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Ice‑sheet models require explicit knowledge of the
underlying bed. However, much remains unknown
regarding the subglacial environment owing to diffi‑
culties associated with measuring it. Extensive radar
surveys have been conducted across Antarctica, but
the requirement of full‑coverage bed topography for
models necessitates interpolation over gaps between
existing observations, which often span kilometres
or more. Advances in modelling capabilities now
allow for the application of dynamic coupling between
subglacial hydrology and ice dynamics in models of
Antarctica. While a bed resolution of approximately
1 km is recommended for modelling Antarctic ice
dynamics, it has been suggested that finer spatial
resolutions are necessary to resolve subglacial water
flow. We use a coupled model configuration to
generate projections of glacier evolution, including the
subglacial hydrologic system, for Thwaites Glacier,
West Antarctica, initiated with several different bed
topographies.We find that the specific bed topography
has a first‑order control on accumulated mass loss,
but that final sea‑level rise does not scale with
bed resolution. We also find that coupling between
subglacial hydrology and ice dynamics results in faster
mass loss. Our results underscore the importance of
continued high‑resolution topography mapping and
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suggest that current projections may underestimate uncertainty linked to unresolved bed
features.
This article is part of the Theo Murphy meeting issue ‘Next generation ice‑sheet bed

measurements’.

1. Introduction
Bed topography exerts a critical control on glacier and ice‑sheet dynamics by governing ice flow
[1,2] and grounding line behaviour [3,4]. High‑resolution bed topography data reveal complex
subglacial landscapes, including narrow troughs, overdeepenings and pinning points, which
strongly influence the dynamic response of marine‑terminating glaciers to ocean thermal forcing
[5]. However, full‑coverage bed maps of Antarctica still contain many regions that rely on inter‑
polation between data that exceed 50 km between survey lines, limiting the accuracy of model
projections of future ice‑sheet behaviour in less constrained regions [6,7].

Grounding line migration is highly dependent on bed features that may be unresolved in
coarser datasets [8]. Retreat past a stable grounding line position can initiate marine ice‑sheet
instability, a self‑reinforcing, positive feedback wherein initial grounding line retreat on to a ret‑
rograde slope can destabilize marine ice sheets [9,10]. The initial retreat results in thicker ice at
the grounding line, affecting ice flux across the grounding line, which is highly dependent on ice
thickness [11]. This induces faster ice flow and thinning, which then amplifies the initial retreat.
However, even relatively small features in the bed can help to stabilize the glacier, slow down re‑
treat and potentially prevent extensivemass loss. Elevated bed featuresmay act as pinning points,
stabilizing the grounding line [12]. Even small‑scale roughness in the bed topography is associated
with variation in ice flow behaviour attributed to increased basal friction [13]. Additional uncer‑
tainties about the physical properties of the bed and the interactions of physical systems at the
critical ice–bed interface compound the uncertainties associated with existing basal topography
datasets in model outputs.

Subglacial hydrology in Antarctica plays an important role in modulating ice flow dynamics
by influencing basal sliding and the distribution of subglacial discharge across the grounding line
[2,14]. Meltwater at the ice–bed interface generated by geothermal and frictional heating forms a
dynamic drainage system linking distributed cavities of meltwater to a channelized network of
subglacial rivers [15,16]. Distributed meltwater at the bed reduces effective pressure, the balance
between ice overburden pressure and basal water pressure, facilitating ice flow, particularly in
fast‑flowing ice streams and outlet glaciers [17]. The spatial and temporal variability of subglacial
water routing can lead to changes in ice flow behaviours, including ice stream switching and
surge‑like activity. Recent work has also indicated that subglacial hydrology can directly influ‑
ence glacier stability and evolution: subglacial discharge can accelerate grounding line retreat
and mass loss [18], while basal water may facilitate seawater intrusion kilometres upstream, in‑
creasing basal melt rates in the grounding zone [19]. Previous modelling has shown extensive
networks of subglacial channels below many of the Antarctic ice streams [20–22]. Moreover, ac‑
tive subglacial lakes and episodic drainage events have been observed beneath the Antarctic Ice
Sheet, demonstrating that the subglacial hydrology system is highly dynamic despite the lack of
surface meltwater input to the bed [23,24]. Understanding and accurately representing subglacial
hydrology is therefore essential for improving projections of ice‑sheet behaviour and its contri‑
bution to sea‑level rise. Despite this, most ice dynamic models utilize simplified parametrizations
of the subglacial pressure system to drive basal friction calculations (e.g. [25]). However, recent
efforts to include more realistic subglacial hydrology in ice dynamic modelling of Greenland [26–
29] and Antarctica [18,30,31] have demonstrated that the basal parametrizations play a key role
in altering ice dynamic behaviour.
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Figure 1. (a) Outline of the Antarctic Ice Sheet with our model domain shown in black. (b) Bed topography from BedMachine
Antarctica v. 3 [6], with boxes indicatingmap extent for figure 2 and 4 (purple box) and figure 5 (blue box). The flowline used in
figure 4 is shown in black (dashed line). Change in bed topography elevation for (c) the high-resolution 100m bed topography
and (d) the low-resolution 5 km bed topography variation. The red line in (b–d) indicates the grounding line location obtained
from assumed hydrostatic equilibrium based on BedMachine ice geometry.

Thwaites Glacier, West Antarctica, is the widest glacier on Earth, with a 120 km grounding
line [32] and has an ice velocity of over 2000 m a−1 [33]. Observations of rapid change of Thwaites
over recent years have included thinning [34,35], ice acceleration [36,37] and rapid grounding
line retreat [38,39]. A total collapse of Thwaites could raise sea levels by 65 cm [6] and destabilize
the West Antarctic Ice Sheet [40], which, in conjunction with the observed changes, has made the
glacier a focal point of study over recent years. Observations of subglacial hydrology are difficult
to obtain and are limited or non‑existent for many Antarctic glaciers. However, extensive radar
surveys of Thwaites provide evidence of an active subglacial hydrological system that influences
the dynamics of the glacier. Large and connected active subglacial lakes were identified after a
drainage event in 2014 [41]. Recently, 27 additional active subglacial lakes were discovered [42].
Both of these studies note a change in velocity near the grounding line following lake drainage
events, but do not conclusively link the two. However, the additional water released during these
drainage events coincides with a near doubling of basal melt rates, which led to thinning at the
grounding line and retreat [43], indicating that changes to the subglacial hydrologic system may
trigger changes in the glacier dynamics.

Here, we examine how bed topography resolution influences modelled ice dynamics and sea‑
level contributions for Thwaites over the next several centuries, using several representations of
the subglacial hydrological system. We project ice mass change to the year 2300 and analyse
the effect of using bed topographies of varying spatial resolutions to represent the subglacial
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environment. We discuss implications for sea‑level rise projections both from topographical
representations and from applying coupling between the hydrology and ice dynamic systems.

2. Methodology
To examine potential future evolutions of Thwaites Glacier, we use the Ice‑sheet and Sea‑level
System Model (ISSM; [44]). ISSM is a state‑of‑the‑art numerical model that integrates a range of
physical processes within a finite‑element framework, enabling the use of unstructured meshes
with variable spatial resolution. Our mesh resolution ranges between 125 m close to the ground‑
ing line and 16 km in the slower moving regions of the glacier towards the ice divide (electronic
supplementary material, fig. S1). In regions where the surface velocity is greater than 100 m a−1,
we limit the element size in the mesh to 2.5 km or smaller.

Ice surface elevation, bed topography and ice extent are obtained from BedMachine Antarctica
v3 [6], and the two‑dimensional shelfy‑stream approximation for ice flow [45] is employed. We
initialize the model using inversion methods (e.g. [46]) to establish the initial ice stiffness and the
friction coefficient based on minimizing the misfit between modelled surface velocity and satel‑
lite observations [33]. In all simulations, a regularized Coulomb friction law is employed [47],
and details pertaining to the inversion algorithm can be found in the electronic supplementary
material.

Initially, two models of Thwaites are parametrized for use in our experiments. The first uses
a common approximation of effective pressure employed in ice‑sheet models [25,48–53] where
basal water pressure is calculated under the assumption of perfect connectivity to the ocean:
N= 𝜌igH + 𝜌wgz, where 𝜌i and 𝜌w are the densities of ice and ocean water, respectively, g is the
gravitational constant and H and z correspond to ice thickness and bed elevation, respectively
(electronic supplementary material, fig. S2a). This approximation assumes that, for a basal envi‑
ronment that is well connected to the ocean everywhere, water pressure can be calculated based
on bed elevation relative to sea level alone, without consideration of meltwater sources or water
flow in the basal environment [54]. In our second parametrization of Thwaites (electronic supple‑
mentary material, fig. S2b), we apply effective pressure from steady‑state, present‑day subglacial
hydrology modelling of the Antarctic Ice Sheet [55]. Friction inversions are conducted for both
effective pressure fields (see electronic supplementary material, fig. S4), and subsequent model
initialization steps are conducted in parallel for the two model versions, i.e. one model initialized
using effective pressure from the perfect ocean connectivity (POC) assumption (N_POC) and the
other using modelled effective pressure (N_modelled).

We next extrude both models into three dimensions and use ISSM’s thermal module to solve
for steady‑state ice temperature and basal melt rates of grounded ice (see electronic supplemen‑
tary material, fig. S5) following established methodology [51,56]. Basal temperature is used to
calculate ice rheology factor B at the base of the ice following the temperature–ice viscosity rela‑
tionship [54]. We use the vertically integrated ice temperature to calculate the rheology factor B
in the collapsed two‑dimensional shallow‑shelf approximation model (electronic supplementary
material, fig. S6). Rheology calculated from the thermal model ice temperature results replaces
the initial field calculated from the inversions. Basal rheology and grounded ice melt rates are
both fields utilized by the subglacial hydrology model, while ISSM requires the vertically inte‑
grated temperature and rheology fields to calculate ice dynamics in the two‑dimensional mass
balance and stress balance equations. The final model is not thermomechanically coupled, as the
glacier drainage system (GlaDS) cannot yet be used in conjunction with the higher‑order model
in a coupled framework. Instead, we use the thermal model results as static inputs.

(a) Climate forcing data
Weuse climate and ocean forcing generated from theCommunity Earth SystemModel (CESM2) to
force our transientmodel simulations to the year 2300 (electronic supplementarymaterial, fig. S7).

Downloaded from http://royalsocietypublishing.org/rsta/article-pdf/doi/10.1098/rsta.2024.0545/6134294/rsta.2024.0545.pdf
by guest
on 29 April 2026



5

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A

384:
20240545

.........................................................................................................................

These datasets were processed for use in the Ice Sheet Model Intercomparison Project for CMIP6
(ISMIP6; [57]), andwe chose one high‑emissions futurewarming scenario to drive ourmodels: SSP
5‑8.5. Antarctica is relatively stable under low‑emissions scenarios in many of the ISMIP6 model
simulations, with somemodels in the ensemble showing an accumulative gain inmass by the year
2300. ISMIP6 results for scenario SSP 5‑8.5 show a stable grounding line at Thwaites that remains
near its present‑day position for half of the contributing models by the end of the projection in
year 2300 [58]. We choose to use the high‑emissions scenario in our experiments specifically be‑
causewe are interested in examining differences in potential retreat behaviour thatmay be caused
by specific choices made during model initialization regarding how to represent the basal envi‑
ronment. The high‑emissions scenario is more likely to initiate retreat and mass loss, and larger
perturbations in the forcing data may magnify changes owing to differences in the model initial‑
ization. For atmospheric forcing, we apply surface mass balance (SMB) anomalies, with respect to
the 1995–2014 reference period, obtained from the CESM2 dataset. SMB anomalies are added to
a higher‑resolution dataset of present‑day SMB obtained from the regional atmospheric climate
model (RACMO2.3; [59]).

Ocean‑driven melt rates for floating ice are calculated using PICOP [60], which combines the
two‑dimensional box model PICO [61] and a buoyant plumemelt parametrization [62]. PICO cal‑
culates sub‑ice shelf melt rates based on vertical overturning within the ice shelf cavity and the
lateral transport of heat and salt. The buoyant plume parametrization adds the effect of ground‑
ing line depth and the local slope of the ice shelf base into the melt rate calculation. PICOP is
forced by basin‑averaged, far‑field ocean temperature and salinity. PICOPwas chosen for our ex‑
periments owing to its fast computational time and its ability to generally reproduce the spatial
pattern in ice shelf melt rates calculated from satellite observations in this region [60]. We use an
overturning strength coefficient of 106 m3 s−1 and turbulent temperature exchange velocity (𝛾T)
of 2×10−5 ms−1, which are tuned to produce a good match to satellite‑derived ice shelf melt rates
[63,64], without initiating extensive grounding line retreat past observed positions in recent years
[39] during a 15 year model relaxation period. Initial ice shelf melt rates can be seen in electronic
supplementary material, fig. S8.

(b) Variation of bed topography resolution
Bed topographies of varying spatial resolution are obtained bymanipulating BedMachineAntarc‑
tica data. We compare model outputs obtained with the original dataset [6], which has a 500 m
spatial resolution, to simulations initiatedwith a high‑ and low‑resolution variation of the original
dataset. We reduce BedMachine data to a 5 km spatial resolution to generate the low‑resolution
variation simply by subsampling the original dataset. To generate a high‑resolution dataset, we
first interpolate between data points to a grid with 100 m spacing using a cubic interpolation
function. Then, to incorporate additional roughness that might be resolved from high‑resolution
bed topography data, we add randomly generated noise to the interpolated data sampled from
a normal distribution centred at 0 m and with a standard deviation of 50 m, which we choose
based on the accuracy of the original dataset. The mass conservation method used to interpolate
ice thickness in BedMachine has a vertical accuracy of 30–60 m; however, local errors greater than
200 mmay be present in poorly constrained regions where limited topography data are available
[6]. The noise added to our interpolated high‑resolution bed topography is within±100m for 95%
of data points, which is reasonable.

In this synthetic high‑resolution bed topography data, we mask the non‑interpolated points,
adding no additional noise to the points corresponding to the original dataset. As such, if we
were to subsample the generated 100 m resolution bed data to a 500 m resolution at the correct x–
y coordinates, we would obtain the original bed topography dataset from BedMachine precisely.
The model domain and mesh are equivalent for all model simulations, so the variation in bed
topography seen by the model is specifically due to the interpolation of datasets with different
resolution.
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(c) Subglacial hydrology modelling
Wemodel the steady‑state subglacial hydrological system for each of the three bed topographies
using the GlaDS model [65]. GlaDS calculates the flow of water through the basal environment
based on the hydraulic potential gradient, incorporating both distributed and channelized sub‑
glacial water flow. We set a zero‑flux boundary condition along the edges of the model domain.
The outflow boundary for the subglacial hydrology model is at the grounding line, where we de‑
fine the hydraulic potential to be zero under the assumption of hydrostatic equilibrium of the ice
shelf [26].We runGlaDS until convergence criteria aremet for both the subglacial water depth (𝛥h
< 10−6mfor 99%of nodes between three‑month saved outputs) and the channelized discharge (𝛥S
<10−5 m3 s−1). These conditions are met for all three simulations by model year 100. We choose a
channel conductivity of 10−3 m7/4 kg−1/2 and a sheet conductivity of 5.0 × 10−2 m3/2 kg−1/2 [55,66].
Steady‑state simulations are run for each of the three bed topographies using an adaptive time
step determined by the Courant–Friedrichs–Lewy condition, which is calculated for subglacial
hydrology based on the minimum time required for basal water to flow through any element in
the domain, and ranges between 45 min early on in the simulation to more than 6 h once steady
state is reached.

Synchronous coupling between subglacial hydrology and ice dynamics is utilized for three of
our nine projections of Thwaites Glacier evolution, wherein both subglacial hydrology and ice dy‑
namics freely evolve throughout the 285 year transient simulations. In this modelling framework,
coupling occurs via basal friction as the dynamic link between the different physical mechanisms.
GlaDS, initialized with ice velocity and geometry, calculates effective pressure from the distribu‑
tion of water throughout the distributed and channelized hydraulic systems (seeWerder et al. [65]
for full model description). Effective pressure is used in the Schoof friction law to calculate basal
shear stress, 𝜏b, which is then applied in the stress balance equations to calculate new ice geom‑
etry and velocity. These updated fields are fed back to GlaDS, which computes changes to the
distribution of water within the subglacial environment and resulting effective pressure based on
the evolving ice dynamics. We currently run all modules at a 6 h time step during transient simu‑
lations. In this coupling framework, we ignore changes to basal melt below grounded ice, which
remains constant throughout our simulations. For projections using the coupled model frame‑
work, the outflow location becomes a moving boundary and is automatically updated as the ice
geometry evolves and the grounding line retreats. A hydraulic potential of zero is imposed for all
floating ice, and below grounded ice, the hydraulic potential freely evolves, driven by changes in
the ice geometry and velocity.

A full list of model parameters utilized in the subglacial hydrology simulations can be viewed
in electronic supplementary material, table S1.

(d) Model relaxation and transient runs
We initialize models with six parameter combinations by combining results obtained from the
set of parallel inversion and thermal model steps corresponding to the initial two effective pres‑
sure representations with our three bed topography resolutions. The new effective pressure fields
generated by the steady‑state subglacial hydrology simulations using each of the bed topogra‑
phies replace the initial modelled effective pressure field. The ice front defined by the BedMachine
dataset is held constant across all model simulations, and we do not utilize a calving model. Fur‑
thermore, a minimum ice thickness of 25 m is imposed across the full model domain in the stress
balance equations, and we assume that ice at this threshold is contributing little to the dynamics
of the glacier. These choices help to stabilize the coupled model framework. GlaDS can become
numerically unstable below thin ice, but imposing a minimum ice thickness for grounded ice can
help to avoid convergence issues. Preliminary tests showed that even with a minimum thickness
established, the introduction of a calving law in the coupled model quickly destabilizes GlaDS.
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Thickness‑driven calving laws applied in Antarctica often use a threshold value of 50m or greater
[67,68]. We mask ice that is not more than 25 m thick when plotting model results in figures.

We now run six sets of model relaxations for 15 years under constant climate conditions
corresponding to the year 2015 of our forcing data to obtain the final set of initial conditions.
All simulations lose mass during model relaxations owing to some grounding line retreat and
thinning. Average rates of mass loss during the model relaxations range from 75 to 120 Gt a−1.
Thwaites and the surrounding region have experienced accelerated ice loss in the twenty‑first
century, with a range of values reported for the mass balance of Thwaites in 2015 calculated from
satellite observations. An annual mass balance of −70 ± 19.4 Gt a−1 for the 2013–2017 time pe‑
riod was calculated using the gravimetric mass balance data product [69] for the Thwaites sector
of Antarctica (Antarctic Ice Sheet basin 21 [70]), which is consistent with our modelling domain.
Following relaxation, our models lose mass at a somewhat faster rate with the 5 km bed reso‑
lution models on the high end of that range. We find this to be a reasonable fit to observations.
Final model outputs of ice velocity, geometry and pressure from the relaxations are used to ini‑
tialize the transient simulations for the future ice evolution of Thwaites. At this point, we turn on
the coupling mechanism between subglacial hydrology and ice dynamics for an additional three
simulations, totalling nine model projections. These runs have the same initial conditions as those
using a constant effective pressure modelled by GlaDS.

3. Results

(a) Steady-state subglacial hydrology
The steady‑state subglacial hydrology results show several subglacial lakes below the main trunk
of Thwaites for all three bed variations (figure 2d–f). These reach a maximum water depth of ap‑
proximately 40 m but are generally on the order of 10 m deep. Maximumwater depth varies with
bed topography. The largest lakes present in all three models correspond with the locations of
active subglacial lakes below Thwaites inferred from CryoSat‑2 altimetry data [41]. We find that
the high‑resolution bed topography produces deeper subglacial lakes than the low‑resolution
bed, with maximum basal water depths of 39.2, 34.2 and 32.8 m for the 100 m, 500 m and 5 km
bed resolutions, respectively. In addition, results using the high‑resolution bed topography show
some small subglacial lakes that are not present in the simulation that uses the low‑resolution
topography (figure 2d,f). These smaller lakes generally correspond with the locations of addi‑
tional subglacial lakes below Thwaites recently identified by re‑evaluation of radar altimeter data
from satellite observations [42]. While the emergence of additional subglacial lakes in our model
simulation using the high‑resolution topography may be an artefact of resampling the bed, it is
encouraging that the results are generally consistent with observations.

There is one large subglacial channel modelled in the domain, located below the fastest por‑
tion of the glacier (figure 2a–c). The shape and location of the channel are consistent across all
three bed resolutions. However, we see significantly more small branches feeding into the main
channel with the higher bed resolution. Themagnitude of channelized discharge is only 44m3 s−1

in this higher‑resolution run compared with the steady‑state simulation with low‑resolution bed
topography, where we find that the maximum channelized discharge near the grounding line is
nearly 70 m3 s−1. Generally, we see fewer channel segments forming with lower bed resolution,
but those that do form are larger.

(b) Sea-level rise projections
Each of our model simulations results in projected mass loss of Thwaites Glacier over the coming
centuries, ranging from 45.5 to 102.8 mm of sea‑level equivalent (SLE) by the year 2300 (table 1).
The high‑resolution coupled model (Bed_100 m‑N_coupled) produces the largest projected sea‑
level rise from Thwaites across all model simulations. The smallest mass loss across all model
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Figure 2. (a–c) Steady-state results from the subglacial hydrology model GlaDS [65] for the freshwater discharge flux in the
channelized component of the hydrological system overlain on bed topography elevation. Channelized discharge less than 1
m3 s−1 is not displayed. (d–f) Steady-state basal water thickness modelled by GlaDS. Water depths are limited to 10 cm in the
colour map to display the spatial variation of water in the distributed system. Subglacial lakes appear as black outlines.

Table 1. Accumulated projected mass loss of Thwaites Glacier between 2015 and 2300 in SLE (mm) modelled using varying
resolution of bed topography data and three different representations of effective pressure. All modelled effective pressure
fields (N) are obtained from the subglacial hydrology model GlaDS.

simulation label bed
topography
resolution

representation of effective
pressure

projected sea-level rise
(mm)

Bed_100 m-N_POC 100 m constant N, POC 83.24

Bed_100 m-N_modelled 100 m constant N, modelled 87.78

Bed_100 m-N_coupled 100 m evolving N, modelled 102.78

Bed_500 m-N_POC 500 m constant N, POC 45.52

Bed_500 m-N_modelled 500 m constant N, modelled 45.75

Bed_500 m-N_coupled 500 m evolving N, modelled 62.51

Bed_5 km-N_POC 5 km constant N, POC 64.25

Bed_5 km-N_modelled 5 km constant N, modelled 65.30

Bed_5 km-N_coupled 5 km evolving N, modelled 88.62

simulations is from the original BedMachine dataset with constant effective pressure calculated
from the assumption of POC (Bed_500 m‑N_POC). However, the GlaDS constant (non‑coupled)
N simulation using this bed resolution (Bed_500 m‑N_modelled) produces only 0.25 mm more
mass loss in SLE. These two simulations are nearly identical throughout the model runs with
respect to both timing and magnitude of mass loss (figure 3).
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The model simulation with the third smallest mass loss of 62.5 mm SLE is the coupled model
using the original BedMachine topography (Bed_500m‑N_coupled). At this bed resolution, using
a time‑evolving effective pressure that dynamically responds to changes in ice geometry produces
a 36.6% increase in projected sea‑level rise by the year 2300 as compared to using a constant ef‑
fective pressure modelled by GlaDS. Including coupled effective pressure between the subglacial
hydrology and ice dynamics model results in a larger degree of mass loss for all three bed to‑
pographies. We find a 17.1 and 35.7% increase in final projected mass loss caused by coupling
effective pressure for simulations using a 100 m and 5 km bed resolution, respectively.

Initially, simulations using lower‑resolution bed topography showed more mass loss than
those using a higher resolution. During the first half of the simulation runtime, all three models
using the 5 km bed produce more sea‑level rise than either those using the 500 m or 100 m beds
(figure 3a). In themodel year 2150, the two low‑resolutionmodelswith constant effective pressure
(Bed_5 km‑N_POC and Bed_5 km‑N_modelled) seem to temporarily stabilize for approximately
50 years, while the coupled model (Bed_5 km‑N_coupled) continues to lose mass (figure 3b). At
the same time, all three low bed resolution simulations begin losing mass at an accelerated rate.
In the year 2175 (approximately), all three high‑resolution simulations surpass the two constantN
low‑resolution simulations. By the year 2300, the coupled high‑resolution simulation results show
the most mass loss (Bed_100 m‑N_coupled), and the constant effective pressure runs (Bed_100 m‑
N_POC and Bed_100 m‑N_modelled) have nearly caught up to the coupled low‑resolution (Bed
_5 km‑N_coupled) simulation, which had been the fastest to lose mass initially.

(c) Grounding line retreat
An extensive grounding line retreat occurs in all nine simulations. However, the timing of the
retreat and the final extent of retreat both vary depending on the combination of bed resolution
and effective pressure representation.

Figure 4 shows grounding line retreat as periodic snapshots throughout each of the simula‑
tions, both spatially, as shown by the maps in panels (d–l), and as a one‑dimensional distance
along a central flowline in the fastest flowing portion of Thwaites, shown directly below each cor‑
responding map. Ice geometries along the same flowline (see figure 1) are shown as profiles for
each bed topography (figure 4a−c) above the corresponding simulations. By examining the dia‑
mond markers indicating the grounding line location along the flowline in various model years,
indicated by colour, some trends emerge. Initially, in all model simulations, the grounding line
does not retreat rapidly at the location of this particular flowline. We see clustering of the red,
black, yellow and green diamonds in many of the line plots, indicating a locally stable grounding
line or relatively slow retreat between themodel years 2015 to 2150. For simulations using a 100m
bed resolution (figure 3d,g,j), these diamond markers are essentially overlapping, indicating that
the grounding line does not significantly retreat at the location where the flowline was drawn
until after year 2150, regardless of the choice of effective pressure representation. Examining the
maps, we can see that there are portions of the grounding line that do begin to retreat prior to the
year 2150, but large sections of these grounding lines overlap with one another. Once we examine
the flowline retreat rate more closely, we see that decreasing the bed resolution causes increased
spread in the red, black, yellow and green diamonds when comparing along rows, indicating a
relatively faster retreat (e.g. figure 3d–f). In the first half of the model run time, until year 2150,
we have faster grounding line retreat with smoother bed topographies.

Examining the pink and blue diamond markers, we start to see large‑scale and rapid retreat
occurring at different time periods. For example, the blue diamond is in a relatively similar po‑
sition for panels (d) and (g) in figure 3, indicating that by year 2250, retreat to a similar position
has been reached in these two simulations. This can also be seen spatially in the maps. However,
examining the pink diamond, corresponding to the year 2200, we see that in panel (g), it is approx‑
imately 90 m along the flowline, while it is still at approximately 80 m in panel (d). This shows
that although both simulations are undergoing rapid retreat, the retreat rates are not the same
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Figure 3. Projected sea-level rise of Thwaites Glacier from2015 until the year (a) 2100 and (b) 2300 for ninemodel simulations
using various combinations of bed topography resolution and representation of effective pressure, N. The bars to the right of
the y-axis in (b) indicate the final range in sea-level rise grouped by bed resolution (coloured bars) and effective pressure (black
bars). Rate of sea-level rise (c–e) for each of the bed topography resolutions.

and they are not constant. We also see that the coupled model with high bed resolution (panel (j))
is now retreating much faster than either simulation that uses a constant effective pressure field
by year 2250 (panels (d) and (g)).

The onset of rapid grounding line retreat appears to be around the year 2200 for most simu‑
lations. The pink grounding line is visibly retreated inland across a large portion of the domain
shown for each simulation. The notable exception to this is the coupled model using the low‑
resolution bed (Bed_5 km‑N_coupled; panel (l)), which displays extensive retreat by year 2150
(green line).

(d) Changes in ice velocity and glacier geometry
All nine projections of Thwaites show ice acceleration by the end of the model simulations (figure
5). We see velocity increases that exceed 2 km a–1 in every simulation, with some reaching
4 km a–1. The most dramatic acceleration occurs for the simulations using a high bed resolution
and coupled effective pressure (Bed_100 m‑N_coupled; panel (g)). Ice velocity increases much
farther inland for this simulation than for all others. We see a similar pattern in total ice thinning
across the model results as with ice acceleration (electronic supplementary material, fig. S9). One
simulation (Bed_100 m‑N_coupled; panel (g)) shows extensive thinning that exceeds 500 m over
a comparatively large portion of the model domain. Focusing on the portion of the map just to the
left of the 76°S latitude line, we can see that large‑scale ice thinning extends farther inland for all
three model simulations using the high‑resolution bed topography (column one) than for either
the 500 m bed resolution (column two) or the 5 km bed resolution (column three).

We do not allow the ice shelf extent to change in our model simulations, as discussed in §2.
All simulations show extensive thinning of the ice shelf, which is allowed to reach a minimum
thickness of 25 m. Assuming that ice this thin does not substantially affect glacier dynamics and
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Figure 4. Profiles of initial ice geometries for three bed topographies used in model experiments: (a) 100 m, (b) 500 m and
(c) 5 km resolution. (d–l) Modelled grounding line location at various snapshots in time throughout each simulation. Directly
below the map in each panel is a one-dimensional plot showing the grounding line location along the flowline shown in map
panels (dashed black line). The location of the flowline with respect to the larger model domain can be seen in figure 4b. The
500 m bed is the unaltered BedMachine topography [6] and is used as the background plot in maps shown in d–l.

would typically calve off using most, if not all, calving laws, we take the ice thickness threshold
of 25 m to be a proxy for the new ice front. Ice, 25 m thick, is masked out in figure 5 and electronic
supplementary material, fig. S9, which allows for the approximate ice front in the year 2300 to be
visible. The final ice extent is similar across all bed topographies for simulations using constant ef‑
fective pressure (figure 5a–f and electronic supplementary material, fig. S9a−f ). Small differences
in the shape of the ice front are visible in these simulations, but the location of the new ice extent is
very similar. This is particularly prominent in electronic supplementarymaterial, fig. S9. Notably,
these six simulations effectively no longer have an ice shelf in 2300. This is not true for the coupled
model simulations (figure 5g–i and electronic supplementary material, fig. S9g−i). In these three
simulations, the final ice extent is further extended, and a floating shelf is still present in front of
the main trunk of Thwaites Glacier.
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Figure 5. Change in ice velocity (m a−1) at the end of each simulation inmodel year 2300 as compared to satellite observations
of surface velocity [33]. Bed resolution is identified for each column and subglacial hydrology representation is identified for
each row.

4. Discussion

(a) Bed topography
Bed topography is highly influential in determining how the subglacial hydrological system
evolves. Additional bed roughness represented in the higher‑resolution topography results in
more water remaining in the distributed component of the system, as seen in the steady‑state
GlaDS simulations (figure 2). Smoother bed topography seems to promote channelization, per‑
haps fromdecreasing the number of depressions that can trap basal water and removing obstacles
around which water has to flow. Our ability to understand the processes occurring in the basal
environment necessarily depends on the use ofmodels owing to the limited ability to collect direct
measurements of the system and the difficulty associated with properly representing subglacial
systems in laboratories. However, model results are sensitive to input data, as we show here.
The impact that subglacial hydrology has on glacier flow is a key component of ice dynamics
that is largely missing from our understanding of these systems [71]. To properly address this
knowledge gap and ultimately improve the accuracy of sea‑level rise projections, we need high‑
resolution bed data spanning the fast‑flowing region of all the major ice streams and coupled
hydrology and ice dynamic modelling.

Our model results suggest that bed topography exerts a high degree of control on glacier
evolution and is more effective on total mass loss than the representation of effective pressure
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when these variables are considered independently. This can be clearly seen by examining the
coloured bars adjacent to the y‑axis in figure 3. Although one low bed resolution model (Bed_5
km‑N_coupled) projects a particularly high degree ofmass loss, the results are generally clustered
based on the bed resolution utilized, with all three models using the 100 m generated bed topog‑
raphy resulting in more than 80 mm of sea‑level rise. However, there is a compounding effect
between bed topography and time‑evolving effective pressure. Each effective pressure produces
simulations with a large overlapping range of resulting mass loss, as seen by the black bars ad‑
jacent to figure 3b. Within our experiments, the choice of effective pressure representation alone
does not determine the magnitude of mass loss. However, given a specific bed topography, the
coupled model results in a significantly larger ice volume change than either constant effective
pressure field. This illustrates the importance of considering the transient evolution of basal water
in projections of future sea‑level rise.

Comparing the ice geometry profiles (figure 4a–c), we can see an elevated portion of the bed,
75 km along the flowline, where the grounding line is initially stabilized. This region is lowered
by approximately 100 m in the 5 km bed resolution data (figure 4c), creating a smooth plateau‑
like feature in place of the ridge present in the other datasets. In the profiles of the 100 and 500
m bed, this elevated region seems to initially slow down grounding line retreat past this ridge
and into deeper portions of the subglacial basin. Two additional elevated portions of the bed are
visible along this particular flowline at approximately 105 and 120 m along the profile, which
seem to act as pinning points by temporarily stabilizing the grounding line. Eventually, the mag‑
nitude of ocean thermal forcing initiates rapid grounding line retreat in each simulation, and the
ocean warming seems to dominate over all other dynamics at play. This is consistent with results
from other modelling studies. Seroussi et al. [58] found large variability in the timing of retreat
initiation for the Antarctic Ice Sheet among an ISMIP6 model ensemble. However, once initiated,
they found a highly consistent retreat rate across individual model simulations. Among this en‑
semble, retreat under high‑emissions scenarios for Thwaites is initiated in the year 2100 or 2200,
depending on the specific scenario, with a retreat rate of 3.5 km a−1. The authors conclude that the
consistent retreat rate across ice‑sheet models indicates that during phases of fast retreat, retreat
rate is determined by bed topography as opposed to particular model physics. In our results, we
see steeper slopes in accumulated sea‑level rise during the last 100 years of the simulations for the
100 m bed topography (pink curves in figure 2b) compared with the other bed resolutions, which
is consistent with this conclusion.

The magnitude of total mass loss seems dependent on the specific bed topography, although
not necessarily on the bed resolution. Although the high‑resolution bed resulted in the largest vol‑
ume of mass loss, the magnitude of mass loss is not ordered by increasing bed resolution. Results
from the low‑resolution bed topography showed more sea‑level rise than the results obtained
from the original BedMachine dataset. This indicates that it is important to not only consider the
resolution of the bed data but also the specific realization of the bed represented in the model,
as small‑scale differences in topography can produce a model that is significantly more sensitive
to climate forcing. Differences between the 100 and 500 m resolution topographies may actually
be the result of resampling the data rather than from altering the spatial resolution. To properly
tease apart the effect of bed resolution versus the specific realization, it is necessary to run a much
larger ensemble of models. By generating multiple high‑resolution bed topographies with statis‑
tically consistent roughness and sampling these variations at different low resolutions, it would
be possible to definitively address the effect of using high‑resolution bed topography in ice‑sheet
models. Does the high‑resolution bed always retreat at a more rapid rate once retreat is initiated,
or is that specific to this realization of the bed topography? Is there a threshold resolution at which
high‑resolution data do not result in significant differences in modelled ice flow? A large model
ensemblewas outside the scope of thiswork, but our results indicate that the relationship between
modelled ice flow and bed resolution is not straightforward, and a large‑scale investigation of the
effects of small‑scale variation in bed topography would be informative.
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Ice‑sheet projections beyond the year 2100 often use climate forcing from SSP 1‑2.6 and 5‑8.5 as
representative low‑ and high‑emissions scenarios [72–74]. Some studies have included projections
under mid‑emissions scenarios [75–77], but these have not been common enough in the literature
to be included for assessment in the IPCC Sixth Assessment Report [78]. In cases where the goal is
to improve our understanding of ice‑sheet physics, the relative importance of different physical
mechanisms, or to specific parameter choices, it would be highly beneficial to also utilize moder‑
ate emissions scenarios where ocean warming does not reach such large magnitudes as to induce
rapid retreat and mass loss ubiquitously. It is useful and important to run high‑emissions scenar‑
ios in ice‑sheet models, as these are more likely to show us where critical temperature thresholds
are for different glaciers [79]. But it is unsurprising that high‑emissions scenarios with large de‑
grees of ocean warming typically result in extensive retreat and mass loss regardless of other
factors. Results obtained using a smaller degree of ocean thermal forcing may highlight effects
coming from differences in modelling choices, such as parameter values, included physics and
input data, as it is unlikely that models initiated in different ways would be equally sensitive to
smaller perturbations in forcing.

(b) Variations of constant effective pressure
Our results do not show a meaningful difference when using the steady‑state effective pressure
modelled by GlaDS versus the standard approximation based on ice and bed geometries alone.
However, this is inconsistent with results from a recent study that found subglacial water am‑
plifies Antarctic sea‑level rise [80]. The authors used multiple methods to represent basal water,
including a steady‑stateNmodelled by GlaDS andN calculated under the assumption of POC, as
we utilize here. They found that using these representations of effective pressure in sea‑level rise
projections produced different degrees of mass loss, with the POC representation yielding ap‑
proximately 30 cm more sea‑level rise than steady‑state GlaDS across the full Antarctic Ice Sheet
by year 2300. Several factors may explain why our model is less sensitive to spatial variation in
the effective pressure field when this variable is held constant in time. Here, we are only looking
at one drainage basin, and it is possible that the specific geometry of Thwaites is such that the
differences between N_POC and N_modelled are not critical in determining the evolution of the
glacier under this particular warming scenario. We also use a relatively high Iken bound, Cmax=
0.8 [81], in the Schoof friction law, which affects the model’s sensitivity to regions of low effective
pressure, in particular. The accepted range Cmax is 0.17–0.84 [54], and it is generally used as a tun‑
ing parameter in the friction inversionwithin this range. The Iken bound is the ratio of basal shear
stress to effective pressure, 𝜏b∕N, and acts as a limit on 𝜏b in the Coulomb sliding regimewhere ef‑
fective pressure is generally low. In fast‑flowing regions with low effective pressure, 𝜏b ∼CmaxN,
while in the Weertman sliding regime, 𝜏b ∼Cumb , where C is the inverted coefficient in the Schoof
friction law, ub is the sliding velocity and m is the exponent used in the friction law [14,47,82].

In an analysis of sensitivity to friction law parameters, Kazmierczak et al. [30] found that sub‑
glacial hydrology modulates basal sliding, such that lower effective pressure near the grounding
line resulted in a higher sensitivity to climate forcing. The authors found that compared with
simulations that fully excluded effective pressure, including some representation of subglacial
hydrology, resulted in increased mass loss. Different representations of subglacial hydrology
also affected the total sea‑level contribution. These simulations were all conducted using the
Weertman–Budd friction law. Although we do not find a notable difference in the POC approx‑
imation versus effective pressure from steady‑state GlaDS in this particular model of Thwaites,
sensitivity to the parametrization method for effective pressure may be more significant for some
friction laws [30] or given different parameter choices [80]. Despite being an important component
of ice‑sheet dynamics, there is still much that remains poorly understood with respect to how to
properly represent basal friction in models, leaving many choices regarding how to specifically
parametrize the physics of the basal environment up to the modeller’s discretion. This remains
an active area of research.
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(c) Coupling subglacial hydrology and ice dynamics in sea-level rise projections
The model simulation that resulted in the largest total mass loss was the coupled model with the
high‑resolution bed topography (table 1; Bed_100 m‑N_coupled). In this simulation, we see ex‑
tensive grounding line retreat (figure 4j) and ice thinning exceeding 500 m over a large portion of
the model domain (electronic supplementary material, fig. S9g). This simulation also shows the
largest increase in ice velocity, speeding up by more than 4 km a−1 by the year 2300 (figure 5g). It
is not clear whether all the simulations would reach this degree of retreat, acceleration and thin‑
ning if the model time were to extend beyond the year 2300 or if the coupled model framework
is inherently less stable beyond some threshold in climate forcing. Evidence towards the former
can be found by comparing row three to rows one and two in figure 5. When we look at the re‑
gion andmagnitude of ice acceleration, we see that, although the changes seemmore pronounced
in the coupled model simulations, they are comparable to the changes in the 100 m bed resolu‑
tion simulation using constant modelled effective pressure (figure 5d). This seems to indicate that
the coupled model framework simply responds faster to large perturbations in atmospheric and
ocean forcing than when a constant effective pressure is used due to a compounding effect of
higher sensitivity of the coupled model and of the high‑resolution bed topography.

In our coupled model framework, we neglect several key connections where subglacial hy‑
drology and ice dynamics interact in important ways. Here, we only consider the relationship
between basal water pressure and sliding velocity as represented through the effective pressure
term in the friction law.We do not allow for the water source term in GlaDS to change during sim‑
ulations, although the frictional melting of basal ice necessarily changes when the sliding velocity
changes. Additional basal melting induced by faster sliding speeds would increase the volume
of water distributed throughout the subglacial hydrologic system. In regions where basal water
pressure is less than ice overburden pressure, this will decrease effective pressure and result in
faster sliding speeds and further enhanced basal melting as a result. However, increased basal
water pressure in regions where water pressure is already close in magnitude to ice pressure will
probably promote channelization, reducing effective pressure by removing water from the basal
environment efficiently and ultimately limiting the velocity response. The balance between these
contending processes remains largely unexplored, but is important to consider, especially given
the large magnitude of ice acceleration found in our results.

We additionally neglect the effect of subglacial discharge on ice shelf melting, with our ocean‑
driven melt parametrization dependent upon far‑field ocean temperature and salinity alone.
However, subglacial discharge has long been cited as a probable critical factor in accurately cal‑
culating ice shelf melt rates and in determining long‑term ice shelf stability [83–85]. It has been
shown that many ice shelf channels are initiated at locations where models have predicted sub‑
glacial discharge [86], and that regions where freshwater flow from the subglacial environment
crosses the grounding line are characterized by enhanced sub‑ice shelf melt [21,87]. Subglacial
discharge has also been shown to increase modelled ice shelf melt rates near the grounding line,
producing a better match to estimates calculated from satellite observations [88,89], and recent
studies have shown that when subglacial discharge is included in ice shelf melt calculations in
projections of future glacier evolution, the onset of retreat is accelerated [18,81]. This indicates
that the freshwater flux from the subglacial environment is an important variable to consider
with regard to glacier destabilization under a warming climate. However, the ability to couple
subglacial hydrology and ice flow models is still a somewhat recent development, and fully in‑
tegrating the models into a synchronously coupled system that represents all the major dynamic
links still requires additional work.

5. Conclusion
Here, we present modelled evolution of Thwaites Glacier with different bed topography and
subglacial hydrology parametrizations until the year 2300. We find that under moderate ocean
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forcing, lower‑resolution bed topography results in more extensive grounding line retreat. How‑
ever, after the year 2150, when the ocean temperature begins to increase rapidly, the retreat rate
of simulations using the high‑resolution bed topography increases, producing some of the largest
projections of sea‑level rise by the year 2300. Overall, extensive retreat is visible across all param‑
eter combinations and model frameworks examined here, indicating that, under large enough
thermal forcing from the ocean, extensive retreat and mass loss will occur regardless of variation
in model initialization or the inclusion of secondary physical mechanisms. In addition, our re‑
sults show that including time‑evolving effective pressure from coupling subglacial hydrology
and ice dynamics increases projected sea‑level rise. It is therefore likely that model projections
ignoring subglacial hydrology underestimate sea‑level rise. As models further improve their ca‑
pacity to fully couple these systems, it is likely that sea‑level projections will further increase
beyond what we find in these experiments. Extensive bed topography data determine our ability
to model glaciers and ice sheets accurately, and bed topography is highly influential for all com‑
ponents of glacier modelling. We find that even small‑scale variations in topography can cause
large deviations in resulting glacier evolution and subsequent sea‑level rise. As ice‑sheet mod‑
els incorporate improved physics and finer grid spacing, the need for high‑resolution bed data
continues to be an essential input and key factor in determining modelled behaviour.
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