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Abstract. Ice loss from the Amundsen Sea sector of West Antarctica is a major contributor to global sea-level rise, and is a
key source of uncertainty in projections of sea level over the coming centuries. This ice loss is ultimately driven by changes
in ocean melting, which must therefore be represented in ice-sheet model forecasts. In this study we use high-resolution
ocean simulations to understand the mechanisms controlling ice-shelf melting in the eastern Amundsen Sea. Melting is
focussed on four ‘hot spots’ of melting of the deep ice where the main glacier trunks cross the grounding line. Secondary
areas of elevated melting occur beneath the associated buoyant ‘meltwater outflows’, which are guided by ice topography
and Coriolis force. The simulations are then used to test simple local parameterisations of melting. The best parameterisation
expresses melt rate as a simple function of ocean temperature to the power 3/2, ice slope to the power 1/2, and tapered to
zero near the grounding line. This matches the simulated melting with #°=0.65, capturing melting hot spots near the
grounding line but failing to represent melting along meltwater outflow paths. This parameterisation also broadly captures
the strong melting feedbacks that appear when the model is applied to possible future ice geometries. It is possible that
simple local melting parameterisations may be sufficient wherever ice shelf buttressing is focussed near the grounding line
(such as Thwaites Glacier), but may be inadequate in regions where melting beneath shear margins controls buttressing (such

as Pine Island Glacier).

1 Introduction

The West Antarctic Ice Sheet is losing ice, contributing to sea-level rise (Rignot et al., 2019; Shepherd et al., 2019; Otosaka
et al., 2023). This ice loss is focussed on the Amundsen Sea sector, where changes in ocean melting have led to thinning,
retreat, and increased damage of the floating ice shelves and acceleration and thinning of their tributary glaciers (e.g.
Shepherd et al., 2004; Mouginot et al., 2014; Konrad et al., 2017; Lhermitte et al., 2020). The continental shelf sea in the
Amundsen Sea is flooded with a layer of warm (+1°C) Circumpolar Deep Water from the deep Southern Ocean, and
variability in this warm layer controls ice melting rates (Dutrieux et al., 2014; Jenkins et al., 2018). The ice loss has been
caused by some combination of historical anthropogenic change in this Circumpolar Deep Water layer (Naughten et al.,

2022; Turner et al., 2025) and natural ocean variability (Smith et al., 2017; Holland et al., 2022; O'Connor et al., 2023),
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enhanced by ice and ocean feedbacks (De Rydt et al., 2014; Favier et al., 2014; Joughin et al., 2014; Lhermitte et al., 2020;
Holland et al., 2023; Reed et al., 2024). The future evolution of oceanic melting of ice shelves in this region is a key control

over projections of sea-level rise (Arthern and Williams, 2017; Naughten et al., 2023; Seroussi et al., 2023).

Despite the importance of ocean melting of ice shelves in the Amundsen Sea, our understanding of the melting patterns and
their underlying oceanic physics remains incomplete. Overall melting rates can be derived from oceanographic
measurements (Dutrieux et al., 2014; Jenkins et al., 2018), but this offers no insight into the controls over spatial patterns of
melting, which are important to the glacier dynamical response to ice thinning (Morlighem et al., 2021; Naughten et al.,
2023). Melting patterns can be estimated from ice thickness and velocity fields derived from remote sensing (Dutrieux et al.,
2013; Shean et al., 2019; Zinck et al., 2023; Chartrand et al., 2024; Gourmelen et al., 2025; Lowery et al., 2025; Zinck et al.,
2026), but this can be inaccurate in areas where the ice is not a continuum, contains small-scale thickness variations, or is not
freely floating. Furthermore, no oceanographic process information is available to accompany these maps. More information
can be gained about the ocean processes controlling melting by using high-resolution ocean models, which are now being
applied to Amundsen Sea ice shelves at a resolution capable of resolving the detailed processes and topographic features that
control melting (Dutrieux et al., 2014; Nakayama et al., 2019; Nakayama et al., 2021; Holland et al., 2023; Lambert et al.,
2023; Gourmelen et al., 2025; Lowery et al., submitted).

The need to improve our understanding of ice shelf melting in this region has an important practical implication: The need to
constrain projections of the future ice-sheet contribution to sea-level rise. The future trajectory of the West Antarctic Ice
Sheet offers the greatest source of uncertainty in projections of global sea-level rise (IPCC, 2021). Of this uncertainty, the
future evolution of ocean melting is a leading source (Seroussi et al., 2023). Running coupled ice—ocean models is widely
considered the most accurate approach to obtaining future melt rates, because this accounts for the effect of changing ice
shelf geometry on melt rates (Seroussi et al., 2017; Bett et al., 2024; De Rydt and Naughten, 2024). However, developing
and running coupled ice-ocean models is technically demanding, and the ocean model usually demands most of the
computational time in the coupled system. A far more common approach is to use simple parameterisations of ice-shelf
melting to drive stand-alone ice-sheet models, freeing up resources for studies of ice model uncertainty and probabilistic
forecasting (Nias et al., 2019; Seroussi et al., 2023; Coulon et al., 2024). Increased understanding of the strengths and
weaknesses of these melt parameterisations, relative to coupled ice—ocean modelling, could provide better constraint over

future projections of ice loss from the Amundsen Sea sector.

A wide hierarchy of parameterisations have been applied to ice-shelf melting in the Amundsen Sea, from simple local
functions of depth or temperature (Jourdain et al., 2020; Joughin et al., 2021; Reed et al., 2024), to one-dimensional
(horizontal) patterns derived from plume theory (Lazeroms et al., 2019), to quasi-two-dimensional (vertical) box models

(Olbers and Hellmer, 2010; Reese et al., 2018a), to two-dimensional (horizontal) layer models (Payne et al., 2007; Lambert
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et al., 2023). Machine learning approaches to melting parameterisation are also now being developed (Burgard et al., 2023;
Rosier et al., 2023). However, there are only a few studies examining the relative merits of these different approaches. For
example, De Rydt and Gudmundsson (2016) and Snow et al. (2017) show that simple depth-dependent parameterisations do
not reproduce the results of coupled ice—ocean models when applied to simple domains reminiscent of Amundsen Sea ice
shelves. Favier et al. (2019) tested a wide range of parameterisations against a coupled ice—ocean model. For warm
conditions reminiscent of the Amundsen Sea, they found that only formulations expressing melt rates as a quadratic function
of ocean temperature were able to represent melt rate patterns and the melt sensitivity to warming. Burgard et al. (2022) and
Burgard et al. (2023) extended this approach by using circum-Antarctic ocean simulations as their parameterisation target,
finding that melt rate formulations based on plume theory and quadratic functions of temperature performed best in general,
particularly in the Amundsen Sea, including in ocean warming scenarios. Lambert and Burgard (2025) found that the
quadratic parameterisation had the highest sensitivity of melting to ocean warming, particularly in the deep warm waters of

the Amundsen Sea.

The present study has two over-arching goals: i) to model ice—ocean interactions in the Amundsen Sea at high resolution
and understand the ocean processes controlling melting and ii) to use these simulations as a model testbed to develop and test
parameterisations of melting that could be used to force an ice-sheet model. The study complements previous assessments
(Burgard et al., 2022; Burgard et al., 2023) by focussing solely on Amundsen Sea processes, at much higher resolution. First,
we simulate present-day ocean conditions in the Amundsen Sea at high resolution. Next, we derive a set of local melting
parameterisations and calibrate and validate these against the present-day simulations. Finally, we test the accuracy of these
trained parameterisations in reproducing simulated melting using potential future, significantly retreated ice geometries (Bett
et al., 2024). This provides insight into the parameterisations’ performance when confronted with geometries outside their
training dataset, and how well they capture the important coupled geometric ice—ocean feedbacks that influence future ice
retreat in this region (Bett et al., 2024; De Rydt and Naughten, 2024). It is of course impossible to test all possible
parameterisation approaches, so the model simulations are freely available for others to develop and test alternative

parameterisations, or for general use in understanding Amundsen Sea ice—ocean interactions.

2 Methods
2.1 Modelling
2.1.1 Model setup

This study uses the MITgem ocean model to solve the hydrostatic Boussinesq Navier-stokes equations in a small ocean
domain covering the south-eastern Amundsen Sea shelf and its ice shelves, from Dotson Ice Shelf to PIG (Fig. 1). The model

is deliberately simplified. It includes static floating ice shelves that are thermodynamically coupled to the ocean (Losch,
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2008) but uses idealised climatic forcings (see below) and does not include a sea-ice model, tides, or subglacial outflows.
The model setup follows the simulations of Holland et al. (2023) except for a coarsening of the horizontal grid, such that the
model resolution is 400 m in the horizontal by 10 m in the vertical, with the model timestep unchanged at 30 s. These
changes required an increase in the horizontal viscosity to maintain numerical stability, following the formula 4, =

0.01 (Ax)?/(4 At). All other mixing and melting parameters are identical to Holland et al. (2023).

The modelling strategy is to initialise the ocean domain with conditions reflective of cold, fresh Winter Water, then apply
restoring boundary conditions that contain a deep layer of warm, salty Circumpolar Deep Water, and spin the model up as
this water floods into the domain, until a steady state is achieved where the warming and salting from the boundary restoring
balances the cooling and freshening from ice shelf melting. This is achieved after two years of simulation. We consider 6
model experiments: a reference contemporary simulation using ocean conditions and ice geometry representative of the
present day, and a set of five future simulations that use successive time-slices of projected ice geometry from the coupled

model of Bett et al. (2024). Details of the model geometry and forcings are presented below.

2.1.2  Ice and seabed geometries

It is important that we use the most accurate seabed and ice draft topography datasets, since we are focussed on the supply of
ocean heat to the ice cavities, and the ocean currents that drive melting. For seabed bathymetry, we assemble our final
dataset from several sources. First we lay down the seabed from BedMachine version 3 (Morlighem et al., 2020), then over-
print this with the latest gridded ship swath bathymetry data (Frank Nitsche, personal communication 2023), a seabed dataset
from submarine data beneath Pine Island Glacier (Dutrieux et al., 2014), and a seabed dataset beneath Dotson—Crosson and
Thwaites ice shelves from constrained airborne gravimetry data (Jordan et al., 2020). This bathymetry dataset is used in all

simulations.

In the reference present-day simulation, ice shelf draft is calculated from the ice surface elevation in the global 30-metre
resolution Digital Elevation Model (DEM) from TanDEM-X data (Gonzalez et al., 2020). For Thwaites Ice Shelf, this is
over-printed using the final 2022 surface DEM from Holland et al. (2023). Ice draft is calculated from this combined surface
DEM by assuming the ice is freely floating, using the EIGEN-6C4 geoid, a Dynamic Ocean Topography of 1.81 m, a firn-air
thickness of 12 m, and ice and ocean densities of 917 and 1028 kg / m? respectively. The grounding line is determined to be
wherever the floatation ice draft meets the seabed dataset. Near the grounding line the ice shelf is not expected to be in
floatation, so within 2.5 ice thicknesses (a typical ice bending length scale) of any grounded ice, the ice shelf draft is deleted

and replaced by linear interpolation between the remaining floating ice and grounded ice drafts.

In the future simulations we derive a floatation ice draft from the ice thickness generated by the simulations of Bett et al.

(2024), and then repeat the above procedure to determine the grounding line and nearby ice draft. We use the “WARM’
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experiment of Bett et al. (2024), which is forced by prescribing idealised warm ocean boundary conditions in the coupled
model, and we choose to perform five time-slice experiments at t = {36,72,108, 144, 180} years, corresponding to the ice
states shown in Figs. 3 and 8 of Bett et al. (2024). With the warm forcing used in that study, after 180 years of coupled
evolution these ice geometries represent a state in which Pine Island, Thwaites, Smith, and Kohler glaciers have all suffered

extreme thinning and retreat.

2.1.3 Ocean forcing

In contrast to the complex regional topography used in the model, the ocean forcing is deliberately kept as simple as
possible. We neglect all surface stresses and fluxes of heat and salt, and simply treat the open-ocean lateral boundaries on the
northern and western edges of the domain (Fig. 1) as solid walls at which ocean properties are restored to a single idealised
profile, uniform along the boundary. Similar to many previous studies, the profile features a warm (+1.2°C) and saline (34.7
psu) deep Circumpolar Deep Water layer below 700 m depth, with a colder (—1°C) and fresher (34 psu) Winter Water layer
above 300 m depth, and thermocline in between. This corresponds to average present-day summertime ocean conditions in
the eastern Amundsen Sea, central to the range of conditions used in previous studies (e.g. De Rydt et al., 2014; Holland et
al., 2023). The restoring region is prescribed to be 20 grid cells (8 km) wide, with a restoring timescale that increases linearly

into the domain from a value of 1 day on the boundary cells, to no restoring on the 20" grid cell.

The decision to use such idealised ocean forcings is highly influential and should be borne in mind when interpreting the
results. This choice neglects several important features of the regional oceanography, such as cooler water in Dotson Trough
(Jacobs et al., 2012; Jenkins et al., 2018), the meridional circulation in the eastern Amundsen Sea that brings the warmest
Circumpolar Deep Water towards the ice shelves (Nakayama et al., 2013; Kimura et al., 2017), cooling in polynyas (St-
Laurent et al., 2015; Bett et al., 2020), and local wind-driven gyres (Thurnherr et al., 2014; Zheng et al., 2022). The choice is
motivated by the aims of our study. To understand the sub-ice-shelf ocean processes governing melting, we choose to isolate
those processes from other influences external to the sub-ice cavities. To test parameterisations of melting, we choose an
experimental testbed that reflects the expected parameterisation usage cases. Parameterisations are usually driven by a
temperature profile from offshore of the ice shelves (Jourdain et al., 2020; Burgard et al., 2022), so using a single boundary
forcing profile provides a clear choice for this input. Furthermore, if we were to use any model with full regional complexity,
this complexity would be locked into the parameterisation by our calibration and validation procedure. It may not be
appropriate to preserve these details under changing climatic and ice geometry conditions, and these details may also conflict
with the usage case. For example, if we implicitly include the effects of polynyas in a melting parameterisation, and then
future studies drive this parameterisation with a model that includes polynyas, the polynyas would be incorporated twice.
Thus, with our idealised forcing we seek only to parameterise the melting that is driven by oceanographic processes
associated with the ice-shelf cavities. The simulations should be regarded as an idealised test case of melting in the

Amundsen Sea, not a fully realistic simulation of the real world.
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2.2 Melting parameterisations
2.2.1 Overview

We follow previous authors in using our ocean model as an artificial ‘ground truth’ against which to test parameterisations of
melting (Favier et al., 2019; Burgard et al., 2022; Burgard et al., 2023). However, there are a wide array of different
parameterisations in the literature and it is impossible to test all of them. Our selection of which to test is guided by the
following choices. First, our parameterisations may only use quantities available to a stand-alone ice sheet model (e.g. ice
draft, far-field temperature). Second, we only test parameterisations that have a clear underpinning in the relevant physical
theory, so that their behaviour can be clearly analysed and they may be expected to have wider applicability beyond the
envelope of present-day conditions. Finally, we choose to only consider parameterisations that are fully local, in the sense
that the melt rate at any location only depends upon quantities that are immediately relatable to that location, rather than
requiring any prescription of an ocean circulation flow path. One motivation for this latter choice is that the sub-ice shelf
flow fields are not straightforward, such that simply capturing the lateral transfer of information is a significant challenge
that we defer for future studies. This choice also fits the general philosophy that we want to test the simplest and cheapest of
formulations. Once we have established the abilities and shortcomings of very simple local formulations, we can consider
the benefits of the more advanced parameterisations. The simulation output is available for anyone to test further
parameterisations and we certainly welcome this. In the remainder of this sub-section we formulate a set of candidate

melting parameterisations, and outline our approach to testing these against the model results.

2.2.2 Melting

The most widely-used formulation of ice shelf melting is the following set of equations, which is used in the model. These
four equations express that the fluxes of momentum, heat, and salt must be conserved at the ice/ocean interface, and that the

interface must remain at the pressure freezing point:

u, = Jcqlul (1)

piLlim = p,co@lu. (T —Tp) + pic;m(T; — Ty) 2
pimSy = poplsu.(S — Sp) 3)
Tb = /1151, + /‘12 + /‘13Pb (4)

Here, m is the melt rate; u, is the friction velocity; 7, S and |u| are the temperature, salinity, and current speed at the outer
edge of the ocean boundary layer; T, Sy, and Py are the interfacial temperature, salinity, and pressure; 7; is an internal ice
shelf temperature, and all other physical constants and tuning parameters are listed in Table 1. While the applicability of this
formulation to highly stratified areas in the Amundsen Sea remains under investigation (Vreugdenhil and Taylor, 2019;
Davis et al., 2023; Rosevear et al., 2025), the model uses this formulation and it makes a logical starting point if we seek to

parameterise the model results.
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We note the presence of a novel factor ¢ in (2) and (3), which is a ‘melting multiplier’ introduced to clarify the issue of
parameter tuning, which is widely used to calibrate the formulation (1)—(4). In previous studies, this parameterisation has
been tuned in different ways, either through varying the drag coefficient ¢4, or the heat and salt transfer coefficients I and
I, or both. Such approaches can be problematic because the relative values of these three quantities reflect the molecular
diffusivities of momentum, heat, and salt, which should not vary in principle. Also, the ice—ocean stress (1) is not only used
in the melting parameterisation, but also as a boundary condition on momentum throughout the model and in the theoretical
considerations below, so tuning c,; has a range of effects beyond melting. Therefore, in order to clarify that we are tuning
melting only, we introduce ¢. With the values adopted (Table 1), we are using ¢; = 0.0025 in the momentum solve of the
model, and matching the parameter values of Jenkins et al. (2010) in the melting formulation (i.e. equivalent to using a drag

coefficient of 0.0097 in melting only).

Equation (2) expresses that heat is conserved; the latent heat consumption of melting (left-hand side) equals the convergence
between the turbulent ocean heat flux towards the ice—ocean interface (first term on the right-hand side) and the conductive
heat flux into the ice (second term). If we group the latent heat and conductive terms together, we arrive at a top-level

expression for melting, which underpins all parameterisations that follow

m = Lol (T~ T,) )

Where L; = L; + ¢;(T, — T;) can be treated as constant to a very good level of approximation (Jenkins, 2016). This leads us
to expect that melting should be parameterised as the product of friction velocity u, (linearly related to sub-ice current speed,
according to (1)) and thermal driving T — T}, the local temperature above the freezing point at the interface. In the below

subsections we separately consider how to parameterise each of these two factors.

2.2.3 Thermal driving

Parameterising the thermal driving T — T}, requires consideration of how oceanic heat reaches the ice shelves, and we

proceed by considering the simplest approach available (Jenkins et al., 2018). We first replace the interfacial freezing point

(Tp), which is calculated from the interfacial salinity (Sj) in (4), with the far-field freezing point (T¢) evaluated using the

salinity at the edge of the boundary layer (S). As discussed by Jenkins et al. (2010), this amounts to neglecting the variation

in turbulent salt fluxes through the ice—ocean boundary layer. However, the mean effect of salt mixing can be accounted for
by re-defining the heat transfer coefficient, yielding:

FT(T - Tb) = GTS}(T - Tf) (6)

Tr =4S+ 2, + 43P, @)

This provides an expression for the thermal driving as a function of temperature and salinity at the edge of the boundary

layer and the pressure at the ice base. T — Ty is sometimes referred to as thermal forcing.
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Now, we propose that the boundary layer sits within a meltwater layer that is itself situated between the ice base and some

deeper ‘ambient’ layer. The thermal forcing of the meltwater layer, T — T, lies somewhere between the ambient ocean

thermal forcing (T - Tf)a and the thermal forcing evaluated at the ice base, which is zero. This can be expressed as (T -
Tf) = s(T - Tf)a’ where the factor ¢ is set by the relative strengths of the mixing between the ice and the meltwater layer,

and the mixing between the meltwater layer and the ambient ocean (Jenkins et al., 2018). This mixing ratio ¢ is in reality a
complicated function of the turbulent mixing in the meltwater current, but for simplicity it will be treated here as a constant,
which is consistent with the use of constant mixing coefficients in the model simulations. Again following the simplest
approach available, we now parameterise the ‘ambient’ temperatures and salinities at each location (T,, S;) as equalling the

restoring ocean boundary condition profiles evaluated at the depth of the ice base (T", S™), so that (T — Tf)a = (TT — Tfr).

Putting this all together yields

r T T
(T—Tb)z%e(T —17) ®)
Tfr = Alsr +Az +A3Pb (9)

As desired, these formulae provide the thermal driving required in (5) as a function of quantities available to a stand-alone
ice sheet model. The only variable is the ice-shelf draft, which sets P, and the depth at which the ocean boundary conditions
are sampled. The assumption that ambient properties equal the far-field properties is perhaps noteworthy, as it may appear to
conflict with previous studies that have proposed schemes to represent the blocking of Circumpolar Deep Water currents by
seabed ridges (Jourdain et al., 2020; Finucane and Stewart, 2024; Nicola et al., 2025). In fact, such modification can be
considered within this framework by simply re-interpreting the mixing ratio € as representing the modification between the

model boundaries and the meltwater layer, rather than between the ambient and the meltwater layer.

2.2.4 Friction velocity

We derive simple expressions for the current speed beneath the ice by following established depth-integrated meltwater
plume and layer theories (Jenkins, 1991; Holland and Feltham, 2006). Consider a local coordinate system with (x,y)
directions oriented up- and along- the local ice base slope respectively. Then, neglecting all advective and diffusive
transports in the horizontal direction to obtain a local formulation, we may depth-integrate the Navier-Stokes equations over

a meltwater layer to obtain momentum equations in the local up-slope and along-slope directions:

au) _ Pa—p - _
L =p (—po )g sin 6 — c,|ulU + DV (10)
L = —cqlulv - fDU (11)

where D, U, and V are the layer thickness and up- and along-slope velocity components, p and p, are the densities of the

meltwater layer and ambient layer below, @ is the slope of the ice base, |u| = VU? + V2, and all other symbols are constants
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and parameters listed in Table 1. The buoyancy force (first term on the right-hand side of (10)) is expressed according to
Jenkins (1991), while the drag and Coriolis terms (remaining terms on the right-hand sides of (10) and (11)) are expressed
according to Holland and Feltham (2006). From now on, we consider steady conditions, so the left-hand sides of (10) and

(11) are set to zero and the terms on the right-hand sides have to balance each other.

The flow is driven solely by buoyancy in this formulation, so we consider limiting cases of whether drag or rotation balance
the buoyancy force. Defining a characteristic velocity scale U~{U,V, |u|}, the dimensionless ratio between the last two
terms on the right-hand sides of (10) and (11) is R = c¢,U/|f|D, with R > 1 implying drag is larger. This can be re-cast as
implying a critical time scale, such that drag dominates if D/U < cy/|f|. With the parameters used here, c4/|f| ~18 s
(Table 1), so for a 10 cm/s flow, a meltwater layer shallower than 1.8 m will experience a greater drag force than Coriolis
force. Crucially, R shows that shallower, faster meltwater layers will be dominated by a balance between buoyancy and drag

forces, while deeper, slower layers will be dominated by a balance between buoyancy and Coriolis forces.

Taking the limiting case where R > 1 and neglecting the Coriolis term in (10) and (11) altogether, the cross-slope velocity is

zero and the flow is purely up-slope, in a ‘terminal velocity’ balance between buoyancy and drag:

Pa—P : _ 2 _
D(po)gsm9—ch, V=0 (12)

Taking the opposite extreme of R < 1 and neglecting the drag term in (10) and (11) altogether, the up-slope velocity is zero

and the flow is purely along-slope, in a geostrophic balance between buoyancy and rotation:

D(%)gsin0=—DfV, U=0 (13)

Utilising (1), these arguments yield two limiting cases for the friction velocity:
1

(piD(pa — p)sin 9)2 R > 1 buoyancy ~ drag (14)
)
v €ag . .
17 (pa—p)sin® R K1 buoyancy ~ rotation (15)
)

We test the applicability of these simple dynamical theories below. However, u, is not yet closed because we need an
expression for the meltwater layer density anomaly relative to the ambient (p, — p). With a linear equation of state and
equal mixing of heat and salt, the temperature, salinity, and density anomalies caused by melting ice are all linearly related
(Jenkins, 2016). Therefore, the density anomaly of the meltwater layer relative to the ambient ocean scales linearly with the
analogous temperature anomaly, (p, — p) = Po(T, — T), where the factor P, defined in Jenkins et al. (2018) is
approximately constant over the range of temperatures and salinities beneath Amundsen Sea ice shelves. As described in the

preceding section, we may assume that the temperature of the meltwater layer, 7, lies somewhere on a mixing line between

9
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the ambient ocean temperature (T,) and the freezing point (Ty), so (T — T},) = &(T, — T},). Combining these concepts yields

an expression for the density anomaly as a function of the thermal driving
1_
(pa—p) = Po (55) (T = Ty). (16)

Inserting (16) into (14) and (15), we may then parameterise the friction velocity as a function of the thermal driving (8).

2.2.5 Melting near the grounding line

One area where the above theories may break down is in the thin sub-ice cavities near grounding lines, for which very few
observations exist (e.g. Minowa et al., 2021; Schmidt et al., 2023). The physics of these regions is still an active area of
research and a comprehensive physical description is yet to emerge. Subglacial outflows are thought to have an important
influence on ocean buoyancy and the mixing of heat (Jenkins, 2011; Le Brocq et al., 2013; Horgan et al., 2025), and tides are
expected to lead to strong mixing (Holland, 2008; Begeman et al., 2018; Rignot et al., 2024), but the model neglects both
subglacial outflows and tides. Without these effects, we may expect ocean currents to decrease to zero at the static grounding
line, and (5) implies that melting also decreases to zero. This result also arises from the dynamical theory in section 2.2.4: As

the meltwater layer thins, drag terms become proportionately more important, the ratio R becomes large, (14) describes the

1 o .
meltwater flow, and u,~D /2 decreases to zero. As a result, we expect the friction velocity and melt rate to decrease to zero

as the grounding line is approached.

It is not clear what functional form this decrease in melting might follow, since the thermal driving and buoyancy anomaly
are also expected to decrease towards the grounding line (e.g. Minowa et al., 2021; Schmidt et al., 2023), owing to enhanced
mixing in the thinner water column and a reduced supply of heat and salt by the weakening mean circulation. It is also not
clear how the melting will vary with the declining friction velocity, since double-diffusive processes and molecular diffusion
may grow in importance as the mean currents reduce (Rosevear et al., 2025). Here, we take the simplest approach and test
the impact of simply tapering parameterised melting linearly to zero at the grounding line over a specified length scale. This
is implemented by introducing a tapering function that has a value of 1 over most of the ice shelf area but decreases to zero

as each ice shelf grid cell point x approaches its closest grounded ice grid cell point x4 over the length scale 6x

Y(8x) = min (% 1) (17)

2.2.6 Resultant parameterisations

Combining expressions for melting (5), thermal driving (8) and (9), friction velocity (14) and (15), buoyancy (16), and

tapering (17), we arrive at
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From now on, we regard the quantities in the square brackets as constant, yielding local parameterisations of melting in
terms of temperature above freezing (from ocean boundary conditions), ice base slope, and distance to grounding line, all
quantities available to an ice sheet model. The factors in the square brackets have been discussed at length by Jenkins et al.
(2018) and references therein, and most of these should be constant. The greatest uncertainty lies in the mixing ratio € and
layer thickness D, which are controlled by turbulent mixing in the meltwater layer, which remains an active area of research
(Vreugdenhil and Taylor, 2019; Davis et al., 2023; Anselin et al., 2024; Davis et al., 2025; Rosevear et al., 2025). In order to
make progress with a simple parameterisation we treat these quantities as constant, and each of the square brackets in (18)

and (19) is treated as a single tuning parameter.

Before proceeding, we note that (18) and (19) are representative of many formulations that have previously appeared in the
literature. Based on local geostrophic theory, the quadratic dependence on temperature in (19) was first proposed by Holland
et al. (2008), and its linear slope dependence identified by Jenkins et al. (2018), with both dependencies verified theoretically
by Jenkins (2021b). MacAyeal (1984) had previously proposed a local quadratic law, but this was derived by balancing
buoyancy with tidal drag, rather than Coriolis force, and is ill-posed in the absence of tides. If we replace the tidal drag with
meltwater drag, the derivation of MacAyeal (1984) yields an expression nearly identical to (18), with temperature to the 3/2
power and slope to the 1/2 power. In the absence of rotation, Jenkins (2021a) describes how simple one-dimensional line
plume theory leads to (18). Lazeroms et al. (2018) examine the buoyancy~drag formulation that leads to (18). In a local
formulation of the problem, they find the same dependence on temperature to the 3/2 power and layer thickness to the 1/2
power, though their slope dependence differs from (18) because they assume that turbulent mixing varies with slope. More
importantly they, and many subsequent authors, focus on a nonlocal formulation whereby the layer thickness D scales with
temperature, which then yields a quadratic dependence on temperature overall (see (18)) (Lazeroms et al., 2018; Favier et al.,
2019; Lazeroms et al., 2019; Burgard et al., 2022). In summary, the power-law dependence of melting on temperature and
ice base slope remains uncertain, as a result of uncertainty in whether buoyancy is balanced by Coriolis force or drag, in the

controls over turbulent mixing, and whether the meltwater can be reasonably represented as being in a local balance.

2.2.8 Parameterisation calibration and assessment

Following the above discussion, we focus our parameterisation testing on the following structure:

m=C(T" = T})" (sin 6)# W(6x) (20)
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where a € {1, 3/2 , 2}, p € {0, 1/2 , 1}, 6x is varied between 0 and 5 km, and the coefficient C is calibrated separately for the

parameterisation structure arising from each choice. We only test (@, 8) combinations that have some basis in physical
theory. The calibration procedure is as follows. For each combination of (a, 8, §x) we calculate the melt rate field arising
from the resulting parameterisation, using boundary restoring temperatures, ice slopes and grounding line from the reference
present-day simulation. Then, we compare this to the melt field predicted by the model in that simulation. The value of C for
each parameterisation structure is selected using ordinary least-squares linear regression to minimise misfit between the
parameterised and modelled melt fields over all ice shelves Dotson—PIG. We emphasise that this regression has no
intercept, i.e. the value of C is chosen assuming that melting is zero when the right-hand side of (20) is zero. For comparison
later in the paper, we also test setting melting equal to a tuned linear function of ice draft z;,, again with no intercept to avoid

predicting freezing at shallower depths.

The assessment procedure for each parameterisation is as follows. After calibration, we first assess the coefficient of
determination (°) between the parameterised and modelled melt rate fields for the reference present-day simulation, which is
the quantity minimised in the calibration. We interpret this as quantifying what fraction of the spatial melt rate pattern
variance the parameterisation structure is able to capture, after tuning. We select this metric because it is sensitive to both the
rate and the location of melting, which are both important to glacier dynamics (Morlighem et al., 2021; Naughten et al.,
2023). We note that this does not equal the square of the Pearson correlation coefficient because (20) has no intercept. Next,
we apply the same parameterisations to the retreated future ice geometries, and compute the 7 between parameterised and
modelled melting fields, without recalibrating the coefficients C. We interpret this as quantifying what fraction of the future
melt field spatial variance the parameterisation is able to predict, based only on present-day information. We also assess the

Mean Absolute Error for each parameterisation.

3 Results
3.1 Modelled melting in present day

Figs. 1a and 1b show the model domain, seabed, and ice draft geometry. We only model the south-easternmost sector of the
Amundsen Sea shelf, in order to obtain the best possible resolution of cavity circulation and melting beneath PIG, Thwaites,
and Dotson—Crosson ice shelves, which are the key regions of ocean-induced glacier change (Rignot et al., 2019; Shepherd
et al., 2019; Selley et al., 2025). These ice-shelf cavities are linked to the shelf break by the Pine Island—Thwaites Trough
and the Dotson Trough (Fig. 1a). Fig. 1c maps the maximum ocean temperature at any depth in the water column in the
reference present-day simulation, showing how warm and saline Circumpolar Deep Water floods these troughs, connecting

the warm deep Southern Ocean directly to the ice shelf cavities. There is a cooling within the cavities of PIG and Crosson ice
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shelves but, broadly speaking, Circumpolar Deep Water is able to access the deepest areas of the ice base throughout the

sector.

Fig. 2 shows a closer view of the ice draft, melt rates, and sub-ice shelf currents for the three main ice shelves in the eastern
Amundsen Sea. The velocity vectors shown are the mean horizontal currents over the top 10 m of the model grid under the
ice shelves, as used in the melting formulation according to the boundary-layer scheme of Losch (2008), and for clarity each
plotted vector represents the mean of an 8x8 square of model grid cells, illustrating the high model resolution used in this
study. This figure shows two clear features that dominate the melting pattern. First, there are ‘hot spots’ of high melting
above 100 m/y in the four thick ice inflows at PIG trunk, Thwaites Inlet, Smith Inlet, and Kohler Inlet. The extremely high
melt rates in these hot spots arise because the deep ice base is sitting in the warm Circumpolar Deep Water layer, and hence
has strong thermal forcing, and is also steeply sloping, and hence has strong buoyancy-driven meltwater currents. Second,
each of these hot spots serves as a source for ‘meltwater outflows’, which travel up and across the base of the ice. These out-
flowing currents are guided by a balance between up-slope buoyancy force, across-current Coriolis force, and against-current
drag forces, and predominantly travel along ice draft contours, with thicker or grounded ice to their left (Holland and
Feltham, 2006). We now consider each of these ice shelves in turn, focussing solely on the ocean processes directly

controlling melt patterns.

For PIG, a detailed understanding of melt rate patterns has been gained from remote sensing studies (Dutrieux et al., 2013;
Shean et al., 2019; Lowery et al., 2025). These patterns are dominated by very high melt rates exceeding 100 m/y over a
substantial portion of the thick ice in the main PIG trunk. This high melting is extremely heterogeneous, with melting
varying between hundreds of metres per year and near-zero in response to kilometre-scale channels and undulations in the
ice base. The model reproduces the high, heterogeneous melting in this area (Fig. 2d), though we do not expect the detail of
the channelised melt patterns to be accurate given the model resolution of 400 m. Satellite-derived melt rates are lower over
most of the remaining ice shelf, below 20 m/y, but with a noticeable increase in the northern half of the main ice outflow
(Shean et al., 2019; Lowery et al., 2025), which the model reveals to be driven by a relatively fast-moving meltwater outflow
(Fig 2d). An apparently lesser outflow also emerges on the southern shear margin. The existence of both of these outflows is
supported by oceanographic observations along the ice front (Dutrieux et al., 2014; Naveira Garabato et al., 2017) and the
formation of polynyas at the sea surface (Payne et al., 2007; Mankoff et al., 2012; Savidge et al., 2023), but these
observations show that the southern outflow is much stronger. Two-dimensional meltwater layer models predict that this
southern outflow supports higher melt rates (Payne et al., 2007; Lambert et al., 2023), but three-dimensional cavity models
agree with satellite-derived melt rates that the northern outflow drives melting that is stronger or comparable (Dutrieux et al.,
2014; Nakayama et al., 2019; Nakayama et al., 2021; Lowery et al., submitted). Lowery et al. (submitted) explain this

situation by showing that the stronger southern outflow is largely separated from the ice base by a fresher, colder layer of
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meltwater that ‘pools’ beneath the southern shear margin of PIG. Since the meltwater outflow is separated from the ice base

it cannot drive stronger melting.

For Thwaites ice shelf, mapping melt rates from satellite observations is much more challenging, because the most rapidly
melting areas near the grounding line are heavily damaged and not a continuum, and often held out of floatation by ice
bridging stresses. However, the available data (Milillo et al., 2019; Chartrand et al., 2024; Gourmelen et al., 2025) clearly
demonstrate that strong melt rates of over 100 m/y are present near the rapid inflow of ice through Thwaites main trunk, in
Thwaites Inlet. Much weaker melt rates of only a few metres per year are derived on the larger eastern ice shelf, which is
supported by direct field observations (Davis et al., 2023; Schmidt et al., 2023; Wild et al., 2024; Davis et al., 2025), and the
much lower ice influx/ divergence in this sector. High-resolution ocean models capture this pattern, with a melting ‘hot spot’
in Thwaites Inlet (Nakayama et al., 2019; Holland et al., 2023), as also found here (Fig. 2¢). The remaining intact ice shelf in
Thwaites Inlet is only about 10 km long, with the remainder of Thwaites’ western ice tongue consisting of a mass of calved
icebergs and melange (Fig. 2b; Miles et al., 2020; Bevan et al., 2021). This means that the meltwater outflow attached to the
ice base is much shorter than in other areas, and basically confined to the hot spot region (Holland et al., 2023). This current
heads north under the influence of Coriolis force, along the ice draft contours, because the background ice draft gradient in
Thwaites Inlet is west-to-east. Some observational support for this outflow is provided by polynyas that open within the
melange immediately to the north, though apparently only in times of high subglacial outflow from beneath Thwaites Glacier

(Gourmelen et al., 2025), which is not modelled here.

For Dotson—Crosson Ice Shelf, satellite-derived melting studies have focussed on the meltwater outflow beneath Dotson Ice
Shelf (Gourmelen et al., 2017; Zinck et al., 2023), which is also clearly observed in oceanographic observations across the
Dotson ice front (Jenkins et al., 2018) and reproduced by our model (Fig. 2f). Goldberg et al. (2019) extend the coverage of
satellite-derived melting maps, finding high melt rates in the region where Dotson and Crosson ice shelves join, and the
suggestion of a meltwater outflow on the northern edge of Crosson Ice Shelf, next to Bear Island, both of which are also
modelled here. All of these studies show very high melt rates in Kohler Inlet, in agreement with the modelled hot spot in that
location, though none of the satellite datasets cover the Smith Inlet hot spot. Previous modelling studies produce

qualitatively similar results to those found here (Goldberg et al., 2019; Lambert et al., 2023; Shrestha et al., 2024).

These results provide a detailed examination of ice shelf melting across these four cavities, and a suitable test-bed for our
primary aim of testing melting parameterisations. Nevertheless, there are a few caveats that should be noted: we neglect the
influence of subglacial outflows into the ocean, though it can have a local effect on melting near grounding lines (Nakayama
et al., 2021; Gourmelen et al., 2025). We only consider the time-mean melt rates, neglecting the influence of turbulent eddies
(Shrestha et al., 2024; Poinelli et al., 2025), seasonal variability (Davis et al., 2018; Mallett et al., 2018), and interannual to

decadal variability (Dutrieux et al., 2014; Jenkins et al., 2018). Finally, as described in section 2.1.3 above, the waters in
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Dotson Trough should in reality be cooler than those in Pine Island—Thwaites Trough (Jacobs et al., 2012), but we neglect

this difference in order to clarify the testing of parameterisations.

3.2 Evaluation of best-performing parameterisation

We now consider how well the local melting parameterisations derived in section 2.2 are able to reproduce the melting fields
from the model. Before proceeding, it is important to clarify the length scales under consideration in this study. Our primary
aim is to parameterise the ice shelf melting patterns that are important to ice-shelf buttressing. However, modelled ice-shelf
melting varies substantially down to the smallest scales due to the presence of channels, crevasses, and other features in the
ice shelf bases (Fig. 2). With a grid resolution of 400 m we do not resolve these features, and in any case they are unlikely to
affect ice shelf buttressing on a glacier-wide scale, or at least it is only their averaged effect on melting that affects
buttressing. Therefore, in the parameterisation evaluation we smooth all fields by replacing each grid cell value with a box-
average of all values within a radius of 3 cells, i.e. a 7x7 box (2.8%2.8 km). This smoothing is applied to both the target melt

rates (Figs. 3a-c) and all of the fields entering the parameterisations.

Table 2 shows the metrics assessing a range of different parameterisation structures against the melt rates from the full
model, according to the pattern correlation (coefficient of determination) between modelled and parameterised melt rate
fields, and the mean absolute error. Given the extreme simplicity of these local parameterisations the metrics are perhaps
surprisingly favourable, with pattern correlations of 7’~0.6 and mean error of ~6 m/y for most of the formulations
considered. We interpret these 7? values as demonstrating that the parameterisations are able to capture 60% of the spatial
variance of the melting pattern in the full model. The best-performing parameterisation is found to be expression (18), on the
first line of Table 2, with 7’=0.649. We now focus on illustrating the characteristics of this parameterisation, with the other

parameterisations compared below in section 3.4.

Figs. 3a-c show the smoothed model melt rates, which mostly removes the high-spatial-frequency features to leave the
melting patterns associated with near-grounding-line hot spots and Coriolis-influenced meltwater outflows. Figs. 3d-f show
the results of expression (18), when fed with the smoothed ice-base slopes and ocean boundary temperatures and freezing
temperatures projected horizontally onto the ice base draft, and tapered to zero over 3 km near the grounding line. Like all
parameterisations, the constant multiplying this expression, C = 40.3, has been tuned to maximise the fit. It is immediately
apparent that this parameterisation broadly captures the four hot spots of high melting in general near the grounding lines,
though it does not capture the detailed patterns of melting within those hot spots. It also has no way of representing the
Coriolis-influenced outflows, e.g. beneath PIG and Dotson ice shelves. However, this general ability of being able to capture
localised high melt rates in excess of 100 m/y near the deep grounding line, while producing much lower melting over the

remainder of the ice shelf, is encouraging for the possibility of using this parameterisation to drive an ice-sheet model.
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Fig. 4 investigates the modelled and parameterised processes controlling PIG melting. The top row illustrates the model
results, with the melting (Fig. 4a) being proportional to the thermal driving (Fig. 4b) multiplied by the sub-ice ocean current
speed |u| (Fig. 4c), according to (5) and (1). From these figures we can see that the melting hot spot occurs because the deep
trunk of PIG is both sitting in warm waters and hosts very rapid sub-ice currents, as a result of the steep ice-base slope and
strong production of buoyant meltwater. It is also apparent that the higher melting on the northern side of the main trunk is

supported by the high flow speed of the Coriolis-influenced outflow, not by anomalously warm waters in this region.

The bottom row of Figure 4 illustrates the parameterised analogue of these three quantities, as implied by the structure of
(18). The melting (Fig. 4d) is exactly as shown in Fig. 3. The parameterised thermal driving (Fig. 4e) is derived from the
restoring boundary temperature (T7) and the freezing temperature derived from the restoring boundary salinity (T7),
evaluated at the ice-base depth in each location, as in (8) and (9). The field plotted in Fig. 4e is the result of optimally scaling
(T — Tf') to match the modelled thermal driving over all ice shelves. The match to the modelled thermal driving is very
good, with a pattern correlation of #°=0.786 across all ice shelves. This is perhaps unsurprising, because the thermal structure
of the Amundsen Sea is relatively simple, with temperatures increasing with depth. However, this result should not be taken
to mean that the deep waters on the shelf simply contact the ice base without modification. The coefficient of best fit
between the modelled thermal driving and (T" — T is 0.502, so the thermal driving at the ice base is half that implied by
the boundary conditions. This is because the warmest waters are prevented from contacting the ice base by mixing with
cooler waters over the shelf, the presence of seabed sills within the cavities (Fig. 1¢), and the cooler meltwater layer beneath

the ice.

The parameterised friction velocity (Fig. 4f) is a different story. The parameterised current speed plotted here, (TT -

Tfr)l/ 2 (sin 9)1/ 2 Y (3 km), is derived by assuming that meltwater flow arises from a buoyancy—drag balance (14) where
the buoyancy scales with the thermal driving (16) and the velocity decays to zero toward the grounding line (17). Again, this
quantity is optimally scaled to match the modelled friction velocity. This is the most skilful parameterisation for meltwater
flow speed that we have tested, but the fit is still extremely poor, with #’=0.139. The parameterisation captures the basic
existence of rapid buoyancy-driven meltwater flows within the melting hot spot. The success of this particular formulation
within the hot spot makes some sense because the buoyancy—drag balance is most appropriate in this region of thin, fast-
flowing meltwater (see section 2.2.4). However, the parameterisation is clearly unable to capture the detailed pattern of the
rapid flows within this region, nor does it have any structural capacity to capture the Coriolis-influenced meltwater currents.
For these reasons, the parameterised and modelled current speeds are basically uncorrelated, and this means that the

parameterised melt rate performs less well than the parameterised thermal driving. Clearly, obtaining better
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parameterisations of sub-ice current speeds is the route to unlocking the remainder of the predictive skill that is absent from

the formulation (18).

3.3 Performance using future geometries

The primary usage case that we envisage for an ice-shelf melting parametrisation is to produce ice-sheet forecasts cheaply,
without the need for a coupled ocean model. In that regard, it is useful to consider the parameterisation skill under future ice-
sheet conditions. To this aim, we also perform high-resolution ocean model simulations for five future ice sheet geometry
time slices derived from a coupled ice/ocean simulation of Bett et al. (2024). Figs. 5a-c shows the present-day geometry
considered previously and also two snap shots of modelled ice shelf geometry after 108 and 180 years of the coupled
ice/ocean simulation, which uses an idealised warm ocean forcing scenario. The ice thins rapidly in response to the warm
scenario in these coupled simulations, causing substantial grounding-line retreat and leading to large ice shelves because the
ice front is held fixed (Bett et al., 2024). Dotson—Crosson Ice Shelf thins over most of its area, with just a few thick
inflowing glaciers remaining, PIG retains a thick central trunk, and Thwaites becomes a huge ice shelf due to its substantial
grounding-line retreat, with steep slopes near the grounding line and sloping more gently towards the ice front. The
characteristics of this large future Thwaites ice shelf are governed by the existence of pinning points that form and unground

during the retreat (Bett et al., 2024).

Figs. 5d-f show the modelled melt rates for these ice geometries, using the same representation of present-day average
forcing as the previous simulation. It is clear that high melt rates follow the deep ice as the grounding-line retreats. PIG and
Doston—Crosson melting hot spots stay qualitatively the same, while the small melting hot spot in Thwaites Inlet develops
into a wide strip of melting along the grounding line, maintaining rapid melting over a rapidly expanding area of deep ice as
the Thwaites sector deglaciates. Figs. Sg-i show the result of applying the parameterisation (18), tuned in the present-day, to
the time-varying ice geometries, clearly capturing the same pattern as the full ocean model, albeit with slightly less intense

peak melt rates near the grounding line.

Fig. 6 quantifies the evolution of area-integrated melting over the five future time slices of ice geometry, for both the high-
resolution ocean model results and the parameterisation (18). The simple parameterisation fails to capture a rapid modelled
doubling in PIG melting, which later dies away (Fig. 6¢), but quite accurately captures the smaller changes in Dotson—
Crosson Ice Shelf (Fig. 6d). Importantly, however, the parameterisation accurately reproduces the very strong melting
feedback in Thwaites Glacier (Fig. 6b). This is because the feedback is relatively simple; as demonstrated by Bett et al.
(2024), the total melting flux increases in proportion to the area of deep ice shelf base sitting in warm Circumpolar Deep
Water, which increases rapidly as the grounding line region widens and retreats into a deeper bed. The high melt rates are

reproduced in the parameterisation because deeper ice sits in the warmer deep water in the boundary conditions, hence a
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3
higher value of (Tr -T7 ) /2, and also has a steeper slope, hence a higher (sin 9)1/ 2. Since the future increase in Thwaites

melting is so large, it dominates the changes in other ice shelves, and so the parameterisation performs reasonably well in

capturing the increase in meltwater flux over the whole sector (Fig. 6a).

3.4 Performance of other formulations

The theoretical considerations of section 2.2 could support different parameterisation formulations, and we saw in Table 2
that several of these perform reasonably well when compared with the model. This comparison is further illustrated and
extended to future ice geometries in Fig. 7. Fig. 7a shows the integrated melt flux over all ice shelves for the model and a
range of different parameterisations, analogous to Fig. 6a. Fig. 7b shows the pattern correlation between the modelled and
parameterised melt rate fields for each parameterisation, for each time slice. Taken together, Table 2 and Fig. 7 show two
best-performing parameterisations: The formulation (18) considered so far (red lines in Fig. 7), and a quadratic dependence
upon thermal driving with no slope dependence (blue lines in Fig. 7). The pattern correlation of each of these in the present
day is improved by adopting a tapering to zero towards the grounding line (Table 2), but this tapering seems to have little
benefit over future geometries (green lines in Fig. 7). The simple quadratic formulation has been widely used in previous
literature (e.g. Holland et al., 2008; Jourdain et al., 2020) and seems to perform slightly better in future projections (Fig 7a).
However, its physical underpinning is less clear, since an additional linear slope dependence is implied in (19), and including
this slope dependence degrades both the pattern correlation and quantitative melt rates (cyan lines in Fig. 7). A simple

parameterisation of melting as a function of depth performs poorly in terms of pattern correlation (pink lines in Fig. 7).

In summary, we favour the parameterisation (18) because it best matches the modelled melt pattern in the present day
geometry, performs relatively well with future geometries, and has a clear theoretical underpinning. However, in terms of
parameterisation skill alone, comparable results are found by neglecting the taper to zero near grounding lines, or simply
adopting the commonly-used quadratic formulation. All parameterisations tested reproduce the strong feedback of future ice
geometric change onto melting (Fig. 7a), attesting to the simplicity of this feedback, with ice melting enhanced as the

Thwaites grounding line creates a larger area of ice in deep warm water (Bett et al., 2024).

4 Discussion

This study seeks to make progress in two areas: Enhanced understanding of ice-shelf melting in the Amundsen Sea and the
ability of simple local parameterisations to capture it. The focus is on projections of ice loss from this sector, so we avoid

detailed consideration of wider oceanographic processes in the Amundsen Sea, or any consideration of other sectors.
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4.1 New insights into melting of Amundsen Sea ice shelves

The high-resolution ocean model results produce new insight into the processes supporting melting of Amundsen Sea ice
shelves. Fig. 8 shows modelled melt rates and sub-ice currents, as in Fig. 2, but with two additional contours, enclosing ice-
shelf area that accounts for 50% and 90% of the total basal melting mass flux from this sector. These contours are calculated
by sorting the grid-cell melt rates from high to low, calculating a running total for each grid cell, and dividing that field by
the total basal mass loss from the sector. The results highlight the four ‘hot spots’ of melting beneath the deep glacier inflows
(PIG trunk, Thwaites Inlet, Smith Inlet, Kohler Inlet), which all have melt rates in excess of 100 m/y and between them
account for 50% of the total basal mass flux. These hot spots exist because the ice is bathed in deep warm waters, and is

steeply sloping, producing vigorous meltwater flow that supports a high turbulent heat flux towards the ice.

Also apparent in Fig. 8 are the ‘meltwater outflows’ emanating from these hot spots, particularly noticeable in northern PIG
and western Dotson Ice Shelf. Under a balance between buoyancy, Coriolis force, and drag, meltwater currents are
predominantly directed along ice-draft contours, flowing with thick ice to their left (Holland and Feltham, 2006). This
explains the northward flows beneath Thwaites Inlet and Dotson Ice shelf, which have thicker ice to their west (Fig. 2), and
the north-westward flow beneath PIG, which has the thick trunk of the glacier to its south-west. The southern PIG outflow
appears weaker, because the meltwater flow is detached from the ice base in this region (Lowery et al., submitted). The
Crosson Ice Shelf outflow is also a relatively weak feature, and is trapped to its left by the grounded Bear Island, rather than
thicker ice (Fig. 2). Between these two general features of ‘hot spots’ and ‘meltwater outflows’, we are able to account for

90% of the basal mass flux from the ice shelves in this sector (Fig. 8).

The total basal melting controls the mass balance of the ice shelf, but changes in ice-shelf mass can only influence the
grounded ice sheet (hence sea-level rise) if they alter the flux of ice across the grounding line. Therefore we must also
consider the ice-sheet momentum balance, and the extent to which floating ice resists grounded ice-sheet flow. This
‘buttressing’ force primarily arises through basal stresses on grounded ice-shelf pinning points, lateral stresses across ice-
shelf shear margins, and resistance to laterally-convergent flow in concave grounding-line inlets. As a result, melting in these
regions is disproportionately influential on grounded ice loss. Fig. 9 shows three independent quantifications of the
sensitivity of grounded ice loss to changes in ice-shelf melting, derived through either large ensembles of ice model
sensitivity experiments (Reese et al., 2018b; Naughten et al., 2023) or through an adjoint of the forward ice sheet model
derived by algorithmic differentiation (Goldberg et al., 2019; Morlighem et al., 2021; Gourmelen et al., 2025). Buttressing

can also be quantified directly by considering the ice stress regime along the grounding line (Gudmundsson et al., 2023).

While the three different fields are not always in agreement, Fig. 9 shows two broad classes of melt sensitivity that interface

directly with the melting features described above. First, it is immediately apparent that PIG buttressing is dominated by its
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shear margins, and this is also the case for the northern shear margin of Crosson Ice Shelf. Meltwater outflows control
melting of the ice base in all of these regions (Fig. 8), so that any change in these outflows would directly influence
grounded ice loss. Second, there are regions of elevated melt sensitivity in smaller concave embayments in the grounding
line, most notably in Kohler Inlet and Thwaites Inlet, such that any changes in the hot spots of very rapid melting found in
these regions will be influential. It is important to note that the gridded fields in Fig. 8 may under-represent the sensitivity in
near-grounding-line regions, both due to the coarse grids used and also because their methodology reflects only
instantaneous ice velocity response to melting changes, neglecting feedbacks induced by grounding-line retreat. Analysis of
the grounding-line stress regime also emphasises the high buttressing in individual bays along the grounding line, most
notably in Thwaites Inlet but also for the other ice shelves (Gudmundsson et al., 2023). Also, Bett et al. (2024) highlight the
importance of pinning points near grounding lines in controlling the future retreat of Thwaites Glacier. Thus, the melting hot

spots and meltwater outflows identified above both melt ice shelves in regions that strongly influence grounded ice loss.

4.2 Assessment of simple local parameterisations

A range of simple, local parameterisations are tested for their ability to reproduce the modelled melt rates, using present and
future geometries, with their skill quantified in Table 2 and Fig. 7. Our assessment is that the expression (18) offers the best
performance, expressing melting as a function of temperature to the power 3/2, slope to the power 1/2, and tapered to zero
near the grounding line. This assessment is based on the spatial pattern fit to modelled melt rates for both present-day and
future geometries, the ability to capture the strong melting feedback beneath Thwaites Glacier, and the clear theoretical
foundation of this formulation. Taken at face value, this result has several implications: 1) the sensitivity of melting to ocean
warming is above linear; 2) there is a feedback onto melting as the grounding line retreats into deeper water, exposing more
of the ice base to warm ocean forcing; 3) there is a feedback as melting steepens the ice base slope; 4) ice-shelf melting
declines near grounding lines. However, there are two major restrictions in drawing these conclusions: Firstly, the model
used to evaluate the parameterisations has its own limitations, and secondly a similar skill can be obtained by removing the
taper, or employing the commonly-used quadratic function of temperature with no slope dependence (Holland et al., 2008;

Jourdain et al., 2020). Thus, conclusions 1 and 2 are more robust than conclusions 3 and 4.

The tapering of melt rates to zero near grounding lines is subject to substantial uncertainty because even this high-resolution
model cannot resolve processes in these thin ocean cavities. In addition, the bathymetry is poorly known, and the ice draft is
uncertain because the ice is not freely floating. The dominant processes controlling the melting of ice shelves near grounding
lines are not well-constrained by observations, and the resulting melt patterns represent an open research question that is
beyond the scope of the present study. With these caveats noted, we find that tapering melt rates to zero near grounding lines

always improves the parameterisation skill in capturing the modelled fields (Table 1).
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The value of introducing ice-base slope into a melting parameterisation is not clear empirically, because the skill is
approximately equal between the expression (18) and a quadratic temperature formulation with no slope dependence. While
this basic quadratic formulation has been very widely used, our derivation of (19) implies it should have a linear slope
dependence, but we find that formulation to be significantly less skilful. It is arguable whether this slope dependence should
appear; for example, the mixing efficiency € could be slope-dependent (Jenkins et al., 2018), which would influence the
overall form of (19). The geophysical impact of including a slope in the melting parameterisation should also be borne in
mind. In a coarser-resolution ice or ocean model the steepest slopes would reflect the large-scale thinning of thick inflowing
ice trunks, but in our high-resolution simulations, the steepest slopes are on the flanks of subglacial channels (e.g. Figs. 3d-
f), so it is possible the parameterisation usage case will differ from the evaluation performed here. Nevertheless, a
dependence of melting on slope to the 1/2 power forms part of our best-fit parameterisation and is also supported by

modelling of boundary-layer turbulence (Anselin et al., 2024).

The results of this study suggest that many parameterisation approaches should be able to represent the hot spots of melting
if appropriately tuned, including simple functions, box models, and plume theory (Burgard et al., 2022). This implies that
near-grounding-line buttressing sensitivities (Fig. 9) should be captured by these simple approaches, which is an extremely
useful result. It seems far more challenging for parameterisations to represent the Coriolis-influenced meltwater outflows
that control melting beneath buttressing shear margins, for which two-dimensional meltwater layer models or three-
dimensional ocean models are probably required (Lambert et al., 2023). We note that all of our inferences are applicable
only to the Amundsen Sea, where the parameterisation success is largely due to the simplicity of the ocean temperature
structure; thick ice sits in warm, deep water, and hence melts more. The role of sills in reducing the access of this warm
water to the ice base seems to be simply captured within the parameterisations, which may be because the warm deep layer is
relatively uniform and the sills do not reach far into the thermocline. Previous studies have found that simple local
formulations perform well in this region, but require adaptations (e.g. using nonlocal temperatures or slopes) when applied to

all Antarctic ice shelves (Burgard et al., 2022; Burgard et al., 2023).

It is important to note that the highlighted parameterisations cannot be any more realistic than the model results used for
tuning. No model is perfect and important structural differences remain between the results of different ocean models applied
to sub-ice shelf flow (Yung et al., 2026). While the model resolution is very high (400 m horizontal by 10 m vertical), it is
still not high enough to properly resolve sub—ice Ekman layers (Patmore et al., 2023) or the tapering of melt near grounding
lines. The constant diffusivities and viscosities in the model could also be expected to impact the tuned parameterisation
structure. The model setup is very simple, using a single steady ocean profile on zero-flow ocean boundaries and no surface
forcing, which makes the melting simpler to parameterise than if a fully realistic ocean model were used. Despite these
limitations, our proposed usage case is that the parameterisation could replace the need for a coupled ocean model, and so it

seems reasonable to use such a model configuration as the comparator. A final note of caution is that the parameterisation

21



665

670

675

680

685

690

https://doi.org/10.5194/egusphere-2026-2835
Preprint. Discussion started: 2 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

structures recommended here may have undesirable consequences when used to drive an ice sheet model, and this remains to

be tested.

5 Conclusions

This study uses high-resolution ocean model simulations to understand the processes controlling melting of ice shelves in the
eastern Amundsen Sea. The highest melt rates are found in four ‘hot spots’ of melting where the main glacier trunks enter
the ice shelves, accounting for 50% of the total meltwater flux from the region. This rapid melting occurs because the ice
base sits in deep warm water and is steeply sloping, leading to rapid meltwater currents that sustain a high turbulent heat flux
towards the ice. Secondary areas of elevated melting occur in shallower ice due to fast-flowing ‘meltwater outflows’, where
the meltwater emanating from the hot spots is guided along slopes in the ice base by Coriolis force. The hot spots are located
in regions that offer high ice-shelf buttressing near grounding lines, while the meltwater outflows are located beneath
buttressing shear margins. These processes therefore sit at the centre of the (widely-proposed but still uncertain) chain of
causation between anthropogenic climate change, Amundsen Sea ocean warming, increased ice-shelf melting, glacier

acceleration, and sea-level rise.

These model results are then used to calibrate and test a variety of simple local parameterisations of melting that could be
used in a stand-alone ice sheet model. The best-performing parameterisation states that ice-shelf melting is a function of
temperature to the 3/2 power and ice-base slope to the 1/2 power, and tapers to zero within 3 kilometres of the grounding
line. A more traditional law that is quadratic in temperature also performs well, with both formulations able to capture ~65%
of the spatial pattern in the modelled melt fields. Both of these formulations also capture a strong melting feedback that takes
place as Thwaites Glacier grounding line retreats. If the best-performing parameterisation is accurate, this implies 1) a
nonlinear sensitivity of melting to ocean warming; 2) a melting feedback as the grounding line moves into deeper water,
exposing more of the ice base to warm ocean forcing; 3) a feedback as melting steepens the ice-base slope; 4) ice-shelf

melting that declines near grounding lines.

The parameterisations tested are able to capture the melting hot spots, and may therefore be used to model changes in
buttressing near grounding lines, but they cannot capture the meltwater outflows along buttressing shear margins. This
important limitation occurs because the ocean temperature driving melting is simple to parameterise through a linear
dependence on the far-field temperature, while the sub-ice ocean current patterns are much harder to represent. Further
improvements in parameterisation will require progress in simply representing meltwater currents rising along the ice base
under the influence of Coriolis force. It is important to highlight that all of these conclusions are only applicable to the
Amundsen Sea, and are dependent upon the simplifications applied to the modelling setup used for testing here. These model

results are freely available for others to test more advanced parameterisations.
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Code and data availability

Coupling scripts and model input files are available at

https://drive.google.com/file/d/1I9HTRmPMIgyBTg0buagDOmMGDzRuOndR0/view?usp=sharing and will be made available

on Zenodo upon publication of the paper. The model output underlying the figures and calculations in this paper are

available at https://drive.google.com/file/d/INgA8]ISLnFZhSSmNUF 1rYkc7ICURST]_/view?usp=sharing and will be made

available through the UK Polar Data Centre upon publication of the paper.
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symbol value description

Cq 0.0025 drag coefficient in momentum equation
o 2,000 J kg! °C! | specific heat capacity of ice
Co 3,994 J kg!' °C! | specific heat capacity of ocean
& - ratio of mixing across the boundary layer to mixing across the pyncocline
f -1.4x10s! Coriolis parameter
Iy 0.011 boundary layer heat transfer coefficient
I 3.1x10* boundary layer salt transfer coefficient

Iirsy - combined transfer coefficient
g -9.81ms! acceleration due to gravity
L; 334,000 J kg! latent heat of ice fusion
A -0.0575 °C slope of liquidus for seawater
A, 0.0901 °C offset of liquidus for seawater
o 7.61x108 °C Pa! | depression of freezing point with pressure for seawater
0 1.97 melting multiplier used to tune melting parameterisation
Py - ratio between meltwater density and thermal driving
Di 917 kg m*? density of ice
Do 1028.5 kg m3 density of seawater
T; -20 °C internal ice shelf temperature

Table 1: Constants and parameters used in paper.
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Coefficient of M
L ean
Determination
Absolute
between Error
Tuned spatial between
. patterns of .
. coefficient . parameterised
Parameterisation C (various parameterised and modelled
. and modelled S
units) S melting in
melting in
resent-day present-day
P! . simulations
simulations (mly)
)
3
m = (1" —T7) 2 (sin 0) 2 (3 km) 403 0.649 5.45
m = (17 —17) /2 (sin9) 2 332 0.606 574
m=c(r—17) "2 6.57 0.583 5.94
m = C(T" = Tf)"sin0 W(3 km) 86.9 0.526 6.11
m = C(T" —T7) sin 6 69.5 0.478 6.45
m = C(T" = T7)"¥(3 km) 4.66 0.645 5.20
m = (17 - T7)" 3.71 0.596 5.55
m=C(T" - T}) 10.6 0.525 6.71
m = Cz, -0.0326 0.356 9.06

EGUsphere\

Table 2: Performance of tuned parameterisation. Each row shows the tuning of the parameterisation that is optimal to match melt rates
in the reference present-day simulation, and then a set of metrics measuring the performance of that tuned parameterisation.
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Preprint repository

Dotson-Crosson
A

Figure 1: Domain geometry and temperature distribution. (a) Seabed elevation. (b) Ice shelf draft. (c) Maximum temperature at any
depth in water column. Pink boxes in panel b show the ice-shelf zoom regions use in later figures. PITT: Pine Island—Thwaites Trough;
DT: Dotson Trough. Axis ticks are every 50 km.
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1020

Figure 2: Ice draft, melt rates, and sub-ice currents. (a)-(c) Ice draft. (d)-(f) Melt rates and sub-ice currents. PT: PIG trunk, TI:
Thwaites Inlet, KI: Kohler Inlet, SI: Smith Inlet. Despite this naming convention, we note that KI includes Horrall and Kohler West
glaciers, while SI includes Kohler East, Smith West, and Smith East glaciers (Selley et al., 2025). Axis ticks are every 10 km.
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1025 Figure 3: Modelled and parameterised melt rates. (a)-(c) Modelled melt rates after smoothing with a 7x7 cell box-average filter. (d)-(f)
Parameterised melt rates using the tuned best-fit expression (18).
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Figure 4: Modelled and parameterised quantities for Pine Island Glacier. (a-c) Melt rate, thermal driving, and sub-ice current speed
from the model; (d-f) The same quantities for the best-fit parameterisation (18): d) Tuned parameterisation of melt rate; e) Tuned

1
1030 parameterisation of thermal driving as (T" — T§); f) Tuned parameterisation of sub-ice speed as (7 - T;) /2 (sin 0)1/ 2 Y(3 km).
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Figure 5: Modelled and parameterised melt rates for present and future ice geometries. (a-c) Ice draft for present day geometry and
two future geometry snapshots from a simulation of Bett et al. (2024); (d-f) Modelled melt rates for these geometries; (g-i) Melt rates from
the best-fit parameterisation (18) applied to these geometries.
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Figure 6: Future evolution of modelled and parameterised melt rates as ice geometry evolves. (a) Evolution of total integrated

meltwater flux for all ice shelves PIG—Dotson for present day geometry and five future snapshots from a simulation of Bett et al. (2024);
(b-d) The same but separated into individual ice shelves.
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1040 Figure 7: Performance of different parameterisations in capturing the future evolution of melt rates. (a) Total meltwater flux for the
model (black line) and five different melting parameterisations (coloured lines); (b) Spatial pattern correlation between the modelled melt
pattern and the melt pattern predicted by each of the five parameterisations.
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Figure 8: Relative importance of melting in deep ‘hot spots’ near grounding lines and shallower ‘meltwater outflows’. Identical to
1045  Fig. 2d-f, but with contours enclosing 50% of the total meltwater flux (dark green) and 90% of the total flux (light green).
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Figure 9: Sensitivity of grounded ice loss to melting in different locations from 3 different ice-sheet models. (a) Buttressing flux
response number from the Ua model (Naughten et al., 2023). (b,c) Melting sensitivity maps from STREAMICE (Gourmelen et al., 2025)
and ISSM (Morlighem et al., 2021).
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