
1. Introduction
The Amundsen Sea sector in West Antarctica has been losing mass rapidly for several decades (Mouginot 
et  al.,  2014) and currently dominates the sea level contribution of Antarctica (Rignot et  al.,  2008; Shepherd 
et al., 2012, 2019). Of particular concern is Thwaites Glacier (Le Bars, 2018; Scambos et al., 2017), one of the 
main glaciers within the Amundsen Sea sector, because it drains a large upstream catchment (Lang et al., 2004) 
with connections to the adjacent, rapidly thinning Pine Island Glacier and the Ross Sea Embayment (Holt 
et al., 2006). Collapse of Thwaites Glacier could have a potentially catastrophic effects across the entire West 
Antarctic Ice Sheet (Feldmann & Levermann, 2015; Scambos et al., 2017).

Concerns about the potential collapse of Thwaites Glacier are motivated primarily by its grounding line resting 
on a coastal sill (Holt et al., 2006) that bounds a deep marine basin. Once the grounding line retreats beyond the 
coastal sill, the retrograde subglacial bed could drive continued retreat through the marine-ice-sheet instability 
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(MISI) (Schoof, 2007; Thomas, 1979; Weertman, 1974). It is possible that unstable retreat is already under way 
(Favier et al., 2014; Joughin et al., 2014), but it is not yet clear whether Thwaites Glacier can sustain mass loss 
over centuries: while some models suggest continued and accelerating mass loss (Parizek et al., 2013; Seroussi 
et al., 2017), field observations of past glaciations point to the possibility that retreat tends to be discontinuous 
including both phases of arrest and phases of stagnation or even readvance (Jamieson et al., 2012; Kingslake 
et al., 2018; Kleman & Applegate, 2014; Stokes et al., 2016).
One of the reasons for a potential disconnect between models and paleo field observations is our incomplete 
understanding of the physical processes that could alter the MISI by breaking the monotonic increase of ice flux 
with ice thickness at the grounding line (Schoof, 2007; Weertman, 1974). Several processes could alter the mono-
tonic relationship between ice flux and ice thickness including basal topography (Sergienko & Wingham, 2022), 
as well as different calving laws and the presence of ice melange (Sergienko, 2022). Large scale, 3D ice sheet 
models have attempted holistic modeling of the marine ice sheet at Thwaites Glacier accounting for many factors, 
including glacier widening, basal rheology, and solid earth feedbacks, among others and also predict MISI style 
collapse at Thwaites Glacier (Book et al., 2022; Joughin etal., 2014; Waibel et al., 2018).
Here, we specifically focus on the potential migration of one or both of the lateral boundaries of the fast moving 
ice in the main trunk of Thwaites Glacier termed shear margins. It is conceivable that these shear margins 
could migrate inward as thinning reduces the gravitational driving stress and, if basal stress remains relatively 
unaltered, the system could reestablish the force balance by reducing the area over which sliding occurs. The 
consequence could be a significant reduction in the ice loss from Thwaites Glacier because a reduction in the 
cross-sectional width of an ice stream reduces ice speed and hence ice flux nonlinearly (Raymond, 2000). In 
this  case, shear-margin migration would tend to suppress the MISI.
Conversely, Thwaites' shear margins could migrate outward if ice continues to thin in a way that steepens the surface 
slope and thereby increases gravitational driving stress. Current observations of ice thinning (Smith et al., 2020) 
suggest that Thwaites is indeed thinning in a spatially nonuniform way. At least in some areas, the surface slope 
could increase more than the ice thickness decreases, highlighting the possibility of outward margin migration. The 
associated increase in cross-sectional width on top of the historically proposed MISI would then exacerbate the insta-
bility. The possibility that the dynamic interplay between ice thinning and shear margin migration could both exac-
erbate and suppress the MISI hence adds significant uncertainty to the sea level contribution of Thwaites Glacier.
The goal of this paper is to provide a range of idealized model projections for the evolution of the shear margins at 
Thwaites Glacier in response to continued, rapid ice thinning that can be tested against observations on a decadal 
timescale. We approach this problem by applying a customized, depth-averaged, thermomechanical free-boundary 
model to Thwaites Glacier's main ice trunk. Our model builds on prior process-based models of shear margin 
behavior that have mostly considered highly idealized, cross-sectional domains (Elsworth & Suckale,  2016; 
Haseloff, 2015; Jacobson & Raymond, 1998; Raymond, 1996; Schoof, 2004, 2012; Suckale et al., 2014) but 
applies a process-based approach to a specific field site. Our model domain captures the fast-moving main trunk 
of Thwaites Glacier by constructing a non-Cartesian mesh fitted to the bed topography as constrained by BedMa-
chine and surface elevation data (Morlighem et al., 2019). We account for depth-dependent ice properties by 
adapting the thermal model from Meyer and Minchew (2018) with accumulation and surface temperature from 
Le Brocq et al. (2010).
We emphasize that we do not attempt to capture the ice dynamics at Thwaites Glacier in its entirety or 
provide comprehensive projections of its future evolution. Several ice-sheet models already exist that were 
developed specifically for this purpose, such as the Parallel Ice Sheet Model (PISM; Bueler & Brown, 2009; 
Martin et al., 2011; Winkelmann et al., 2011) and the Ice-sheet and Sea-level System Model (ISSM) (Larour 
et al., 2012). These and other ice-sheet models are discussed and compared in Nowicki et al. (2016) and Seroussi 
et al.  (2019, 2020). While powerful and computationally efficient, these models have to rely on parametriza-
tions of the complex, multiscale and multiphysics processes at the ice boundaries, including the ice-atmosphere, 
ice-ocean, and ice-land interfaces as well as at internal interfaces such as shear margins. For example, Bueler and 
Brown (2009) regularize the plasticity of the subglacial bed to capture the spatial and temporal evolution of slid-
ing regions in PISM, requiring the introduction of additional model parameters that need to be tuned against data.

As we discuss later, it is possible to fit the current ice velocities well with a regularized framework instead of a 
pure plastic bed condition (Bueler & Brown, 2009; Feldmann & Levermann, 2015; Schoof, 2006, 2010). Less 
clear is which regularization best captures the physical processes governing margin migration, their coupling 
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to other processes such as those at the basal interface or the evolution of margin properties over time. For this 
reason, we opt here not to parametrize the specific physical process we focus on in our model, namely the poten-
tial inward migration of shear margins. This choice then leads us to formulate a free-boundary model that solves 
for how the shear margins evolve in response to changing driving stress as a part of the solution. The price of 
solving an unregularized formulation is that our model is less efficient and scalable than existing ice sheet models 
but scalability is not our goal. Instead, our work affords a more granular look at shear margin behavior and could 
inform the regularizations adopted in larger models.

While we do not parametrize shear margin position, our model does use parametrizations for the subglacial inter-
face. Basal resistance is an important term in the momentum balance and hence bound to play a key role in the 
degree of shear margin migration. Apart from influencing the magnitude of margin migration, the spatial distri-
bution of basal resistance could alter whether migration is more pronounced on the western or the eastern shear 
margin. To evaluate this sensitivity, we consider four different basal strength distributions. The first one is based 
on an inversion for basal strength using ISSM (Seroussi et al., 2019). The other three cases are end-member cases 
that assume basal strength is controlled by one of the main physical processes in the subglacial environment, ice 
overburden pressure, spatially variable bed composition, or subglacial hydrology. We assume that one of these 
processes independently controls basal strength and compute the associated shear margin positions and surface 
velocity.

Existing observational data of bed conditions is too limited to reliably distinguish between the four cases we 
present here. Fortunately, new field data is currently being acquired through the International Thwaites Glacier 
Collaboration field campaigns. For example, the Geophysical Habitat of Subglacial Thwaites (GHOST) project 
could provide unprecedented insights into the spatial variability of basal resistance for two transects along and 
across the main trunk (see Figure 1). In a complementary effort, the Thwaites Interdisciplinary Margin Evolution 
(TIME) project is performing high-resolution seismic and radar studies at two sites (red stars in Figure 1) along 
the eastern shear margin to identify interior stratigraphy, ice fabric, and subglacial bed conditions. These insights 
could shed light onto any historic shear margin migration there, as has been suggested by Young et al. (2021). 
Complementary to this wealth of high-resolution data, we discuss how our model projections could be tested 
against satellite imagery, more specifically the observed distribution of surface speed at Thwaites Glacier from 
1996 to 2014.

Figure 1. Map view of the bed elevation in the Thwaites Glacier Basin and surrounding area. We show the contours of 
ice surface speeds at 30, 100, and 300 m/yr in black and the 1,000 m/yr contour in bold black. The grounding line and ice 
front are displayed in gray and white, respectively. We highlight the planned field sites of Thwaites Interdisciplinary Margin 
Evolution (TIME) as red stars and the Geophysical Habitat of Subglacial Thwaites (GHOST) traverses as green lines. The 
topographic high point discussed later is denoted by a magenta-colored, dashed ellipse. The inset shows the location of our 
study area in Antarctica.
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2. Methods
Our modeling approach aims to complement existing ice sheet models by developing a minimally parameterized 
and fully unregularized, free-boundary model that focuses specifically on understanding the potential impact of ice 
thinning on shear margin migration. Our model combines the unregularized plastic sliding law with a shallow shelf 
approximation. We use it to test two scenarios of ice thinning aimed at identifying the distinct effects of a decreas-
ing ice thickness on the one hand and a steepening of the surface slope on the other. We then evaluate the robust-
ness of the resulting shear margin migration for multiple instances of basal strength across our domain of study.

2.1. Governing Equations
Our model builds on the free-boundary formulation by Schoof (2006). We adopt a depth-averaged, free-boundary 
formulation of ice flow to reduce the governing equations for the depth-averaged ice velocity u = (ux, uy) to 2-D:
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where ρ is the density of ice, g is gravitational acceleration, H = zs − zb is ice thickness, zs, zb are the surface and 
bed elevation, respectively, τc is the basal strength, |⋅| is the L 2 vector norm, and viscosity η is
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The flow parameter B is related to the typical parameters A, n from Glen's law rheology (Cuffey & Patterson, 2010) 
by B = A −1/n.
To account for the thermal softening of ice, we adapt the 1-D analytical thermal model from Meyer and 
Minchew (2018):
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where ξ is the thickness of the basal temperate zone, as determined in Meyer and Minchew (2018) and !", #$,Λ 
are the Brinkmann, vertical Péclet, and horizontal Péclet numbers, respectively. The temperature Ts refers to the 
surface temperature and Tm is the melting point of ice. We capture the temperature dependence in the effective 
viscosity η in Equation 2, or B in Equation 10, through the Arrhenius relation,
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where T* = 263 K is the Arrhenius transition temperature, A* is the creep parameter for isotropic ice at T = T*, 
R is the ideal gas constant, and Qc is the temperature dependent activation energy as detailed in Cuffey and 
Patterson (2010, Section 3.4.6).
We do not explicitly solve for the evolution of ice thickness over time. Instead, we impose two scenarios of thin-
ning throughout our domain, uniform and spatially variable thinning. While a coupled simulations of mass and 
momentum flux would undoubtedly be more realistic, our approach avoids any ambiguity between nonuniform 
thinning being the cause or the effect of changes in the dynamics of the main trunk. The overall amount of thin-
ning we apply is based on current thinning rates for both scenarios (Helm et al., 2014; McMillan et al., 2014; 
Shepherd et al., 2019; Smith et al., 2020), but the uniform scenario neglects the spatially variable changes in ice 
thickness as documented in Smith et al. (2020). To allow for nonuniform thinning, we apply an observation based 
scenario, inspired by and fit to the observations of thinning over the past decades by Smith et al. (2020).
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To isolate the impact of ice sheet thinning on the location of the shear margins at Thwaites Glacier, we modify 
our domain by uniformly lowering the surface height, zs, of the glacier by a given amount, Δz, hence reducing H. 
We choose a value of Δz = 0 m for our current conditions run, and Δz = 25 m.

To investigate the role increasing surface slope has on shear margins, we consider a scenario of observation based 
thinning. To isolate the impact of surface slope, we used a least squares regression to fit the observed thinning 
distribution with a linear fit as a function of radial distance from a handpicked point downstream of the domain. 
We chose this radial symmetry to capture the roughly radial symmetry of the observed thinning while again mini-
mizing the total number of tuned parameters. This smooth surface slope signal allows us to isolate the response 
of the system to surface slope increase by removing other processes represented in the true observed thinning 
pattern. Figure 3 shows the normalized observed thinning (panel a), our best fit thinning (panel b), and the axis 
where the fit is applied (panel c). For this scenario, we consider the case where the average thinning is Δz = 25 m 
and compare that to the equivalent uniform thinning scenario.

2.2. Boundary Conditions
Our model domain captures the full width of the main trunk of Thwaites Glacier. Figure 2a plots the observed ice 
surface speed (Rignot et al., 2017) in our area of interest and our domain boundaries in black. We intentionally 
exclude the ocean margin because this area is strongly influenced by calving processes that are incompletely 
understood and difficult to parametrize reliably. Instead, we enforce a constant ice flux boundary condition at the 
upstream and downstream boundaries (ΓUp and ΓDown, respectively) of our domain to match field observations 
from MEaSUREs 2 (Rignot et  al.,  2017). This choice allows us to isolate the subtle, but potentially impor-
tant, response of the shear margins to inland ice sheet thinning, which would tend to get overprinted by the ice 
acceleration in response to changes at the ice-ocean interface (Payne et al., 2004; Pollard et al., 2015; Pritchard 
et al., 2012).

The stream-parallel edges (ΓLat) of our domain are stress-free to ensure that shear margins and ice ridges are 
not artificially supported from boundary conditions. We choose this approach rather than a velocity boundary 
condition such that we do not imply unrealistically high bed strength to the ice ridges. In this framing, existing 
ice ridges will only remain locked at the bed so long as the basal strength in these regions is great enough to 
overcome any lateral stresses transferred from the shear margins. This choice aims to not artificially damp shear 
margin migration due to stress transferring from the lateral boundaries into the domain. We did also consider a 
velocity boundary condition, and we found our results to not be overly sensitive between these two conditions.

Instead of regularizing shear margin migration, we impose Coulomb plasticity at the basal interface. A near-plastic 
rheology of subglacial till is supported by laboratory measurements (Iverson, 2010; Iverson et al., 1998; Rathbun 
et al., 2008; Tulaczyk, 1999; Tulaczyk et al., 2000) and also applies to bedrock at high water pressure (Iken, 1981; 
Schoof, 2005). We can hence model the weak till and the hard bedrock underneath the main trunk of Thwaites 
Glacier (Clyne et  al.,  2020; Muto et  al.,  2019) through a joint plastic framework as also applied in Joughin 
et al. (2019).

Some prior models have adopted pseudo-plastic (De Rydt et al., 2020; Joughin et al., 2019; Parizek et al., 2013) 
conditions in the sliding law:

!" ∼ #
1∕$

"
 (5)

where τb and ub are the basal stress and the ice speed at the ice-bed interface, respectively, and m is a 
non-dimensional power-law component. Pseudo-plastic conditions are characterized by a power-law compo-
nent of m = 3−8 while Coulomb plasticity observed in laboratory experiments can entail m > 300 (Iverson 
et al., 1998; Tulaczyk et al., 2000).

Since higher power-law components (e.g., m  =  8) cause more rapid retreat (Joughin et  al.,  2019; Parizek 
et al., 2013) and appear to provide a better fit to current observations than linear or close to linear basal conditions 
(Joughin et al., 2019), we argue that it is valuable to expand our toolbox to models that can capture Coulomb plas-
ticity. Coulomb plasticity is also closely linked to shear margin behavior, because it implies that the basal stress 
is independent of strain rate (Iverson et al., 1998; Tulaczyk, 1999; Tulaczyk et al., 2000), decoupling the sliding 
velocity at one location from the basal stress at that particular location. Instead, changes in either the  sliding 
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velocity or the basal stress must be compensated elsewhere in the slip zone, such as through the migration of the 
margins.

We model the bed of our domain as Coulomb plastic, for both hard-rock and till portions of the domain. This 
choice is motivated by the rapid slip speeds at Thwaites Glacier creating sufficient amounts of melt water (Clyne 
et al., 2020; Joughin et al., 2009; Smith et al., 2017) for Coulomb-like sliding to apply. The presence of pressur-
ized water leads soft till to plastically fail (Tulaczyk et al., 2000) and drives cavitation in hard bed sliding which 
sets an upper bound on bed strength (Joughin et al., 2019; Schoof, 2005). We set the basal boundary condition 
to the following:

!" = #$ + " = #(%&'( − )*) + ",

! ≤ !" where |!| = 0,

! = !" where |!| > 0,

 (6)

where N is effective pressure, pw is water pressure at the bed, ρi is the density of ice, μ is the friction parameter, 
and c is a cohesion factor.

Figure 2. Overview over the information that goes into the construction of our model domain. (a) Observed surface speed (Rignot et al., 2017) for the Thwaites Glacier 
region with the model domain outlined in black. The viewing angle for panel (b) is shown in panel (a) with a black arrow. (b) Ice surface and bed elevation relative to 
sea level in our model domain with 200 m contours on the bed in black. The z-axis is exaggerated 50 times to make variations in bed and surface height more visible. 
Ice velocity direction is indicated in panel (b) with a black arrow. (c) Ice surface velocity from 1996 and 2014 (dot-dash, line) (Rignot et al., 2014, 2017) through our 
constant flux boundaries and the applied boundary conditions (bold dashed). We plot only the velocity perpendicular to the boundary here.
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The spatial variability in the basal strength, τc is not well constrained by current field observations. To capture this 
uncertainty, we develop four bounding cases, one based on an inversion of surface velocities for basal strength 
(case 1) and three forward models based on a possible physical mechanism controlling strength (cases 2–4) 
shown in Figures 6b–6e, respectively. For our inversion based basal strength in case 1, we use the final time 
step of the initMIP-Antarctica control run of the ISSM (see Seroussi et  al.,  2019 for details) as the 
yield  strength value for our plastic bed. We note that ISSM inverts for a linear, rate dependent sliding law in this 
initialization, but the basal drag values from the inversion provide a good match to current observations even in 
our Coulomb-plastic formulation (see Figure 6f).

Given that N, μ, c from Equation 6 are very difficult to directly constrain from available field observations, we 
investigate three forward models of basal strength based on potential physical processes. For our forward models 
of basal strength, we assume that variations in basal strength are governed either by ice overburden pressure, 
spatially variable bed composition, or subglacial hydrology (cases 2–4). For each of these cases, we assume that 
the primary variations in basal strength are dominantly determined by one process and that other variables are 
roughly constant. For each process, we use a spatially variable, independent estimate for the variation of either H, 
μ, N and then absorb the other terms of Equation 6 in the α and β tuning parameters.

In case 2, we assume that variations in effective pressure N = (ρgH − pw) are controlled primarily by changes in 
overburden pressure due to changes in ice thickness H, and that water pressure pw is constant.

!" = #$%&' − #() + "

!" = *ℎ' + ,ℎ.
 (7)

Here, αh is a friction-like parameter, similar to μ of Equation 6, but αh here has units of [Pa m −1] instead of being 
a traditional unit-less friction parameter. The parameter βh compares to the cohesion term in Equation 6 but now 
also includes the effect of the assumed constant water pressure across the domain. In this way, variations in basal 
strength in this case are determined exclusively by the ice thickness.

In case 3, we assume that variations in the friction parameter μ are due to variations in bed composition, while 
effective pressure remains roughly constant. We use basal topography as a proxy for bed composition, assign-
ing lower basal topographies to lower basal strength due to the gathering of soft, pliable sediments in valley 
lows, motivated by observations suggesting this correlation and following previous studies implementing such a 

Figure 3. Comparison of the observed thinning across our model domain to the simplified, observation-based thinning we impose in our simulations. (a) Map view 
showing the spatial distribution of observed thinning from Smith et al. (2020), normalized to maximum value of 1 m. (b) Map view of our linear, radial fit to this data. 
(c) Comparison of the observations and our best fit line in the radial direction.
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basal strength law (Aschwanden et al., 2016; Huybrechts & De Wolde, 1999; Muto et al., 2019; Smith-Johnsen 
et al., 2020; Winkelmann et al., 2011). This suggests a form of μ = α1zb + α2 yielding the following equation:

!" = (#1$% + #2)& + " = #1&$% + #2& + "

!" = #%$% + '%,
 (8)

where αb is a linear parameter relating basal elevation to basal strength, with a constant background strength of βb, 
which includes the cohesion term c, and a constant base strength for the domain. Much like case 2, variations in 
basal strength in this case are determined exclusively by an observable measure, this time bed elevation.
In case 4, we assume that effective pressure at the bed is primarily controlled by changes in water pressure, 
pw. We use the Glacier Drainage System (GlaDS) model, a 2D subglacial hydrology model, to estimate effec-
tive pressure N, distributed water sheet thickness, and channelized flow rates at the bed (Werder et al., 2013). 
GlaDS has been applied to Alpine glaciers (Werder et al., 2013), Greenland (Gagliardini & Werder, 2018; Poinar 
et al., 2019), and Antarctica (Dow et al., 2016, 2018, 2020). A key component of the GlaDS model is that it solves 
for the formation and/or collapse of channels in addition to distributed water flow, thereby capturing transitions 
between channelized and distributed drainage systems self-consistently. Accounting for these types of connec-
tions between inefficient and more efficient drainage networks is important as radar observations from Thwaites 
Glacier (Schroeder et al., 2013) appear to support such a transition in the vicinity of our model domain.
We model basal strength using Equation 6, where N is set by the output of GlaDS, shown in Figures S3 and S4 in 
Supporting Information S1. Details of our GlaDS model are discussed in Section 4 in Supporting Information S1. 
Where GlaDS returns a negative effective pressure N, we cap N to 0 to ensure τc is never negative, yielding the 
following equation:

!" = #$ [max($ , 0)] + %, (9)

where αN is a tuned, spatially uniform unitless friction parameter, max(N, 0) caps negative effective pressures 
to a minimum of 0, and a tuned constant background strength of β, which is an estimate of the cohesion c. This 
case is not tied to an observable like cases 2–3 but rather relies on the output effective pressure from a hydrology 
model which includes parameters that can be very difficult to constrain over multiple orders of magnitude. For 
this reason, we aim to find a plausible case of subglacial hydrology but do not attempt a full parameter sweep or 
a full assessment of the most likely subglacial hydrologic configuration as in Hager et al. (2022).
We run GlaDS with channel conductivities of 10 −3, 10 −2, and 5 × 10 −2 m 3/2 kg −1/2, similar to the values consid-
ered in Dow et al. (2016, 2018, 2020). We find that the lowest case overpressurizes the hydrologic system lead-
ing to unreasonably high ice velocities not consistent with observed surface velocities. Of the remaining cases, 
the intermediate case entails a main trunk of rapidly sliding ice that is too narrow. For this reason, we choose 
to use the value of 5 × 10 −2 m 3/2 kg −1/2. These parameter choices for GlaDS produce outputs (channel length, 
discharge, and effective pressure) that resemble average outputs using the MPAS Albany Land-Ice model by 
Hager et al. (2022) for the same region. The latter were constrained by direct comparison with radar specularity, 
and we therefore have confidence that these GlADS outputs are similarly representative of the basal system.
Cases 2–4 above each have two spatially uniform free parameters (α, β) that we optimize to best reproduce 
the observed ice surface velocity at Thwaites Glacier (Rignot et al., 2017). We choose to use spatially uniform 
tuning parameters to avoid overfitting to observed velocities. Though models with spatially varying parameters 
often better match the observed velocities (many discussed in Seroussi et al. (2019, 2020)), we chose to limit 
our parameter space to only two uniform parameters. We do this to better focus our study on how these physical 
processes of basal strength impact surface velocity, instead of prioritizing a match to observed behavior.
Consistent with our approach focused on isolating a specific physical feedback, namely the response of the shear 
margins to thinning, at the expense of other interesting ones, we also assume that the basal conditions do not 
change in time. These simplifications allow us to reduce the number of different processes, free parameters and 
timescales modulating shear margin behavior in the coming decades.

2.3. Model Implementation
We implement our model in MATLAB and use BedMachine Version 1 (Morlighem et al., 2019) for ice surface 
and bed elevation, zs, zb (see Figure 2b), and for computing the driving stress. We use a DistMesh triangular 
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mesh grid with roughly uniform cell size of 6 km (Persson & Strang, 2004) and variable thickness to match 
observed ice thickness.

To solve the momentum balance Equation 1, we follow Schoof (2006) and solve this system in a free boundary 
approach by minimizing the functional

J(!) = ∫Ω

2!"

#

[

$%&(!)$%&(!)∕2 +$%%(!)
2∕2

]#∕2
+ '(|!| − " ⋅ ! )Ω, (10)

where p is related to n from Glen's law rheology p = 1 + 1/n, Dij(u) is the strain rate tensor, and f is driving 
stress. We minimize this functional using the Disciplined Convex Programming software package (Grant & 
Boyd, 2014). We verify our numerical implementation against an analytical case in Section 2 and Figure S1 in 
Supporting Information S1.

In addition to the pure plastic case, our convex minimization approach is capable of solving the regularized form 
originally discussed in Schoof (2006) and implemented by Bueler and Brown (2009) for PISM, as follows:

J(!) = ∫Ω

2!"

#

[

$2

%2
+&'((!)&'((!)∕2 +&''(!)

2∕2

]#∕2

+ )*
√

+2 + |!|2 − " ⋅ ! ,Ω, (11)

where ϵ, δ are regularization parameters with units of velocity for the plastic sliding condition and ice viscosity, 
respectively, and L is the scale length of the problem. We compare the regularized and unregularized basal sliding 
laws in Section 5 and Figure S5 in Supporting Information S1.

To implement the thermal model, Equation 3, we use Le Brocq et al. (2010) for accumulation rate and surface 
temperature. We then use Equations 3 and 4 to define the depth integrated thermal enhancement factor, E, and 
the temperature dependent value of B, which we define as BT for use in Equation 10,

! =
1

" ∫
"

0

#$

#∗

d% (12)

!" = #−1∕$!∗ = #−1∕$%
−1∕$
∗ . (13)

We finally couple the two models through a fixed-point iteration, relaxing the values of E as outlined in Section 
3 and Figure S2 in Supporting Information S1.

For our forward models of basal strength, cases 2–4, we optimize α and β for the current conditions (no thinning) 
of cases 2–4 to minimize misfit from observed surface speeds from MEaSUREs version 2 (Rignot et al., 2017). 
Our approach complements previous studies that have used inversion techniques to investigate the spatial char-
acter and distribution of basal shear at Thwaites Glacier (Joughin et al., 2009; Sergienko & Hindmarsh, 2013). 
In our approach, we only tune two spatially uniform parameters α and β to match observed surface speeds. The 
relative distribution of basal strength is controlled by the process chosen in cases 2–4 (overburden, bed compo-
sition, and hydrology, respectively), rather than being a part of the inversion itself. Our basal strength distribu-
tions in cases 2–4 are less spatially variable than inversion based approaches, not reproducing “bands” of high 
and low strength in Joughin et al. (2009) nor the “ribs” proposed by Sergienko and Hindmarsh (2013). For our 
optimization, we minimize a loss function of the form used by Morlighem et al. (2010, 2013) to fit regions of both 
fast and slow ice velocity, as follows:

 = ∫Ω

(

!" − !obs"

)2
+
(

!# − !obs#

)2
+ $log

⎛

⎜

⎜

⎜

⎜

⎝

√

(

!2" + !2#
)

+ %

√

(

(

!obs"

)2
+
(

!obs#

)2
)

+ %

⎞

⎟

⎟

⎟

⎟

⎠

2

&Ω, (14)

where ! "obs# , "obs$  are the observed surface velocities, log is the natural log, and ϵ is a minimum speed factor to 
prevent zero velocities, not to be confused with the regularization term from Equation 11. The log term ensures 
that misfit in low-velocity regions are weighted more equally with misfit in high-velocity regions. We use a 
quasi-newton multidimensional unconstrained nonlinear minimization for this minimization, using MATLAB's 
fminunc function. We pick a value of γ = 10 4 such that the value of the residual is evenly weighted (to an order 
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of magnitude) between the difference-squared loss terms and the log-squared 
loss term. The results of this optimization are shown in Table 1.

3. Results
3.1. Ice Thinning and Surface Slope Steepening Have Opposite Effects 
on Shear Margin Migration
The gravitational stress term driving ice motion in Equation 1 depends on 
both the ice thickness, H, and the surface slope, !"#

!!
 . Since Thwaites Glacier 

is thinning at the same time as the surface is steepening, the two processes 
alter driving stress in opposite ways and it is not necessarily clear which one 

dominates and where. To improve our understanding of the joint impact of both processes, we first isolate the 
effect of uniform thinning and then consider observation based thinning that entails both surface steepening and 
thinning. Direct observations of basal strength are very difficult, so one option for inferring basal strength is an 
inversion to best match current observations of surface speed (Joughin et al., 2009; Morlighem et al., 2010). We 
choose case 1 based on such an inversion as our initial base case because it provides a methodological contrast to 
the following three forward modeled cases.
Figure 4 shows the impact that uniform thinning has on flow dynamics at Thwaites Glacier. Panels (a and c) show 
the computed ice speed for 0 and 25 m of uniform thinning, with contours of 30 m/yr drawn as a dashed line in 
black for the thinned run and gray for the current conditions run (Δz = 0). Panel (d) shows the difference in speed 
for the 25 m thinning run as compared to the 0 m thinning run, which we term our “current conditions run.” We 
overlay the 30 m/yr contours on the plot of the speed difference to visualize the migration of the shear margin in 
response to thinning. We choose 30 m/yr contours because it is the speed corresponding to maximum observed 

Table 1 
Table of Tuning Parameter Values α, β for Cases 2–4

Case α β

2 43.0 Pa m −1 4.00 × 10 4 Pa
3 31.0 Pa m −1 1.25 × 10 5 Pa
4 59.7 5.77 × 10 4 Pa
Note. Parameters are different for each case, see Equations 7–9, so values are 
not directly comparable.

Figure 4. Summary of the impact of uniform thinning in the case of inverted basal strength (case 1). The first row shows 
the best fitting ice speed and basal-strength distribution for current conditions (Δz = 0 m). (a) Best-fitting surface speed with 
the 30 m/yr contour plotted in gray. (b) Inverted basal strength distribution associated with panel (a). In the second row, we 
impose uniform thinning at Δz = 25 m and the basal-strength distribution shown in panel (b). (c) Computed surface speed, 
(d) difference in ice speed between panels (a and c), (e) percent change in computed driving stress across the domain as 
compared to current ice thickness. Included in panels (c–e) are the contours of 30 m/yr drawn as a dashed line in black for the 
thinned run and gray for current conditions.
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shear strain on the eastern shear margin. Panel (e) shows the change in driving stress as a result of uniform ice 
thinning. For the purposes of comparison, these color scales will be identical on all subsequent figures unless 
specifically mentioned.
We find that the shear margins migrate slightly by approximately 5 km. The migration is most pronounced on the 
western shear margin. In contrast to the western shear margin, the eastern shear margin remains relatively stable 
in this case, despite this margin being weakly controlled by bed topography (Macgregor et al., 2013). In addition 
to the western shear margin migration, there is an asymmetry in the reduction of ice speed across the domain in 
response to thinning, with slowdown concentrated on the western side of the domain (Figure 4d).
Figure 5 shows the impact of combined thinning and surface slope steepening, applying Δz = 25 m of observa-
tion based thinning. Panel (a) shows computed surface speeds with the contours of 30 m/yr drawn as a dashed 
line in black. Panel (b) shows the speed difference between these runs and the current conditions run (Δz = 0, 
Figure 4a) with the contours of 30 m/yr drawn as a dashed line in black for the thinned run and in gray for the 
current conditions run. Compared to the current conditions run, ice speeds up across the entire domain in direct 
contrast to the uniform thinning case from Figure 4. The reason is the increase in surface slope across the domain 
for the observation based thinning scenario, which leads to an increase in driving stress over much of the domain, 
especially the upstream portion of the domain (D). In contrast, the uniform thinning scenario implies a uniformly 
decreasing driving stress everywhere (Figure 4e).
Our simulations suggest that observation based thinning results in outward shear margin migration while uniform 
thinning would entail inward shear margin migration. This outward migration for the observation based thinning 
scenario is most concentrated in the upstream section of our domain, corresponding to the regions of the domain 
currently experiencing a net increase in driving stress (Figure 5d) as the combined result of thinning and surface 
slope increases. We find outward margin migration of 3–4 km for both eastern and western margins in this run. 
In both cases, the maximum change in shear margin position is on the order of a few kilometers, or roughly 2% 
of the width of Thwaites Glacier, partly because we are considering relatively small changes in driving stress as 
would realistically occur in the coming two decades.

3.2. Shear Margin Position Depends Sensitively on the Basal Strength Distribution
One limitation of the inversion-based approach adopted in the previous section is that several different spatial distri-
butions of basal strength could lead to a similar ice-trunk width now but potentially entail a rather different evolution 
in the future. To constrain the range of potential shear margin positions, it is valuable to also consider alternative 
spatial distribution of basal strength that differ from case 1. We emphasize that these cases are not intended to repre-
sent the reality in the field but constitute end-members on a spectrum of the different physical processes governing 
the basal strength distributions at Thwaites Glacier. By considering these end member cases, we aim to see how 
each process influences ice speeds and the degree to which each process is consistent with observations today.

Figure 6 summarizes the four end-member cases for basal strength. In addition to the inversion case discussed 
in the previous section, the three forward cases represent one physical process dominating basal strength exclu-
sively, namely ice overburden (case 2), bed composition (case 3), or subglacial hydrology (case 4). Panels (b–e) 

Figure 5. Summary of the impact of observation-based thinning in the case of inverted basal strength (case 1). (a) Computed surface speed, (b) difference in ice speed 
between panel (a) in this figure and current conditions shown in Figure 4a. (c) Observation-based thinning distribution applied over the domain, (d) percent change in 
computed driving stress across the domain as compared to current conditions. The basal-strength distribution we impose is shown in Figure 4b. Included in all panels 
are the contours of 30 m/yr drawn as a dashed line in black for the thinned run and gray for current conditions.
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show the four resulting basal strength distributions computed based on the assumption detailed in Section 2.2. 
Panels (f–i) show the computed ice speeds based on the respective basal strength distributions in B-E to evaluate 
the explanatory potential that each of these cases offers. The currently observed ice surface velocities are shown 
in panel (a) for comparison purposes.
The spatial distribution of basal strength that would result from overburden alone is shown in Figure 6c. The 
model of overburden-controlled basal strength implies significant strengthening upstream with critical bed 
strengths over 120 kPa in the entire upstream region. This distribution of basal strength is a direct consequence 
of our assumption that overburden dominates basal strength as the ice thickness and overburden is largest in the 

Figure 6. Comparison of our four cases of basal strength under current conditions. (a) Observed ice surface speed from MEaSUREs 2 in our domain (Rignot 
et al., 2017). We highlight the central trunk of flow with gray dotted lines and the approximate locations of observed shear margins as black dashed lines. All lines are 
repeated in panels (f–i) to enable a direct comparison. (b–e) Basal strength distributions for cases 1–4, respectively. The location of the basal high point discussed in the 
text is outlined as a gray dashed ellipse. (f–i) Computed ice speeds for cases 1–4, respectively.
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upstream region. The critical strength is much lower (∼50 kPa) in areas of relatively thinner ice downstream and 
on high points in the bed topography on the western edge of our domain.
The trend of lowering strength downstream is inconsistent with the increase in driving stress inferred from meas-
ured ice thickness and surface elevation downstream at Thwaites Glacier (Morlighem et al., 2019). The spatially 
widespread mismatch in driving stress and basal strength leads to either unrealistically high ice speed down-
stream or widespread “locking” at the basal interface, which reduces ice surface speeds to <10 m/yr (Figure 6g). 
When optimizing the model for accurate reproduction of current surface speed, we find widespread locking of the 
bed in the upstream portion of our model domain, demonstrated by the blue zone in Figure 6f, differing signifi-
cantly from observations of surface speed. The upstream locking of ice implied by an overburden-controlled basal 
strength distribution differs significantly from the speed distribution observed in Rignot et al. (2017).
Our model of bed-composition control on basal strength (case 3) implies a more even distribution of bed strength 
as compared to the overburden-controlled case (case 2). Though variations are mild, the bed strength is lower in 
the upstream portion of the domain where the bed is lowest and relatively weak till has accumulated. High points 
in the bed topography along the north and west sides of the domain stand out as points of increased strength 
(∼100 kPa) in this model because we assume that till content decreases on topographic high points, similar to 
assumptions made by Aschwanden et al.  (2016) and Smith-Johnsen et al.  (2020) and consistent with seismic 
observations from Thwaites Glacier (Muto et al., 2019). Overall, cases 2 and 3 lack small scale spatial variation 
compared to case 1, resulting in a more uniform distribution of strength as shown in Figures 6b–6d.
Our model of hydrology controlled basal strength (case 4) implies the highest strength at the downstream bound-
ary of our three forward-model cases, with high strength roughly correlating with high driving stress. Basal 
strength increases in the downstream direction in direct contrast to case 2. The higher effective pressures down-
stream modeled by GlaDS imply higher bed strength downstream (Equation 6). This trend of increasing effective 
pressure and bed strength is consistent with the development of a more efficient, centralized drainage system, 
as is suggested at Thwaites Glacier by Schroeder et al. (2013) and Hager et al. (2022). The hydrology controlled 
model reproduces sliding in the central trunk but has an offset western shear margin compared to cases 1 and 3. 
The most notable feature of this case is that the western shear margin initializes much closer to the topographic 
high point, inward compared to the observed western margin. This is driven by very high strength on the topo-
graphic high point in this case (Figure 6e). This region shows the strongest bed strengths seen in our study, 
approaching 250 kPa. The eastern margin in this case agrees fairly well with observations compared to cases 1–3.
Summarizing, Figure 6 demonstrates that cases 3 and 4 match current surface velocities much better than case 
2. We infer that they have greater explanatory potential than case 2, suggesting that bed composition and subgla-
cial hydrology might exert a greater influence on the spatial distribution of basal strength than ice overburden. 
However, neither of the two provide as close a fit to observed surface velocities as the inversion-based case 1 
because the allowed variability of basal strength in cases 3 and 4 is constrained by specific physical processes, 
translating into fewer degrees of freedom than in the inversion.

3.3. Testing the Robustness of Shear Margin Migration
To assess the robustness of our finding that the shear margins at Thwaites Glacier might migrate in response to 
thinning and surface steepening (see Section 3.1), we apply the same 2 thinning scenarios considered in case 1 
(i.e., 25 m of thinning uniformly and observation based thinning) to cases 3–4. We omit case 2 as it does not 
provide a satisfactory fit to current surface velocities, raising doubts about its explanatory potential. For all 
comparison plots, we compare to current conditions (Δz = 0) for the given case of basal strength.
When applying thinning to case 3, we find that the western shear margins is more stable compared to the western 
margin in case 1 (see Figure 7). We project very minor (<3 km) inward migration of both margins for uniform 
thinning and some (<5 km) outward migration of the eastern for observation based thinning. This outward migra-
tion is most pronounced in the upstream region where there is a net increase in driving stress (Figure 7h).
For uniform thinning, we see a widespread slowdown of tens to hundreds of meters per year concentrated on the 
western side of the main trunk, a region characterized by high basal strength due to an inferred lack of till at the 
bed due to high bed topography. For the observation based thinning run, this same region no longer experiences 
a slowdown as it does in Figure 7d but merely a lesser speedup compared to the rest of the trunk (Figure 7g). 
However, the central trunk in all runs of case 3 is narrower than in the current data (Figure 6a). The discrepancy 
in shear margin location is most pronounced on the eastern shear margin, where topographic control is lacking.
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In Figure 8, we show the impact of ice thinning on case 4. We find that for case 4, the western margin initial-
izes very close to a topographic high point, inward from the currently observed margin location. This results 
in little further western margin migration with subsequent thinning. At 25  m of uniform thinning only very 
minor (<3 km) inward migration occurs on the eastern shear margin compared to the current conditions run (see 
Figures 8a and 8c). For the observation based thinning run, we see more significant outward migration of 8 km 

Figure 7. Summary of the impact of uniform and observation based thinning in the case of bed-composition controlled basal strength (case 3). The first row (a and b) 
shows the best fitting ice speed and basal strength distribution for current conditions (Δz = 0 m). (a) Best-fitting surface speed with the 30 m/yr contour plotted in gray. 
(b) Bed-composition controlled basal strength distribution associated with panel (a). The middle row (c–e) refers to uniform thinning at Δz = 25 m and the bottom row 
(f–h) refers to observation-based thinning. In both rows, we impose the same basal-strength distribution shown in panel (b). (c and f) Computed surface speeds; (d and 
g) difference in ice speed for panels (c and f) as compared to current conditions shown in panel (a); and (e and h) percent change in computed driving stress across the 
domain compared to current conditions. Included in panels (c–h) are the contours of 30 m/yr drawn as a dashed line in black for the thinned run and gray for current 
conditions.
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(see Figure 8f), again primarily in the region where driving stresses are net increased (Figure 8h). This leads to 
an increase of the overall width of the ice trunk of approximately 4%.

The initialization of the western margin on the basal high point, well inward of the observed western margin, may 
illustrate how hydrologically controlled bed strength could drive the current western margin to migrate inward 

Figure 8. Summary of the impact of uniform and observation based thinning in the case of hydrology controlled basal strength (case 4). The first row (a and b) shows 
the best fitting ice speed and basal strength distribution for current conditions (Δz = 0 m). (a) Best-fitting surface speed with the 30 m/yr contour plotted in gray. (b) 
Hydrology-controlled basal strength distribution associated with panel (a). The middle row (c–e) refers to uniform thinning at Δz = 25 m and the bottom row (f–h) 
refers to observation-based thinning. In both rows, we impose the same basal-strength distribution shown in panel (b). (c and f) Computed surface speeds; (d and g) 
difference in ice speed for panels (c and g) as compared to current conditions shown in panel (a); and (e and h) percent change in computed driving stress across the 
domain compared to current conditions. Included in panels (c–h) are the contours of 30 m/yr drawn as a dashed line in black for the thinned run and gray for current 
conditions.
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to the basal high point. Even with the stable western margin migration in this case, an asymmetry in the speed 
response of both thinning runs is again seen with slowdown concentrated on the western half of the domain for 
the uniform case, and a lack of speedup in the same region in the observation based run.
For all four cases, the change in ice speed is subtle in the near future represented by 25 m of thinning, but we iden-
tify an overall trend of slowdown of ice speed and inward migration of shear margins across all cases for uniform 
thinning. This finding is consistent with a decrease in driving stress from a reduced ice thickness H. In contrast, 
for observation based thinning, we see an overall trend of speedup of ice speed and outward migration of shear 
margins across all cases, which is consistent with the net increase in driving stress due to increased surface slope.
Despite the significant difference in the underlying basal strength, the trend of asymmetry in ice speed response 
for cases 1, 3, and 4 shows that the lower western half of the domain tends to speedup less, or even slow down, as 
compared to the rest of ice trunk (Figures 5, 7 and 8). Additionally, the projected shear margin migration differs 
significantly between these three cases in response to thinning. Specifically, case 1 projects western shear margin 
migration, while case 3 projects very minor migration of both margins, and case 4 projects primarily eastern shear 
margin migration.

3.4. Hindcasting and Sensitivity of Downstream Boundary
To test our model, we simulate not future conditions but rather the historic 1996 conditions of Thwaites Glacier 
for which ice velocity observations are available. For these hindcasting tests, we use the ISSM based basal friction 
(case 1) as it provides the best fit to observations. We impose the observation-based thinning for this case, but 
now with an average of 25 m of thickening applied compared to current conditions based on observed thinning 
between 1996 and 2014 (McMillan et al., 2014; Shepherd et al., 2002; Smith et al., 2020). We then compare this 
thickened “synthetic 1996” results against current conditions, Figure 4a, and compare these findings against the 
observed change in ice speed between 1996 and 2014 (Rignot et al., 2014). Thus, we compare our 1996–2014 
model difference to the actual observed changes during this period. We show our findings in Figure 9. Panel 
(a) shows the observed speed change, panel (b) shows our modeled speed change with constant flux boundary 
conditions applied. Panel (c) shows observed boundary flux conditions applied. We note that this color scale is 
logarithmic, in contrast to the linear color scale used in speed difference plots above.
Our results show that in the constant flux case, where we impose constant flux boundary conditions for 1996 
and 2014, the asymmetry of acceleration in the main trunk is well captured by our model. Figure 9b shows the 
ice surface speed difference between our current conditions case and the 25 m observation-based thickening run 
with a constant flux boundary condition. This asymmetry is noticeable by the reduced speed up on the western 
side of the main trunk, around Northing −500 km. Both shear margin migrate slightly outward ∼3 km. However, 
the constant flux boundary condition case underestimates the magnitude of ice acceleration. Studies have shown 
that coastal forcing has been responsible for ice acceleration at Thwaites Glacier since 1996 (Payne et al., 2004; 
Pritchard et al., 2012), but such forcing is not included in our model or constant flux boundary conditions.
An added value of this hindcasting experiment is to gauge the sensitivity of our model to changes at the down-
stream boundary by comparing our constant flux boundary conditions to the actual observed ice velocity bound-
ary conditions of 1996. We view this choice of a new downstream boundary condition as a proxy, if an imperfect 
one, for the impact of changing coastal forcing on our results. Instead of a constant flux boundary condition for 
1996 and 2014, we enforce the observed ice flux boundary conditions for 1996 and 2014, respectively, at ΓUp, 
ΓDown, and leave the side boundaries stress free, consistent with all other runs. The comparison of the 1996 and 
2014 boundary conditions is shown in Figure 2c. Figure 9c shows the difference between the current conditions 
case and the same synthetic 1996 case, but this time the boundary conditions for the 1996 case are based on the 
observed ice velocity in 1996, not a constant flux condition. This case better captures the true magnitude of ice 
acceleration over this period, consistent with coastal forcing driving acceleration, but also shows more outward 
migration of the eastern shear margin, 6 km, compared to the constant flux case, suggesting a feedback between 
coastal forcing and shear margin position for the eastern margin.

4. Discussion
Ice sheet models are often extensively calibrated to current data, partly because the physical processes at the 
boundaries of the ice are not directly observable. The prominent role that observational data plays in model 
derivation makes it difficult to test model results against data, as is often the case in large, system-scale models 
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(Oreskes et al., 1994). Even when the inferred parameter values tend to fit current data well, it is not clear whether 
the current data are representative of the range of behavior that the ice sheet can actually exhibit. Deviations 
between expected and observed ice drainage could arise for a variety of reasons including issues such as parame-
ter surrogacy (Doherty & Christensen, 2011), which captures the fact that multiple parameter combinations might 
explain current data. Additionally and maybe more importantly, a change in the relative importance of different 
physical processes over time is not captured by parameters informed only by current data.

Existing observations suggest that the relative importance of different physical processes governing ice streams 
and outlet glaciers evolves over time as evidenced by sudden and large scale changes in ice speed (Beem 
et al., 2014; Bindschadler et al., 2003; Conway et al., 2002; Siegfried et al., 2016; Stearns et al., 2005), including 
shutdown (Jacobel et al., 1996; Ng & Conway, 2004; Retzlaff & Bentley, 1993), initiation (Willis et al., 2018), 
and flow switching (G. Catania et al., 2012; Fahnestock et al., 2000; C. Hulbe & Fahnestock, 2007; C. L. Hulbe 
et al., 2016; Winsborrow et al., 2012; Stokes et al., 2016). A possible consequence is that ice streams exert a vari-
able degree of influence on the overall ice dynamics as their number and flow widths changes, as appears to have 
been the case during the deglaciation of the Laurentide Ice Sheet (Stokes et al., 2016). The stability of the shear 
margins plays an important role in understanding these variations, highlighting the value of developing minimally 
parametrized model of shear margin migration, such as the one proposed here.

Our work attempts to move beyond idealized domains and take process-based models (Elsworth & Suckale, 2016; 
Haseloff, 2015; Jacobson & Raymond, 1998; Schoof, 2004, 2012; Suckale et al., 2014) to the field. We aim to 
strike a balance between maintaining a process-based focus while gaining insights pertinent to a particular field 
site. One advantage of this approach is that it improves model testability by providing preanalysis results that can 
be tested against ongoing field work at Thwaites Glacier on a decadal timescale. Specifically, our cases of bed 
strength can be compared to high-resolution seismic imaging of the bed conditions at Thwaites Glacier by the 
GHOST and TIME projects. Additionally, GPS surface velocity measurements by TIME can be used to validate 
our predictions of eastern shear margin migration. We emphasize that we intentionally restrict our analysis to the 
next 1–2 decades. The reliability of long-term projections at the century scale would be limited since our basal 
conditions, most importantly subglacial hydrology, do not evolve in time.

A noteworthy finding of our analysis is that the topographic high point exerts significant influence on both 
margins, despite its proximity to the western but distance to the eastern side. Most previous studies have focused 

Figure 9. Evaluation of our model approach by comparing existing satellite data against computed hindcasts. (a) Difference in observed ice surface speed between 
1996 and 2014 (Rignot et al., 2014, 2017). (b) Ice speed difference between our synthetic 1996 case and current conditions run with a constant flux boundary condition. 
Panel (c) same as panel (b) but with boundary conditions informed by the 1996 satellite observations for the 1996 run. In all panels, gray dashed lines mark the 1996 
30 m/yr contour, and black dashed lines mark the 2014 30 m/yr contour. We use the same logarithmic color scale in all panels, but it differs from speed difference plots 
in previous figures (e.g., Figures 8d and 8g).
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primarily on the possibility of migration along the eastern shear margin of Thwaites Glacier (Macgregor 
et  al.,  2013; Young et  al.,  2021), partially because of the flat basal topography in its immediate vicinity. In 
contrast, our results show that topographic features do not have to coincide with the margin position to sensitively 
influence or govern its migration when the subglacial bed is plastic. While inferred here in the specific context of 
Thwaites Glacier, this insight might generalize to other ice streams or glaciers, particularly those with complex 
basal topography and strongly variable cross-sectional speed that deviates notably from simple analytical concep-
tualizations (e.g., Raymond, 2000).

Another insight of our study that generalizes to other field sites beyond Thwaites Glacier is that ice sheet thin-
ning and surface steepening could have an opposite and competing influence on shear margin migration. This is 
consistent across all three cases of basal strength we consider, with a constant trend of inward shear margin across 
all runs for uniform ice sheet thinning. Conversely, we find a trend of outward shear margin migration across all 
cases for observation based thinning which includes surface steepening.

Our modeling results show a trend of outward shear margin migration in response to surface slope steepening 
outpacing the effect of inward shear margin migration from ice sheet thinning for Thwaites Glacier. We find 
that this steepening-driven margin migration initiates in the upstream region of Thwaites Glacier and correlates 
with locations where there is increasing driving stress in response to observation based thinning. In contrast, our 
perturbations of the downstream boundary in Section 3.4 show the potential to drive shear margin migration 
throughout more of the domain, even regions with decreasing driving stress. In Figure 9, our model indicates 
outward shear margin migration of up to approximately 3 km for the constant flux case and up to approximately 
6 km for the observed flux case. Notably, the western shear margin in both these cases migrates a maximum 
of 3 km, while the eastern shear margin's migration seems to be more influenced by the downstream boundary 
condition, and thus more likely influenced by coastal forcing.

To test our model results, we use our model to hindcast the remotely observed shear margins between 1996 and 
2014. One challenge in our comparison between observed and hindcasted margin position is the estimated error 
of ±6−20 m/yr on the satellite data products. The projected margin migration of about 3 km over this time period 
is hence difficult to evaluate confidently against the observations by Rignot et al. (2014), particularly when using 
the 30 m/yr contour as a proxy for shear margin position as we have done. We hence conclude that detectable 
migration of either margin is not observed in the satellite record (Figure 9a).

The degree of shear margin migration considered in this study, a <5% changes in ice stream width, at Thwaites 
Glacier would be a minor effect on the ongoing dynamic imbalance there, which has accelerated ice loss by 
over 500% over a similar period (Shepherd et al., 2019). This degree of margin migration is a smaller migration 
than the ∼15  km historic margin migration suggested from radar observation at Thwaites Glacier in Young 
et al. (2021) and less than the ∼20 km historic margin migration modeled and inferred in radar observations at 
Kamb Ice Stream (G. A. Catania et al., 2006; Elsworth & Suckale, 2016). We intentionally focus our study to 
roughly 20 years of thinning, to improve testability. On longer timescales, the effect of shear-margin migration 
may become more significant, particularly if there is a positive feedback between shear margin position and 
grounding line retreat.

Summarizing, we argue that it is likely insufficient to test the cases we present with each of the three data sets 
we discuss in isolation: satellite derived velocity data, constraints on basal composition and water content from 
seismic imaging, and detailed GPS measurements of eastern shear margin position. Integrating these data sets, 
however, could allow us to evaluate the explanatory potential of the cases we discuss here or, at the very least, 
inform adjustments to the basal strength distribution for an updated suite of projections. Because shear margin 
migration and basal properties are closely linked, our results show that the basal properties in the region around 
the topographic high-point are particularly influential. High basal strength in this region (e.g., case 1) leads to 
migration on the western shear margin, as seen in Figure 4, while lower basal strength in this region (e.g., case 3) 
is also associated with migration of the eastern shear margin.

5. Conclusion
We develop and implement a free-boundary model to better understand how the shear margins might respond 
to the ongoing, rapid thinning of Thwaites Glacier. We find that while uniform thinning results in inward shear 
margin migration, observation based thinning leads to outward migration. To test the robustness of margin 
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migration, we construct four bounding cases of basal strength and find that depending on the spatial distribution 
of basal strength, both the eastern and western shear margins of Thwaites Glacier could migrate in the coming 
decades under current rates of thinning. We compare our results against observations of surface ice speeds at 
Thwaites Glacier between 1996 and 2014, finding that we explain changes in surface velocities well, but currently 
available data are insufficient to yet observe any shear margin migration at Thwaites Glacier.

Data Availability Statement
All code and input data are available open source at https://doi.org/10.5281/zenodo.7106136. All code was run 
on MATLAB R2021a Update 6 (9.10.0.1851785) (Summers et al., 2022).
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