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Abstract. Ice damage, which results from the formation and development of crevasses on glaciers, plays a critical role in ice-
shelf stability, grounding-line retreat, and subsequent sea-level rise. Yet, few ice-sheet models explicitly account for ice
damage or its effects on glacier dynamics. Here, we incorporate ice damage processes into an ice-sheet model and apply it to
the Thwaites Glacier basin to assess the sensitivity of mass loss to ice damage intensity. Our results indicate that, when
accounting for ice damage mechanics, the ice-sheet model captures the observed ice geometry and mass balance of Thwaites
Glacier during the historical period (1990-2020). On multidecadal-to-centennial timescales, ice damage facilitates the collapse
of Thwaites Glacier, significantly increasing ice mass loss. When extending simulations to the year 2300, we show that
accounting for ice damage results in more than twice the ice mass loss compared to simulations that neglect ice damage
mechanics. This study highlights the necessity of explicitly representing ice damage processes in ice-sheet models to improve

projections of future ice loss and sea-level rise.

1 Introduction

The weakening of ice due to the formation of large-scale crevasses and rifts, known as damage, is gaining attention due to its
impact on glacier and ice sheet evolution in a warming climate. These fractures primarily form in fast-flowing regions such as
near the grounding line or along shear margins, and are transported by ice flow, creating elongated fracture bands visible in
satellite imagery (Albrecht and Levermann, 2012). Since the viscosity of these fracture bands is exceptionally low, they
significantly influence the dynamics of the entire ice shelf (Khazendar et al., 2007; Borstad et al., 2012). Studies revealed that
such damage could initiate a feedback loop, promoting the further formation and propagation of rifts and crevasses. This,
destabilizes ice shelves by enhancing shearing, weakening their structural integrity, and ultimately leading to additional
damage and retreat of the grounding line (Sun et al., 2017; Lhermitte et al., 2020; lzeboud and Lhermitte, 2023). Moreover,
the ability of ice shelves to restrain the ice flow weakens, leading to an acceleration of grounded ice mass loss and subsequent

sea-level rise. Large-scale damage on glaciers could be a precursor of ice-shelf disintegration, which may affect both the timing
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and magnitude of grounded ice loss, as well as the overall contribution of Antarctic glaciers to sea-level rise (Lhermitte et al.,
2020; van de Wal et al., 2022; 1zeboud and Lhermitte, 2023).

Several studies have investigated the influence of damage on the behavior of the Antarctic Ice Sheet (AlS). Borstad et al.
(2012) applied a large-scale ice dynamical model to invert for damage on the Larsen B Ice Shelf prior to its collapse in 2002.
They concluded that calving was triggered by the loss of load-bearing surface area due to fracturing. Albrecht and Levermann
(2014) investigated the role of damage in softening ice across several Antarctic ice shelves using a fracture density field derived
from observations. Gerli et al. (2023) demonstrated that the vertical propagation of crevasses within ice shelves can
instantaneously increase the flux of upstream glaciers. Huth et al. (2021, 2023) integrated a creep damage model into a large-
scale shallow-shelf ice flow model to simulate rift propagation leading to the formation of iceberg A68 from the Larsen C Ice
Shelf. Damage is facilitated through hydrofracturing, and the combined effect of non-linear viscous rheology and damage
processes within ice at water-filled crevasse tips can influence calving dynamics (Duddu et al., 2020). Sun and Gudmundsson
(2023) conducted a series of numerical perturbation experiments to show that damage evolution significantly affects ice-shelf
velocities and must be accounted for to accurately replicate observed velocity patterns. These studies reveal the interaction

between damage processes and observed ice flow dynamics. Several of them (e.q., Borstad et al., 2012; Albrecht and

Levermann, 2014; Gerli et al., 2023; Sun and Gudmundsson, 2023)Fhey have one critical limitation, i.e., being diagnostic,

which means that they investigate the instantaneous effect of damage on ice dynamics, but not the evolution of damage when
ice thickness is allowed to evolve according to the applied changes. They therefore fail to predict future ice sheet behavior or

feedbacks induced by external changes, such as fracture enhancement due to atmospheric or oceanic forcing._In contrast, more

recent studies have integrated damage evolution into ice flow models to investigate fracture processes and their influence on

ice dynamics, including the effects of ice thickness evolution (e.g., Duddu et al., 2020; Huth et al., 2021, 2023). These efforts

primarily focus on relatively short time scales (months to years), during which ice thickness changes have limited influence

on ice flow. As a result, while they shed light on instantaneous responses such as rifting or crevasse propagation, their ability

to simulate long-term ice sheet feedbacks under sustained climate forcing remains limited.

Prognostic modeling enables the assessment of ice sheet and ice shelf evolution in response to fracture dynamics. However,
most existing studies focus on idealized ice sheet geometries. Sun et al. (2017) coupled a continuum damage mechanics (CDM)
model with an ice-sheet model based on the zero-stress Nye approach (Nye, 1957). Applying this model to an idealized ice-
sheet geometry (MISMIP+; Cornford et al., 2020), they found that ice damage leads to greater grounding-line retreat compared
to simulations without damage. Using the same model, Lhermitte et al. (2020) showed that intensifying damage at a specific
location within shear zones triggers widespread propagation and amplification of damage, supporting the hypothesis of a
positive feedback mechanism. By integrating a continuum damage mechanics model with necking instability into an ice sheet
model, Kachuck et al. (2022) simulated the evolution of the damage field and accurately predicted steady-state extents for a
series of idealized, isothermal ice tongues and ice shelves. Similarly, Ranganathan et al. (2024) developed a damage evolution
model coupled with a marine-terminating glacier flowline model and showed that damage can enhance mass loss from both

grounded and floating ice. However, the results obtained from idealized geometries may not fully translate to the real world
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conditions, and studies investigating the effects of ice damage on the dynamics of actual glaciers, such as Antarctic glaciers
and ice shelves, remain limited.

Extensive ice damage has been observed on Thwaites Glacier (TG), the largest ice stream in West Antarctica (2.1x<10° km?)
and one of the fastest mass-losing outlet glaciers of the AIS (Rignot et al., 2019; Lhermitte et al., 2020; Surawy-Stepney et al.,
2023). Recent satellite images show an increase in ice-shelf damage across TG’s floating ice shelf — both the Thwaites Eastern
Ice Shelf (TEIS) and the Thwaites Western Glacier Tongue (TWGT) — with open rifts and dense crevasses, also present in
their shear zones (Lhermitte et al., 2020). Episodic dynamic changes in TWGT, such as acceleration, have been linked to this
damage. Miles et al. (2020) found that rapid acceleration phases observed between 2006-2012 and 20162018 coincided with
structural weakening. Similarly, Surawy-Stepney et al. (2023) confirmed that the formation and evolution of crevasses along
TWTG’s shear margin from June 2017 to December 2018 and in early 2020 aligned with periods of increased ice flow. As a
marine glacier (i.e., grounded below sea level; Fig. 1a) on a retrograde bed slope, TG is susceptible to marine ice-sheet
instability (MISI) (Schoof, 2007; Pattyn, 2018). Ice damage may facilitate grounding-line retreat by compromising ice-shelf
integrity and reducing their buttressing effect on upstream glaciers. However, Gudmundsson et al. (2023) found that the
floating ice shelves of TG provide limited buttressing, and that the loss of these ice shelves would have a minimal impact on
overall ice-sheet stability.

In this study, the numerical ice-sheet model Kori-ULB (Pattyn, 2017; Coulon et al., 2024), modified to explicitly represent
continuum damage mechanics (Sun et al., 2017), is used to investigate the impact of ice damage on the present and near-future
evolution of the TG basin. We aim to (i) evaluate and calibrate the model using satellite-based observations of present-day
mass-change rates, and (ii) explore the sensitivity of glacier retreat and mass loss in the TG basin to increased damage intensity.
We run an ensemble of simulations in which two key parameters controlling ice damage intensity are systematically perturbed

and compare the results to two baseline experiments that neglect ice damage feedbacks.

2 Methods
2.1 Ice-sheet and damage model

The Kori-ULB ice-sheet model (Pattyn, 2017; Coulon et al., 2024) is a vertically integrated, thermomechanical finite difference
model that combines shallow-ice approximation with shallow-shelf approximation (so-called hybrid model; Winkelmann et
al., 2011). The Kori-ULB ice-sheet model has been used for large-scale simulation of the AIS (Seroussi et al., 2020; Coulon
et al., 2024), as well as small drainage basins with different ice geometries, such as MISMIP3d (Pattyn et al., 2013) and
MISMIP+ (Cornford et al., 2020) experiments, and real-world drainage basins (e.g., Thwaites Glacier basin; Kazmierczak et
al., 2024).

To investigate the dynamical response of the TG basin to ice damage and damage parametric perturbations, we couple the

ice-sheet model with the continuum damage mechanics (CDM) model developed by Sun et al. (2017). This model establishes
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a direct link between the amount of damage and ice viscosity: the propagation of damage reduces the ice viscosity through

Glen’s flow law, leading to faster ice.

Following Sun et al. (2017), we represent damage using a scalar variable D, which takes values from 0 (undamaged ice) to

1 (ice entirely fractured by surface and basal crevasses). The vertically averaged damage field is defined as D (x, y) = d (x, y)/h

€[0,1), which is the closest analogue to the usual D, with d (x, y) €[0, h (x, y)) represents the vertical integral of D. Damage

is incorporated into the stress balance equation through a modification to Glen’s constitutive flow law. In Kori-ULB, the

relationship between the deviatoric stress z and the strain rate € is described by Glen’s constitutive flow law:
24t it = €, 1)

where A is Glen’s flow law factor, dependent on the ice temperature, and n is the flow rate exponent, with n =3.

Glen’s-flow-tawleading to-fasterice— And Thisthe damage feedback is described by the integration of a damage factor D{z}
in Eq. (2):
2472t = (1 — D{8))3¢, 2

principal-stress—-To determine the relationship between ice damage and the first principal stress-¢(z:), the CDM framework is
based on two key components: a local source of damage term (di) that accounts for the local formation of damage, and an

advection term (dy) that accounts for the transport of damage during ice flow.

In the absence of advection, ice damage is expressed as the normalizedtotal depth of the crevasses, i.e., the sum of surface
crevasses ds and basal crevasses dy (Nick et al., 2011, 2013; Cook et al., 2014; Sun et al., 2017). Those can be calculated by
the zero-stress assumption (Nye, 1957; Nick et al., 2011):

_ T Pmw

ds = ns T oo s (43)
_ Pi 71

db N Psw—Pi (Pig Hab)’ (54)

where dy is the water depth in the surface crevasse (here we only consider dry crevasses, so dy is equal to 0), Hay is the thickness

above floatation, g = 9.81 m s is the gravitational acceleration, and-p; = 917 kg m™ is the ice density, and pmwand ps are the
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densities of meltwater in the surface crevasses and seawater in the basal crevasses, respectively (both set to= 1028 kg m™ in

this study).are-the-ice-and-seawater-density—respectively. The first principal stress z; is defined as the product of the first

principal strain (€,) and the effective ice viscosity (u):

T = 2U€y, (5)

The local source of damage term di(z1) is then expressed as
d;(r1) = min(ds + dy, , C; +h), (6)

where Cy is a parameter ranging from 0 to 1 that sets an upper limit to di(z1) as a fraction of the ice thickness. This constraint
prevents an overestimation of crevasse depth in the gridded domain.

In addition, damage fields are advected by ice flow. In this context, dy represents the evolution of the vertically integrated
damage field caused by advection, stretching, and mass loss or accumulation at the glacier’s upper and lower surfaces. The

transported crevasses depth dy can be solved by the following damage transport equation (Sun et al., 2017):

adtr

e + V- (udy) = —[max (a,0) + max (1, 0) | dtr (7

h!

where u is the two-dimensional horizontal velocity. The left-hand side of Eq. (7) represents the conservation of vertically

integrated damage, which includes the advection of crevasses with the ice flow and the effect of stretching and compression.
On the right-hand side, damage reduction is modeled through two processes: an increase in undamaged ice thickness due to
surface accumulation (a) and erosion of the crevassed ice bottom by basal melting (111).

Overall, at any given time and position (x, y, t), there exist two damage fields: the locally generated crevasse depth di (X, y,
t), as calculated above, and the advected crevasses depth dy (x, y, t). Assuming that crevasse surfaces do not bond together
during closure, at least on the timescale relevant to crevasse closure (Sun et al., 2017), the final expression of damage €-D (X,

y, t) is given by
d'D (X, y' t) = min(ctr#_h(x' y' t) , max (dl (x! Y: t)! dtr(x! y' t))) ' (8)

where Cy is a parameter that limits €-D as a fraction of the ice thickness, with C; < Cy. This implies that regions of the ice shelf

subjected to lower stress inherit damage from the upstream areas that are experiencing higher stress.

2.2 Simulation protocol

Simulations are spun up to a state representative of 1990, which then serve as the starting point for a 30-year historical run
under constant present-day conditions. Surface mass balance (SMB) and air temperature are taken from the polar regional
climate model MARv3.11 (Kittel et al., 2021), while ocean temperature and salinity are based on the data from Schmidtko et
al. (2014). Basal melting underneath the floating ice shelves is estimated with the PICO model (Reese et al., 2018). Beyond

the historical period (1990-2020), simulations are extended to 2300 under constant present-day atmospheric and oceanic
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conditions, allowing us to assess the effects of ice damage and the sensitivity of TG evolution over longer time scales. All
simulations are performed at a spatial resolution of 2 km.

Two types of experiments are conducted (Table 1). First, we run an ensemble of simulations to investigate the impact of ice
damage on the TG basin. To this end, we produce a perturbed parameter ensemble by systematically varying C; and Cy (Egs.
6 and 8), two key parameters governing damage feedback processes. We initially designed a 100-member ensemble, with C;
and Cy sampled within the range [0,1] using a Latin hypercube method. The ensemble was then reduced to 43 members to
satisfy the requirement that C; < Cy. The final 43-member ensemble is used to quantify the sensitivity of TG evolution to ice
damage intensity.

Based on their performance during the historical simulations, ensemble members are categorized into two subgroups
according to their ability to match satellite-based estimates of ice mass change in the TG basin (Shepherd et al., 2019).
Simulations where the modeled ice mass change (i.e., the contribution to sea level, SLC) falls within the satellite-derived mean
estimate £two times the observed standard deviation (s.d.) are classified as Group 1 (G1). Those that significantly over- or
underestimate this range (>=2 s.d.) are classified as Group 2 (G2).

In addition, two control simulations without damage serve as baselines for comparison: one designed to reproduce observed
mass-change rates (Ctrlgng), and another without this constraint (Ctrl).

Table 1. Summary of the damage sensitivity experiments and two control experiments performed for the TG basin.

Damage parameters
Experiments Description G C.

Ctrl deactivated damage processes - -

deactivated damage processes;
Citrlandt corrected SMB using satellite-observed ice mass-change rates - -
(Bevan et al., 2023)

damage processes;
SLC within the range of observational estimates +2 s.d. (0.24 = [0-0.23] [0.2-1]

Group 1 0.08 cm over 1992-2017) in the historical simulation (Shepherd
etal., 2019)
damage processes;
Group 2 SLC outside the range of observational estimates +2 s.d. in the [0-0.53] [0.1-1]

historical simulation

2.3. Model initialization

The initial conditions for both the 43-member damage ensemble and the Ctrl experiment are obtained by an inverse simulation
nudging towards present-day ice-sheet geometry (Pollard and DeConto, 2012; Bernales et al., 2017; Coulon et al., 2024), using
present-day ice-sheet surface and bed geometry from BedMachine v2 (Morlighem et al., 2020) and present-day surface mass

balance and air temperature from the polar regional climate model MARV3.11 (Kittel et al., 2021). Calving at the ice front is

determined by the combined penetration depths of surface and basal crevasses relative to ice thickness, with crevasse depths

parameterized as functions of ice velocity divergence, accumulated strain, ice thickness, and (optionally) surface liguid water

6
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availability, similar to Pollard et al. (2015) and DeConto and Pollard (2016). A detailed description of the initialization

procedure is provided in Appendix A of Coulon et al. (2024). The initial state for the Ctrl experiment is identical to that of the
43-member damage ensemble, ensuring that all start from the same ice sheet geometry. In the damage sensitivity experiments,
ice damage is activated from the first timestep of the historical simulation, meaning that the ice sheet is considered undamaged
at the start of 1990. Given that this assumption is somewhat idealized, the simulated damage can be interpreted as relative to
the initial state.

To reproduce the dynamic disequilibrium observed during the historical period, we apply the initialization method of van
den Akker et al. (2025). Specifically, the initial state of the Ctrlgna: experiment is obtained by adding a ‘correction term’ — equal
to minus the observed mass change rates (taken from Bevan et al., 2023) — to the present-day surface mass balance (Kittel et
al., 2021) during the transient nudging procedure. This ensures that, by the time the nudging procedure has achieved a steady
geometry, the model has been trained to produce ice fluxes that closely match observations. In other words, the ice sheet model
is ‘trained’ to equilibrate toward a state that implicitly accounts for observed mass change rates. As a result, it is important to
note that the Ctrlgng: experiment starts from a slightly different initial state than the Ctrl and damage experiments (see
supplementary Figs. S1 and S2).

To evaluate the modeled initial conditions, we compute the root mean square errors (RMSE) and the relative RMSE (rRMSE)

between simulated and observed ice velocity (Rignot et al., 2017) and ice thickness (Morlighem et al., 2020):

n P N2
RMSE = Xi=,(Sim;-obs;) (9)
n

RMSE

rRMSE = —=, (10)
obs

where n is the number of grid points, sim; and obs; are the simulated and observed ice velocity (Rignot et al., 2017) or thickness

(Morlighem et al., 2020), respectively, and obs is the mean observed ice velocity or thickness. In addition, we estimate the
mean distance between the modeled and observed grounding-line position using the “open-ended box” approach of Moon and
Joughin (2008).

Following the standard initialization procedure (used in the Ctrl and damage experiments), the RMSE (rRMSE) values
between simulated and observed ice velocity and thickness are 201 m a* (1.66) and 28 m (0.01) for the whole basin, and 786
m a1 (0.98) and 28 m (0.1) for floating ice only (supplementary Fig. S1). The modeled grounding-line position of the TG basin
is in good agreement with observations (Gardner et al., 2018), with an average offset of 1.3 km. For the initial state of the
Ctrlgnhg: experiment, the RMSE (rRMSE) values of ice velocity and thickness are 172 m a* (1.42) and 27 m (0.01) for the whole
basin, and 659 m a* (0.83) and 54 m (0.13) for floating ice only (supplementary Fig. S2). The modeled grounding-line position

also closely aligns with observations, with an average offset of 2.3 km.
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Figure 1. Bedrock elevation and ice velocity in the TG basin. (a) Observed bedrock elevation of the TG basin based on BedMachine v2 data
(Morlighem et al., 2020) and (b) observed ice velocity of the TG basin based on Making Earth System Data Records for Use in Research
Environments (MEaSURES) InSAR-Based Antarctica Ice Velocity Map, Version 2 (Rignot et al., 2017) overlaid on the Landsat Image
Mosaic of Antarctica (LIMA,; Bindschadler et al., 2008). The solid black curve is the central flowline profile stemming from the Antarctic
surface flowline dataset developed by Liu et al. (2015), which spans 340 km from the inland grounded ice (Fo) to the calving front. The
dashed black line shows the position of the observed grounding line (Gardner et al., 2018). The inset in panel (a) shows the location of the
TG basin in Antarctica. TEIS represents the Thwaites Eastern Ice Shelf and TWGT represents the Thwaites Western Glacier Tongue. The
black rectangular insets in panel (a) are panels (c) and (d), which show the crevasse distributions across the ice shelf regions in the TG basin,
based on Landsat-8 satellite images acquired in December 2020. The gray line is the basin boundary of the TG basin derived from Zwally
et al. (2015)._The black-gray bar in panel (a) and white-gray bars in panels (c) and (d) are scale bars of the corresponding maps.
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3 Results
3.1 Effects of ice damage on the simulated historical evolution of Thwaites Glacier (1990-2020)

The 43-member ensemble of simulations over 1990-2020 in the TG basin shows a strong sensitivity to ice damage (Fig. 2),
resulting in a wide spread of mass change estimates. The simulated ice mass loss ranges from 0.03 to 1.42 cm sea-level
equivalent (SLE). Among the 43 parameter sets for C; and Cy, 16 are classified into Group 1 (Table 1, supplementary Table
S1, and light green lines in Fig. 2), while the remaining 27 fall into Group 2 (light red lines in Fig. 2). In Group 1, the simulated
ice mass change in the TG basin ranges from 0.16 to 0.31 cm SLE, with a mean change of 0.24 £0.04 cm SLE. In comparison,
the mean of Group 2 is 0.62 +0.36 cm SLE, that is 2.5 times larger.

The explicit representation of ice damage processes better captures the observed ice mass change in the TG basin compared
to the default model without damage (Ctrl experiment in Fig. 2). For the period 1990-2020, the simulated mean net mass
balance for Group 1 (with damage) is -26.5 Gt a*, which is comparable to satellite-derived observations (-46.1 +£7.2 Gt a*
over 1992-2017; mean £1 s.d.). In contrast, neglecting ice damage underestimates ice mass change by more than an order of
magnitude, with the Ctrl experiment simulating only 1.2 Gt a. The Ctrlahs: experiment, which also ignores ice damage but
applies an artificial correction to the ice mass-change rate, yields a simulated net mass balance of -30.1 Gt a* over 1990-2020,

comparable to estimates from Group 1.

By 2020, the simulated grounding lines from Group 1 (dashed green lines in Fig. 2c) have retreated 6-14 km inland along
the central flowline compared to their initial position (dashed light gray line in Fig. 2¢). This corresponds to a retreat rate of
0.2-0.5 km a* over 1990-2020 along the central flowline profile (green lines in Fig. 3), similar in magnitude to observations,
which indicate a mean annual retreat rate of 0.7 km a* over 1992-2011 (Rignot et al., 2014) and of 0.3-0.6 km a'* over 2011—
2017 (Milillo et al., 2019). In contrast, the simulated grounding lines of Group 2 retreat at rates of up to 1.5 km a* along the
central flowline profile, resulting in a total retreat of up to 44 km upstream the initial grounding-line position by 2020 (Fig. 2¢
and red line in Fig. 3). While both control experiments show reduced retreat along the central flowline profile during the
historical simulation period (Fig. 2c), the grounding-line retreat in the eastern section of TG in the Ctrlgna: experiment is

comparable to that of Group 1 (Fig. 3). In contrast, the retreat in the Ctrl experiment remains relatively minor.
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Figure 2. Simulated change trends of ice mass balance and grounding-line position in the TG basin under different damage intensities over
the period 1990-2020. (a) the simulated contribution of ice mass loss in the TG basin to sea level; (b) the net mass balance (considering
volume above flotation only, i.e., the rate of mass change contributing to sea-level rise) in the TG basin; (c) the geometry profiles along the
central flowline profile (solid black line in Fig.1) and the simulated (dashed red and green lines) grounding-line positions; (d) the simulated
ice velocity along the central flowline profile. RMSEs between the simulated and observed ice velocity under different parameter
combinations of C1 and Cir in (e) Group 1 and (f) Group 2. The dark red and green lines in panels (a)—(d) represent the mean, and the hatched
area represents the ensemble range, i.e., spread between maximum/minimum values. The vertical black lines on the right side of panel (a)
represent the observed mean value 1 standard deviation (Shepherd et al., 2019). The black lines and shaded areas in panels (a}-and-(b)
represent the observed mean value %1 standard deviation (Shepherd et al., 2019). The gray line represents the simulation result of the model
that ignored ice damage processes and did not integrate satellite-based observations of present-day mass-change rates to constrain the model
initialization (Ctrl experiment), and the blue line represents the simulation result of the model that ignored ice damage processes but
integrated satellite-based observations to constrain the model initialization (Ctrlanat experiment). In panel (c), the dashed light gray and blue
lines represent the initial grounding-line positions for the Ctrl/damage experiments and the Ctrlanat experiment, and the black cross marks
the location of the observed grounding-line position (Gardner et al., 2018).
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Figure 3. Spatial pattern of the grounding-line positions in the TG basin over the historical period 1990-2020 under different damage
intensities. (a) Evolution of the grounding-line positions within the TG basin and (b) an enlarged view of the red box in (a). The light green
and dark green lines represent the experiments with the least and the most grounding-line retreat in Group 1, and also correspond to the
experiments with the lowest and highest damage intensity in Group 1. The red line represents the experiment with the most grounding-line
retreat in Group 2 and also corresponds to the experiment with the highest damage intensity in Group 2 over the historical period 1990-2020.
The dashed black line presents the observed grounding-line position (Gardner et al., 2018). The solid blue and gray lines present simulated
grounding-line positions of the Ctrland: and Ctrl experiments in 2020, respectively. The background image in panel (a) is the observed bedrock
elevation of the TG basin derived from BedMachine v2 data (Morlighem et al., 2020), while the solid black curve indicates the central
flowline profile stemming from the Antarctic surface flowline dataset developed by Liu et al. (2015), spanning 340 km from the inland
grounded ice (Fo) to the calving front. The solid light gray line delineates the TG basin boundary based on Zwally et al. (2015). The dashed
gray and blue lines are the initial grounding-line positions of the Ctrl/damage experiments and the Ctrlanat experiment, respectively.

The incorporation of ice damage induces a notable increase in simulated ice velocity over the historical period (Figs. 2d—2f
and Fig. 4). By 2020, the mean RMSEs (rRMSEs) of simulated ice velocities in Group 1 and Group 2 simulations are 241 +
102 ma? (1.6) and 435 247 m a’* (1.9) for the whole basin, and 995 £417 m a* (1.2) and 1665 880 m a™* (1.5) for floating
ice only. For comparison, the RMSEs (rRMSEs) between observed and simulated ice velocities in the Ctrlgng: and Ctrl
experiments are 181 m a* (1.5) and 191 m a’* (1.58) for the whole basin, and 753 m a* (0.97) and 745 m a1 (0.92) for floating
ice only. This suggests that the parameter values enabling a reasonable reproduction of the observed ice mass loss in the TG
basin (i.e., the ensemble of Group 1) also allow for a reasonable representation of ice velocity, whereas those in Group 2 lead
to significantly larger discrepancies (Fig. 2d). Among all Group 1 simulations, the lowest RMSE between observed and
simulated ice velocity occurs when C; and Cy are set to 0.23 and 0.26, respectively (Figs. 4a—d). Along the central flowline,

ignoring damage largely underestimates the ice flow speeds that are currently observed (Fig. 2d).
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simulation results. The Ctrlanat and Ctrl are the two simulation experiments of the model with deactivated damage processes (see Sect. 2 for
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observed ice thickness. (d), (h) and (I) show the comparison between simulated and observed ice velocities at each grid cell in the TG basin,
with blue and red dots representing the grid cells of grounded ice and floating ice, respectively. In all maps, the dashed black lines are the
observed grounding line (Gardner et al., 2018), the solid lines are the simulated grounding lines, and the light gray line is the basin boundary
of the TG basin derived from Zwally et al. (2015). The solid black curve in (a) is the central flowline profile stemming from the Antarctic
290 surface flowline dataset developed by Liu et al. (2015).
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The evolution of the vertically averaged ice damage pattern for different ensemble members is shown in Figure 5. Overall,
we reproduce a widespread distribution of damage within the ice shelves of the TG basin, with lower values close to the
grounding line (e.g., ranging from 0.07 for lower damage intensity to 0.24 for higher damage intensity by 2020, Figs. 5e—g)
and in confined regions of the shelf. The damage fraction increases towards the ice shelf front (Fig. 5), reflecting the formation
of fractures in the upstream regions — such as near the grounding line and shear margins — and their subsequent advection with
ice flow. On grounded ice, damage remains low, with values generally below 0.01 across most regions. This can be attributed
to the combined effects of low viscous stress and ice overburden counteracting basal crevasse formation (Sun et al., 2017). For
comparison, Figure 5a presents the distribution of crevasses observed across the ice shelves of the TG basin, derived from
Landsat-8 satellite images taken in December 2020. Our vertically averaged ice damage patterns tend to overestimate damage
on the Dotson ice shelf, suggesting the need for a threshold stress parameter to better capture damage initiation. In contrast,
ice fracture is underestimated in the Thwaites Western Glacier Tongue, likely due to the stabilizing influence of the Northwest
pinning point (Surawy-Stepney et al., 2023).
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Figure 5. Damage distribution in the TG basin. (a) Observed crevasse distributions across the ice shelves of the TG basin, based on Landsat-
8 satellite images acquired in December 2020. Vertically averaged damage fields (i.e., d(x, y)/h(x, y)) in the year 2000 and 2020 of the
low damage intensity of Group 1 (G1) are shown in (b) and (e); the high damage intensity of G1 in (c) and (f); and the high damage intensity
of Group 2 (G2) in (d) and (g). The dashed black line is the observed grounding line (Gardner et al., 2018). The light gray line is the basin
boundary of the TG basin derived from Zwally et al. (2015). The dashed gray and blue lines present the initial grounding-line positions of
the Ctrl/damage experiments and the Ctrlanat €xperiment, respectively.

3.2 Effects of ice damage on the future evolution of Thwaites Glacier

Extending simulations to the year 2300 under constant present-day climate conditions reveals that accounting for ice damage
leads to higher ice velocity, reduced upstream ice thickness, accelerated grounding-line retreat, and greater ice mass loss
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compared to simulations that neglect damage processes (Figs. 6 and 7). While both G1 simulations and the Ctrlgng: experiment
reproduce historical mass change trends consistent with observations, they begin to diverge after approximately 15 years,
around 2035. The increasing mass loss in G1 simulations suggests a positive feedback between damage processes and ice-
shelf weakening in the TG basin. Ice-shelf thinning and weakening, reproduced in both experiments over the historical period
(Figs. 4c and 4g), lead to increased ice velocity and decreased upstream ice thickness. In G1 simulations, this further stimulates
damage formation and propagation, amplifying mass loss. Although reduced ice thickness could decrease the driving stress,
potentially limiting damage formation, our model damage primarily depends on strain rates, which increase in thinning ice
shelves as buttressing is reduced.
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Figure 6. Evolution of (a) the simulated contribution to sea level, (b) the change in grounded ice area, and (c) the net mass balance of the
TG basin over the projection period 2020-2300 under constant present-day conditions. Note that the net mass balance does not correspond
to the sum of all mass balance components (i.e., surface mass balance, sub-shelf melt, and calving fluxes); instead, it accounts for changes
in the volume above flotation, which can be interpreted as the rate of mass change contributing to sea-level rise. In all panels, the solid line
represents the mean, and the hatched area represents the ensemble standard deviation. The dashed black rectangular insets in each panel
show the evolution of the simulation results with a focus on the period 2020-2100.
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Figure 7. (a) Spatial evolution of grounding-line position. Evolution of (b) ice geometry, (c) ice velocity, and (d) ice thickness along the
central flowline profile (black curve in (a)) in TG by 2300. The light green (red) and dark green (red) lines in panels (a) and (b) represent
the experiments with the least and the most retreat of the grounding line in Group 1 (Group 2), respectively, which also correspond to the
experiments with the lowest and highest damage intensity in Group 1 (Group 2). The background image in panel (a) is the observed bedrock
elevation of the TG basin derived from BedMachine v2 data (Morlighem et al., 2020), and the basin boundary is derived from Zwally et al.
(2015). In panel (b), the dashed light gray and blue lines are the initial grounding-line positions of the Ctrl/damage experiments and the
Ctrlanat experiment, and the black cross marks the location of the observed grounding line position (Gardner et al., 2018). In panels (c) and
(d), the solid line represents the mean and the hatched area represents the ensemble standard deviation. The light gray and blue lines in panel
(d) are the initial ice thickness along the central flowline profile of the Ctrl/damage experiments and the Ctrlangt experiment, respectively.
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By 2300, the simulated mean ice mass loss in Group 1 reaches 5.5 3.3 cm sea-level equivalent — 5 times higher than in the
Ctrl simulations (1 cm) and more than twice that of the Ctrlang: (2 cm) experiments (Fig. 6a). Along the central flowline profile
of TG (black line in Figs. 1 and 7a), the mean ice velocity in Group 1 increases from 259 +142 m a* for the grounded ice
sheet (Fo) to 3468 +986 m a* at the ice front, where it is more than twice the control simulations (Fig. 7c). Compared to the
simulated initial ice thickness (light gray line in Fig. 7d), the average thinning along the central flowline profile in Group 1 is
approximately 267 m, more than five times greater than the control simulations (Fig. 7d). As a result, the grounding line retreats
further inland along a retrograde-slope bed (Figs. 7a and 7b), suggesting that the retreat may be driven by marine ice sheet
instability mechanisms once the ice shelf becomes weak enough. In the case of a G1 ensemble member with high damage
intensity, the grounding line retreats up to about 102 km along the central flowline profile (dark green lines in Figs. 7a and 7b),
compared to the simulated initial grounding line (dashed light gray line in Fig. 7b). In contrast, in the control simulations, the
grounding line remains on a bedrock ridge, limiting sustained retreat and thus enhancing stability. Ensemble members with
lower damage intensities (light red and green lines in Figs. 7a and 7b) also show less retreat compared to the initial grounding
line position. However, even these cases exhibit noticeable retreat across the TG basin, particularly in the upstream glacier
area of TEIS.

In Group 2 (high damage intensity members, Table 1), 18 out of 27 simulations resulted in model failure before 2300 (dashed
dark red lines in Fig. 8a). Since the Thwaites Glacier drainage basin boundaries remain fixed, the model encounters numerical
instability and eventually stops when the grounding line approaches these boundaries. This numerical failure is thus linked to
basin collapse and arises from both numerical and physical instabilities. These 18 members are labeled G2 (Fig. 8 and
supplementary Table S1). Trends shown for G2 in Figures 6 and 7 are hence based only on the remaining 9 members. For
these 9 members, the simulated mean ice mass loss reaches 1.5 cm sea-level equivalent by 2100, and 7.7 cm by 2300. In
comparison, the 18 members from G2 show an average ice mass loss of 7.1 £2.8 cm by 2100 (dark red line and hatched
area in Fig. 8b), which is 7 times higher than the Group 1 mean. In the most extreme case, the grounding line retreats 128 km
inland from its 2020 position along the central flowline profile within just 80 years (dark red line in Fig. 9), with an annual
retreat rate 3 times higher than the most extreme case in Group 2 (light red line in Fig. 9) and 5 times higher than that in Group
1 (dark green line in Figs. 7a and 7b). By 2100, it reaches a retrograde-slope bed along the central flowline, suggesting a high

potential for further inland retreat driven by marine ice sheet instability mechanisms.
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Figure 8. Evolution of the contribution of ice mass loss to sea level of the TG basin over (a) the projection period 2020-2300 and (b) with
a focus on the period 2020-2100 under constant present-day conditions. The dashed red lines in panel (a) represent experiments with higher
damage intensities that led to a model failure before 2300 and were grouped into Group 2 extreme experiments (G2ext). The solid line
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Figure 9. (a) Damage field, (b) ice thickness change, and (c) ice geometry along the central flowline profile of the simulation with the highest
damage intensity in G2ext in the year 2100. The solid dark (light) red lines represent the spatial pattern of the simulated grounding-line
position and the ice geometry along the central flowline profile of the simulation with the highest damage intensity in G2ext (G2) in the year
2100 (2300). In panels (a) and (b), the dashed black line presents the observed grounding-line position (Gardner et al., 2018); the solid blue
and gray lines present simulated grounding-line positions of the Ctrlana: and Ctrl experiments in 2300; the dashed gray and blue lines are the
initial grounding-line positions of the Ctrl/damage experiments and the Ctrlanat experiment; the solid light gray line is the TG basin boundary
derived from Zwally et al. (2015). In panel (c), the dashed light gray and blue lines are the initial grounding-line positions of the Ctrl/damage
experiments and the Ctrlanat experiment, and the black cross marks the location of the observed grounding line position (Gardner et al., 2018).
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Figure 10 shows the evolution of ice damage fields over time. Similar to the historical period (Fig. 5), the vertically averaged
damage (D = d/h) fields in the ice shelf region of the Thwaites Glacier follow a pattern of increase from the grounded glacier
toward the front of the ice shelf (Fig. 10). Near the grounding line, the damage fraction remains relatively low, ranging from
0.07 in lower-damage simulations to 0.3 in higher-damage simulations. As damage-is-advected-with-the-ice flows toward the
front, damage increases due to the combined effects of advection and local damage nucleation driven by increased strain rates.

this-Damage fractions increases-toward-the-ice-frontreachingrange from 0.3 in lower-damage cases to 0.7 in higher-damage
cases, with particularly high damage concentrated in the shear zone. In the simulation with the highest damage intensity in

G2y, the damage fraction increased from 0.4 at the grounding-line position to 0.7 at the ice front and shear margin of the TG
basin in the year 2100 (Fig. 9a). For almost all simulations, the high damage reproduced in the Dotson-Crosson area during
the historical period (Fig. 5) seems to have contributed to a collapse of these ice shelves. Overall, while the buttressing effect
of Thwaites Glacier’s ice shelf on the upstream grounded ice may be limited (Gudmundsson et al., 2023), our results suggest
that damage formation — primarily confined to the floating ice shelf — significantly affects the upstream grounded ice and has

the potential to trigger substantial grounding line retreat in the future.
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Figure 10. Vertically averaged damage fields in the year 2100 and 2300 under varying damage intensities, and the resulting ice thickness
change. Simulation results of the low damage intensity of Group 1 (G1) are shown in panels (a)—(d); the high damage intensity of G1 in
panels (e)—(h); and the high damage intensity of Group 2 (G2) in panels (i)—(I). The dashed black lines present the observed grounding-line
position (Gardner et al., 2018). The solid blue and gray lines present simulated grounding-line positions of the Ctrlanat and the Ctrl
experiments in 2300. The dashed gray and blue lines are the initial grounding-line positions of the Ctrl/damage experiments and the Ctrlandt
experiment. The solid light gray line is the TG basin boundary derived from Zwally et al. (2015)._The positive thickness change observed
ahead of the ice shelves is caused by the advance of the calving front, which results from increased ice velocity under higher-damage
scenarios.
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4 Discussion

Previous prognostic applications of damage models have been limited to idealized geometries, such as MISMIP+. Here, we
couple the Kori-ULB ice flow model with a continuum damage mechanics framework (Sun et al., 2017) and apply it to the
Thwaites Glacier basin under constant present-day climate conditions. We perform a 43-member ensemble of simulations with
varying ice damage intensities and compare the results to simulations that neglect ice damage processes. When calibrated
against historical satellite-derived estimates of ice mass loss from the basin, a subset of 16 ensemble members (Group 1)
successfully reproduces observed ice mass loss within twice the observational uncertainty. In contrast, the control simulation
without ice damage processes significantly underestimates past ice mass change. This bias can be compensated by artificially
adjusting the initial state to match observed ice mass-change rates. In this adjusted experiment (Ctrlanat), the non-damage model
reproduces the observed 2020 ice geometry, mass loss, and ice velocity comparably to the damage-inclusive model. However,
mass loss projections for 2020-2300 in the Ctrlang: experiment diverge significantly from those that explicitly represent ice
damage processes. Specifically, simulations accounting for ice damage predict more than twice the ice mass loss, higher mean
ice velocity along the central flowline profile, and greater inland retreat of the grounding line (Figs. 6 and 7). This suggests a
positive feedback between damage processes and ice-shelf weakening in the TG basin. Overall, our results show that increasing
damage intensity leads to higher ice velocities, accelerated glacier retreat and greater ice mass loss, underlining the importance
of accounting for damage feedbacks in ice-sheet projections.

However, it is important to acknowledge that the application of prognostic modeling to assess the impact of ice damage on
the dynamic evolution of ice shelves remains very preliminary. Comparison between simulated vertically integrated damage
fields over the historical period and observed crevasse distributions shows inconsistencies, with damage projections not
consistently matching observed patterns (Fig. 5). Our approach has the benefit of using a physical approach to infer crevasse
formation. However, direct comparison with observation remains challenging, since the damage field is highly variable and
corresponds to a particular time moment. Our results are highly dependent on the forcing and model uncertainties, which
makes a direct comparison unfeasible. Moreover, modeled damage patterns are highly variable across ensemble members.
These discrepancies may be explained by the limitations of the damage model. For example, our approach does not account
for all mechanisms of damage healing, which may result in an overestimation of damage (Sun et al., 2017). In reality, crevasse
healing can occur when shear stress along the flow path decreases notably (Wesche et al., 2013; Benn and Astrém, 2018), and
dense crevasses near the grounding zone may heal during their advection towards the calving front. However, studies on the
process of ice healing are still scarce due to the challenges of monitoring and quantifying this process (Albrecht and Levermann,
2012). Additionally, a vertically-integrated model may not be appropriate for accurately representing crevasse formation
mechanisms. The application of threshold stress for damage initiation as well as mechanisms of crevasse healing, such as the
accretion of marine ice within basal crevasses, should be explored (Sun et al., 2017). The lack of representation of plastic
necking (Bassis and Ma, 2015) also introduces uncertainties in our results. While the comparison of modeled, vertically

integrated damage fields with snapshots of surface crevasses is not straightforward, these discrepancies underline the need for
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further validation and calibration of the damage model. Instead of solely relying on ice sheet mass loss data, future efforts

should incorporate observational datasets of crevasse distributions. A critical limitation remains the lack of direct observations

of basal crevasses and the uncertainty in quantifying firn layer structure, both of which hinder accurate representation of

damage processes. Recent studies suggest that basal crevasses may play a dominant role in damage evolution, particularly in

the absence of surface hydrofracture (Huth et al., 2023), while firn properties can also influence crevasse penetration depth in

ice shelves (Clayton et al., 2024). Therefore, future efforts should also prioritize high-resolution, basin- or ice-shelf-scale

process modeling—such as phase-field fracture models—to better understand and represent the evolution of basal crevasses.

This study focuses specifically on damage and its influence on ice-sheet stability but ignores the potential effects of

hydrofracturing and marine ice-cliff instability (MICI). Previous studies have shown that hydrofracturing resulting from
surface melting plays a crucial role in ice-shelf disintegration (Bassis and Walker, 2012; DeConto and Pollard, 2016; Bassis
etal., 2021; Laffin et al., 2022). Pollard et al. (2015) found that the combined mechanisms of MISI, hydrofracturing and MICI
can drastically accelerate the collapse of the West Antarctic Ice Sheet, potentially within decades, under a Pliocene-like
warming scenario. Similar to Sun et al. (2017), the CDM framework used in the present study only considers dry crevasses
and hence ignores hydrofracturing. This may result in an underestimation of ice velocity and ice mass loss from the TG basin
in our simulations. However, recent studies suggest that Thwaites Glacier may be less vulnerable to MICI than previously
thought. Instead, the intrusion of warm seawater or ice-sheet surface melt could substantially enhance the response of marine
ice sheets to climate change by increasing melting and slipperiness (Morlighem et al., 2024; Robel, 2024). This increased
melting can, in turn, lead to substantial ice damage. Our results suggest that ice damage could be a key driver of Thwaites
Glacier’s rapid-ice loss, offering an alternative explanation to previous hypotheses.

Our study focuses exclusively on the sensitivity of ice dynamics (e.g., grounding-line retreat, ice velocity, and ice thickness)
and ice mass change in the TG basin to damage intensity. It should be noted that these findings may not hold true in other
basins in Antarctica. Further simulations across various glaciers and ice shelves are needed to assess the robustness of ice-
sheet models incorporating ice damage processes. It is also important to investigate the impact of ice damage on the evolution

of the AIS under different climate change scenarios (Seroussi et al., 2020). In our forward simulations, present-day atmospheric

and oceanic forcing are applied, rather than projections based on future climate scenarios. Our results show that, under extreme

damage scenarios, the sea-level contribution (SLC) from Thwaites Glacier increases from 1cm (without damage) to

approximately 18 cm by 2200 (Fig. 8a). indicating that damage alone can substantially accelerate mass loss leading to collapse.

This suggests that the combined effects of ice damage and future climate changes could further enhance mass loss from

Thwaites Glacier, reinforcing its potential role as a major contributor to future sea-level rise. A comprehensive understanding
of these processes is key for improving projections of the future evolution of the AIS and its contribution to global sea-level

rise under climate change.
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5 Conclusion

In this study, we performed a comprehensive analysis of the response of the Thwaites Glacier to varying intensities of ice
damage using the Kori-ULB ice-sheet model coupled with a continuum damage mechanics model. By calibrating our
simulations with satellite-based observations, we show that explicitly representing ice damage processes improves the model’s
ability to capture the observed ice mass change in the TG basin compared to the default model without damage. Even when
starting from a present-day state artificially adjusted to match observed ice mass-change rates, projections of Thwaites Glacier
that neglect ice damage diverge significantly from those that include it, suggesting a positive feedback between damage
processes and ice-shelf weakening in the TG basin. Overall, our results demonstrate that an increase inincreasing damage
intensity results in higher ice velocities, accelerated glacier retreat and greater ice mass loss, emphasizing the importance of
accounting for damage feedbacks in ice-sheet projections. This study highlights the need for further research on ice damage

processes (e.q., to improve understanding and representation of basal crevasse evolution) to improve projections of the future

evolution of the Antarctic ice sheet under climate change.
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