
	3.3. ITS_LIVE
	3.3.1. Velocity interpolation and modes
	3.3.2. Ice flow history

	3.4. Summary of surge history
	3.5. Flux gates
	3.6. Dataset quality

	4. Discussion
	4.1. Modes analysis
	4.2. Interpolation quality assessment
	4.3. Agassiz Glacier
	4.4. Marvine Glacier
	4.5. Seward Glacier
	4.6. Ice flow interactions in a broader context
	4.7. Morphogenesis of folded moraines
	4.8. Surge implications for ice resupply

	5. Conclusion
	Acknowledgements
	References


