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Abstract.

Thwaites Glacier is rapidly evolving and could make large sea-level contributions in the coming centuries, making it
essential to understand the drivers of the ongoing ice loss. Sediment-core analysis suggests that Thwaites Glacier was in a
relatively steady state for millennia before its western pinning point ungrounded in the 1940s. Here, we include a first
analysis of 1947 aerial imagery of Thwaites Ice Shelf, which shows that it was relatively undamaged, contrasting with the
highly-damaged present-day. Additionally, the main outflow and shear margin were displaced ~15km westwards compared
to the present day. We use the MITgem-WAVI coupled ocean-ice sheet model to create example quasi-steady pre-1940s
configurations for Thwaites Glacier, including a most plausible pre-1940s state, finding that healing the damaged ice shelf is
necessary to achieve this. Next, we trigger ice retreat and highlight key processes as the model evolves into the present-day
configuration, including ice damage, pinning-point ungrounding driven by ocean melting, and ice piracy between eastern and
western parts of Thwaites Glacier. By conducting reversibility experiments during the retreat, we find that multiple quasi-
steady ice-sheet states are possible under the same ocean forcing, demonstrating the potential for tipping points in the
Thwaites system. Either ice damage or increased ocean forcing can eliminate these quasi-steady states, prompting retreat
resembling that observed today. Taken together, these results demonstrate that the sea-level contribution from Thwaites
Glacier is not simply controlled by ocean warming in the Amundsen Sea, and is highly sensitive to ice-damage feedbacks,

which must be incorporated into sea-level projections.
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1. Introduction

The West Antarctic ice sheet is losing mass, with the largest contribution coming from the Amundsen Sea Sector (Shepherd
et al., 2018). Within the Amundsen Sector, Thwaites Glacier alone contributed 4% of all global sea level rise between 1993-
2017 (Rignot et al., 2019; Shepherd et al., 2019; Cazenave et al., 2018). Since satellite records began in the 1970s, its ice
flux has been accelerating (Mouginot et al., 2014), with potential for large but highly uncertain sea level rise in the future

(e.g. Arthern and Williams, 2017; Joughin et al., 2014; Seroussi et al., 2020; Yu et al., 2018; Bett et al., 2024).

Over the satellite era, grounding-line retreat has been observed for both the western and eastern parts of Thwaites Glacier
(Rignot et al., 2014; Milillo et al., 2019), along with increasing ice-shelf damage, especially on the western ice shelf (Miles
et al., 2020), leading to the disintegration of the western ice shelf in the present day (Figure 1b). High melt rates are
modelled to occur beneath the western main trunk of the glacier (Holland et al., 2023; Nakayama et al., 2019), but supressed
low melt rates have been observed in eastern Thwaites (Davis et al., 2023). Previous studies have suggested that Thwaites
Glacier would continue to retreat even with no ice shelf melting at all (Williams et al., 2026; Bett et al., 2024), albeit at a
slower (and decelerating) rate compared to the faster (and accelerating) retreat produced by realistic melting (Bett et al.,
2024). However, other studies have found that the present-day grounding line of Thwaites Glacier is not inherently unstable
when starting from a steady position (Hill et al., 2023) and has yet to pass a tipping point, if the present-day configuration is
assumed to be close to equilibrium under cold historical forcings (Reese et al., 2023). Additionally, further modelling work
found that the present-day configuration of Thwaites Ice shelf provides minimal buttressing, leading to the conclusion that
Thwaites Glacier in the present day is stable but unsteady (Gudmundsson et al., 2023). The state of low buttressing may be

an ephemeral situation since new ice rises and rumples will be produced during retreat (Bett et al., 2024).
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Figure 1: Landsat satellite images of Thwaites Ice Shelf for a) Geo-corrected Landsat-1 image mosaic from 1973 (Miles and
Bingham, 2024), and b) Landsat-8 from 2024. Observed grounding lines added for 1994, 2000 and 2011 (Rignot et al.,
2016).

A key feature of Thwaites Ice Shelf evolution over the satellite era is an overall progressive increase in damage, effectively
reducing the bulk viscosity of the ice, with damage variability additionally occurring within this trend (Lhermitte et al.,
2020; Surawy-Stepney et al., 2023). Damage modelling of these complex processes is still in its infancy (e.g. Sun et al.,
2017; Clayton et al., 2022) and has not been included in most previous modelling of Thwaites Glacier (e.g. Bett et al., 2024;
Arthern and Williams, 2017; Joughin et al., 2014; Yu et al., 2018; Gudmundsson et al., 2023) .

Thwaites Glacier has undergone major changes over the 20% / 21% centuries, with the first satellite image of Thwaites Ice
Shelf in 1973 (Miles and Bingham, 2024) (Figure 1a), showing a western Thwaites that is damaged but far more intact than
in the present day (Miles et al., 2020) (Figure 1b). Crucially, a key feature of this image is a large intact iceberg near
Thwaites western ice shelf, with sketched outlines for 1947 (Ferrigno et al., 1993) and for 1966 (Williams and Carter, 1976)
suggesting that this intact iceberg was attached to the western Thwaites Ice Shelf. Such a long and cohesive ice tongue
suggests that Thwaites Ice Shelf was relatively undamaged for centuries prior to sometime before the 1973 image. Sediment
core analyses suggest that the western pinning point of Thwaites Glacier ungrounded in the 1940s, coinciding with the
ungrounding of nearby Pine Island Glacier (Clark et al., 2024; Smith et al., 2017), with possible grounding line retreat
occurring in western Thwaites during the 1950s (Clark et al., 2024). Aerial images of Thwaites Ice Shelf were taken in 1947
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during the U.S. operation Highjump (USGS, 2018) and are analysed and compared to the first satellite image in 1972/3
below in section 2 for the first time, to our knowledge, providing further insight into the configuration of Thwaites Ice Shelf

prior to the major changes that ensued.

Changes in oceanic melting are the ultimate cause of Amundsen Sea glaciers’ thinning and retreat (Shepherd et al., 2004),
though it is uncertain how and why melting has changed. In particular, the region has strong natural climate variability, and
this obscures any trends in the amount of warm Circumpolar Deep Water (CDW) present on the Amundsen Sea shelf
(Dutrieux et al., 2014). The ungrounding of Pine Island and Thwaites glaciers suggest that ice loss from the Amundsen Sea
sector may have started, or at least accelerated, in the 1940s (Clark et al., 2024; Smith et al., 2017), possibly triggered by a
period of extreme natural climate variability (O'connor et al., 2023). However, events of the same magnitude are expected to
have occurred several times over the last 10,000 years (O'connor et al., 2023), and the present retreat appears to be
unprecedented during this period (Clark et al., 2024; Larter et al., 2014). The 1940s retreat is thought to have occurred prior
to the onset of anthropogenically driven trends in forcings in the region (Holland et al., 2022). While ocean warming trends
are thought to have occurred over the 20" century (Naughten et al., 2022; Naughten et al., 2023), they have only recently

become statistically detectable, relative to the strong internal variability (Turner et al., 2025).

Several feedbacks have been identified that may be enhancing the retreat of Thwaites Glacier, implying that the changes may
not be simply related to ocean forcing. These include increasing ice flux across the grounding line, due to a deepening
bathymetry (Joughin et al., 2014) and the effect of the increasing ice damage on ice flow speed (Lhermitte et al., 2020;
Surawy-Stepney et al., 2023). In addition, other feedbacks could be enhancing any increase in oceanic melt rates, such as
changing ice shelf geometry and an increase in ocean melting area due to newly ungrounded ice (Arthern and Williams,

2017; Holland et al., 2023; Bett et al., 2024; De Rydt and Naughten, 2024).

It is essential to understand the historical drivers of and the processes that lead to Thwaites Glacier’s thinning to understand
and predict its contribution to future sea level rise. Therefore, in this study we explore possible quasi-steady pre-1940s
Thwaites Glacier geometries, and the key processes responsible for its subsequent retreat. To do so, we employ a coupled
ice/ocean coupled model, with additional idealised ice damage forcing and perform simulations over the 20th century. In a
previous study (Bett et al., 2024) it was shown that simulating the future retreat of Thwaites Glacier required accurately
resolving the ocean flow around pinning points which are crucial to the ice sheet evolution. It is not obvious that
parametrizations of ice shelf melting will accurately represent these processes, suggesting that a coupled ice-ocean model
should be used. These simulations retreat to and past the present-day grounding line, allowing us to isolate the effects of
ocean forcing and idealised damage feedbacks on Thwaites Glacier’s evolution. The paper proceeds as follows. In section 2
we analyse the 1947 imagery to provide new insight into the history of Thwaites. In section 3 we describe the coupled

ice/ocean model used to examine the history of Thwaites, and the drivers of historical evolution. In section 4 we describe

4
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the use of this model to create example pre-1940s states and examine the processes and changes that occur as it retreats into
the present-day configuration. In sections 5 and 6 we present our discussion and conclusions on the processes controlling the

evolution of Thwaites Glacier.

2. Analysis of 1947 aerial imagery

Here we analyse aerial images of Thwaites Ice Shelf taken during the U.S. Navy operation Highjump in 1947 (USGS, 2018).
To the best of our knowledge, this is the first time that these aerial images have been used to constrain Thwaites Ice Shelf
geometry in detail in the pre-satellite era. Though the flight line and photo dataset locations themselves are approximate, we
can identify key features like Mount Murphy and the Bear Peninsula, increasing the confidence of the provided locations.
We examine images taken along two different flight lines, as shown in Figure 2 over the oldest cloud-free satellite image

mosaic from 1973 (Miles and Bingham, 2024) for comparison.

Several key differences are observed in the comparison to the 1973 satellite image. In the 1947 imagery, we see western and
eastern edges of a large ice tongue located at (a, b) and (e), with a large area of intact ice in between, as shown in (c, d). This
suggests a pre-1940s western ice tongue that is much more advanced and less damaged than in the 1973 satellite imagery.
The eastern edge shown in (e) is located in the middle of the main western ice shelf in the 1973 image, while the western
edge shown in (a, b) is located in a region of icebergs and sea ice in the 1973 image, suggesting an eastwards shift in the
outflow location between 1947 and 1973. We propose that these 1947 images are showing the large intact iceberg in the
1973 image before it detached from the ice shelf, with the ~64 km width of the iceberg (Figure 1a) matching the width of the
1947 photographed edges of the ice shelf (Figure 2). Additionally, the 1947 images show an intact ice shelf located at (h),
where the shear margin is present in the 1973 image. Instead, the 1947 imagery shows a shear margin at the (f) and (g)
locations further west, on a flow line passing through the western pinning point, suggesting a ~15 km eastward migration of

the shear margin by 1973.

Despite uncertainty in image locations, these changes are large enough to suggest that Thwaites Ice Shelf underwent
significant changes between the 1947 imagery and the oldest satellite image of 1973. In addition, the 1973 satellite image
already strongly contrasts with the highly damaged present-day state. These early images were taken at a time (1947) that is
close to the proposed timing of the ungrounding of the western pinning point (Clark et al., 2024), and so the ice shelf could
already be in a period of change at the time of the imagery. We will use the evidence of the 1947 imagery and the 1973
satellite image, including the inference of an extended, less-damaged western ice shelf, to constrain our modelling of the 20

century evolution of Thwaites Glacier.
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Figure 2: (centre) Geo-corrected Landsat-1 image mosaic from 1973 of Thwaites Ice Shelf (zoomed in compared to Figure
140 1la) (Miles and Bingham, 2024). Orange lines show two of the flight lines from the U.S. Navy operation Highjump in 1947
(USGS, 2018). (a-h) Snapshots taken along the flight paths at the indicated locations and directions in the central panel.

Aerial photographs in panel (b,d,f and h), which were originally taken with a south-looking orientation from the place, have



145

150

155

160

165

170

https://doi.org/10.5194/egusphere-2026-669
Preprint. Discussion started: 2 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

been horizontally mirrored to maintain a consistent orientation and facilitate direct visual alignment with panel (a,c,e,g) that

were taken north-looking

3. Methods
3.1 Overview

We modify an existing coupled ice/ocean model setup (Bett et al., 2024) for the study of historical Thwaites Glacier
evolution. First, we advance Thwaites Glacier from its present-day state to produce a pre-1940s example state. To do so, we
use the large iceberg in the 1973 satellite image (Miles and Bingham, 2024) and the 1946/47 aerial imagery (USGS, 2018) as
evidence to justify advancing the fixed ice front and healing the ice shelf damage, when starting from a present-day
initialisation (approximately 2015). Next, we need to change the ocean forcing to reflect possible historical ocean forcings.
Finally, we trigger retreat from this historical position, exploring the effects of both ocean forcing and introducing idealised

ice damage. Each of these steps are explained in detail below.

3.2 Model structure

To capture complex ice/ocean feedbacks, such as those described above, we use the WAVI-MITgcem ice-ocean coupled
model of the Amundsen Sea region, which is split into a coupled region and ice only domain (Figure 3a), as described in Bett
et al. (2024). This coupled model uses a synchronous coupling procedure that splits the simulation into coupling periods,
where the ice velocities are updated at the start of each coupling period, but then remain fixed during these periods, as the
coupling period is also the timestep of the ice sheet model. However, the ice thickness updates continuously (i.e. during
these periods), on the shorter ocean model timestep. No ice shelf melting is permitted on partially grounded ice sheet model
cells, as in Bett et al. (2024) and as recommended by Seroussi and Morlighem (2018). Although the model includes the
whole Amundsen Sea region including the PIG and Smith Glaciers, the modelling study focuses on Thwaites Glacier due to
the strong contrast between the Thwaites Ice Shelf state in the 1947 aerial imagery discussed in this study and the present-
day configuration and because the historical evolution of PIG has been considered in several previous studies e.g. (Reed et

al., 2024; De Rydt et al., 2021; Bradley et al., 2025).

The WAVI ice sheet model is initialised to match the present-day Amundsen Sea glaciers, taking into account both the
present-day surface elevation change signal (Smith et al., 2020) and the surface ice velocities (Mouginot et al., 2017a, b), as
described by (Arthern et al., 2015; Bett et al., 2024). A Weertman basal drag coefficient field (C) is inferred under the
present-day grounded ice extent during this initialisation, but outside of this area we apply a constant value C=10* Pa m'
a3, as in Bett et al. (2024). The initially inverted model is then run forward in a relaxation step, which improves the surface
elevation change match with observations, at the cost of a slightly worse match with ice speed and surface elevation (see

Arthern et al. (2015) for full details). This starting state is similar to that used in Bett et al. (2024), but is using an updated

7
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temperature field generated using the BISICLES ice sheet model (Trevers et al., 2024). The bathymetry is based on
175 Bedmachine V3 (Morlighem et al., 2020; Morlighem, 2022), but with the Pine Island Glacier cavity modified to match the
field of Dutrieux et al. (2014).
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Figure 3: a) Amundsen Sea sector model domain, showing present-day model ice speed. The black rectangle shows the

180 coupled model domain, and the remaining-coloured area shows the ice-only model domain. The red dashed box shows the



185

190

195

200

205

210

https://doi.org/10.5194/egusphere-2026-669
Preprint. Discussion started: 2 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

area of panel b. b) Bathymetry (grey scale) for primarily the floating region of Thwaites Glacier, with present day ice front
(blue), present day grounding line (black) and extended ice front (red). The green dashed box shows the northern, western
and eastern bounds of the area plotted in later figures. ¢) Ocean temperature boundary conditions for the northern (solid line)
and western (dashed line) coupled model domain boundaries, as in Bett et al. (2024). (d-e) Thwaites ice damage field
saturated to range of 1 to -1 (as described in section 3.4), with present day ice front (blue) and grounding line (black) and

extended ice front (red): d) Initialized, ¢) Healed.

In this study, we use three different types of simulations: 1) an ice-only with no ice shelf melting, 2) a reduced-physics (see
below) coupled ice/ocean model, and 3) a full-physics coupled model. Models 1 and 2 are used only for the initial spin up of
the initial historical starting states, while model 3 is used for all time-varying experiments. Model 2 (reduced-physics) is
faster to run, with the aim of getting the ice state approximately adjusted, while model 3 (full-physics) is used for modelling
accurate behaviour. The reduced-physics coupled model version has a spatially and temporally adaptive ocean lateral eddy
viscosity, whereby the lateral eddy viscosity is increased when needed to ensure that the grid scale horizontal Reynolds
number is less than 2 (Bryan et al., 1975). This has the advantage of avoiding the need for a short ocean model timestep,
which allows us to perform much faster simulations to enable adjustment of the ice state, but will lead to high ocean eddy
viscosity values where ocean velocities are relatively high, likely resulting in an underestimation of ice shelf melt rates. The
reduced-physics coupled simulations use a longer coupling period and ice sheet model timestep of 80 days, along with a
longer ocean model timestep of 800 seconds, compared to the 20 days and 100 seconds respectively used in the full-physics

coupled model, with the same 20 days ice model timestep used in the ice only simulations.

3.3 Ice front

The ice model has the simplest possible representation of calving, with a fixed ice front. Thwaites present-day ice front, as
used in the present-day model initialisation, is shown in Figure 3b and encompasses the full shear margin region between
west and east Thwaites Ice Shelf. However, this ice front is greatly retreated compared to the ice front estimated from the
1947 imagery and the large iceberg in the 1973 satellite image. If fixed in the simulations, this retreated present-day ice front
would limit where the model can ground and advance to. Therefore post-initialisation, for our historical Thwaites
simulations we extend out the fixed ice front to an idealised pre-1940s historical extent, which is initially set to have ice
thickness of 50 m. Using the evidence from the 1947 imagery and 1973 satellite image as a guide, an idealised extensive ice
front is chosen (Figure 3b), removing restrictions that would have been placed by attempting to explicitly recreate the
convoluted pre-1940s ice front and enabling the model to determine where the main outflows are within the area. The new
idealised extended fixed ice front is set to join the three bathymetric highs that surround the area near Thwaites Ice Shelf

(Figure 3b).
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3.4 Damage

During the ice model’s initialisation into the present-day state, a “viscosity enhancement’ factor field (E) is recovered, which
represents all spatial variations in viscosity that cannot be explained by the influence of temperature on strain-rate. In this
study we assume that ice damage (D) is the primary source of viscosity enhancement, and we refer to D = 1-E as ice damage
from now on. The damage field generated from the present-day initialisation is shown in Figure 3d for Thwaites Glacier and
ice shelf. In this generated field there are high damage values in the western Thwaites Ice Shelf and particularly on the shear
margin between eastern and western Thwaites Ice Shelf (Figure 3d), as might be expected (Figure 1b). Negative damage
values represent areas where the ice model initialisation has increased the viscosity/strengthened the ice to match
observations, relative to the viscosity expected from the ice temperature and strain rate. Outside of the present-day fixed ice
front, where no values are generated by the initialisation, we apply a high damage value of 0.9, which effectively creates an
ice front at the present-day location, because this highly damaged, relatively thin ice that has been added does not buttress

the grounded ice.

During our evolving ice-ocean simulations we use this present-day damage field, plus a “healed” ice shelf damage field to
represent the historical conditions seen in the 1946/47 aerial imagery and the iceberg on the 1973 satellite image, in which
the ice shelf was much less damaged compared to the present day. To assign a damage value for the new “healed” field, the
1 decimal point rounded average damage on the initial present day grounded ice is calculated (0.2). This value is then
applied as the maximum damage value past the present-day grounding line on the initially floating ice. The initially
grounded ice damage values remain the same in this new field, but the initially floating ice is strengthened, as shown in

Figure 3e.

Implementing a full time-varying physics-based damage model would clearly be preferable to this idealised approach, but
that development represents a significant physical and technical challenge, that goes beyond the scope of the present study.
Instead, the simulations attempt to capture potential ice shelf damage feedbacks in an idealised manner, using the two
different damage fields. Our simple approach is that different damage values are applied depending on the spatial variability
of the damage fields and depending on whether the ice cell is fully floating or not at the start of each ice/ocean coupling
period. If the cell is grounded or partially grounded, then the value from the healed damaged field is used. If instead the cell
is fully ungrounded, then damage is applied to that cell within the range of damages between the healed ice damage and the
present damage field. The precise value within this range depends on a ‘damage intensity factor’ that we choose. If the
damage intensity factor is 1 then the present-day damage value is applied to the fully ungrounded cell, if it is O then the
healed damage value is applied. Essentially for damage intensity factor values above 0, when a cell becomes fully

ungrounded during the evolving simulations, an idealised instant damage feedback is assumed to occur at that location. The

10
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damage intensity factor is an external parameter that we set in order to select a level of damage for the experiment we want

to perform (see below).

3.5 Ocean forcing

The ocean boundary conditions on the western and northern boundaries for ocean velocities, temperature and salinity are
applied similarly to Bett et al. (2024). However, in this study the Winter Water layer has been cooled down from -1 °C to -
1.8 °C to better represent ocean conditions at the boundary location rather than warmer observations closer to the ice shelves,
where warmer waters are upwelled (Dutrieux et al., 2014). We examine historical ocean changes by using deeper or
shallower values for the thermocline depth in each simulation. The idealised profiles applied at the boundaries for
temperature are shown in Figure 3c for varying thermocline depths which range from the warmest at 600 m to extreme cold
conditions at 900 m depth, with 800 m to 600 m approximating the observed variability in the region between 1994 and 2012
(Dutrieux et al., 2014).

4. Results

In the following section, we first explore the changes required, when starting in a present-day configuration, to create an
example reference quasi-steady pre-1940s Thwaites Glacier state, which is subsequently used as a starting point for more
simulations. Next, we examine the key processes in a retreat that is triggered, firstly, using only enhanced ocean forcing
(keeping the damage intensity factor set to 0), and, secondly, triggered using both enhanced ocean forcing and damage
forcing (with damage intensity factor set to 1). By comparing these two retreats, we can decouple the roles of damage and
ocean forcing in the 20" century retreat of Thwaites. Following this, further simulations are examined that branch off from a
damaged retreating simulation, where the ice is allowed to subsequently heal. These simulations allow us to explore the role
of feedbacks and determine whether there are other quasi-steady states within the Thwaites system with grounding lines

advanced or similar to that of the present day position.

4.1 Spinning up to a reference pre-1940s quasi-steady Thwaites state

We start by considering the present-day configuration, with the modelled present-day ice flow shown as the red arrows in
Figure 4a, showing the fast-flowing damaged western ice shelf (Bett et al., 2024). The corresponding melt rates are shown in
Figure 4b, with high melt rates in the western Thwaites inlet (Figure 1) and low melt rates in the eastern Thwaites (Holland
et al., 2023). To probe the processes responsible for Thwaites retreats into this present-day state, and beyond, we must first

create an example pre-1940s Thwaites state as a starting point. Therefore, a quasi-steady example historical Thwaites

11
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geometry is spun up (Figure 4a), which will be referred to as the reference pre-1940s case. Using the intact ice shelf guided
by the 1947 aerial imagery (USGS, 2018) and the intact iceberg in the 1973 image (Miles and Bingham, 2024) as our guide

we use a damage intensity factor that is set to 0. Therefore, the healed damage field is used for both grounded and fully

floating ice.

12
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Figure 4: a) Ice thickness (saturated between 250 m and 600 m) and ice flow (blue arrows) and grounding line (blue
contour) for the reference pre-1940s state. Present-day modelled ice flow (red arrows) and grounding line (black) are also
shown. b) Ocean basal melting in present day state for 700 m thermocline depth forcing. ¢) Grounding lines after 200 years

of ice-only simulation starting from present-day state, with healed ice shelf (purple) and with damaged ice shelf (cyan). d)
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Ice-only spin up grounding line after 2000 years (purple), and the subsequent reduced-physics-model grounding lines after
400 years for ocean forcings of 900 m (blue), 800 m (green), 700 m (orange) and 600 m (red). e-f) Basal melt rates for (e)
900 m forcing and (f) 700 m forcing after 200 and 300 years respectively of full physics coupled simulation starting from the
chosen reference pre-1940s spun up state. Ocean boundary-layer velocities (black arrows) and grounding line (cyan) are
shown. In all panels, present day grounding line position (black line), and extended ice front (dashed black) are shown, with
the present-day ice front shown in a) and b) (dashed orange). Plotted over approximate area shown in Figure 3b by green

dashed box.

The process to create this reference pre-1940s configuration involves several steps. First, we conduct the present-day
initialisation described above and undertake the setup steps of extending the ice front and healing the ice shelf damage as
described in section 3. Next, the ice-only model is run for 2000 years in total with zero ice shelf melting, following Reed et
al. (2024). In the unedited ice geometry from the present-day initialisation there is retreat even with zero ice shelf melting, as
found by Bett et al. (2024) and Williams et al. (2026), but after extending and healing the ice shelf the grounding line
advances (comparing at a partial spin up time of after 200 years in Figure 4c). In this edited setup, the ice first regrounds on
the western pinning point, and then the main grounding line advances from the present-day position to encompass the
western bathymetric high (Figure 4c). Healing of the ice shelf damage and the extension of the ice front are essential to
enable this grounding line advance, suggesting that the present-day ice loss is strongly controlled by ice front retreat and the

ice damage feedback: the only way to reverse the ice loss is to heal the damage and advance the ice front.

After a quasi-steady state is achieved with zero melting after the full spin up of 2000 years (Figure 4d), the reduced-physics
coupled model is run for 400 years to adjust the state approximately to the presence of ocean forcing. This step is repeated
for each of the different CDW thicknesses applied at the boundaries (Figure 4d). For the three colder ocean forcing
conditions (thermocline depths of 900 m, 800 m and 700 m), Thwaites grounding line remains quasi-steady and still
advanced to the western bathymetric high after 400 years of reduced-physics coupled spin-up (Figure 4d). However, the
warmest case (600 m thermocline) retreats off the bathymetric high, as labelled in Figure 4c, during the spin up simulation,

back to the present-day grounding line, and is still retreating at the end of the simulation (Figure 4d).

For the simulations that remain on the bathymetric high, a key feature of the configuration is that the grounding line is
advanced compared to the present day, such that there are the two separate wide and slow outflows, with a western outflow
and an eastern outflow (blue arrows in Figure 4a). The western outflow creates an ice tongue comparable to the 1947
photographs (Figure 2) and 1973 iceberg (Figure 1a) and is in stark contrast to the heavily damaged present-day western ice
shelf. The eastern outflow feeds ice eastwards through what is currently the Thwaites Eastern Ice Shelf. The western
grounding line sits on the bathymetric high, while the east still has a pathway at depth for warm CDW to access the eastern

grounding line (Figure 4d).
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In all of the full-physics coupled model simulations that follow, we start from the reference pre-1940s case that has an
advanced ice front, fully healed damage, and had the reduced-physics coupled model spin up with 900 m CDW thermocline

depth. This is the state shown in Figure 4a, with the grounding line also shown in blue in Figure 4d.

4.2 Retreating Thwaites simulations with ocean melting and ice damage

We first re-test the non-retreating cases that occurred during the reduced-physics spin ups with the full-physics coupled
model. We now start simulations from the reference pre-1940s spun up state, and use fully healed damage (damage intensity
set to 0) and ocean forcings ranging from 900 m to 700 m thermocline depth. Similar to the reduced-physics spin-ups,
Thwaites Glacier remains grounded on this bathymetric high for these ocean forcings. After 200 years of full-physics 900 m
thermocline simulation there is no noticeable grounding line change from the reference pre-1940s spun up state, which used
the same ocean boundary forcing (Figure 4a,e). Similar to the reduced-physics simulation, the full-physics simulation with
700 m thermocline also stays on the bathymetric high after 300 years, despite its higher melt rates (Figure 4f). For both cases

the melt rates are highest in the eastern outflow (Figure 4e,f).

To examine the key processes that occur during retreating Thwaites Glacier simulations, we use the full-physics coupled
model and trigger retreat under a range of different thermocline depths and levels of floating ice damage. Initially we
examine two warm ocean forced cases with the base of the thermocline depth at 600 m: One with an intact ice shelf, with
damage intensity set to 0, and a second case with a damaged ice shelf, with damage intensity factor set to 1. These will be
referred to as the ‘ocean only forced’ and the ‘ocean plus damage forced’ simulations. In both cases the ocean boundary
forcing is instantaneously changed, and the ice damage ramps up over 5 years, from the reference pre-1940s simulation, and

we observe the subsequent evolution. We first consider the ocean forced only simulation.

4.2.1 Retreating Thwaites Glacier with ocean melting only

One of the key processes during Thwaites retreat is the ungrounding of the western pinning point, which we examine
initially using the ocean only forced simulation. In this simulation it takes a long time for an ocean passage to open up
upstream of the western pinning point (~365 years, Figure 5c,d), with this timing most likely being made longer due to not
allowing melting on partially grounded cells in these simulations. However, as soon as this passageway opens up, a
redirection of the main melt-water flow happens, with an east-to-west flow through this new ocean passageway enhancing
high melt rates south of the western pinning point (Figure 5a,c). The resultant thinning of ice upstream of the bedrock high
causes an ungrounding of the pinning point (Figure Se,f), leading to increased ice velocities in western Thwaites and

grounded ice thinning (Figure 5e,f), similar to the modelled effect of future Thwaites pinning point ungroundings (Bett et al.,
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2024). This subsequent ice speed up and thinning occurs with rapid western grounding line retreat to near present-day
grounding line position, with high melting in western Thwaites similar to the present day (e.g. Holland et al., 2023;

Nakayama et al., 2019)) . We also observe separate slow retreat in eastern Thwaites.

355
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Figure 5: Snapshots taken during the ocean only forced simulation: (a,c,e,g) ice shelf melt rates with ocean boundary-layer

velocity vectors (on fully floating ice only) and ice thinning rates (on fully grounded ice only). (d, f, h) Ice speed changes
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relative to those shown in b). For each plot the snap-shot grounding line (cyan) and the present-day grounding line (black)

360 are shown. Plotted over approximate area shown in Figure 3b by green dashed box.

4.2.2 Effect of ice damage and future retreat

As discussed above, comparing the intact 1947 Thwaites western ice shelf and intact iceberg in the 1973 satellite image, with
the already damaged state of western Thwaites in the 1973 image and the heavily damaged present-day western Thwaites, it
365 is apparent that damage has played an important role in the evolution of Thwaites Ice Shelf. During the damage plus ocean
forced simulation, faster grounding-line retreat occurs to the observed 1996 grounding line (~85 years) compared to the
ocean only forced case (~455 years), primarily because the western ocean passageway is opened without delay (Figure 6a,b).
In the ocean plus damage forced simulation, this retreat recreates the present-day ice shelf configuration, with a highly
damaged fast-flowing western Thwaites Ice Shelf (Figure 6d), in contrast with the slower, broader outflow in the ocean only

370 forced case (Figure 6¢).
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Velocities are plotted over only the present-day ice shelf area for both the present-day model (red) and the simulation in
question (blue). (e-f) Ice shelf basal melt rates for the same snapshots with ocean boundary-layer velocities (black arrows)
and grounding line (blue). In all plots present day grounding line position (black line), and extended ice front (dashed red)
are shown, with the present-day ice front also shown in c) and d) (dashed green). Plotted over approximate area shown in

Figure 3b by green dashed box.

In the ocean only forced case, the initial pinning point ungrounds fully and then the western retreat occurs, after which the
western pinning point regrounds for a while, as the thick upstream ice drains. However, in the ocean plus damage forced
case the pinning point only fully ungrounds after the western retreat and doesn’t reground as the upstream ice drains, due to
the strain-thinned damaged western ice shelf. After this initial rapid retreat, both cases have grounding lines that pause
around the real 1996 grounding line position (Figures 6¢ and 6d), although there is a difference in the spatial pattern of the
retreat, with the ocean only forced case retreating eastern Thwaites beyond the 1996 grounding line, by the time the western
retreat has occured. This is because the ocean only forced case takes a long time to unground the western pinning point and
during this time a slow eastern retreat occurs. After the initial western retreat, both simulations have a large retreat that is
focussed on eastern Thwaites, while also retreating in the west to the initial 2015 model grounding line and beyond, but with

more western retreat occuring in the ocean plus damage simulation.

4.2.3 Ice piracy of Eastern Thwaites

The large grounding line retreat in eastern Thwaites (Figure 6a,b), after passing through the present-day grounding line, is a
common feature of model projections in this sector (Nias et al., 2019; De Rydt and Naughten, 2024; Bett et al., 2024). Ice
shelf damage (Figure 3d) and melting (Figure 4b, Figure 6e,f) are both lower in eastern Thwaites compared to the west.
However, both are still playing some role in this retreat: from the start of the simulations, before any western retreat, a
separate very slow eastern retreat occurs in both the ocean forced only and ocean plus damage forced simulations, as the
simulation adjusts to changes in ocean and damage forcing (Figure 6a, b). The rate of eastern ice retreat sees a large increase
after the grounding line completes the historical retreat in the west, to its 1996 position (Figure 6 a,b), which occurs much
earlier in the ocean plus damage forced simulation. This suggests a possible east—west coupling may be driving the eastern

Thwaites retreat.

With the ungrounding of the western pinning point we see a rerouting of ice flow on the ice shelf. When the grounding line
is advanced in the pre-1940 reference state, ice flow is diverted into eastern Thwaites Ice Shelf, but when it is ungrounded
and the grounding line retreats, this opens a new pathway for ice flow directly over the former western pinning point’s
position (Figure 4a). This is shown more clearly by considering a boundary defined by the streamline that flows through the

eastern edge of the present-day eastern pinning point location (Figure 7a,b). This streamline shifts eastward as the
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simulation’s western grounding line retreats, and crucially moves past the current western outflow and Thwaites Inlet
locations (Figure 1), as shown in Figures 7a,b. Therefore before the retreat, Thwaites Inlet flows out through the eastern ice
shelf, but after retreat it now flows out through the western outflow (Figure 7a,b). This diversion starves the flow of ice to
the eastern ice shelf, leading to thinning through ‘ice piracy’ (e.g. Selley et al., 2025; Mccormack et al., 2023; Conway et al.,
2002). Comparing the flow of the western ice shelf before and after the retreat to the 1990s position also indicates ice
acceleration and a westward shift, away from the eastern pinning point (Figure 7a,b), reducing the flow of ice that interacts
with this pinning point. This change is enhanced in the damaged simulations, due to the decoupling of western and eastern

Thwaites Ice Shelf by the increased western damage (Figure 6c¢, 6d).
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Figure 7: Ocean plus damage forced simulation. (a-c) Snapshots of grounding line position (east-west black line) and
streamlines of ice flow, with red denoting area drained by western Thwaites Ice Shelf and blue drained by the eastern
Thwaites Ice Shelf for: a) 0 years, b) 100 years and c¢) 300 years. The east/west boundary (north-south black streamline) is

defined by the streamline passing through the eastern edge of the present-day eastern pinning point location. The present-day
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grounding line is shown by a grey line. (d) Ice speed at 0 years (pre-1940s reference state) and (e-f) differences between
selected snapshots over the present-day ice extent. g) Timeseries of ice flux through the straight black dashed line through
Thwaites basin shown in (a-c) separated into total (black) as well as west (red) and east (blue) using the boundary line
between west and east outflow. Total grounded area on western pinning point is shown in orange. Plotted over approximate

area shown in Figure 3b by green dashed box.

The change in buttressing from the western grounding line retreat also leads to ice piracy upstream on the grounded ice, with
the boundary between the outflows shifting so that more of the catchment drains out via the newly created Thwaites Inlet
(Figure 1, 7b). In addition, an acceleration occurs in the west, while a deceleration occurs in the east (Figure 7e¢). We see an
overall increase in ice flux after the retreat, agreeing with satellite observations (Mouginot et al., 2014), and an increase in
the flux through the western grounding line, but crucially a reduction in ice flux through the eastern grounding line at the
same time (Figure 7g). This flux change is due both to the changes in the ice speed and change in the position of the
boundary between the outflows. This historical ice piracy then starves eastern Thwaites grounded glacier, leading to the
present day/future retreat in eastern Thwaites (Figure 7c,f), despite eastern Thwaites grounding line lying on top of a high
bathymetric ridge (Figure 6a,b). After 300 years, eastern Thwaites has completely ungrounded from the ridge, retreated
quickly through a deeper basin to the next bathymetry ridge (Figure 6a,b) and all newly formed eastern pinning points have
ungrounded (Bett et al., 2024). This causes the flux to increase in the east again (Figure 7g), due to ice speed up and a shift
in the east/west boundary (Figure 7c, f) and we see a strong reduction in eastern retreat rates (Figure 6a,b). Thus, the ice

piracy is a transient phenomenon that seems to be centred on the present day.

4.3 Multiple quasi-steady states

We now have a good understanding of the processes occurring during the retreat of Thwaites from our reference pre-1940s
state. Next, we want to understand the controls on this retreat: is it directly maintained by ice shelf melting, or are ice and
ocean feedbacks playing an important role? This question is related to whether there are other quasi-steady states in the
system, intermediate between the advanced reference pre-1940s state we have been considering, and the present-day
retreating ice geometry. Furthermore, this investigation has an important practical implication: if there are any other quasi-
steady states, they may also be possible options for a historical pre-1940s Thwaites Glacier configuration. To probe the
existence of other steady states, we conduct a suite of reversibility experiments, in which we vary ice damage and ocean

forcing through time.

Our methodology is illustrated in Figure 8a, which shows the evolution of grounded ice area under different ocean forcing
thermocline heights (line colour) and imposed ice damage states (line style). The ocean only forced and ocean plus damage
forced simulations are visible in this plot as the red solid and red dashed lines, respectively, that start from time zero,

illustrating the retreat that occurs in both cases. The methodology is as follows: to search for new quasi-steady historical
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configurations, we start with a damaged forced simulation (damage intensity factor set to 1), but to potentially aid in finding

new quasi-steady states, a slightly cooler and less extreme ocean forcing, equivalent to present day (700 m thermocline

460 height) is applied. This simulation is shown as the orange dashed line in Figure 8a and also retreats in a similar way to the
ocean plus damage simulation shown above. Sets of simulations are then branched off from this retreating simulation, after
selected events: after the ocean passageway has opened upstream of the western pinning point (80 years), and after
grounding line retreat to near the 1990s position (110 years), as shown in Figure 8a. Crucially, the healed damage field is re-
applied to these simulations (damage intensity factor set to 0), so they re-form an intact ice shelf again. The branching sets

465 are simulated for several centuries and are forced with a range of ocean forcings, with thermocline depths between 900m-
600m, such that 4 coloured lines emerge from each branching point (but all solid lines — healed ice). Additionally, the initial
simulations are shown from our initial pre-1940s reference state, both for damaged and healed ice.
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Figure 8: a) Total grounded area, over Thwaites basin, with line colour representing ocean forcing thermocline height and
470 line style representing damage (Ocean forcing: blue = 900 m, green = 800 m, orange = 700 m and red = 600 m. Damage:
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dashed = present-day damage, solid = healed damage). Branch off times at 80 and 110 years marked with black circles for
chosen simulation. The horizontal dashed black line indicates the present-day grounded ice extent. b) Scatter of grounded
area against ocean forcing applied, where the cross demotes the starting point for a simulation, open circles are plotted every
20 years, and a solid circle indicates a quasi-steady state; a solid arrow indicates no steady state was found. c) Same as b) but

for damaged simulations.

All simulations starting from the reference pre-1940s state with ice damage retreat past the present-day grounding line extent
(dashed lines in Figure 8a). In contrast, only the warmest (600 m thermocline forcing) undamaged state retreats past the
present-day grounded area extent (solid lines starting from O years, with red line case shown in Figure 6a). For cooler
undamaged simulations, the ice remains in a quasi-steady state. For future reference, we refer to the quasi-steady state in the
reference pre-1940s state, and maintained by the undamaged simulations, as ‘state 1’ (Figure 8a). This is the state we have

been discussing so far, with the ice fully grounded all the way out to and including the western pinning point.

We next consider the cooler 700m damaged case (orange dashed line) and branch a set of damage-healed simulations after
the passageway has opened up behind the western pinning point (80 years). As expected from our earlier warm ocean forced
only simulation, the branched simulation with the warmest 600 m forcing rapidly retreats, even though the ice is healed, as
the ocean passageway is already open and the western pinning point exposed for rapid ungrounding through melting
upstream. With the two coldest ocean forcings (CDW thickness of 900m and 800m) the grounding line re-advances onto the
western bathymetric high and returns into state 1 (Figure 8a). However, for 700 m thermocline height, we find that the ice
attains a new quasi-steady state, which we refer to as state 2. In state 2, the ice sheet is able to sustain an open channel

behind the western pinning point without retreating.

If we continue along the retreating damaged 700m thermocline case, we get similar results for the set of simulations
branched after 110 years, in a state close to the 1990s grounding line. Again, we see that the two coldest cases re-advance to
produce earlier states and both appear to trend to state 1, while the 700 m thermocline healed case obtains a new quasi-steady
state, state 3. Thus, when starting from our three different starting points, we find three distinct quasi-steady states for
Thwaites Glacier. This has the important implication that ice loss from Thwaites Glacier is not always simply-forced or
reversible. States 1-3 all have the same ice damage state (healed) and ocean forcing (700 m thermocline), but are 3

independent quasi-steady states, any of which could have been applicable for the pre-1940s period.

In this analysis, we avoid labelling the states as ‘steady’, favouring instead ‘quasi-steady’ because the ice volume above
floatation is still adjusting to the new grounding lines at the end of the 250-year simulations. Indeed, it is also clear from the
ocean only forced simulation that retreats can occur many centuries after an overall grounded area appears steady (Figure 8a,

red solid line), as in this case a slow ungrounding upstream of the key western pinning point occurs before 365 years (Figure
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5, 6a), which is not clearly captured with an overall grounded area metric. With this coupled modelling system, which is
necessary to study pinning-point ungrounding, computational expense prohibits us from running these simulations for
longer. Therefore, it’s possible that these quasi-steady states may still retreat if simulated for long enough. However, the
centennial time scale studied here is the period over which retreat and steady states are of interest to policy questions around

sea-level rise and greenhouse-gas emissions.

In summary, with a healed ice shelf these simulations suggest a quasi-steady stability landscape where cooler thermocline
depths of 900 m and 800 m have one quasi-steady grounding line at the fully advanced state 1, then intermediate present-day
700 m forcing has three quasi-steady grounding lines (states 1-3), and finally the warmest 600 m thermocline height leads to
no steady grounding lines within the area we are considering (Figure 8b). Crucially, however, when the ice shelf is damaged
none of these quasi-steady grounding lines exist for the tested forcings between the observed ocean range of 800 m-600 m
thermocline height (Figure 8c). Additionally, the even colder 900 m thermocline height case appears to be retreating as well
after 185 years (Figure 8a), before the model becomes numerically unstable for the applied model timesteps, due to the

unphysical combination of high ice shelf damage and very low ice shelf melting during the modelled rapid retreat.

Therefore, we have found three distinct quasi-steady coupled ice/ocean states for Thwaites Glacier (Figure 9). State 1 is the
state described previously and used as the starting point in the retreating simulations, with grounding line fully advanced
onto the western bathymetric high (Figure 9a). State 2 has an open channel upstream of the western pinning point but is still
advanced compared to 1990s/2015 observed grounding lines (Figure 9c). State 3 also has open water upstream, but has a
much larger cavity as the grounding line is in a similar position to the observed 1990s position (Figure 9¢). In all states the
western pinning-point is grounded, but the extent of the grounding varies. Between the states 1 and 2/3 we see a change in
ocean currents as the ocean channel opens upstream of the western pinning point (Figure 9 b,d,f), as described previously
(Figure 5). This change shifts the highest melt rates from the eastern Thwaites to upstream of the western pinning point as
the state progresses from state 1 (Figure 9b) to state 2 (Figure 9d) and then finally to state 3 (Figure 9f). The further
grounding line retreat in state 3 leads to more concentrated melt rates upstream of the western pinning point, with the highest
melt rates occurring in this state due to the deeper grounding line in this location. This represents a positive melting feedback
onto the ice retreat. We re-emphasise, however, that all of these states only exist for undamaged ice. With present-day ice

damage, we do not find any quasi-steady states for Thwaites Glacier.
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Figure 9: Ice velocities (blue arrows) and ice thickness saturated between 250m and 600m for: a) state 1, ¢) state 2, e) state
540 3. Ocean boundary-layer velocities (black arrows) and ice shelf melt rates (colour) for: b) state 1, d) state 2, f) state 3.
Present day grounding line (black contour) and chosen state grounding line (blue contour). Plotted over approximate area

shown in Figure 3a by red dashed box.
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5. Discussion

This study considers the evolution and drivers of the retreat of Thwaites Glacier over the 20th century. In this paper, we have
analysed 1947 aerial imagery over Thwaites Ice Shelf, which suggests a western shift in the western ice shelf and the shear
margin, compared to the present day. We have shown that healing and extending the ice shelf is required to create a quasi-
steady reference pre-1940s Thwaites Glacier. In simulations retreating from this example state, we have highlighted several
key processes, including the ungrounding of the western pinning point, and the effects of ice damage. Additionally, we have
highlighted a new process for Thwaites Glacier, the transient effect of ice piracy between western and eastern Thwaites,
which could help explain the observed present day eastern Thwaites grounding line retreat. Furthermore, we found that with
a healed ice shelf multiple quasi-steady grounding line positions exist for the same ocean forcing, implying that Thwaites
Glacier’s historical retreat may have a complex, non-linear response to ocean warming. However, Thwaites Glacier retreats
through all these grounding-line positions when present-day ice shelf damage is applied, for all simulated ocean forcings,
implying the importance of damage feedbacks on the stability of Thwaites Glacier. In this section, we discuss the

implications of these results and contextualise them amongst the current literature of past and future Thwaites retreat.

5.1 Western pinning point ungrounding and retreat

To obtain a reference pre-1940s state, the present-day Thwaites configuration is edited by healing damage and extending the
ice front. Once a historical state was found, simulations were set off from this state with varying degrees of damage and
ocean forcing applied. In these simulations we model the process of melt-driven ungrounding of the historic western pinning
point of Thwaites Ice shelf. Western pinning-point ungrounding triggers rapid grounding-line retreat to near the present-day
position. In these simulations, retreat occurs with warm ocean forcing, using a 600m thermocline depth, which is the
equivalent of the warmest observed conditions in the region (Dutrieux et al., 2014). However, this threshold is highly
uncertain and will depend on the modelling choices made in this study, for example due to parameter uncertainty in areas
such as ice rheology and basal sliding. In particular, the ocean only forced simulation takes a long time (~365 yrs) to open
the ocean passageway upstream of the western pinning point. This may suggest that we are too conservative with ice shelf
melting near the grounding line, where no ice shelf melting is applied on partially or fully grounded model cells.
Furthermore, we may be missing complex grounding line processes (Rignot et al., 2024; Bradley and Hewitt, 2024), which
may speed up the initial opening up of the ocean passageway, with another study finding that these processes could improve
modelling glacier evolution compared to observations (Ehrenfeucht et al., 2024). During this ungrounding process we find a
change in the ocean meltwater currents as the ocean passageway opens, with the current switching direction and driving high
melt rates upstream from the western pinning point. This process highlights the need to use coupled ice/ocean models to

correctly model these feedbacks and interactions.
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It is likely that the effect of the ungrounding of this pinning point has been enhanced by the increase in ice shelf damage in
western Thwaites that has been observed over the satellite era (Lhermitte et al., 2020). However, in the ocean plus damage
forced simulations performed here, damage is applied immediately to floating ice with present day intensities and spatial
pattern, whereas in reality Thwaites Ice Shelf has been observed to progressively become more damaged (Lhermitte et al.,
2020), which likely started or at least increased after the 1940s ungrounding of the western pinning point, as visible in the
1973 imagery (figure la). Therefore, further work is required to fully understand the role of damage on the evolution of
Thwaites grounding line as it retreats, ideally using a fully interactive ice damage model (e.g. Sun et al., 2017; Clayton et al.,
2022). The historical western pinning point ungrounding is similar to a recurring process that has been modelled for
Thwaites Glacier during the evolution of its future retreat (Bett et al., 2024). That process was found to be the key
mechanism by which ocean warming can affect the rate of future ice loss, but no form of damage evolution was included in

those projections, implying that the ice loss could be even more dramatic.

5.2 Eastern Thwaites

In our simulations, the ungrounding of the western Thwaites pinning point and the subsequent western grounding line
retreat, leads to ice piracy of eastern Thwaites Glacier and ice shelf. This ice piracy may have starved the eastern part of the
ice shelf and the eastern pinning point, helping to explain the observed thinning and breaking up of eastern Thwaites Ice
Shelf, despite low melt rates in that area (Wild et al., 2024; Davis et al., 2023):. We have shown that the present-day spatial
distribution of ice shelf damage, with a damaged western ice shelf and present-day location of the shear margin, increases
the redirection of ice away from the eastern pinning point. This also matches with radar observations that indicate that
Thwaites eastern pinning point had a greater extent in 1978 (Schroeder et al., 2019) compared to the present day, with
Thwaites at that time having a more intact western ice shelf (Figure 1a) and 1978 being closer in time to the ungrounding of

the western pinning point and therefore having less time for any ice piracy or redirection to have an effect.

Similarly, we have shown that ice piracy diverts ice away from the eastern grounding line, which may help to explain
observed eastern Thwaites grounding line retreat (Rignot et al., 2014; Milillo et al., 2019), despite suppressed observed
eastern melt rates (Davis et al., 2023). This historical reduced flow into the eastern Thwaites Ice Shelf, from flow diversion
and deceleration, could be the primary driver of the observed retreat, as eastern Thwaites modelling finds it provides
minimal buttressing in the present day (Gudmundsson et al., 2023). While piracy may have been the initial trigger of ice loss
from eastern Thwaites, its future evolution will be influenced by melt rates (Davis et al., 2023), changes in damage (Wild et
al., 2024) and perhaps by the predicted ungrounding of eastern Thwaites pinning point if it does provide any buttressing
(Wild et al., 2022). Notably an example of ice piracy being an important process has recently been observed over similarly
short timescales in the nearby Kohler Glacier (Selley et al., 2025). It appears that the retreat of Eastern Thwaites is separate
to the retreat in the western trunk but is influenced by it, so that timings of the events for the western and eastern Thwaites

likely need to be correct to recreate the observed shape of west/east retreat.
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5.3 Quasi-steady states and most plausible pre-1940s state:

We found three different quasi-steady grounding line positions for Thwaites Glacier, when a healed ice shelf is applied
(Figure 8b). The sensitivity to two distinct model parameters (thermocline height and ice shelf damage) and the presence of
three quasi-steady grounded areas hints at a complex underlying stability landscape that the Thwaites Glacier system
occupied in the late twentieth century. Rather than a single tipping point at some definite thermocline height, Thwaites
Glacier may have had multiple loci of tipping in the space defined by thermocline height and damage. It (Thom, 1975)seems
clear that the simplest conceptual models of tipping such as cusp catastrophes, and even butterfly catastrophes ((Thom,
1975) may struggle to represent the complex behaviour revealed by our numerical simulations. Indeed, the search for quasi-
steady states was not exhaustive, so it is possible there could be more. This demonstrates that the underlying stability

landscape for Thwaites Glacier is not simple, and this glacier may exhibit a complex, non-linear response to climatic forcing.

In particular our results suggest that non-reversible transitions between quasi-steady states may play an important role in the
historical retreat of Thwaites Glacier. For an ocean thermocline height corresponding to the present day mean (700 m depth),
but with undamaged ice, the choice of which quasi-steady state the ice approaches depends upon the history of the glacier
evolution. It is also notable that once the ice is damaged, all quasi-steady states disappear (Figure 8c). This implies that with

its current damaged state, Thwaites Glacier has passed a qualitative threshold.

Having found these multiple quasi-steady states within our ice retreat simulations, we can now re-examine which of these
three states is the most plausible pre-1940s state. Using the available evidence of sediment cores from Thwaites Glacier
(Clark et al., 2024) and the 1947 aerial imagery (USGS, 2018) - we find that state 2 is potentially the best candidate for a
pre-1940s Thwaites Glacier. The sediment core analysis suggests that there was an ocean passage upstream of the western
pinning point prior to the 1940s (unlike in state 1, which was our original reference pre-1940s state) and that western
grounding line retreat may have occurred in the 1950s (Clark et al., 2024) so suggesting an advanced grounding line position
compared to the 1990s satellite observed grounding line position (unlike in state 3). This leaves state 2 as the most plausible

pre-1940s Thwaites Glacier state that we have found.

We can now compare this best estimate of a quasi-steady pre-1940s modelled Thwaites state against the 1947 aerial imagery.
Firstly, one of the key features of the aerial imagery is that the western ice shelf outflow does not match the location of the
main western outflow shown in the 1973 satellite image. Now, examining the modelling results we find that state 2 (and
indeed all three quasi-steady states) suggests that the main western outflow was shifted westward compared to the present-
day configuration, due to the presence of the grounded western pinning point, in agreement with the 1947 photography
(Figure 10a,b,c). However, the eastern edge of the western outflow is even more westward shifted in the observations than in

the model. This may be due to the lack of a dynamical damage model in the simulation, as the aerial imagery shows large
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numbers of icebergs on the eastern edge (Figure 10 b,c) suggesting damage and calving on this edge, presumably due to the
interaction with the historic western pinning point, where the damage/calving begins (Figure 11a). In contrast, the model
state has healed ice. Despite this missing process the images show both edges of the modelled western outflow lining up with
the 1947 photographs, much better than that of the outflow in the 1973 image. It should be noted that while this is a useful
comparison to make, this imagery is taken close to the proposed time that the western pinning point ungrounded (Clark et al.,
2024) and therefore Thwaites may already be in transition in this imagery and so not represent the true pre-1940s quasi-

steady state.
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650 Figure 10: Ice velocities for quasi-steady state 2 (blue arrows) and for present day model (red arrows) over ice thickness of
state 2 saturated between 250m and 600m. Plotted over approximate area shown in Figure 3a by red dashed box. Observed
grounding lines for 1994/5/6 (cyan) and 2011 (red) are shown (Rignot et al., 2016). Orange lines show the three different
flight lines from the U.S. Navy operation Highjump in 1947 (USGS, 2018). Snapshots taken along the flight paths at the

indicated location and direction shown by orientation of the triangle. Aerial photograph in panel d, which were originally
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655 taken with a south-looking orientation from the place, have been horizontally mirrored to maintain a consistent orientation

and facilitate direct visual alignment with panel (a, b, ¢) that were taken north-looking.

Secondly, the 1947 images also suggest that the shear margin was aligned with the historical western pinning point and then
extended approximately south/south-eastward, rather than the present-day location which is aligned with the eastern pinning
660 point (Figure 3d, Figure 10). While there is no dynamical damage model in these simulations, we can examine the maximum
shear fields, derived from principal strain rates, for the different quasi-steady states, all with healed ice shelves (Figure 11),
to estimate locations of potential shear margin formation. The maximum shear is calculated as half the difference between

principal strain rates from the model.

Maximum principal shear (yr'l)
0 0.05 0.1 0.15

f) Healed: State 2

e) Healed: State 1

d) Historical ice shelf 600
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665 Figure 11: a,b,c) 1947 aerial images taken at indicted locations and direction shown by orientation of triangles in other

panels. Aerial photograph in panel (a,c), which were originally taken with a south-looking orientation from the place, have
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been horizontally mirrored to maintain a consistent orientation and facilitate direct visual alignment with panel b that was
taken north-looking. d) Zoom of green dashed box from Figure 10. e,f,g,h) Maximum shear for quasi-steady states 1-3 (e, f,
g) and for snapshot of the retreating ocean forced only simulation with warm (600 m thermocline depth) forcing after the
western pinning point ungrounding and retreat to near 1990s grounding position (~455 years, as examined in Figure 6) (h).
Model grounding line (blue in (d), otherwise black), and observed grounding lines for 1994/5/6 (cyan) and 2011 (red) are
shown (Rignot et al., 2016). Orange lines show two flight lines from the U.S. Navy operation Highjump in 1947 (USGS,
2018).

All three quasi-steady states have maximum shear on the ice shelf around both pinning points (Figure 11 e,f,g). South of the
western pinning point there is a potential shear margin, which extends further southwards the further the grounding line
retreats (Figure 11 c,d,g), which appears to match the location of a shear margin shown in the 1947 imagery (Figure 11).
Crucially, when these fields are compared to the present-day configuration with the ungrounded western pinning point,
shown here for a snapshot of the retreating ocean only forced case, we see a westward movement of the northern end of this
shear margin to the familiar present-day shear margin position linked to the eastern pinning point (Figure 11h). These results
explain the westward-shifted pre-1940s shear margin that existed until the ungrounding of the western pinning point.
Additionally, the shear margin with a distinctive rifting pattern shown in the 1947 imagery appears to start at its intersection
with the flight line (Figures 11b and 11c), which could suggest that the grounding line is located here at the time of the
imagery, as other such recurring rifting features, for example in PIG, start near the grounding line (e.g. Lhermitte et al.

(2020)). This would further support our inference that Thwaites is in a state 2 configuration in these images.

This shift in the outflow location and shear margin to the present-day configuration likely happens after the ungrounding of
the western pinning point, as both the shear margin and main western outflow are near the present-day configuration in the
earliest satellite image in 1973. This all suggests a fundamental change in the configuration of Thwaites Ice Shelf has

occurred from the 1940s to the present day and even before the 1973 satellite image.

In this study, most simulations were run forward from state 1, since that is the most advanced state we could achieve (with
healed ice damage and cold ocean conditions). However, we subsequently found that multiple quasi-steady states exist and
that state 2 is a more plausible candidate for a pre-1940s state of Thwaites Glacier. This may help to explain differences in
timings between our simulations and the observed retreat. However, this study is not intended as a full hindcast of Thwaites
Glacier, due additionally to our simplified treatment of damage and ocean thermocline forcings. Instead, this study focuses
on understanding the key processes and stability landscape of Thwaites Glacier. Future work is required to incorporate these

insights and assess how well new simulations match observed Thwaites retreat in a hindcast-focused study.
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The three different quasi-steady states we found are expected to have different vulnerabilities of western pinning point
ungrounding to ocean forcing, depending on whether the ocean passageway is open upstream of the pinning point or not.
This could affect the resilience of the system to climatic events like the 1940s event that may have triggered the current
retreat. Such events are estimated to have occurred several times in the last 10,000 years (O'connor et al., 2023), while
Thwaites Glacier is estimated to have been within 45 km of its present-day grounding line and having had only minor
oscillations in grounding line position during this time (Clark et al., 2024). It is possible that Thwaites Glacier happened to
be in a position where the pinning point was not exposed to high melt rates upstream of it, reducing the impact of some
previous 1940s-like climatic events, or Thwaites Glacier could have ungrounded from the western pinning point during
warm anomalies and subsequently recovered during cooler climatic periods. This suggests several possibilities, including 1)
after the ungrounding in the 1940s, anthropogenic trends in oceanic forcings later in the 20% century could have played a role
in contributing to the lack of recovery of the western pinning point; ii) there are further unknown features to the 1940s event
which make it a more extreme and rare event, such as longer-period warm anomalies underlying the 1940s warm years or iii)
the 1940s event may have combined with longer time-scale natural processes like gradual snowfall starvation or ocean
forcing trends, which could have widened the channel upstream of the pinning point over previous centuries or millennia and
pre-conditioned the system for the post-1940s retreat. These considerations have been proposed previously (Holland et al.,
2022; O'connor et al., 2023), but our new insight into the sensitivities of the different steady states reveals how subtle
changes in the ice state can have large impacts on their response to climatic forcing, such as anthropogenic trends in

warming (Holland et al., 2019).

5.4 Damage and stability

The warmest modelled ocean forcing causes Thwaites Glacier to pass through the three quasi-steady states and retreat past
the present-day grounding line, even with a healed ice shelf. In addition, applying the present-day spatial distribution of
damage to the evolving floating ice causes the ice to retreat for all modelled ocean forcings, and removes the existence of the
healed-ice quasi-steady states. These results suggest that the present-day ice shelf damage reflects a fundamental change in
the system that has removed any possibility of the ice stream stabilising or regrowing. This cautions against assuming that
Thwaites Glacier, with its current damaged configuration, was close to equilibrium for cooler ocean forcings (e.g. Reese et
al. (2023) and Hill et al. (2023)). However, in this study we only consider one initialisation for the present-day ice damage
field from one model, and further work is required to test the robustness of these results over multiple possible initialisations

and models, ideally using a fully evolving physics-based damage model.

This suggestion of the importance of damage links with a previous study where Thwaites Glacier retreats for the extreme
case of no ice shelf melting, using this model with its present-day geometrical configuration and highly damaged western ice
shelf (Williams et al., 2026; Bett et al., 2024). This work also explains the result that the present-day Thwaites Ice Shelf

provides minimal buttressing, such that its removal has limited impact on the future trajectory of Thwaites (Gudmundsson et
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al., 2023). Both studies are explained by our finding that Thwaites is experiencing ongoing adjustment due to the historic
changes in buttressing that occurred during the 20% century. The ungrounding of the western pinning point and damage
feedbacks have already moved Thwaites away from the quasi-steady states that it might otherwise have achieved. Therefore,
our results suggest that the present-day retreat is being driven at least partially by a historical change, which other studies
have noted as an option (Gudmundsson et al., 2023; Joughin et al., 2014). However, the rate of ice loss from Thwaites
Glacier remains sensitive to ocean forcing over the longer term, as demonstrated by the more rapid ice loss in the higher-
thermocline cases. As a result, Thwaites Glacier is likely also being impacted to some extent by anthropogenic trends in
forcings in the present day, which will increasingly become a stronger influence into the future with modelled oceanic

warming trends (Naughten et al., 2023).

Crucially, our results suggest that any stabilisation of Thwaites Glacier near its current grounding line would require intact,
undamaged ice to reground on the western pinning point, rather than just the simple direct thickening of existing damaged
ice by reduced melt rates due to a cooling of the ocean. This process could have potentially occurred before, where Thwaites
Glacier, as inferred through observations near Crosson Ice shelf, has been suggested to have thinned to a below present-day
thickness in the mid Holocene before recovering in the Late Holocene (Nichols et al., 2024). During this process the ice shelf
could have become damaged like in the present day and then reformed, or a slower retreat could have occurred, maintaining
a sufficiently intact ice shelf and pinning point throughout any retreat and re-advance. It is possible that the extent of
Thwaites Ice Shelf directly impacts the buttressing provided by Crosson Ice shelf and vice versa. These ice shelves don’t
interact in the present-day configuration but appear to be connected in the 1946-47s imagery and could have had a greater
connection before that if this imagery indeed shows Thwaites Ice Shelf already in transition. However, any processes leading
to the potential recovery of a damaged ice shelf are currently very poorly understood, with future work required to
understand the dynamical interactions between melt rates, ice damage and ice dynamics. In this study we find that simply
prescribing the healing of the floating ice shelf in the present-day state allows for a regrounding of the western pinning point
in an extreme no-melt case to provide sufficient buttressing for the main grounding line to re-advance onto the bathymetric
high. Indeed, we have shown that this advance can occur from grounding line positions that are similar to the present day
(i.e. state 3) for the cold ocean forcings of 900m and 800m thermocline depths and can be quasi-steady in this position with a

700m thermocline depth, if the ice shelf damage is instantly healed.

These results all highlight a key limitation of this study, which is that damage evolution is not represented by a dynamical
physical model. Here, instead we apply damage as a forcing alongside ocean forcing, which has the disadvantage of
disabling interactions between ice shelf melting, damage and ice dynamics. This requires us to make several assumptions,
such as selecting damage values for the ice shelf outside the current floating area, suddenly enabling and disabling damage in
our simulations, enabling damage on floating ice as the grounding line retreats, and not changing damage upstream of the

modern grounding line. Our results highlight the importance of ice damage and so these choices are likely to be influential.
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Therefore, future work is needed to model the dynamical interactions and feedbacks between ice shelf melting, ice damage,

ice dynamics and pinning point ungrounding.

6. Conclusions

In this study we present 20" century historical ice/ocean coupled simulations of Thwaites Glacier, exploring its stability,
retreat, and processes related to ocean melting and ice damage. The findings are validated against a 1973 satellite image and
a new analysis of aerial photographs of Thwaites Ice Shelf from 1946-47. These observations show that prior to the 1940s
Thwaites Glacier had a large western intact ice tongue which is shifted westward compared to the present-day western ice

shelf.

The first step in the modelling is to create an initial quasi-steady reference pre-1940s Thwaites Glacier configuration, which
is challenging because we start from a present-day model initialisation which retreats even in an extreme case of zero ocean
melting. We find that healing the ice damage on western Thwaites Ice Shelf and extending the static ice front are needed,
both supported by observations, so that the buttressing provided by a regrounded western pinning point is sufficient to create

an initial advanced quasi-steady state.

The next step is to run simulations of Thwaites Glacier retreat from this reference pre-1940s state, under different ocean
forcings and ice damage conditions. These simulations highlight several key processes and events in the retreat of Thwaites
Glacier. The initial trigger is the opening of an ocean channel on the upstream side of the western pinning point, which
allows warm ocean waters to melt and thin the ice supplied to the pinning point. The ensuing ungrounding and loss of
buttressing leads to rapid acceleration and retreat. This rapid acceleration led to increasing damage, thinning and weakening
the ice shelf and so preventing any regrounding of the western pinning point. After this, the transient effect of ice piracy
leads to ice starvation in both the eastern Thwaites Ice Shelf, including the eastern pinning point, and the eastern Thwaites
Glacier. This may help explain the observed present-day eastern Thwaites grounding line retreat, despite being located on a

bathymetric high, with only low melt rates present.

Finally, by conducting a set of simulations with different ocean forcings and damage states, we show that multiple quasi-
steady grounding line positions can exist for Thwaites Glacier. When considering fully healed damage, we find 3 separate
quasi-steady states for the same ocean forcing, which approximates average present-day conditions. However, sufficient
damage and/or ocean forcing prevents the glacier from remaining in these states. With healed damage, colder conditions lead
to advance to the most advanced state and the warmest conditions retreat Thwaites Glacier outside of the considered area.

Crucially, when forced with the present-day ice shelf damage to the evolving floating ice, Thwaites retreats through all of
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these potential steady states and past the present grounding line, for all simulated ocean conditions. This implies that the

damage now inherent in Thwaites Glacier has qualitatively decreased its ability to recover from the ongoing retreat.

Out of these quasi-steady states, the state we name “state 2” is a good candidate for a pre-1940s state that matches the
available observations for Thwaites Glacier, with an advanced grounding line compared to the present day, but with an ocean
passage-way already open upstream of the western pinning point. The main ice outflow in all these historical states is shifted
to the west of the present-day outflow, due to ice flow blocking by the western pinning point, which matches observations

from 1947 aerial images of Thwaites Ice Shelf.

Now that we have a better idea of the processes controlling the historical evolution of Thwaites Glacier, we may start to

isolate the climatic forcings that drove the ongoing retreat and consider how they may evolve in future.
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