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Abstract.
Ocean-driven basal melting of Antarctic ice shelves is an important process that affects the Antarctic Ice Sheet, global climate

and sea level. Basal melting ©

and-the-ocean-—cireulation-beneath-ice-shelves-butis controlled by small-scale processes, therefore ice shelf—ocean models rely

on parameterisations to predict basal melt. Mest-However, most currently used basal melt parameterisations best-represent

)

represent melting as a shear-driven process, and do not adequately include the effects of stratification by accumulation of buoy-

ant meltwater sesmsmhees oo s meenn s pae b o s e e e pep e b s Lol Ll e el mae [ s
flat and weakly sloped ice interfaces. We implement an improved three-equation melt parameterisation in-two-ocean-models;
aeeounting-that accounts for the stratified suppression of turbulence into two ocean models. This stratification feedback param-
eterisation is based on the results of LES studies, which suggest a functional dependence of heat and salt transfer coefficients
on the viscous Obukhov scale. Changes in melting and circulation due to the stratification feedback are regime-dependent:
melt rates in idealised, quiescent simulations decrease by 80% in warm cavity conditions and 50% in cold conditions. The
stratification feedback also modifies melt rate patterns in a high-resolution regional Pine Island Glacier simulation. However,
unconstrained boundary layer parameters, inter-model differences and unresolved processes continue to present challenges for

accurately modelling basal melt in ocean models.

1 Introduction

Ice loss from the Antarctic Ice Sheet will have profound effects on global sea level (Fretwell et al., 2013; Seroussi et al., 2020),
the global thermohaline circulation (Jacobs, 2004; Li et al., 2023) and therefore global climate. Antarctic ice shelves s-are the

floating extensions of the Antarctic Ice Sheet, and therefore have already displaced sea level. However, they buttress the ice
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sheet and slow its flow towards the ocean. Howeveriee-Ice shelves melt from underneath where they are in contact with the
ocean; this basal melting contributes half of Antarctica’s total mass loss (Rignot et al., 2013), and has been accelerating in
recent decades (Rignot and Jacobs, 2002; Pritchard et al., 2012; Rignot et al., 2013, 2014, 2019; Paolo et al., 2015). A lack
of observations beneath ice shelves (Malyarenko et al., 2020; Rosevear et al., 2022a) has led to a reliance on ocean models
to understand ice-ocean interactions and predict future Antarctic melt (Dinniman et al., 2016). However, there remain large
uncertainties in melt rate projections and feedback mechanisms within the ice-ocean system, associated with poorly understood
and insufficiently constrained physical processes in the ocean models that produce melt rate projections (IPCC, 2023; Bennetts
et al., 2024).

Antarctic ice shelf melting is controlled by ice shelf-ocean boundary layer processes, which occur on scales that are too
small to resolve in large-seale-regional and global ocean, climate and earth system models (Rosevear et al., 2025). We thus rely
on basal melt parameterisations designed to represent the observed melting process (e.g. Hellmer and Olbers, 1989; Holland
and Jenkins, 1999). However, existing wi

eompared-to-parameterisations tend to overestimate melt when applied to under-ice shelf ocean data, compared with co-located

radar-based observations(Kimura et al.. 2015; Begeman et al.. 2018: Middleton et al., 2022; Rosevear et al.. 2022a: Schmidt et a

in-many-Antaretic-tee-shelves-and-alse-in-melt observations in Antarctica (Kimura et al., 2015; Begeman et al., 2018; Middleton et al., 2022

and Greenland (Washam et al., 2020). This overestimation can be attributed to an oversimplification of the processes that drive

ice shelf eavi

as-melt, A basal melt
arameterisation that better represents these processes is critical for accurate sea level and climate projections (Rosevear et al.,

2025). The strong.
coupling between melting and buoyancy-generated ice shelf cavity circulation (e.g. MacAyeal, 1984; Jenkins, 1991; Jacobs

et al., 1992; Jourdain et al., 2017) further motivates an improved parameterisation. Feedbacks between melt and circulation are
seen both within ice shelf cavities and on the Antarctic margins (Little et al., 2009; Jacobs et al., 2011; Mathiot et al., 2017;
Jourdain et al., 2017; Si et al., 2024).

The ice shelf-ocean boundary layer is typically defined as the boundary layer formed by friction of a mean ocean flow against
the ice shelf. Within this layer, there is a viscous sublayer closest to the ice, which is order mm thick and where flow is laminar
(Pope, 2001). Further away from the ice, a “log" sublayer forms within which turbulence is affected by the wall boundary,
and velocities scale logarithmically with distance from the ice (Pope, 2001; McPhee, 2008). Outside of this surface sublayer is
the turbulent outer sublayer. The ice shelf—-ocean boundary layer is affected by Earth’s rotation, which sets the boundary layer
depth (McPhee, 2008; Jenkins, 2016). Multiple physical processes in the ice shelf—ocean boundary layer contribute to melting
beneath ice shelvesin-the-iee-shelf—ocean-boundary-tayer. These include the molecular diffusion of heat and salt, turbulence
generated by ocean currents interacting with the ice, and convective flows driven by buoyant meltwater (Malyarenko et al.,
2020; Jenkins, 2021; Rosevear et al., 2025). Various parameterisations (e.g. McPhee et al., 1987; Hellmer and Olbers, 1989;
Holland and Jenkins, 1999; Kerr and McConnochie, 2015; McConnochie and Kerr, 2017; Schulz et al., 2022; Zhao et al., 2024)

exist to account for these processes where they cannot be resolved.
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Typically used basal melt parameterisations quantify heat and salt fluxes across the ice shelf-ocean boundary layer (McPhee
et al., 1987; Holland and Jenkins, 1999). In ocean models, this heat flux is often assumed to be proportional to a constant
transfer coefficient multiplied by the velocity of the far-field flow below the outer ice—ocean boundary layer (e.g. Asay-Davis
et al., 2016). This functional form assumes a current-driven shear that creates turbulent mixing and transports heat and salt
transportacross the boundary layer. This assumption is reasonable in some ice shelf cavity conditions, such as the tidally
driven, cold Filchner-Ronne Ice Shelf cavity (Jenkins et al., 2010). In such cold cavities, temperatures are generally less
than 0.5 °C warmer than the local freezing point (Jenkins et al., 2010). However, in some ice shelf cavities (such as in the

Amundsen Sea, e.g. Jacobs et al., 2012), ocean temperatures can be greater than 2 °C warmer than the local freezing point.

In these warmer conditions, the-effeet-of-buoyant-meltwater—stratifying-the-and beneath flat and weakly sloping ice shelves
the ice shelf-ocean boundary layer ;suppressing—turbulence-and-therefore-ereating-is stratified by buoyant meltwater. The

stratification suppresses turbulence and creates a feedback on heat and salt transport, is-tmpertant-and-but this feedback is
not captured by a constant transfer coefficient (Vreugdenhil and Taylor, 2019; Rosevear et al., 2022b). The-parameterisation

alse-dees-These parameterisations also do not account for buoyancy-driven convection that may enhance melt along sloped

ice bases (e.g. McConnochie and Kerr, 2017), with significant ice base slopes recently observed beneath Antarctic ice shelves

{e-g—Washam-et-al52023 - Wahlinet-al52024)(e.g. Schmidt et al., 2023; Washam et al., 2023; Wahlin et al., 2024), or the ef-

fect of diffusive convection (e.g. Rosevear et al., 2021). All of these additional processes are expected to be relevant beneath

Antarctic ice shelves (Rosevear et al., 2022b).

Ocean model simulations can address the challenge of inaccurate basal melting parameterisations using model tuning (Asay-
Davis et al., 2016). By tuning the transfer or drag coefficients in the melt parameterisation (e.g. Nakayama et al., 2017, 2018;
Hoffman et al., 2024), integrated-melt-rates—within-the-range-of-area-integrated melt rates that match satellite-derived esti-
mates (e.g. Depoorter et al., 2013; Rignot et al., 2013; Liu et al., 2015; Adusumilli et al., 2020a) can be achieved. Other
simulations use varying-various choices of basal melt parameterisations (e.g., the forms of Jenkins, 1991; Holland and Jenk-
ins, 1999; Jenkins et al., 2010, used directly from the references or with some tuning). These studies note biases in ice shelf
cavity-integrated melt rates, which are often attributed to biases in water masses ;—(possibly due to low horizontal resolu-
tion and a lack of associated eddy transport onto the continental shelf), biased forcing products, or the absence of tides in
the simulation (e.g. Timmermann et al., 2012; Kusahara and Hasumi, 2013; Nakayama et al., 2014; Schodlok et al., 2016;
Mathiot et al., 2017; Jourdain et al., 2017; Naughten et al., 2018; Nakayama et al., 2019; Richter et al., 2022; Hyogo et al.,
2024). The biases could also be related to choices made in the vertical discretisation of the basal melt parameterisation

(Gwyther et al., 2020), but-such as the sampling distance of the far-field flow conditions. However, it is difficult to deter-

mine sources of biases with-atack-of-observations—Thereforeotherbiasestn-ocean-modelsmay-extst-that-couldcompensate

for-the-biases—in-given the lack of observational constraints. Even when area-integrated model melt rates agree with satellite
observations, compensating biases cannot be ruled out: ocean model biases may mask biases associated with the melt pa-




—, The spatial variation in melt rate within each ice shelf is

both significant (Adusumilli et al., 2020a; Vaikova and Nicholls, 2022; Vaiikova et al., 2023; Zinck et al., in review), therefore

an—aeeurate—and important to ice shelf stability (Goldberg et al., 2019). A basal melt parameterisation that can accurately

model melt processes across a broad range of ocean conditions and that captures the spatial distribution of melt is needed.
95 This parameterisation will be particularly important when considering possible future cold—warm ice shelf regime changes

Hellmeret-al5- 2012 Naughten-—e 02+ Nakayama-et-al5 2022 Mathiot-and Jourdain; 2023: Haid-et-al5-2023)shifts (Hellmer et al,
21). These-limitations-motivate-the-development

and future sea level contributions (Goldberg et al., 2019; Morlighem et al., 20

100 Large Eddy Simulations, direct numerical simulations and laboratory studies have been used to model and understand small-
scale turbulent processes that control basal melting of ice shelves. For instance, studies have used idealised simulations and lab-
Gayen et al., 2016; Mondal et al., 2019; Zhao et al., 2024; Anselin

oratory studies-have-setups to explore melt-induced convective plumes

. Idealised studies have also demonstrated the possibility of double-diffusive convection (Rosevear et al., 2021; Middleton et al.,
2021), asw
105 -theeffectofstratification-of melting(Vreusdenhil-and Tay - Rosev 2022b: Begeman-et-al2022)the-seome i
the effect of stratification on melting (Vreugdenhil and Taylor, 2019; Rosevear et al., 2022b; Begeman et al., 2022). The effect

of vertical resolution on boundary layer structure in turbulence-permitting ice-ocean melt simulations has also been studied

110 (Patmore et al., 2023; Burchard et al., 2022). Many of these idealised studies propose modifications or alternatives to existing
melt parameterisations to account for the physical processes occurring in the more quiescent and warmer ice shelf cavity con-
ditions where presently used parameterisations do poorly (Rosevear et al., 2022a, b). Some of these parameterisations match
well with in situ observations, such as the Kerr and McConnochie (2015) parameterisation which captures convective melt
rates at vertical ice faces in Greenland (Schulz et al., 2022; Zhao et al., 2024) and beneath the Ross Ice Shelf (Malyarenko

115 et al., 2020). The latter is notable since the Kerr and McConnochie (2015) laboratory study uses vertical ice faces whereas
the studied region of the Ross Ice Shelf is weakly sloped (< 1°) from the horizontal (Stewart, 2018; Malyarenko et al., 2020).
However, thus far, these parameterisations have not been implemented netor tested in realistic starge-seate-ocean models. In
this work, we aim to bridge this gap between the insights created by idealised process studies, and the large-scale regional and
global ocean models used in climate and sea level projections.

120 It is important to highlight the many spatial scales involved in ice shelf basal melting. Considering vertical resolution, the
processes within the ice shelf ocean boundary layer can be less than O(1073) m in size, hence the need for basal melt pa-
rameterisations in ocean models. Horizontally, the ice shelf base and bottom topography have significant spatial variability
on scales between O(10~! —10%) m, with melt rate varying correspondingly (Nicholls et al., 2006; Dutrieux et al., 2014;
Alley et al., 2016; Watkins et al., 2021; Schmidt et al., 2023; Washam et al., 2023; Wahlin et al., 2024). For example, in an

125 ice base crevasse, melt rates can be enhanced at the terrace side-walls, with-freezing-by-buoyant;supercooled-water-at-while



the top of the crevasse (Washam-et-al52023);-experiences freezing due to the accumulation of buoyant, supercooled water
Schmidt et al., 2023; Washam et al., 2023), indicating multiple physical drivers of melt within a small distance. A variety of

ice features such as scallops and terraces can form depending on the ice melt regime (Washam-et-al;-2023:-Wahlinet-al;2024)

—Fheugh-idealised-(Schmidt et al., 2023; Washam et al., 2023; Wahlin et al., 2024). Idealised and process models have simu-

130 lated some of these small-scale features 3)(Jordan et al., 2014; Zhou ar

, and some high-resolution regional models may capture part of the spatial variability (Nakayama et al., 2019, 2021; Shrestha

et al., 2024)targe-seate-. However, regional ocean models generally have horizontal grid sizes greater than O(10%) m anrd-(and
lobal models are even coarser) and vertical resolutions O(10') m and cannot resolve ice base variability at the required scales,

nor do commonly-used bathymetry and ice base forcing products (Morlighem et al., 2020). Therefore;although-there-are known

135

—Quantifying the
effect of small-scale ice shelf base variation on large-scale melt, and optimising their representation in ocean model melt rate
parameterisations, requires ongoing observational and modelling work.

‘We-In this paper, we focus on incorporating the effect of stratification due to meltwater on ice shelf-ocean boundary layer

140 turbulence in basal melt parameterisations for Antarctic ice shelves in ocean models. The importance of stratification near the
ice—ocean boundary has been known for decades: McPhee (1981) proposed an analytic theory derived from Monin-Obukhov
boundary layer theory (Monin and Obukhov, 1954) to explain how stabilising surface buoyancy fluxes, such as the melting of
sea ice, impact the structure of the water column. McPhee (1981) defined a stability parameter, 7, that scales as a function of
the boundary layer depth, velocity and eddy diffusivity. Holland and Jenkins (1999) formalised this stability parameter in the

145 three-equation melt parameterisation, to account for the feedback of stratification suppressing turbulence and therefore melt.
However, in ocean models, this stability parameter is often ignored (and set to 1 for simplicity, representing neutral conditions,
e.g. Losch, 2008; Dansereau et al., 2014). Furthermore, the stability parameter relies on the assumption of the Monin-Obukhov
similarity scaling, which has been shown to break down in strongly stratified conditions (Vreugdenhil and Taylor, 2019). Recent
Large Eddy Simulation studies have enabled insights into an improved functional form for the stratification feedback on basal

150 melt (Vreugdenhil and Taylor, 2019; Rosevear et al., 2022b). Transfer coefficients, representing the efficiency of heat and
salt transport by turbulence across the ice-ocean boundary layer, decrease as the ice shelf cavity conditions become warmer
and more quiescent. The commonly used three-equation parameterisation (Jenkins et al., 2010) can therefore be modified to
empirically account for the unresolved feedback between stratification and basal melting in large-scale ocean models.

In this study, we present a modified basal melt parameterisation which we then implement into two ocean models, MOM6

155 and MITgcm. The parameterisation incorporates the feedback effect of stratification on shear-driven melting based on Large
Eddy Simulation experiments. We use the ocean models in idealised ice shelf cavity configurations, spanning a spread of
ice shelf cavity regimes, to determine how the stratification feedback affects melt rates and ice shelf cavity ocean circulation
compared to the existing constant transfer coefficient parameterisation. We also employ a high-resolution MITgcm simulation
of Pine Island Glacier to assess the parameterisation in a realistic configuration. Section 2 describes the parameterisation and

160 its implementation. Section 3 describes the ocean models and the idealised and realistic model configurations. We present the
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ocean model results in Section 4, before summarising the results and discussing the ongoing challenges in parameterising and

predicting basal melt in Section 5 and providing concluding remarks in Section 6.

2  Melt Parameterisation Design and Validation
2.1 The Three-Equation Melt Parameterisation and Transfer Coefficients

Ice shelf cavity-scale ocean models cannot resolve the turbulent fluxes within the ice shelf-ocean boundary layer. Medels-To
address this issue, models generally employ the three-equation basal melt parameterisation (Hellmer and Olbers, 1989; Holland
and Jenkins, 1999). This parameterisation consists of three equations solved at the ice shelf-ocean interface. The linear freezing

point equation of state,
Ty = A1Sp+ A2+ Aspy ey

describes the variation of the temperature 7}, at the ice-ocean interface with pressure p; and salinity .S;, where subscripts b
indicate the ice-ocean boundary tayer-and the values of constants A1, Ao and A3 are presented in Table 1. The heat conservation

equation,
oT;
prLgm = _plcp,lﬁ?aizl +pmcpuyr (T —Ty) 2)
b

describes the balance of heat transport between the ocean below the ice-ocean boundary layer (referred to as the far-field,
denoted M), ice-ocean boundary (b) and ice (I), and the latent heat required by melting, with m the melt rate. Parameters and
constants are presented in Table 1. The key unconstrained parameter here that must be chosen according to empirical values
or theory is the transfer velocity for heat, v, describing the efficiency of heat transport within the boundary layer. The salt

conservation equation,
prmSy = prrys(Sa — Sp) 3)

is similar to the heat equation, where g is the transfer velocity for salt. We assume there is no salt flux within the ice and
that the salinity of the ice is zero. These three equations (1-3) are solved to obtain the three unknowns; the salinity Sj and
temperature T, at the ice-ocean interface, and the melt rate m. H-Assuming the transfer coefficient is independent-of-these
three-unknownsconstant or only depends on known values, this system of equations reduces to a quadratic equation.

Within the three-equation parameterisation (Eqns. 1-3), different parameterisations-parameter choices can be made. Firstly,
the transfer velocities y7 and ~g are important controls of the melt rate. Typically, these transfer velocities are assumed to
be proportional to the friction velocity wu,, which is a measure of the shear stress on the boundary. In ocean models, u, is
usually taken to be linearly proportional to a far-field velocity as u, = Cgll/ U M with Cy the drag coefficient. Typical far-

1

field velocities in ice shelves are 0.01 to 0.1 ms~! (Table B1), corresponding to friction velocities of 1074 to 1073 ms~1.

Proportionality constants I'y and I'g are called transfer coefficients, defined by

vr =rus, vs = Lsty. 4
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The values of these transfer coefficients are not well known: they can be tuned to observed estimates, as Jenkins et al. (2010)
(hereafter J10) did at the Filchner-Ronne ice shelf using co-located borehole ocean measurements and radar-derived melt
rates (and others, e.g. Davis and Nicholls, 2019; Washam et al., 2020; Rosevear et al., 2022a; Davis et al., 2023, have done
elsewhere) or tuned in an ocean model to give a desired melt rate (Asay-Davis et al., 2016; Nakayama et al., 2018; Hyogo et al.,
2024). Alternatively, transfer coefficients could vary according to theoretical scaling (Kader and Yaglom, 1972; McPhee et al.,
1987; Jenkins, 1991) and may also include a Monin-Obukhov scaling in the case of stabilising buoyancy forcing (McPhee,
1981; McPhee et al., 1987; Holland and Jenkins, 1999) (hereafter the HI99-M81 formulation, Appendix Al, see Eqn. AS
for the stability parameter definition). Malyarenko et al. (2020) reviews ocean-driven ice ablation and the development of
these parameterisations. Note that the thermal (I'mC' ;/ 2) and haline (I'sC' ;/ 2) Stanton numbers are often used to describe the
combined effect of the transfer and drag coefficients.

However, the J10 and HJ99-M81 parameterisations overestimate melt in many Antarctic ice shelves, particularly warmer and
quiescent ice shelves (Rosevear et al., 2022a). Here, co-located borehole and radar-derived melt rates suggest different, smaller
transfer coefficient values than J10. Rosevear et al. (2022b) explain how the J10 and HJ99-M81 parameterisations only do
well in specific ice shelf regimes that align with the well-mixed, shear-driven flow. At warmer and more quiescent conditions,
stratification and diffusive-convection physics become more relevant. Even though HI99-M81 is designed to account for stabil-
isation due to stratification, its effect on melting in the parameterisation is modest (Appendix A1, Fig. A1) and does not capture
the observed response to stratification (Begeman et al., 2018; Washam et al., 2020; Rosevear et al., 2022a; Davis et al., 2023).
Significant basal slopesean-alse-, such as those observed by Schmidt et al. (2023), are also expected to contribute to deviations
from the shear-driven J10 and HJ99-M81 parameterisations (Sehmidt-et-at;2623)(McConnochie and Kerr, 2017, 2018).

Our approach in this study is to develop an alternative parameterisation for the transfer coefficients I'z and I'g which better
represents melting across Antarctic ice shelf regimes, whilst treating the drag coefficient as a tunable constant (see Sect. 2.3 for
further details). However, the drag coefficient, representing the scales of turbulent velocities compared to far-field flow speeds,
is also a large factor in the uncertainty of basal melt predictions (e.g. Dansereau et al., 2014; Walker et al., 2013; Gwyther
et al., 2015; Jourdain et al., 2017; Zhao et al., 2024). Most suggested values range from 0.0015 (Holland and Jenkins, 1999) to
0.0097 (Jenkins et al., 2010), with a value of 0.0022 estimated from turbulence measurements beneath the smooth underside of
Larsen C Ice Shelf (Davis and Nicholls, 2019) and 6:0036-values between 0.0023 and 0.0068 estimated from basal ice morphol-
ogy beneath the crevassed Ross Ice Shelf grounding zone (Lawrenee-et-al;20623)(Lawrence et al., 2023; Washam et al., 2023)
. However, the drag coefficient beneath ice is expected to vary spatially: sea ice studies suggest dependence on ice roughness
(Robinson et al., 2017) and stratification (Kawaguchi et al., 2024), and the vertical profile of water speed has also been shown
to affect the drag coefficient at vertical glacial ice faces (Zhao et al., 2024). The drag coefficient may also vary in time with
the flow (Rosevear et al., 2022b). Additionally, Washam et al. (2023) find an order of magnitude of spatial variation in drag
coefficient within a single ice shelf basal crevasse. In ocean models, the drag coefficient has often been used in conjunction with
the transfer coefficients as tuning factors to obtain desired melt rates (via the product I';1/Cy, the thermal Stanton number,
e.g. Jourdain et al., 2017), though modifying the drag coefficient in an ocean model may also affect the simulated upper layer

velocity.



Table 1. Table of constants, variables and parameters in the basal melt parameterisations

Symbol Description Value

A1 Liquidus gradient for salinity -0.0573 °C psa—

A2 Liquidus constant offset 0.0826 °C

A3 Liquidus gradient for pressure —7.53x 107! °C dbar ™!

Ts, Sv, pv, p»~ Ice-ocean boundary layer temperature, salinity, pressure, density

Twm, Sm, pm Far-field temperature, salinity and density

oI Ice density 918 kg m~3

Cp,I, kTt Heat capacity and conduction parameters in ice, not used

Cp. M Heat capacity in seawater 3974 JK ' kg~!

Ly Latent heat of fusion 3.34x 10° Tkg™!

00 Eqn. of state reference density 1027.51 kgm™3

@ Eqn. of state thermal expansion coefficient 3.733 x 1075°C—1

8 Eqn. of state haline contraction coefficient 7.843 x 107 psu=t

g Gravitational acceleration 9.80 ms™?

YT, Vs Transfer velocities for heat and salt

Lt viscous Obukhov scale

v molecular viscosity 1.95x 107 m?s™!
von K4rmdn constant 0.40

By surface buoyancy flux

I'r,T's Transfer coefficients for heat and salt

Ar StratFeedback heat transfer coefficient constant of proportionality -3.21

nr StratFeedback heat transfer coefficient L1 scaling factor 0.322

Asg StratFeedback salt transfer coefficient constant of proportionality -4.30

ns StratFeedback salt transfer coefficient L1 scaling factor 0.223

I'rcc ConstCoeff parameters and upper-limit of StratFeedback parameterisation  0.012

I's.cc ConstCoeff parameters and upper-limit of StratFeedback parameterisation 3.9 x 10~*

U Friction velocity

Cyq Drag coefficient 0.0025

Uy Far-field velocity

U, Prescribed tidal velocity 0.0l ms~!

T* Thermal driving
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2.2 Stratification Feedback on Turbulence — Insights from Large Eddy Simulations

Stratification due to buoyant meltwater has two distinct effects on the melt rate. One is the effect of meltwater to cool and
freshen the surface boundary layer, which decreases the relevance of the far-field temperature that parameterisations generally
consider as a heat source for melting (Rosevear et al., 2022b). The other is the ability of stratification to suppress boundary
layer turbulence beneath horizontal or gently sloping ice shelves (noting that the same turbulence feedback may not apply
beneath steeply sloped ice bases where meltwater can drive buoyant flow up-slope, generating turbulence). It is this second
effect that we focus on. The stratification within Antarctic ice shelf cavities is dominated by salinity variation. Meltwater,
which is relatively fresh and, therefore buoyant, tends to stratify the water column.

Vreugdenhil and Taylor (2019) and Rosevear et al. (2022b) use Large Eddy Simulations (LES) beneath horizontal and
weakly sloped ice bases to diagnose regimes of Antarctic ice shelf melt based on the viscous Obukhov scale L™, a non-
dimensional variable defined as the ratio of the Obukhov length L and a viscous length scale 9,,:

4B
+_ L _®B _ —uj ’ 5)
0, Vv/u. VkBy

where v is the molecular viscosity, k the von Karman constant (Table 1), and By, the surface buoyancy flux. Assuming transfer

velocities given by the three-equation melt parameterisation (Eqns. 1-4), the surface buoyancy flux can be written as
By =—g(B(Sm = Sp)usl's — a(Th — Tp)u.I'r) | (6)

with « and S the linear thermal expansion and haline contraction coefficients and ¢ the gravitational acceleration (Table 1).
We focus only on positive values of L™, indicating a stabilising (negative sign) buoyancy flux; the LES simulations do not
explore freezing and destabilising conditions. Note 3/a ~ 20°C psa—'in ice shelf cavity conditions (Asay-Davis et al.,
2016) so salinity changes eentrel-dominate the buoyancy flux. A small L+ means the flow is affected everywhere by either
stratification or molecular viscosity, which both suppress turbulence. Alternatively, L™ can be thought of as measuring the
relative importance of shear currents (represented by u.) to buoyancy and stratification on the flow.

L can be used to distinguish regimes of ice shelf melting. Rosevear et al. (2022a) and Vreugdenhil and Taylor (2019) use
LES simulations beneath horizontal ice and find that at large L™ > O(10*), corresponding to low temperatures (small T —T})
and fast flows (large u.), the ice shelf cavity is in a well-mixed regime. In this regime, melting is controlled by velocity shear
and the transfer coefficients are similar to J10 and HJ99-M81, therefore existing parameterisations perform well (Rosevear
et al., 2022a) (Fig. la,b). At smaller viscous Obukhov scales, O(10*) > L* > O(10?), corresponding to warmer and more
quiescent flows, the ice shelf cavity enters a stratified regime where buoyant meltwater acts to suppress turbulence but melting
is still shear-driven, thus effectively decreasing the transfer coefficients. Finally, at low L+ < O(10%) (we use L+ < 2500 as the
cut-off, following Rosevear et al., 2022b), corresponding to the warmest and most quiescent flows, the ice shelf cavity enters
the diffusive-convective regime where the difference between the salt and heat diffusivities results in diffusive convection and
melt rates are transient and dependent on a diffusive-convective timescale (Rosevear et al., 2022b; Middleton et al., 2021).

Due to its transient nature, this regime is inherently difficult to parameterise and is not the focus of our work. Note that these
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Figure 1. Large Eddy Simulation data, with Vreugdenhil and Taylor (2019) in the black crosses and Rosevear et al. (2022b) in blue dots,
indicating the relationship between transfer coefficients (a) I'r, (b) I's, their ratio (¢c) I'r/T's and (d) drag coefficient Cy against viscous
Obhukov scale L. The maximum Vreugdenhil and Taylor (2019) (ConstCoeff) values of the transfer coefficients are included (grey lines),
which are similar to the Jenkins et al. (2010) values (pink lines). The blue dashed line indicates the choice of fit of transfer coefficients as a
function of viscous Obukhov scale for our stratification feedback parameterisation. Drag coefficients inferred from observations of Jenkins

et al. (2010), Davis and Nicholls (2019), Lawrence et al. (2023) and Washam et al. (2023) are also included.

ice shelf cavity regime definitions, defined by L™ values, differ slightly from Rosevear et al. (2022b). Here, we describe the
stratified regime as the ice shelf cavity conditions where stratification suppresses turbulence. In contrast, the Rosevear et al.
(2022b) stratified regime definition includes the effect of stratified meltwater to cool the boundary layer relative to the far-field

temperature as mentioned earlier, which is not captured by L.
2.3 Stratification Feedback Parameterisation Design

The stratification feedback (StratFeedback) basal melt parameterisation explored in this study is based on the results of Ro-
sevear et al. (2022b) and Vreugdenhil and Taylor (2019), to incorporate the unresolved suppression of turbulence by buoyant
meltwater along horizontal or gently-sloping ice. Both studies suggest an increase in heat and salt transfer coefficients (calcu-
lated from heat and salt gradients) with the viscous Obukhov scale, up to a constant value (Fig. 1a,b). Assuming a power-law
relationship, we calculate a line of best fit through the log-log representation of the '—L* data where LT < 1 x 10%, but enforce
a maximum of ¥7—5I'r and I'g to be the maximal limits from Vreugdenhil and Taylor (2019) (which is slightly greater than
J10). The Vreugdenhil and Taylor (2019) maxima are also our ‘control’ parameterisation with constant transfer coefficients

(ConstCoeff or CC in equations). We force the line to reach these ConstCoeff parameters at L™ = 1 x 10* so that the transition

10



point from the well-mixed to stratified regimes is the same for both temperature and salinity, and the ratio 'y /" s is monotonic.
This fit is chosen for simplicity since it is not possible to determine from the data (Fig. 1) at which exact L™ the regime tran-
sitions ef-for heat and salt transport occur. We also include data points in the diffusive-convective regime (L™ < 2500) since
the same relationship between transfer coefficients and L™ tends to hold as in the stratified regime (except for L™ < 500),
275 providing more data. In this way, our parameterisation intended for the stratified regime also reasonably represents melt rates

for part of the diffusive-convection regime. The resultant StratFeedback parameterisation is, if LT > 0

't = min {10AT (L), FT,CC} ) ™
FS :min{lOAs (L+)nS,FS,CC} ) (8)

where the values of the constants are presented in Table 1. If LT <0, we-use-transfer—coefficients Frcc—and+gco—This

choice-is-because-anegative-the viscous Obukhov scale indicatesnegative-melt-rate-and melt rate are negative, that is, the
ice-ocean boundary layer is freezing. The-Since the LES studies we follow do not explore freezing conditionsso-we-therefore

280 , we use the ConstCoeff (CC) transfer coefficients I' and I’ when LT < 0. Note that we also neglect the conductive
heat flux term of Eqn. 2:-attheugh-the-. The conductive heat flux may be an important term in some ice shelf cavity conditions

Holland and Jenkins, 1999; Ar

,_but melt rates are not expected to decrease by more than order 10% (Holland and Jenkins, 1999). Thus, we do not expect

qualitatively different conclusions in the comparison of transfer coefficient parameterisations when we omit the conductive
285 heat flux term. Since the transfer coefficients depend on L™, which in turn depends on melt rate via surface buoyancy forcing,
iteration is required for convergence of the three-equation parameterisation solution. We note that other functional forms of a
variable transfer coefficient would fit the data of Fig. 1a,b (e.g., Rosevear et al. (2022b) consider a logarithmic fit). To briefly
explore the sensitivity to our choice, we also tested steeper and shallower gradient power laws (Appendix A2).
We could also consider an alternative parameterisation where the drag coefficient, as well as the transfer coefficients, is
290 varied. Monin-Obukhov theory expects that under a stabilising buoyancy flux, the drag coefficient is also reduced as the friction
velocity is suppressed relative to a fixed far-field velocity (the drag coefficient is defined as the ratio of these speeds). Indeed,
Vreugdenhil and Taylor (2019) see-find a reduction in the drag coefficient in LES experiments with smaller L*. However,
Rosevear et al. (2022b) do not see a systematic variation in drag coefficient with L+ (Fig. 1d). The difference in the behaviour
of the drag coefficients between the LES studies, which otherwise agree strongly, is likely due to the different methods of
295 forcing the current beneath the ice. We assume the approach of Rosevear et al. (2022b), which involves forcing the model
domain with a steady, far-field flow in geostrophic balance and allowing an Ekman boundary layer to form, to be somewhat
more realistic. We therefore choose to follow the data of Rosevear et al. (2022b) in Fig. 1d, and keep the drag coefficient
constant in our study. Note that changing C; would also change the surface boundary drag law parameterisation in some
models—ocean models.
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Figure 2. Thermal driving — friction velocity parameter space diagram indicating melt rates calculated as a function of far-field temperature,
salinity and pressure (which are set to S = 34.5 psu and p = 500 dbar) and friction velocity. The melt rates are solved for a variety of
parameterisation options in (a) and (b). The orange, dotted lines in panel (a) are the Holland and Jenkins (1999) formulation with the 7.
stratification parameter (McPhee, 1981). A constant transfer coefficient formulation (ConstCoeff) is in the blue solid lines (using the maximal
values of Vreugdenhil and Taylor (2019), which is similar to Jenkins et al. (2010) in the light yellow solid lines), and the stratification feedback
(StratFeedback) parameterisation we develop here is shown in white dashed lines. In panel (b), we add in the eenstant-velocity-independent
melt rates obtained from McConnochie and Kerr (2018) with a slope angle of # = 10° from the horizontal in the pink dotted line, and the
combination of the StratFeedback+MK18 limit in the red dash-dot line. Panel (c) shows the viscous Obukhov scale Lt derived from the
stratification feedback parameterisation, and where the white L+ = 1 x 10* indicates where the white dashed lines (StratFeedback) and blue
line (ConstCoeff) transition from having the same melt rate to the right and different to the left. Panel (d) also shows this in the ratio of the

StratFeedback to ConstCoeff melt rates, with stippling indicating where they are equal.

To illustrate the effect of the StratFeedback parameterisation, we solve the three-equation parameterisation (Eqns.+-3 1-3)

with several transfer coefficient parameterisations across different ice shelf cavity regimes. The-thermal-driving;-

T" =T — T (Smr) ,
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Egn—H);-We vary the far-field temperature 7', and friction velocity, ., are-used-te-and compute melt rates across this parameter
space with the StratFeedback, ConstCoeff, J10 and HJ99-M81 transfer coefficients, assuming Sy = 34.5 psu and a pressure

pp of 500dbar (~ 500 m depth). Rather than plot the far-field temperature on the y-axis, we instead plot the correspondin
thermal driving,

T =Ty = Tp(S0), ®

which quantifies the maximum heat available for melting (where T,.(S) = A1.S + Ao + A3py is the local freezing point as in
Egn. 1). Note this thermal driving may-be-smaller-is larger than the actual temperature difference delivering-heatfrom-the
oceanfor-melting-that-we-between the far-field ocean and ice-ocean interface which is computed using the three-equation
2023).
However, this thermal driving definition is independent of transfer coefficient parameterisations and therefore more appropriate

parameterisation (7; — T} in Eqn. 2), but-as observed in stratified conditions (Schmidt et al., 2023; Washam et al.,

when comparing parameterisations.

Fig. 2a demonstrates that the ConstCoeff, J10 and HJ99-MS81 transfer coefficients have similar melt rate contours in the
thermal driving—friction velocity parameter space. The ratio of HJ99-M81 and ConstCoeff is relatively uniform except at very
low velocities where the McPhee (1981) stability parameter becomes relevant (Fig. Alc, and recall that many ocean models
set . = 1 for simplicity and therefore do not account for this stratification parameter. Melt rates under this “HJ99-neutral”
parameterisation are greater than HJ99-M81, see Fig. A1b). However, the magnitude of the ratio is-to ConstCoeff is closer to
1 than for the StratFeedback parameterisation, indicating that the McPhee (1981) 7. term does not capture the full extent of
the stratification feedback on melt seen in the LES simulations. StratFeedback limits to ConstCoeff at high friction velocities
and lower thermal driving (L > 10%, Fig. 2c), but changes gradient and has relatively less melting in warmer and more
quiescent conditions (the diffusive-convective and stratified regimes), also indicated by the melt rate ratio (Fig. 2d). At a thermal
driving of T = 2°C and u, = 0.001 m s~1 (far-field velocities of ~2 cm/s, on the lower end of observed speeds; Table B1),
StratFeedback predicts 30% of the ConstCoeff melt, indicating that the StratFeedback parameterisation significantly modifies
melt rates in some ice shelf cavity regimes. Fig. 2b uses alternative parameterisation choices in this low-velocity regime that

are explained in Section 2.5.
2.4 Comparison with Observations

Following Rosevear et al. (2022a), we compare the melt rate produced by the StratFeedback and ConstCoeff three-equation
melt parameterisations using limited direct observations of borehole ocean conditions and co-located, direct melt rate measure-
ments in Antarctic ice shelves (Fig. 3; data presented in Appendix B). If the parameterisations accurately predicted melt from
temperature, salinity, pressure and velocity observations, we would expect the points to lie on the solid 1:1 line of Fig. 3a. How-
ever, we find that in general, the ConstCoeff parameterisation overestimates the melt, except for at the Larsen C Ice Shelf and
Filchner-Ronne Ice Shelf (FRIS). Note that the studies that originally presented this data may have used slightly different melt

parameterisations in their comparisons (e.g. Jenkins et al., 2010; Davis and Nicholls, 2019, where different drag coefficients
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Figure 3. Parameterised melt against observed melt rate (a), for borehole observational data updated from Rosevear et al. (2022a), with the
ConstCoeff parameterisation in circles and StratFeedback in triangles. Thermal driving 7 (Eqn. 9) — friction velocity regime (b) updated
from Rosevear et al. (2022b), where the thick L™ line of 1 x 10* divides where the StratFeedback parameterisation diverges (to the left)
and where the transfer coefficients are constant and equal to ConstCoeff (to the right). The diffusive-convective (L™ < 2500), stratified
(2500 < Lt < 10%) and well-mixed, shear-driven (LT > 10%) regimes are shaded. Data is obtained from the Filchner-Ronne Ice Shelf
(FRIS, Jenkins et al., 2010), Larsen C Ice Shelf (Davis and Nicholls, 2019), Amery Ice Shelf (Rosevear et al., 2022a), Ross Ice Shelf (Ross
S for summer and Ross W for winter data, Stewart, 2018), WISSARD Grounding Zone of the Ross Ice Shelf (WGZ (Ross), Begeman et al.,
2018), George VI ice shelf (Kimura et al., 2015; Middleton et al., 2022), Pine Island Glacier (Stanton et al., 2013) and Thwaites Glacier
(Davis et al., 2023). Further computation details are supplied in Table B1.

and transfer coefficients were used) ;-and recall we ignore heat conduction into the ice;-but-. Additionally, the studies may use

different thermodynamic variables — here we use conservative temperature and absolute salinity with conversions performed
using the Gibbs Seawater Oceanographic Toolbox (McDougall and Barker, 2011, Appendix B). However, these choices are not
expected to qualitatively change the overestimation of melt rates. The original studies may also classify their ice shelf regimes
differently, for example, Davis et al. (2023) categorise their observed Thwaites Ice Shelf conditions as stratified turbulence
whereas our definitions place it in the diffusive-convective regime (Fig. 3)..

For five of the ice shelf borehole locations, the melt rate does not change between the ConstCoeff and StratFeedback param-
eterisations (Fig. 3a, co-located circles and triangles). This is because the viscous Obukhov scale L™ is greater than 1 x 10%,
indicating these ice shelves are in the well-mixed melt regime (Fig. 3b). However, several of these high L™ locations still
have overestimated parameterised melt by a factor of ~2, for both the ConstCoeff and StratFeedback parameterisations. A

likely explanation is a second impact of stratification on melt rate: even in high L' conditions, the development of a cold
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meltwater layer can decrease the thermal driving relative to that expected by the far-field temperature, which our StratFeed-
back parameterisation does not address. However, parameterised melt rates decrease when using the StratFeedback rather than
ConstCoeff parameterisation for the borehole observations at Amery, George VI, Thwaites ice shelves and the grounding zone
of the Ross Ice Shelf (WGZ) (Fig. 3a, triangles lower than circles, and therefore parameterised melt is closer to matching
observed melt rates at the 1:1 line). Of these locations, George VI, Thwaites and WGZ have small L™ (Fig. 3b)suggesting
they-might-, suggesting they may be in the diffusive-convective melt regime and that the StratFeedback parameterisation is
still missing physics for these ice shelves. We discuss a possible approach for bridging the transition between stratified and
diffusive-convective regimes in section 2.5. Nevertheless, the improvement in overestimation of melt rates for the ice shelves
in the stratified regime, such as Amery Ice Shelf (as well as the benefit seen in the diffusive-convective regime), motivates us

to implement and test the StratFeedback parameterisation in ocean models.
2.5 Limiting to a Velocity-Independent Parameterisation

There is-both-a-are both numerical and physical reasen-reasons for the low-velocity ice shelf cavity regime to be specially
treated with the three-equation parameterisation{where-this-. The low-velocity regime is characterised by low velocities, here
taken as far-field flows of 1 cms™! or smaller, but has considerable overlap with the L™ < 2500 diffusive-convective regime).
Numerically, a friction velocity of zero (perhaps created by initialising the model at rest) will result in identically zero melt
according to Eqns. (2-4), which would be inconsistent with the presence of heat available for melting and may also lead to
numerical problems while solving for the melt rate. Physically, in the diffusive-convective regime with L+ < O(10%), the
StratFeedback parameterisation is an extrapolation. When the friction velocity is 5 x 1074 ms™!, Fig. 2d shows that the
StratFeedback parameterisation can have ten times less melt than the ConstCoeff formulation. Indeed, at very low velocities
the melt rate with the stratification feedback could become arbitrarily small, when in reality we always expect some melt in the
presence of a thermal or haline driving even without far-field currents, as a result of the effect of diffusive-convection beneath
horizontal ice (Rosevear et al., 2021; Middleton et al., 2021) or buoyant convection beneath sloping ice (McConnochie and
Kerr, 2018; Mondal et al., 2019).

To address this limit, we also implement a transition from the shear-driven parameterisation to a convective, free-stream
velocity-independent parameterisation based on laboratory studies of sloped ice (McConnochie and Kerr, 2018, hereafter
MK18) and similar direct numerical simulations (Mondal et al., 2019). Velocity-independent refers to the velocity of the free
stream flow as captured by the ocean model, which does not appear in the convective melt equations. We note, however, that
melting of a sloping ice face produces a buoyant plume with its own velocity, which is implicitly included in the convective
parameterisation. Similarly to the methed-methods of Schulz et al. (2022) and Zhao et al. (2024) for vertical ice melt param-
eterisations, we transition to alternative transfer velocities for heat and salt at low velocities. The effective transfer velocities

are determined by the slope of the ice base, § from the horizontal, and other thermodynamic variables (derivation in Appendix

15



380

385

390

395

400

405

A3):

f S —Sy) — (T —Ty))\ /2
'YT)eff:XSiHZ/Se(g(ﬁ( M b)y a(Tyr b))) R1/6Y2 (10)
S K
VS, eff :'YT,effM\/i ; (11)
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with y, an experimentally derived non-dimensional constant, and other parameters defined in Appendix A3 and Table Al.
We choose to transition between regimes by computing the maximum of the velocity-dependent (Eqn. 4) and MK18 velocity-
independent transfer velocities (Fig. 2b; red dash-det-line connects the white dashed line, the StratFeedback shear-driven
parameterisation, and the orange dotted line, the MK 18 limit at a given ice base angle of 10°, a value within the limits of that

observed by Wahlin et al. (2024), though equivalent plots with different angles are provided in Fig. A2). That is,

yr = max (Cru., yrenr) "

vs = max (s, Vseff) - (13)

Therefore, at low velocities, the melt rate is independent of veteeityfar-field velocity Uy, . This formulation differs from Mc-
Connochie and Kerr (2017), who propose a transition between shear-driven and convective melt regimes at a critical velocity,
noting that the transition conditions are still poorly constrained (Rosevear et al., 2025). The dependence on ice base slope
means that beneath horizontal ice shelves (8 = 0°) the MK18 melt rate will still be zero. EurthermoreMK18 and Mondal
et al. (2019) do not recommend using the-this parameterisation on gently sloped ice with angle-angles less than 2°-therefore;
therefore, the MK18 limit applied to gently sloped Antarctic ice shelves is still an extrapolation into a poorly explored ice shelf
regime. Additionally, local slope calculations are horizontal resolution-dependent. Alternative formulations not explored here
could account for the melting of unresolved steeper slopes using an enhancement factor based on the expected distribution of
small-scale features.

We also explore other alternatives for a velocity-independent parameterisation in quiescent conditions: a minimum friction
velocity and a prescribed tidal velocity, created by altering the definition of the friction velocity. The minimum friction velocity

method is expressed as:
Use :maX{C;/2UJL{,U*7min} , (14)

where the minimum velocity is intended to represent heat transport occurring through molecular diffusion even at very low
current speeds (Gwyther et al., 2016). Using a minimum velocity is a simplification for models that do not resolve the boundary
layer, and this velocity does not account for the true viscous sublayer thermodynamics. Alternatively, one could consider
unresolved, high-frequency tidal velocities inereasing-that increase the mean friction velocity. The ISOMIP+ (Asay-Davis
et al., 2016) protocol calculates friction velocity by adding a tidal velocity #;-U, in quadrature with the far-field velocity Uy,

scaled by the square root of the drag coefficient:

u*zcj/?\/U2+u%\/UA24+Uf, (15)
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Consequenthy;-the-This formulation also enforces a minimum friction velocity.

The different transfer coefficient parameterisations and low-velocity limits used in the three-equation basal melt parameteri-
sations that are discussed in this study are summarised in Table 2. Each choice of transfer and drag coefficient can be combined
with each choice of low-velocity limit. In particular, the StratFeedback+MK18 parameterisation is intended to best represent
real ice shelf—ocean regimes, since it encompasses the commonly used shear-driven melt parameterisation in well-mixed, shear-
driven conditions, the stratified suppression of turbulence observed and suggested by LES simulations, as well as a lab-based
velocity-independent convective parameterisation when far-field flows are weak. We-atse-In this study, we assess the sensi-
tivity to the choice of low-velocity regimes-with-afixed-limits with the transfer coefficient parameterisation eheieechoices

ARAARL
ConstCoeff and StratFeedback.

3 Model Configurations

To test the performance of the stratification feedback parameterisation in a three-dimensional ice shelf cavity scale model, we
implement the parameterisation in two widely used ocean models, MOMG6 and MITgcm. We use the Second Ice Shelf-Ocean
Model Intercomparison Project ISOMIP+) configuration (Asay-Davis et al., 2016) to assess the effect of the parameterisa-
tion in an idealised configuration. Then, to explore different regimes of Antarctic ice shelf cavities, the MOM6 ISOMIP+
experiments are modified to include idealised barotropic tides of varying amplitude. Finally, the parameterisation is tested in
a high-resolution simulation of Pine Island Glacier (Nakayama et al., 2021) in the Amundsen Sea. In this section, we briefly
describe the ISOMIP+ experiment (and refer the reader to Asay-Davis et al., 2016, for further details) followed by each of the

ocean models used in this study.
3.1 ISOMIP+ Setup and Modifications

We use the idealised ISOMIP+ Ocean() model configuration (Asay-Davis et al., 2016) in both MOM6 and MITgcm, which are
also submissions to the ISOMIP+ intercomparison project —(Yung et al., in review). The Ocean0 ice shelf draft and bathymetry
represent an idealised ice shelf cavity with walls at either side and a grounding line. To assess different regimes of ice shelf
cavities, we use both the warm and cold ISOMIP+ potential temperature and salinity distributions as initial conditions and
restoring boundary forcing, all linear as a function of depth. In this way, our warm test eases-are-case is effectively the Ocean0
experiment of ISOMIP+, and our cold test case is a static, cold version of Oceanl, also used in Gwyther et al. (2020). The warm
configuration has a temperature of 1°C and salinity of 34.55 psu at the bottom of the cavity, aiming to simulate the presence of
warm water intrusions, varying linearly to -1.9°C and 33.8 psu at the surface. The cold configuration has a spatially uniform
temperature of -1.9°C and a salinity range of 33.8 to 34.7 psu. The salinity, temperature and layer interfaces are restored at
the northern boundary using a sponge with a restoring timescale of 0.1 days. Note these temperature and salinity profiles are
highly idealised, and the cold configuration is unrealistically fresh compared to the conditions within and outside the Ross
and Weddell Sea ice shelves (Orlanski, 1976; Nicholls et al., 2004; Darelius et al., 2014). We use 36 vertical layers, though

note the difference in vertical coordinates between MOMG6 and MITgcm described below. Unless specified, we follow the
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Table 2. Summary of three-equation basal melt parameterisation transfer coefficients I'r, I's used in this study. The five transfer coefficient

parameterisations assume a friction velocity calculated from the drag coefficient C'y. When implemented in the idealised models, we also

explore alternative low-velocity limit choices combined with the ConstCoeff and StratFeedback transfer coefficients which modify the

parameterisation at low friction velocities. The tuned Pine Island Glacier simulations method is explained in Sect. 3.2.

Name Description Parameterisation
J10 Jenkins et al. (2010) observation-derived I'r =0.011;Ts =3.1 x10~%; C4 = 0.0097
HJ99-M81 Holland and Jenkins (1999)+McPhee (1981) Variable 'y, I's = f(ux,buoyancy)

HJ99-neutral

ConstCoeff

StratFeedback

with stability parameter 7).

Holland and Jenkins (1999), n. =1

Maximum-of-Vreugdenhit-and-Faylor(2649)-Constant transfer coefficients

Maximum of Vreugdenhil and Taylor (2019
Empirical fit of Vreugdenhil and Taylor (2019)

& Rosevear et al. (2022b)

(Appendix Al), Cy = 0.0015

Variable I'r,T's = f(ux)

(Appendix Al), Cqy = 0.0015

't =0.012;Ts =3.9 x 10~*; Cy = 0.0025

Variable I'r,I's (Eqns. 7,8); maxima match Cor
Cy =0.0025

Low-velocity limit
Prescribed U,

Minimum

Friction velocity prescribed tidal velocity,
Asay-Davis et al. (2016)

Friction velocity minimum

U; = 0.01ms ™" added to u., Eqn. 15,
effective min. ux =5 x 10" *ms™!

Minimum u. = 1 x 10~*ms™", Eqn. 14

MK18 Convective, velocity-independent parameterisation, Yr/s = max (FT /U, YT/ S,eﬂ-) (Eqns. 12,13);
McConnochie and Kerr (2018) & Mondal et al. (2019) Eqn. 10,11 & Sec. A3, “additional min u, = 1>

Tuned Pine Island Matching Adusumilli et al. (2020a) melt rates

Tuned HJ99-neutral HJ99-neutral but modified Cjy Cy=0.004

Tuned StratFeedback  StratFeedback but modified min u, and Cy minu, =5x%x10"°m 571, Cy=0.0073

Tuned StratFeedback  StratFeedback + MK18 but modified Cy Cq =0.0057

+MK18

@ Required for numerical stability to avoid zero transfer velocities in the case of horizontal slopes (0°) and no flow, with little effect on the results as the MK 18 effective transfer velocities are gene

T'1, U+, min, €xcept when 6 < 0.05° and u, < 1 X 104 ms™!.

1

mixing, viscosity and equation of state protocols of ISOMIP+ (Asay-Davis et al., 2016). This protocol includes the f-plane

approximation with a latitude of 75°S.

To simulate basal melt, we use the three-equation parameterisation (Eqns. 1-3) without the ice heat conduction term (noting

melt rates would decrease by ~10% if this term were to be included). We perform experiments with the StratFeedback and

ConstCoeff transfer coefficients and each of the three low-velocity limit choices (Section 2; summarised in Table 2). In all

ISOMIP+ simulations, the drag coefficient Cy = 0.0025 is used for the melt parameterisation and top and bottom boundary

conditions for momentum, consistent with Asay-Davis et al. (2016) and Gwyther et al. (2020).
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All idealised experiments are run for 730 days. By this time, models are spun up to an equilibrium state.
3.1.1 Idealised MOMS6 Configuration

The Modular Ocean Model 6 (MOM6; Adcroft et al., 2019) is a finite volume, hydrostatic ocean model which has been
used for idealised simulations of ice shelf cavities (Stern et al., 2019). MOMB6 is configured on an Arakawa C grid with a
generalised vertical coordinate, though here we employ the isopycnal layered version of the model rather than its Arbitrary
Lagrangian Eulerian vertical coordinate capabilities (Griffies et al., 2020). We use a Kraus and Turner (1967) and Niiler and
Kraus (1977)-like bulk mixed layer parameterisation for the surface boundary layer (Hallberg, 2003) which energetically
constrain the boundary layer depth, and the Jackson et al. (2008) vertical mixing parameterisation with critical Richardson
number 0.25.

The MOMBS6 ice shelf thermodynamics code numerically solves the three-equation parameterisation using an iterative loop,
and both a constant transfer coefficient (e.g. Jenkins et al., 2010) and the variable formulation (Holland and Jenkins, 1999;
McPhee et al., 1987) can be used. The new stratification feedback parameterisation is implemented with an additional iterative
loop to solve for the melt rate, buoyancy forcing and viscous Obukhov scale as described in Section 2. The model samples
temperature, salinity and velocity over the bulk mixed layer (approximately 10 m thick) in the melt parameterisation, then
inserts freshwater in the bulk mixed layer as a volume flux (which can later be entrained in the interior ocean layers, Hallberg,
2003). The magnitude of melting is likely to be sensitive to these choices, as well as to the vertical resolution (Gwyther et al.,
2020). Melting is set to zero when the ocean column is less than 10 m thick. The friction velocity u. is calculated from the
velocities in the uppermost model layer (the top half of the bulk mixed layer, approximately 5 m thick). This vertical resolution
is insufficient to resolve the structure of the ice shelf—-ocean boundary layer, though the uppermost layers exhibit cooling and

freshening in response to melting.
3.1.2 Idealised MITgcm Configuration

The Massachusetts Institute of Technology general circulation model (MITgecm; Marshall et al., 1997) is a finite-volume ocean
model that can simulate ice shelf cavities (Losch, 2008). MITgcm uses z (depth) coordinates and is built on an Arakawa C
grid. Partial cells are included, with a minimum thickness of 25% of the normal cell thickness of 20 m. Melt rate is calculated
using a quadratic equation (Losch, 2008);-therefore-, Therefore, we implement an additional iterative loop that solves the three-
equation system with the modified and varying transfer coefficients until the solution converges. Tracers and the velocities
for the friction velocity and melt parameterisation are sampled over the uppermost 20 m layer (Losch, 2008), which generally
covers more than one vertical grid cell. Meltwater is represented as a virtual salt flux rather than a volume flux, distributed
over the same 20 m layer. As in MOMBO6, this vertical resolution is insufficient to resolve the structure of the ice shelf—ocean

boundary layer. Unstable vertical mixing is parameterised with a convection scheme (Cessi and Young, 1996).
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3.1.3 Idealised Explicit Tidal Forcing

In addition to the ISOMIP+ experiments, we run an additional MOM®6 case where we add an idealised barotropic tide as an
open boundary condition to inject more kinetic energy into the otherwise relatively quiescent cavity. This method differs from
the prescribed tidal forcing in the melt parameterisation, where the effect of tides is artificially added to the friction velocity
(SeettenrSect. 2.5). By forcing tides explicitly, we capture the direct effect of tides on melting and also the indirect effects due to
tidal advection, mixing and residual circulation within the cavity. Here, the sponge boundary is replaced by a Flather-Orlanski
(Flather, 1976; Orlanski, 1976) open boundary, nudged to the values of the sponge configuration output, with an additional
sinusoidal tidal velocity and sea surface height forcing at the M2 frequency of 2 cycles per 24 hours and 50 minutes. Since the
ISOMIP+ simulations are on an f-plane with latitude 75°S (Asay-Davis et al., 2016), the whole domain is effectively south
of the M2 critical latitude (Makinson et al., 2006). The amplitude of the tidal velocity and sea surface height are calculated by
considering the volume change within the cavity as a result of the tides (with an assumption of linearity, as MOM6 permits

grounding line movement), with velocity amplitudes of 0.2ms~*, 0.1ms~!, 0.05ms~! and 0.0l ms~!

matching sea surface
height amplitudes at the boundary of 6.4 m, 3.2 m, 1.6 m and 0.32 m respectively. However, the resulting tidal velocity at the ice-
ocean interface is near the grounding line compared to the ice front (Fig. S1), as seen in other modelling studies (Mueller et al.,
2012; Gwyther et al., 2016; Jourdain et al., 2019). Note we use the minimum friction velocity limit of u, =1 x 10~ *ms~!

discussed in Section 2.5 for numerical stability.
3.2 Pine Island Glacier Configuration

For our realistic test, we use the Nakayama et al. (2021) MITgcm Pine Island Glacier configuration. This model configuration
uses MITgcm with the hydrostatic approximation, and has a high spatial resolution of 200 m in the horizontal and 10 m in the
vertical, and has been evaluated against satellite observations (Shean et al., 2019; Adusumilli et al., 2020a) to have a realistic
representation of melt (Nakayama et al., 2019). Although the model can include subglacial discharge, it is used here without
this additional flux, noting that the changes in melt rate seen by adding realistic subglacial discharge are modest compared with
that expected by adding the StratFeedback parameterisation (Nakayama et al., 2021). However, subglacial discharge could
modify the ice shelf—ocean boundary layer, thereby altering the effect of the StratFeedback parameterisation, Dynamic and
thermodynamic sea ice are included (Losch et al., 2010). The density equation of state is from Jackett and Mcdougall (1995)
and the same linear freezing point equation of state as ISOMIP+ is used.

The ocean bathymetry and static ice draft are based on BedMachine-Antarctica (Morlighem et al., 2020). Tides are not
included. The model is forced at the boundaries by the bias-corrected version of Nakayama et al. (2019) model output, which
is in turn forced by a regional downscaling of ECCO LLC270 (Nakayama et al., 2018).

Nakayama et al. (2021) use the Holland and Jenkins (1999) velocity-dependent parameterisation with transfer coefficients
dependent on the Prandtl and Schmidt numbers but where the McPhee (1981) 7, stability parameter is set to 1, and a drag
coefficient Cy = 0.0015 (i.e. the MITgem default values and parameterisation; Losch (2008); named HJ99-neutral in Table 2).

Here, we modify the drag coefficient to achieve a tuned melt rate that matches the Adusumilli et al. (2020a) satellite-derived
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melt rate. We only consider latitudes south of 74.8°S due to large disagreement between models and observations in the
northern region of the ice shelf (see Sect. 4.4), yielding an average 15.1 my+—-/yr melt rate. When tuning the MITgcm
results, we mask out regions of the simulated ice shelf where Adusumilli et al. (2020a) data is unavailable (Fig. D1b). To
compare the spatial distributions of melt rates for the StratFeedback and StratFeedback+MK 18 parameterisations, we perform
a similar tuning, requiring different drag coefficients for each parameterisation (Table 2). We run the Pine Island simulation for

50 days, starting from January 30, 2010 conditions, for each basal melt parameterisation.

4 Results
4.1 Idealised ISOMIP+ Results

We ean-compare the effect of the stratification feedback (StratFeedback) parameterisation against the more commonly used
constant transfer coefficient (ConstCoeff) method using the ISOMIP+ Ocean0 warm and cold experiments in both MOMG6 and
MITgcm (the latter’s results presented in Appendix C). In this first section, we follow the ISOMIP+ protocol and use the low-
velocity limit with a prescribed tidal contribution of U; = 0.01 ms~! to the friction velocity (Table 2. Here, the simulations do
not include explicit tides. The StratFeedback parameterisation greatly affects the melt ratesrate, boundary layer temperature and
salinity and circulation within the idealised MOMG6 ice shelf cavity. Fig. 4a-d demonstrates that the temperature stratification
is markedly different in the warm experiments compared with the cold experiments. All simulations have lower temperatures
near the ice-ocean boundary layer due to the presence of cold meltwater, but this layer is less visible in the StratFeedback
experiments. The salinity stratification, which dominates the density, is similar between warm and cold experiments with a
fresh meltwater layer most prominent in the warm ConstCoeff simulation (thin blue layer at the surface of Fig. 4e), though the
warm experiment has saltier deep water following the ISOMIP+ protocol. Melt rates are significantly greater in the MOM®6
experiments with constant transfer coefficients compared with the same experiments using the StratFeedback parameterisation
(note the different colourmap axes between the warm and cold simulations, Fig. 4i-1). Indeed, the warm experiment with the
StratFeedback parameterisation (Fig. 4j) has melt rates more similar to the cold experiments (Fig. 4k-1) than its warm, constant
coefficient counterpart (Fig. 4i). Comparing MOM6 and MITgcm (see Fig. C1), we see that MITgcm has similar temperature
and salinity profiles, though thicker cold, fresh meltwater layers and larger melt rates, particularly in the warm experiments
which have approximately twice the melt of MOMS6 (Fig. C1, compare also centre columns in Fig. 5). Stronger melting may be
associated with the z-level coordinates in MITgcm versus the higher resolution layer coordinate below the ice shelf in MOMS6,
and the different choices of thermal driving sampling depth (Gwyther et al., 2020).

The strong reduction in melt when the StratFeedback parameterisation is included corresponds to the design of the param-
eterisation, which suppresses the transfer coefficients in response to a low viscous Obukhov scale, Lt (Section 2.2). LT is
smaller in the warm experiments due to greater thermal driving, therefore the transfer coefficients are more reduced in the
warm experiments than the cold. This explains why the decrease in melt rate from the constant transfer coefficient experiments

to the StratFeedback parameterisation experiments is far greater for the warm experiments than the cold, where L™ is larger.
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Figure 4. Temperature (a-d) and salinity (e-h) transects, melt rate distribution (i-1) and zonally averaged overturning streamfunction in density
coordinates (m-p) for MOMG6 simulations. All experiments use the ISOMIP+ protocol-specified tidal velocity U; = 0.0lms™ " as the low-
velocity limit in the melt rate parameterisation. Variables are averaged over the last 180 days of the simulation, with the temperature and
salinity profiles taken at the y=40 km transect. Warm experiments are in columns 1 and 2, cold in 3 and 4. Columns 1 and 3 show the constant
coefficient melt parameterisation results, and columns 2 and 4 contain the stratification feedback parameterisation. Melt rates averaged over
the ice shelf are listed in panels i-1. Black contours in m-p are spaced by 10 mSv in panels (m-n) and 0.5 mSv in panels (o-p), and the text
lists the maximum value of the overturning streamfunction in the domain. Note the different colourbar ranges between the warm and cold

simulations. Equivalent results for MITgem are in Appendix C.

Still, L is not large enough in the cold experiments for the cavity to be entirely in the shear-driven regime where L+ > 1x 10%;
otherwise, the parameterisations would have identical melt rates.

The melt rate reduction due to the stratification feedback leads to a change in ice shelf cavity circulation. Fig. 4m-p shows
the MOMBS6 overturning streamfunction (calculated in density space, where streamlines indicate the overturning circulation).
In all experiments, there is an overturning circulation with buoyant water travelling up the ice-ocean boundary. In the cold

experiments, there is an opposing overturning cell at lower densities, created by the conservation of volume as the lower over-
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turning water reaches its neutral density and flows toward the boundary at = 800 km. There is a clear relationship between
the magnitude of the melt rates in Fig. 4i-1 and the magnitude of the overturning circulation (m-p), which are both weaker

in the cold experiments than the warm (note the different colourbar scales) and weaker in the StratFeedback parameterisa-

tion experiments compared with the constant coefficient experiments. This feedback-between-teeshelf-basal-melt-and-eavity
eirenlationis-expectedbecause-of the-buoyaney-driven-flow-relationship is expected, since buoyant meltwater is the main driver

of cavity circulation, which positively feeds back on melting by increasing current speeds(e.g. Holland et al., 2008; Jourdain
et al., 2017).

MITgem simulations see the same reduction in melt rate and circulation with the StratFeedback parameterisation (Fig. C1)
as MOM6. Additionally, the overturning circulation is greater in MITgem than in MOMS6 for most experiments (Fig. 4 vs
Fig. C1). This can be explained by greater melt rates and therefore a stronger buoyant meltwater flow. Model choices thus

affect both the magnitude of melt and the resultant ice shelf cavity circulation.
4.2 Sensitivity to the Low-Velocity Limit

Thus far, we have investigated the hydrography, melt rate and circulation for the ISOMIP+ warm and cold experiments, using
a prescribed, additional tidal velocity in the calculation of friction velocity for the melt parameterisation. Melt rates strongly
decrease with the incorporation of the StratFeedback parameterisation. However, the extent of this reduction is sensitive to
the choice of the prescribed, additional tidal velocity in the low velocity limit of the melt parameterisation (Sect. 2.5). In this
section, we explore this sensitivity noting, as in Sect. 4.1, that the simulations analysed do not include explicit tides.

We compare the ice shelf cavity averaged melt rates for each of the three low-velocity limits in the melt parameterisation
in both MOMS6 and MITgcm (Fig. 5, compare the three columns in each panel), noting that the optimal choice for these is
unknown. MOM6 and MITgcm results are consistent, demonstrating that different low-velocity limit choices lead to different
melt rates. The prescribed tidal velocity choice has the largest melt rates, followed by the convective McConnochie and Kerr
(2018) parameterisation (Sect. 2.5) and then the minimum friction velocity choice. This sensitivity to the low-velocity limit
indicates that some or all of the ISOMIP+ ice shelf is in this low-velocity regime.

Thermal driving — friction velocity regime diagrams explain why the choice of low-velocity limit affects the results (Fig. 6).
Almost all gridboxes in the ice shelf cavity for the prescribed tidal velocity experiments shown previously in Fig. 4 (purple
colours) have their friction velocity approximately equal to %WM ms~!; that is, the minimum
value of Eqn. 15, indicating that model velocities are too weak to contribute significantly to the melting and therefore that melt
is determined by this arbitrary tidal velocity. Low velocities in the idealised configuration can be explained by the smooth
topography and ice draft and the lack of a boundary forcing that produces momentum: circulation in the cavity is driven
entirely by meltwater buoyancy (apart from restoring at the open boundary).

Removing the prescribed tidal velocity and replacing it with a smaller minimum friction velocity (blue colours in Fig. 6)
significantly decreases melt in warm and cold experiments with the StratFeedback parameterisation (leftmost columns in
Fig. 5). Small friction velocities at initialisation (due to the zero flow initial conditions) lead to positive feedback between

weak melting and weak cavity circulation (Fig. 4).
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Figure 5. Area-averaged melt rates in the final 180 days of the ISOMIP+ simulations for MOMBS (a, ¢) and MITgcm (b, d). Warm experiments
are in the top row, and cold experiments in the bottom. Hatched bars are experiments with a constant transfer coefficient and solid colours are
with the stratification feedback parameterisation, and percentages indicate the ratios of the StratFeedback to ConstCoeff melt rates. Each of
the three columns within panels show the results for different choices of lower velocity limit, either a minimum friction velocity of %« min =
10™* ms™', a prescribed tidal velocity of U; = 0.01 ms~" (which implies a minimum friction velocity of s min =5 x 10"*ms™") or
transitioning smoothly to the McConnochie and Kerr (2018) parameterisation with the local basal slope angle 6 (which for ISOMIP+ ranges

between 0° and 2°).

The other approach explored, transitioning to the McConnochie and Kerr (2018) melt rates at low velocities, resulted in
similar melt rates to the minimum friction velocity experiment with the ConstCoeff parameterisation (compare first and third
hatched columns in Fig. 5), but larger with the StratFeedback parameterisation (rightmost solid coloured columns in Fig. 5).
This increase for the StratFeedback cases occurs because the MK 18 limit enforces a larger minimum melt rate than that created
by the minimum friction velocity. However, the shallow slopes of the ISOMIP+ experiment limit the reliability of the MK18

parameterisation.

24



590

595

600

Cold

0.5 - o 3.0 3.0 - 3.0
2.0 —— Melt rate (m/yr) . < "
— . 0.4 1 reduced I :: -2.5 ; 2.5 b - 2.5 _:%
(@] 5 o <
<151 L20E fL2o 5 [F205 @
£ 0.3 ) < g ge
S 104 15% |F15g 153
T 0.2 o = s
(] [) g
€ 1.0 g F10 5 10 g3
< | < c c
E 037 0.1 3 < <
—0.58 —0.55, —0.58
0.0 T T 0.0 T : T - 0.0 0.0 - 0.0
0.000 0.002 0.004 0.006 0.000 0.002 0.004 0.006
us (ms1) ux (ms™1)

Figure 6. Thermal driving — friction velocity regime diagrams for selected MOMS6 StratFeedback experiments, indicating the number of grid
cells in each regime time-averaged over the final 180 days of the simulation. Panel (a) shows warm experiments and (b) cold. The minimum
friction velocity 1 x 10™* ms™! experiments are shown in blue (leftmost vertical line), prescribed tidal velocity U; = 0.01 ms™! in purple
(middle vertical line) and explicit tidal forcing with amplitude 0.1 ms ™! in orange colours to the right. StratFeedback melt rates are shown
in the solid contours and stippling shows where transfer coefficients are equal to the ConstCoeft values, both calculated assuming a salinity
Sum = 34.05 psu and pressure 300 dbar, which are representative values for the ISOMIP+ cavity. Note the difference in y-axis extent between

panels.

Between MOM6 and MITgcm, the behaviour of the StratFeedback parameterisation under each of the warm, cold, and
alternative low-velocity limits is consistent, despite melt rates being larger in MITgcem. There are similar percentage decreases
in melt rate between the ConstCoeff and StratFeedback experiments despite the variation in the magnitude of melt (Fig. 5).
The different magnitude of melt between models may be explained chiefly by the different vertical coordinates (Gwyther et al.,
2020), where the z-level coordinates of MITgcm result in a coarser vertical resolution near the ice, and therefore a stronger
thermal driving since the far-field temperature is sampled at a greater depth, but may also be associated with other model
choices such as the vertical mixing scheme. Nonetheless, the similar behaviour of the two models demonstrates a consistent

response by the new parameterisation on simulated melt rates, circulation and their feedback.
4.3 Simulating Tides to Explore Energetic Ice Shelf Cavity Regimes

Motivated by the low melt rates in the idealised ISOMIP+ test cases, we replace the prescribed tidal velocities in Fig. 4 with
explicit simulation of idealised tides in MOMG6. Explicit tides move the experiments to more energetic (and realistic) ice shelf
cavity regimes (from the blue and purple to the orange colours in Fig. 6). The cavity circulation is therefore no longer only
driven by meltwater buoyancy, and this results in increased melting in both the cold and warm experiments relative to the

minimum u, experiment, which is the control for the tide experiments (Fig. 7, second columns from the left). The magnitude
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Figure 7. Area-averaged melt rates for MOMG6 experiments averaged over the last 180 days of the simulation, with either a prescribed tidal
velocity of 0.01 ms™*, a minimum friction velocity of 1 x 10™% ms™?, or both the minimum friction velocity and idealised barotropic tides
applied at the open-ocean boundary with velocity amplitudes of 0.01ms™*, 0.05ms™*, 0.1ms™* and 0.2ms~!. Warm experiments are
shown in panel (a) and cold in panel (b). Hatched bars are experiments with a constant transfer coefficient and solid colours are with the

stratification feedback parameterisation.

of melting depends on the amplitude of the tidal forcing (Fig. 7). We see that a 0.05 ms~! amplitude tide gives similar melt
rates (within a factor of 1-2) to the prescribed tidal velocity experiment despite the tide amplitude at the boundary being five
times greater. This occurs because the tidal velocity amplitude adjacent to the ice-ocean interface is smaller than the forced
tide at the open boundary (Fig. S1). In this experiment, the root mean square tidal velocity simulated within the cavity is
approximately 0.02ms ™! (see e.g. Anselin et al., 2023, for a derivation of the tidal velocity contribution to u,), similar to the
0.01 ms~! prescribed tidal velocity.

The largest warm and cold tidal amplitude ConstCoeff experiments (0.2ms~!) have at least three and six-seven times
the magnitude of melt, respectively, compared with the warm and cold control cases with prescribed tidal velocity (Fig. 7,
compare leftmost and rightmost hatched columns). The proportional increase in melt rate is even greater for the StratFeedback
experiments. This can be explained by a shift in the ice shelf cavity regime with the addition of a strong external velocity. Fig. 6
shows a shift towards higher friction velocities in the explicit tide experiments (compare the purple and orange colours, which

isfor-the latter of which is the 0.1 ms™! experiment), and a shift out of the stratified regime and into the well-mixed region of

26



615

620

625

630

Warm, Warm, Warm Explicit tides, Warm, Explicit tides, =~ Warm, Explicit tides,
Min. ux = 10~4ms-1 Prescribed U;y=0.01ms™!  Uzmp =0.05ms™! Uamp=0.1ms™! Uamp=0.2ms™?

60
S
~ 40
>
20
T j T
Cold Cold
60
S
~ 40
= Y
20

600 600 600 500 600 500 600
x (km) X (km) x (km) X (km) X (km)

=
o
o
o
o

N stratification

convective g feedback
Viscous Obukhov Scale, L *

©  diffusive-
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feedback regime is shown in orange, with 2500 < L™ < 1 x 10*, indicating the region where melting is expected to be steady but the
transfer coefficients are suppressed due to the effect of stratification. The well-mixed shear-driven regime with L™ > 1 x 10* and constant

(maximal) transfer coefficients is indicated in yellow. Warm experiments are shown in the top row and cold in the bottom row.

T* — u* parameter space where the StratFeedback and ConstCoeff parameterisations are equal (indicated by the stippling in
Fig. 6, assuming a salinity of S = 34.05, and also shown in Fig. 2d). Increased melt in the highest tide amplitude experiment
also leads to cooling and weaker thermal driving (Fig. 6), further shifting the cavity regime to well-mixed conditions.

The behaviour of the StratFeedback parameterisation as the cavity environment becomes progressively more energetic is
shown in Fig. 8. With low or no tidal forcing, much of the cavity sits within the diffusive-convective melt regime (purple
colours in Fig. 8). As the tidal amplitude is increased, the stratified (orange colours) and well-mixed (yellow colours) shear-
driven melt regimes begin to dominate. For the experiment with the largest tidal forcing, only small regions of the ice shelf
cavity are within the stratified or diffusive-convective regimes, and the StratFeedback and ConstCoeff parameterisations give
similar melt rates (Fig. 7).

There are additional rectified tidal flows affecting the circulation and hydrography, a discussion of which is beyond the
scope of this paper. However, the idealised tidal simulations demonstrate the difficulty in achieving realistic ice shelf cavity
regimes in idealised models. Even with a large tidal forcing of 0.2 ms~! amplitude velocity (corresponding to a 6.4 m sea level
anomaly forcing in this idealised cavity), the warm cavity is not entirely in the well-mixed regime, possibly associated with the

smoothness of the geometry and insufficient spatial resolution.
4.4 Realistic Pine Island Glacier Simulation

To assess the parameterisation in a realistic situation where circulation is more complex and the results can be compared with

observations, we use the MITgcm Pine Island Glacier setup of Nakayama et al. (2021) (model details in Section 3.2)with-its
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drag—eoeffictenttuned-. We tune the drag coefficient to achieve melt rates similar to the Adusumilli et al. (2020a) satellite

melt rate product, though we acknowledge that satellite melt rates contain uncertainties and can differ from in situ ApRES

measurements (Varikova and Nicholls, 2022; Lindbick et al., 2025). After 20 days of simulation, area-averaged melt rates are

approximately equilibrated and of a similar magnitude of ~17 m/yr (as a result of the tuning, Table 2, noting that this rate
refers to the whole simulated cavity average rather than masked-tuning-meltrate-the masked area over which melt rates were
tuned in Sect. 3.2). We compare the melt rate distributions for three different parameterisation choices averaged over days
20-50. The simulation run with the Holland and Jenkins (1999) parameterisation and McPhee (1981) 7, stability parameter
set to 1, hereafter HJ99-neutral, requires the lowest taning-tuned drag coefficient (Cyq = 0.004), corresponding to the largest
average melt rate if tuning is not performed (i.e. using Cy = 0.0015 gives an average melt rate of 11.3 m/yr, Supplementary
Fig. S2a). The StratFeedback parameterisation without tuning yielded a melt rate of 4 m/yr (Fig. S2b) and required a larger
taning-tuned drag coefficient of Cq = 0.0073. This implies that much of the Pine Island Glacier ice shelf is in the stratified
regime. Furthermore, when we include the MK 18 low-velocity limit in the untuned simulations, the melt rates increase to an
average of 8 m/yr (Fig. S2c). This melt rate is larger than the untuned StratFeedback simulation because the relatively large
ice base slopes (up to 30°) contribute substantial melting via the MK 18 parameterisation. Because the untuned StratFeedback
simulation has the weakest melting, the tuned StratFeedback simulation has the largest drag coefficient of the three tuned
simulations so that the same mean melt rate is achieved. By using the tuned simulations, we can more easily compare spatial
distributions of melt rate and the parameterisation’s effect on ocean properties. Note the tuned drag coefficients (Cy = 0.004
for tuned HJ99-neutral, 0.0073 for tuned StratFeedback and 0.0057 for tuned StratFeedback+MK18) all lie between the value
C4 = 0.0015 used in the original simulation and the value Cy = 0.0097 suggested by Jenkins et al. (2010) (see Sec. 2.1 for
more observational estimates of drag coefficients).

In the tuned HJ99-neutral simulation, melt is enhanced near the grounding line (Fig. 9a), and reaches the observed melt
rates of up to 200 m/yr in this region (Shean et al., 2019; Zinck et al., in review, see probability distribution in Fig. D1). Melt
is also enhanced at the ice shelf keels (Fig. 9a), as in Shean et al. (2019). Unlike observations which suggest low melt rates
in the northern part of the ice shelf, simulated melt rates reach ~ 50 m/yr in this region (compare Fig. 9a and Figs. D1b,c).
The difference suggests there may be differences between the simulated and real pathways of water masses into the northern
section of the Pine Island Glacier ice shelf cavity.

In the tuned StratFeedback simulation, the melt rates are increased relative to the tuned HJ99-neutral simulation in some
regions, such as near the Pine Island Glacier grounding line and in the ice shelf keels (and some channels with high velocities),
and decreased elsewhere (Fig. 9b). The regions where the tuned StratFeedback simulation enhances melt correspond to regions
with large friction velocities (Fig. 9d) and melt decreases in regions with low friction velocities, including some regions near
the grounding line. In the large friction velocity regions, L™ is also large (Fig. 9f), indicating melting in the well-mixed regime,
whereas regions with lower friction velocities have lower L™ and are simulated to be in the stratified and diffusive-convective
regimes. The StratFeedback parameterisation therefore enhances the spatial variability in melt beneath Pine Island Glacier.
Ocean properties and circulation respond to this modified melt rate, leading to fresher, colder water in regions with more

melting (see Supplementary Figs. S3, S4, S5).
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Figure 9. MITgcm Pine Island Glacier melt rates averaged over days 20-50 of the simulation, for (a) the tuned HJ99-neutral basal melt
parameterisation used in Nakayama et al. (2021) (with a drag coefficient of Cy = 0.004); (b) the anomaly of the tuned stratification feedback
(StratFeedback) parameterisation (with a drag coefficient of C'y = 0.0073) and (c) the anomaly of the tuned stratification feedback parame-
terisation with MK18 limit (with a drag coefficient of Cy = 0.0057)). Both anomalies in (b) and (c) are with respect to (a). The melt rates
quoted are calculated over the whole simulated ice shelf area and differ from the tuning melt rate, which was only over the region where
Adusumilli et al. (2020a) data is present (Fig. D1b) and only south of 74.8°S. The friction velocity, thermal driving and viscous Obukhov

scales of the stratification feedback parameterisation with tuned drag coefficient (b) are shown in panels (d), (e) and (f).

The tuned StratFeedback+MK18 simulation has a similar melt rate anomaly pattern to the tuned StratFeedback simula-
tiondespite-the-different-drag-coefficients. However, in addition to having enhanced melt in regions with large friction velocity
compared to the HJ99-neutral experiment, melt is also enhanced at the sloped ice shelf front and near the grounding line, the
latter where the thermal driving is large (Fig. 9¢). Both the tuned StratFeedback and StratFeedback+MK18 experiments have
a larger area of the ice shelf with melting greater than 50 m/yr compared with the tuned HJ99-neutral simulation (Fig. D1),
and align better with the order 100 m/yr melt rates seen in high-resolution observational products near the grounding line
(Zinck et al., in review; Shean et al., 2019). Hewever-the-This improvement is demonstrated by the upper tail of the melt rate

statistical distribution (Fig. D1) increasing in area with the StratFeedback parameterisation, bringing the distribution closer

to the Zinck et al. (in review) product. The missing data and coarser resolution of Adusumilli et al. (2020a) make quantita-

tive comparison challenging.
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similarity between StratFeedback and StratFeedback+MKI18 also indicates that large parts of the tuned Pine Island Glacier
simulations are not in the low-velocity regime (with the diffusive-convective regime as a guide in Fig. 9f).

The difference in the spatial distribution of melt rates between the original simulation and that with the StratFeedback
parameterisation highlights the spatial heterogeneity in melt rate regimes within individual ice shelves. All three regimes,
well-mixed shear-driven, stratified and diffusive-convective, were observed in the tuned simulations (Fig. 9f). Analysis of
borehole observations from Pine Island Glacier yielded a shear-driven L™ of 1.1x10* (Fig. 3b), which was taken in one of
the channels approximately halfway between the ice front and grounding zone (Stanton et al., 2013). Without the precise
location in-on the ice shelf (and noting differences in the time of simulation and observation), it is difficult to determine if
the simulated channels’ L+ agree with the observation. However, keels and some channels are generally simulated to be in
the shear-driven regime, potentially in agreement with Stanton et al. (2013). Nevertheless, the need for significantly different
drag coefficients between tuned simulations demonstrates the sensitivity of regional ice shelf models’ basal melting and melt

regimes to parameterisations.

5 Discussion

In this study, we describe the development and implementation of a basal melt parameterisation that includes the feedback ef-

fect of stratification suppressing turbulence at the ice-ocean boundary layer in ocean models. Our transfer coefficients use em-
pirical functional forms based on Large Eddy Simulations (e-g—Vreugdenhil-and-Taylor; 2019 Resevearetal-2022b; Fig—1))
e.g. Vreugdenhil and Taylor, 2019; Rosevear et al., 2022b, Fig. 1). Compared with a constant transfer coefficient formulation,

predicted melt rates are suppressed at low velocity and warm ice shelf cavity conditions (Fig. 2), where stratification feedback
effects on melt are expected to be stronger, due to the relatively higher melt (strengthening the stratification). This results in
improved melt rates compared to observations for ice shelf cavities in the stratified but still shear-driven or diffusive-convective
ice shelf cavity regimes, particularly the Amery Ice Shelf (Fig. 3). The parameterisation therefore decreases the disagreement
between direct melt rate observations and parameterisations in some ice shelf cavity regimes and leaves them unchanged in
others.

We tested the stratification feedback melt parameterisation in model configurations of varying complexity and ice shelf
cavity regimes. Compared with the constant coefficient formulation, idealised ISOMIP+ experiments in MOM6 and MITgcm
saw significant reductions in melt and circulation strength in both the warm and cold simulations (Fig. 5). The melt rate
reduction demonstrated that the ISOMIP+ experiments are simulated to be in a quiescent, warm regime with a low viscous
Obukhov scale (Figs. 6,8), with the stratification feedback parameterisation suppressing melt as a result. This can be explained
by the buoyancy-only ISOMIP+ setup, where there are no external forcings (except for a restoring sponge layer), and therefore
that-the circulation is driven only by the buoyant meltwater plume. When an idealised external forcing was applied, with a
barotropic tidal forcing in MOMG6, melt rates increased as in Gwyther et al. (2016) and regions of the ice shelf cavity moved

into the more energetic, shear-driven regime (Figs. 6,7,8) where the stratification feedback was less pronounced. However, the
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tides, our ISOMIP+ experiments could not achieve the thermal driving and friction velocity conditions observed at George
VI and Pine Island Glacier ice shelves, nor Stewart (2018)’s summer Ross Ice Shelf observations (compare Figs. 3 y—Fhelow
£ in-the ISOMIP+experiments-saegestand 6). This result suggests that idealised ocean models should be used with caution

when assessing melt parameterisations or other ice shelf boundary layer physics, or indeed other aspects of ice shelf cavity

circulation.

The melt rate (and therefore ocean circulation) is extremely-sensitive to melt parameterisation choices at the low-velocity
limit, primarily because of the low velocities (and L) in the smooth, idealised ISOMIP+ cavity. The StratFeedback parameter-
isation, though designed for the stratified regime, suppresses melt rates in the diffusive-convective regime and better matches
observations and simulations in this regime {Begeman-et-al; 2648 Davisetal;2023)(Fig. 3, Begeman et al., 2018), but is still
an extrapolation in these low-velocity conditions. Attempts to connect the shear-driven melt parameterisation (with StratFeed-
back or ConstCoeff transfer coefficients) and previously suggested free-stream velocity-independent convective melt scaling
(Kerr and McConnochie, 2015; McConnochie and Kerr, 2018; Mondal et al., 2019; Schulz et al., 2022) led to higher melt
rates (Fig. 5) than with the chosen minimum friction velocity, but the idealised model framework made assessing the accuracy
of the parameterisation in the context of realistic observations and models difficult. The optimum low-velocity limit for melt
parameterisations is still unknown, and awareness of this sensitivity to parameterisation choices is important when simulating
cavities with low velocities.

A realistic simulation of Pine Island Glacier compared the stratification feedback parameterisation and HJ99-neutral pa-
rameterisation, with both tuned to area-averaged satellite-derived melt rates (Fig. 9), requiring large modifications to the drag
coefficient, a significant unconstrained parameter. The StratFeedback and StratFeedback+MK 18 parameterisations had stronger
peaks of melt rates in the Pine Island keels and near the grounding line, moving the simulated melt rate pattern closer to ob-
servations (Shean et al., 2019; Adusumilli et al., 2020a; Zinck et al., in review), though a lack of satellite melt rate estimates
near the grounding line make-makes quantltatlve comparison difficult. The MK18 version required-less-dragcoefficienttaning
i has more consistent melt rate intensi-

fication near the grounding line than StratFeedback alone, but further work is required to evaluate this-parameterisation-these

parameterisations in other ice shelf cavities and with more observations.

Our results demonstrate the importance of testing basal melt parameterisations across various ice shelf cavity regimes. The
basal melt-ocean circulation positive feedback makes idealised models extremely sensitive to specific choices in the parame-
terisation, possibly more so than realistic models. Still, achieving the expected L™ suggested by in situ borehole observations,
where many locations had conditions with L+ > 10* (Fig. 3b), required large drag coefficients in the Pine Island Glacier exper-
iment, despite the relatively high model resolution. Ocean models, particularly coarse-resolution models, may noetsimulate-trae
iee-shelf-meltregimes-sinee-they-lack the small-scale flow variability observed at high frequencies beneath ice shelves, either
through not resolving these scales of motion (through both horizontal and vertical resolution), not simulating tidal motion, or

having anomalously smooth bathymetry and ice base shape. The-Our results suggest that one reason current parameterisations

31



745

750

755

760

765

770

775

in ocean models do achieve relatively good agreement with satellite-derived melt rates (Richter et al., 2022; Galton-Fenzi et al.,
in review) might be a compensation of biases: if simulated velocities are weaker than reality and constant transfer coefficients
larger than reality, the ConstCoeff basal melt transfer velocities might be of the correct magnitude. This compensation, how-
ever, would be expected to depend on resolution; future research should investigate the model grid resolution dependence of
simulated ice shelf regimes. Understanding this dependence is particularly important for the MK18 parameterisation, which
is based on local slope and is therefore resolution-dependent. Unravelling this compensation led to low melt rates in our
StratFeedback parameterisation before drag coefficient tuning, highlighting the need for more high-resolution ice shelf cavity

simulationsa

Furthermore, the difference between MOMG6 and MITgecm ISOMIP+ experiments demonstrates the ongoing challenge in
unifying parameterisations when ocean models simulate the ice shelf ocean boundary layer differently. Specifically, the vertical
resolution and coordinate are important factors, where appropriate choices (using high vertical resolution and appropriately
sampling the far-field ocean properties and distributing meltwater) can reduce the sensitivity of simulated melt to model choices
(Gwyther et al., 2020; Scott et al., 2023).

There remain questions around formulating a regime-aware, physically accurate basal melt parameterisation. Future work
should further explore the transition between the shear-controlled stratified regime and the transient diffusive-convective regime
(e.g. Rosevear et al., 2022b). We have proposed one option for a transition to a velocity-independent convective parameterisa-
tion at low velocities, where the McConnochie and Kerr (2018) parameterisation increases melt rates near sloped ice bases (and
therefore better matches satellite-derived melt rates at the Pine Island Glacier grounding line). However, this parameterisation’s
applicability to weakly sloped ice bases remains unknown, and the representation of sloping or featured topography depends on
the resolution of ice draft products and the resolution at which the model is run. Prescribed tidal velocities and minimum fric-
tion velocities are also easily-implemented low-velocity limit options, which could be tuned in realistic experiments. However,
both melting and circulation are extremely-likely to be sensitive to these (retatively-unconstrained--unconstrained parameters.
Furthermore, other physical processes such as diffusive convection are currently not included. Developing a truly regime-aware
parameterisation likely requires further understanding of the physics governing each regime and the transitions, through more
high-resolution numerical simulations, laboratory experiments and in situ ice shelf-ocean boundary layer observations. For

example, conducting similar experiments to Rosevear et al. (2022b) that resolve the boundary layer with shallow ice slopes

would fill a currently undersampled regime. Davis et al. (2025) also recently demonstrated the importance of lateral processes

within the ice-ocean boundary layer of warm-cavity ice shelves, which ice shelf basal melt parameterisations do not include.
The Pine Island Glacier simulation experiments highlight an outstanding unknown in basal melt parameterisations: the drag

coefficient. Further work is required to understand the spatial distribution of drag coefficients around Antarctic ice shelves, and
how we can model the momentum boundary layer and its effect on melting in ocean models with varying vertical resolution
and coordinates rather than treating it as a tuning coefficient. Additionally, the transfer and drag coefficients for refreezing
(Galton-Fenzi et al., 2012; Gwyther et al., 2016; McPhee et al., 2016) and the effect of heat conduction into the ice shelf

(Holland and Jenkins, 1999; Wiskandt and Jourdain, in review) are also important data-poor factors we have not explored.
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This work has focused on basal melt parameterisations in ocean models, but there is also scope to translate the effect of
stratified melt rate feedbacks into basal melt parameterisations for stand-alone ice sheet models, where ice shelf basal melt
parameterisations tend to be even further simplified than in ocean models (e.g. Burgard et al., 2022). Improving the accuracy
of our climate and earth system models will require ongoing development of regime-aware basal melt parameterisations and

implementation in large-scale models.

6 Conclusions

We implemented a basal melt parameterisation which accounts for turbulence suppression due to stratification in the ice shelf-

ocean boundary layer in two ocean models. Our main findings discussed in this article are that

— the stratification feedback suppresses melt rates in the idealised ISOMIP+ model experiments compared with the control,

constant coefficient melt parameterisation,

— the change in melt rate between the constant coefficient and stratification feedback parameterisations depends on the
cavity conditions, including the temperature and presence of external tidal forcing, as well as the choice of low-velocity

limit in the melt parameterisation, and is sensitive to the strong feedback with ice shelf cavity circulation

— when tested in a Pine Island Glacier simulation, the spatial distribution of melt was modified by the stratification feedback
parameterisation and the melt rate was decreased to 40% of the original parameterisation without further tuning of the
drag coefficient. With drag coefficient tuning, the melt rate becomes intensified at glacial keels and near the grounding

line, with higher peak melt rates moving closer to satellite observational estimates.

Accurate simulation of Antarctic ice shelf basal melting will require further work to optimise basal melt parameterisations
across ice shelf cavities in different thermal and energetic conditions. This will be particularly important in warm cavities with
weak flows, where there are large uncertainties in the transitions between ice shelf cavity regimes. Future work should also aim
to identify biases in ice shelf cavity regimes in realistic ocean model simulations and explore how the effect of these biases on

melt rate may be addressed.

Code and data availability. A zenodo repository with processed model output, model configurations as well as the code used to generate
figures is available at https://doi.org/10.5281/zenodo.16358346. Input files for the MITgcm Pine Island Glacier setup were sourced from
Nakayama (2021). The figure code can also be found at https://github.com/claireyung/stratification-feedback-param-paper). The MOM6 and
MITgem source code with melt parameterisation modifications can be found at https://github.com/claireyung/MOMG6/releases/tag/CYv1 and
https://github.com/claireyung/MITgcm/releases/tag/CYv2 respectively. Barnes et al. (2024) contains a pathway to generate open boundary

conditions for MOMBS6, the output of which is relied on for the file structure of tidal and open boundary conditions.
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Table A1. Table of constants, variables and parameters for Appendix A, in addition to Table 1.

Symbol Description Value
KT Heat diffusivity 1.41x 107" m?s7!
ks Salt diffusivity 8.07x 10710 m?s~?

HJ99-neutral and HJ99-M81
AT\.lrb

T,S
AMole

s

Pr

Sc

éEn

/1

hy

L

R

MK]18 limit
0

X
StratFeedback sensitivity
AT max

TVT ;max

A, max

NS, max

AT min

VT, min

AS min

1 S, min

Dimensionless turbulent transfer factor

Dimensionless heat and salt molecular diffusion factor
Stability parameter

Prandtl number

Schmidt number

Dimensionless stability constant in A-urb

Coriolis parameter (assume a latitude of 75°)

Viscous sublayer thickness

Obukhov length, Eqn. 5

Critical Richardson number

Angle from the horizontal

Scaling factor in McConnochie and Kerr (2018)

StratFeedback heat transfer coefficient constant of proportionality, max
StratFeedback heat transfer coefficient L™ scaling factor, max
StratFeedback salt transfer coefficient constant of proportionality, max
StratFeedback salt transfer coefficient L™ scaling factor, max
StratFeedback heat transfer coefficient constant of proportionality, min
StratFeedback heat transfer coefficient L™ scaling factor, min
StratFeedback salt transfer coefficient constant of proportionality, min

StratFeedback salt transfer coefficient L™ scaling factor, min

13.8
2432
0.052
141 x107*s™*

0.2

0.086

-3.43
0.273
441
0.409
-2.89
0.148
4.1
0.206

Appendix A: Melt Rate Parameterisation Design

Here, we provide further details on the melt parameterisation formulations. Table A1 presents relevant constants, variables and

parameters in addition to Table 1.

Al Holland and Jenkins (1999) parameterisation and McPhee (1981) stability parameter

We review the Holland and Jenkins (1999) (HJ99) parameterisation and McPhee (1981) stability parameter, referred to in

this study as HJ99-M81. These studies use both thermodynamics and Monin-Obukhov boundary-layer scalings (Monin and
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Obukhov, 1954) to quantify momentum, salt and heat transport over the boundary layer. Building on Kader and Yaglom (1972),
McPhee et al. (1987) and others, HI99 express the transfer velocities used in the three-equation parameterisation (Eqns. 1-3)
as

U

Yr,s = 739 >
ALS

(A1)
Aturp + Ayjore

where we use A to denote the dimensionless factors rather than the original HJ99 I" notation to avoid confusion with Eqn. 4.
Here, Aﬁ’oi represents heat and salt transfer associated with molecular diffusion;

AL =125(Pr)?/3 —6, (A2)
AGioe = 12.5(S¢)?% -6, (A3)

with Pr the Prandtl number v /7 and Sc the Schmidt number v /k s (refer to Table Al for constants and values). Ay, represents

transfer associated with turbulence,

R AV
Atur = -1 o Ad
e k“( AT A

Here, £ is a dimensionless constant, &, the viscous sublayer thickness, estimated as h,, = 5v/u, and 7, is the McPhee (1981)

stability parameter designed to account for stabilising buoyancy fluxes

N )—1/2
=1+ . A5
7 ( 7ILR. (&3)

Refer to Table Al for definitions. The melt parameterisation contains constant parameters, 7. (a function of friction veloc-

ity and buoyancy) and the friction velocity, so it is a variable transfer coefficient. In most ocean models that use the HJ99
parameterisation (Losch, 2008; Dansereau et al., 2014), 7, is set to 1, representing neutral conditions (which we refer to as
HJ99-neutral parameterisation). HI99-neutral has varying transfer coefficients due to the dependence on friction velocity, but
with much less variability than the StratFeedback parameterisation (within 10% of ConstCoeff melt rates in most relevant con-
ditions). Fig. Ala shows this reduced variability, by plotting the ratio of melt rate calculated with HJ99-neutral across different
thermal driving and friction velocity conditions with that from the ConstCoeff parameterisation, as a comparison with Fig. 2d.
If we allow 7, to vary (the HI99-M81 form) and compare melt rates with those from the ConstCoeff parameterisation (Fig.
Alc), we can see that melting is suppressed under very low friction velocity and high thermal driving conditions (also shown
in Fig. Alb, comparing with HJ99-neutral). However, this suppression is less extreme and far less extensive in regime-space

than the empirically derived StratFeedback parameterisation (Fig. 2d).
A2 StratFeedback Parameterisation Sensitivity

There is considerable uncertainty in fitting to the LES results of Fig. 1. To test the sensitivity of the choice of parameterisation
fit to the modelled melt rates, we ran sensitivity experiments with a steeper (max) and shallower (min) line of best fit, where
the max and min versions were obtained by changing the critical L™ from 1 x 10 to 5 x 102 and 5 x 10 respectively. The cor-

responding fit parameters for the StratFeedback transfer coefficients are presented in Table Al. The results of this uncertainty
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Figure A1l. Ratio of melt rate calculated from varying-transfer coefficient methods to the constant coefficient parameterisation used in this
study, presented in thermal driving — friction velocity regime space, assuming Sy = 34.5 psa-and a pressure of 500 dbar (~ 500 m depth).
Panel a shows the Holland and Jenkins (1999) parameterisation with the McPhee (1981) stability parameter (Appendix A1) set to 1 (neutral
conditions), and panel ¢ shows it with the McPhee (1981) stability parameter varying. The difference between HJ99-M81 and HJ99-neutral
is shown in panel c. Panel d shows the combined stratification feedback and McConnochie and Kerr (2018) low-velocity limit with = 10°

(Section 2.5, Appendix A3) compared to ConstCoeff. Contours at ratios 0.5 and 0.75 are provided.

in melt rate for the ISOMIP+ style experiments with a prescribed tidal velocity in MOMG6 are presented as uncertainty bars in

Fig. 5, indicating that the qualitative results are not sensitive to the exact values of the empirical fit of LES results.
A3 Transition to McConnochie and Kerr (2018) Parameterisation

To transition smoothly between the shear-driven three-equation parameterisation and a velocity-independent melt parameteri-
sation of McConnochie and Kerr (2018) (MK18) and Mondal et al. (2019) we reformulate the MK 18 melt rate in terms of an

effective transfer velocity that depends on temperature, salinity, ice base slope, and constants.
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Using laboratory experiments and theoretical models, MK18 and Kerr and McConnochie (2015) estimate the difference in

temperature of the far-field 7, and interface T to be

L T, —T N\ 2 —
T Ty =" + prep 1 (Ty —Tr) </%> (SMSb) ’ (A6)
PMCp M KT Sm =St

where we modify the notation to match Section 2.1, so subscripts b, M and I are the boundary, far-field and ice. k; is the
compositional diffusivity (salt) whilst k7 is the heat diffusivity.
The ice ablation velocity, or melt rate, is
m = xsin?/?¢ <9(PM - pb)fi?)l/g (SM - Sb) ’ (A7)
W Sy — St

where y is a non-dimensional constant from McConnochie and Kerr (2018)’s laboratory experiments, 6 is the angle of the
base measured from the horizontal and p = vpg the dynamic viscosity (Table A1l). Note that McConnochie and Kerr (2018)
do not test shallow slope angles, and that with very low slope angles the ice ablation is more likely to be dominated by current
shear than buoyant convection since buoyancy forces decrease as slope angles become lower (Rosevear et al., 2025). However,
Mondal et al. (2019) also suggest a sin?/% 6 scaling for turbulent boundary layer flows (and a sin'/46 scaling for laminar flows)
for a wider range of slope angles (2°-90° from the horizontal).

We can approximate the density change in Eqn. A7 with a linear equation of state:

pm = po = Bpo(Sur — Sp) — apo(Tar —Th) (A)
Eqn. A7 can then be rearranged as

8 — _ 2\ 1/3 _
p]Sbm:XSiHQ/?)H(ng(B(SM Sp) — (T Tb))ﬁs) (SM Sb)PISb

vpo Sy — St
S (T — T R2 M3
= xsin?/30 9(B(Sn = ) = a(Tar = Th)) s ’”75_*’ po(Sa — Sp) - (A9)
v PO(SM SI)
vs,eff

We also neglect the heat capacity term with the ice conduction, as we have done with the shear-driven parameterisation (Sec-

tion 2.3)and-ignere-it, as it is unlikely to qualitatively change the results when comparing melt parameterisations. Combining
Eqns. A6 and A7, we can rewrite the melt rate as a function of the temperature difference term:

9N\ 1/3

_ 1
m= ysin?/36 <9<PM%>K) (Tar —T) o

po prltprep (Ty=Tr) @>

PMCp, M KT
B — oTor — T 1/3
- M(TM *Tb)XSin2/30 (g(ﬂ(SM Sb) = (T b))) ”i/ﬁﬂlT/g . (Al0)
Lp; v
')’T,eff

In this way, we define effective transfer velocities corresponding to the convective flow limit that may be more appropriate than

the shear-driven melt transfer velocities 7 g = u,I'r g at low velocities.
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Figure A2. Thermal driving — friction velocity parameter space diagram indicating melt rates calculated as a function of far-field temperature,
salinity and pressure (which are set to S = 34.5 psu and p = 500 dbar) and friction velocity. The melt rates are solved for a variety of
parameterisation options: ConstCoeff is in the blue solid lines, and StratFeedback is shown in white dashed lines. Constant melt rates
obtained from slope-dependent McConnochie and Kerr (2018) convective parameterisation are in the pink dotted lines, and the combination
of the StratFeedback+MK18 limit is in the red dash-dot line. The three panels show different slope angle choices to Fig. 2b, with angles from
the horizontal of (a) 2°, (b) 45° and (c) 80°.

The ratio of 7 /vg is then

T poris’ ! * (Sar = S1) _ poSu [T (ALl
Vs k23018, prSy \ ks

which for values given in tables 1 andA1 gives ~20, smaller than the ratio in the well-mixed regime of ~30 but in agreement
with the StratFeedback parameterisation in the diffusive-convective regime (Fig. 1c).

To connect this velocity-independent parameterisation with the shear-driven formulation, we choose to take the greater of
the MK18 effective transfer velocities and the shear-driven u,I'r g, where the MK18 formulation will be the larger of the
two at small friction velocities. Since the MK 18 effective transfer velocity depends on the boundary salinity and temperature,
iteration will be required to converge to a solution for melt rate. This regime-aware parameterisation is shown in Fig. 2d, where
the melt rate contours follow the shear-driven formulations (either StratFeedback or ConstCoeff) at higher friction velocities
before transitioning to the velocity-independent melt rate in low-velocity conditions. This parameterisation depends on slope
angle, and the local slope angle can be calculated from the ice base taking the maximal local angle.

The effect of the MK18 limit combined with the StratFeedback parameterisation on melt rate is compared with the Con-
stCoeff parameterisation in Fig. Ald. As in Fig. 2c, melt rates are identical to ConstCoeff in cold and fast conditions (large
stippling). Moving to slower conditions in the stratified regime, melt rates are suppressed according to the StratFeedback
parameterisation (small stippling). However, in very low-velocity conditions, melt rates are enhanced compared with the Con-
stCoeff parameterisation due to the MK18 limit (red colours). Note this does not mean melt rates increase with decreasing
velocity, rather they become independent of velocity (Fig. 2b) whereas the ConstCoeff melt rate continues to decrease.

Fig. A2 presents alternative angle options to the 10° slope used in Fig. 2b and Fig. Ald.
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Appendix B: Observational Data

Table B1 presents the observational data and computed melt rates used in Fig. 3. Note that parameterised melt rates (ConstCoeff
and StratFeedback) and thermal driving may differ from calculated melt rates in the original references due to different choices
895 of drag and transfer coefficients, as well as uncertainty both in hydrographic properties, instruments and collection of the data
from the references (labelled by ¢). We do not perform an uncertainty analysis, but there is considerable uncertainty in the
computed melt rates and observed melt rates, and observations are localised and may not represent conditions throughout each

ice shelf.
Where data was not reported as conservative temperature or absolute salinity, we have converted the values using the Gibbs
900 Seawater Oceanographic Toolbox (McDougall and Barker, 2011). This choice was made for consistency to match the most
recent studies presented (Begeman et al., 2018; Rosevear et al., 2022a; Davis et al., 2023), noting the variety and evolution in
thermodynamic variables used previously. However, the choice does not significantly impact results. The thermodynamic
variables used in the observational comparison differ from those used in the models, potential temperature and practical salinity,

but we use the same linear freezing point equation of state coefficients throughout the study (Table 1).
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Table B1. Table of input and computed values for borehole observation — melt rate parameterisation comparison in Fig. 3. Conservative
temperature T, pressure p, absolute salinity Shs and #-far-field velocity Uy, were obtained from the references as time-mean ice shelf
far-field input variables for the three-equation parameterisation, and the computed thermal driving 7, and melting under the ConstCoeff

(CC) and StratFeedback (SF) parameterisations are presented, as are the directly observed melt rates.

Location T (°C) Sa (psug/lkg)  p(dbar) «Up (m/s) T7(°C) Obs.melt (m/yr) CC (m/yr) SF (m/yr)
Amery -2.1¢ 34.59° 523 0.04 0.19 0.46 1.17 0.87
Rosevear et al. (2022a)

Filchner-Ronne (FRIS) -2%%’;%@(\)/& 34:5434.67°  700° 0.06° 0.03 0.55 033032 033032
Jenkins et al. (2010)

Larsen C -2.081 34:5434.71° 304 0.07* 0.05 0.70 049-0.62  6:490.62
Davis and Nicholls (2019)

Ross - Summer (RIS S) -1.681 34:3-34.47° 229 0.1 0.37 2.7 574590  5H5.90
Stewart (2018)

Ross - Winter (RIS W) -4494;1v.g§j 34:534.67° 229 0.125 0.13 14 2422.66  2422.66
Stewart (2018)

Ross Grounding Zone (WGZ)  -2.3¢ 34.74% 665 0.015 0.1 0.05 0.25 0.11
Begeman et al. (2018)

George VI O.ii 34.62 317" 0.04™¢ 2.44 1.4 17 7.4
Kimura et al. (2015)*

Thwaites Glacier -0.3¢ 34.38° 515 0.03 1.97 3.8¢ 10.1 3.7

Davis et al. (2023)

Pine Island Glacier -0.82° 33.85¢ 460 0.13 1.39 14.6 29:629.8  29:629.8

Stanton et al. (2013)

“Values should be considered approximate since they are calculated from visual inspection or unclear data averaging. * Velocity from Middleton et al. (2022) rather than Kimura et al. (2013).
bConverted to conservative temperature assuming the source data was reported as in situ temperature. “Converted from practical to absolute salinity. 4 Converted to conservative temperature assumir
the source data was reported as potential temperature. ©Far-field temperature was not provided, so this value is calculated using the freezing point equation of state to obtain the reported thermal
driving. Note friction velocities are calculated with drag coefficient Cy = 0.0025 and that parameterised melt rates may differ from that stated by individual studies and Rosevear et al. (2022a) du

to the use of the ConstCoeff melt parameterisation and different parameter choices including C 4. We do not perform an uncertainty analysis, but quoted uncertainties for some ice shelves are large.

Appendix C: MITgem ISOMIP+ transects and circulation

Fig. C1 is the equivalent of Fig. 4 for the MITgcm ISOMIP+ simulations.

Appendix D: Pine Island Glacier melt rate distributions compared to observations

Fig. Dla compares the distribution of melt rates between the three tested parameterisations, as well as melt rates computed
from the Adusumilli et al. (2020a) and Zinck et al. (in review) satellite-derived melt rate products. Whilst not directly compa-

rable, due to different resolutions and ice shelf area due to missing data (e.g. at the grounding line, where the grounding line is
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Figure C1. As in Fig. 4, for MITgcm

. Temperature (a-d) and salinity (e-h) transects, melt rate distribution (i-1) and zonally averaged over-

turning streamfunction in density coordinates (m-p). All experiments use the ISOMIP+ protocol-specified tidal velocity U; = 0.01lms ™ as
the low-velocity limit in the melt rate parameterisation. Variables are averaged over the last 180 days of the simulation, with the temperature
and salinity profiles taken at the y=40 km transect. Warm experiments are in columns 1 and 2, cold in 3 and 4. Columns 1 and 3 show
the constant coefficient melt parameterisation results, and columns 2 and 4 contain the stratification feedback parameterisation. Melt rates
averaged over the ice shelf are listed in panels i-1. Black contours in m-p are spaced by 10 mSv in panels (m-n) and 0.5 mSv in panels (o-p),
and the text lists the maximum value of the overturning streamfunction in the domain. Note the different colourbar ranges between the warm

and cold simulations.

taken from Morlighem et al. (2020), see Figs. D1b,c), the tuned StratFeedback parameterisation (blue colours) and StratFeed-
back+MK18 (yellow colours) have larger positive melt rate tails than the HJ99-neutral experiment (pink colours), more similar
to the large (~ 200 m/yr) melt rates observed near the grounding line in high-resolution satellite products (grey colours, Zinck
et al., in review), and Shean et al. (2019). Note the two satellite products here differ significantly, highlighting the uncertainty

in satellite-derived melt rates. The time periods of the satellite products and model run also differ.
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Figure D1. (a) Melt rate statistical distributions in Pine Island Glacier, for the MITgcm simulation with three different basal melt pa-
rameterisations compared with Adusumilli et al. (2020a) (data: Adusumilli et al., 2020b) and Zinck et al. (in review) (data: Zinck
et al., 2024). Note that the Adusumilli et al. (2020a) product is coarser-resolution (500 m) than the MITgcm model (200 m) and is miss-
ing data whilst Zinck et al. (in review) is finer resolution (50 m). The y-axis is logarithmically scaled. MITgcm data is averaged over
simulation days 20-50. (b) Adusumilli et al. (2020a) melt rate and (c) Zinck et al. (in review) melt rates at Pine Island Glacier, with
the same colourbar as Fig. 10a-c, but note it is rotated with the Antarctic Ice Sheet at the top of the figure and ocean at the bottom.
The Bedmachine V3 surface elevation (Morlighem et al., 2020) (data: Morlighem, 2022) is shown in grey and the associated ice shelf
mask is outlined with a black contour. The model domain is outlined with a grey dashed contour. Data from Adusumilli et al. (2020b)
is licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) and Zinck et al. (2024) is licensed under CC BY-SA 4.0

(https://creativecommons.org/licenses/by-sa/4.0/) and have been adapted in this Figure.

Author contributions. CKY, MGR, AKM and AMH designed the study. CKY coded the parameterisations, performed the analyses and wrote
the first draft of the manuscript. MGR provided the LES data. YN contributed to the MITgcm control setups. All authors contributed to the

interpretation of results and editing of the final manuscript.

Competing interests. The authors do not declare any competing interests.

Acknowledgements. We acknowledge Pedro Colombo, Angus Gibson, Ashley Barnes, Robert Hallberg, Gustavo Marques, Alistair Adcroft,
Matthew Harrison, Olga Sergienko and Stephen Griffies for technical assistance with MOMS6. In particular, we acknowledge Gustavo Mar-
ques for developing and sharing the MOM6 ISOMIP+ experimental setup. We thank Carolyn Begemanand-two-anonymous-reviewers-, Peter
Washam and an anonymous reviewer for their thoughtful feedback that significantly improved this manuscript.

42


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by-sa/4.0/

This research was undertaken with the assistance of resources and services from the National Computational Infrastructure (NCI), which

925 is supported by the Australian Government, We also acknowledge the Australian Community Climate and Earth System Simulator National
Research Infrastructure (ACCESS-NRI), funded by the Australian Government’s National Collaborative Research Infrastructure Strategy,

for their maintenance of virtual environments, code and model support. This research was also supported by the Australian Research Council
Special Research Initiative, the Australian Centre for Excellence in Antarctic Science (Project Number SR200100008) and the Australian Re-

search Council Discovery Projects DP190100494 and DP250100759. CKY was supported by an Australian Government Research Training

930 Program (RTP) Scholarship and the Consortium for Ocean Sea Ice Modelling in Australia (COSIMA). YN was supported by the funds from
Grants-in-Aid for Scientific Research of the Japanese Ministry of Education, Culture, Sports, Science and Technology (24K15256,24H02341)
and from NASA Sea Level Change Team (80NSSC24K1532).

43



935

940

945

950

955

960

965

References

Adcroft, A., Anderson, W., Balaji, V., Blanton, C., Bushuk, M., Dufour, C. O., Dunne, J. P., Griffies, S. M., Hallberg, R., Harrison, M. J.,
et al.: The GFDL global ocean and sea ice model OM4. 0: Model description and simulation features, Journal of Advances in Modeling
Earth Systems, 11, 3167-3211, https://doi.org/10.1029/2019MS001726, 2019.

Adusumilli, S., Fricker, H. A., Medley, B., Padman, L., and Siegfried, M. R.: Interannual variations in meltwater input to the Southern Ocean
from Antarctic ice shelves, Nature Geoscience, 13, 616-620, https://doi.org/10.1038/s41561-020-0616-z, 2020a.

Adusumilli, S., Fricker, H. A., Medley, B. C., Padman, L., and Siegfried, M. R.: Data from: Interannual variations in meltwater input to the
Southern Ocean from Antarctic ice shelves., UC San Diego Library Digital Collections., https://doi.org/10.6075/J04Q7SHT, 2020b.

Alley, K. E., Scambos, T. A., Siegfried, M. R., and Fricker, H. A.: Impacts of warm water on Antarctic ice shelf stability through basal
channel formation, Nature Geoscience, 9, 290-293, https://doi.org/10.1038/nge02675, 2016.

Anselin, J., Reed, B., Jenkins, A., and Green, J.: Ice shelf basal melt sensitivity to tide-induced mixing based on the theory of subglacial
plumes, Journal of Geophysical Research: Oceans, 128, €2022JC019 156, https://doi.org/10.1029/2022JC019156, 2023.

Anselin, J., Holland, P., Jenkins, A., and Taylor, J.: Ice base slope effects on the turbulent ice shelf-ocean boundary current, Journal of
Physical Oceanography, pp. 1545-1562, https://doi.org/10.1175/JPO-D-23-0256.1, 2024.

Arzeno, I. B., Beardsley, R. C., Limeburner, R., Owens, B., Padman, L., Springer, S. R., Stewart, C. L., and Williams, M. J.: Ocean variability
contributing to basal melt rate near the ice front of Ross Ice Shelf, Antarctica, Journal of Geophysical Research: Oceans, 119, 4214-4233,
https://doi.org/10.1002/2014JC009792, 2014.

Asay-Davis, X. S., Cornford, S. L., Durand, G., Galton-Fenzi, B. K., Gladstone, R. M., Gudmundsson, G. H., Hattermann, T., Holland,
D. M., Holland, D., Holland, P. R., et al.: Experimental design for three interrelated marine ice sheet and ocean model intercomparison
projects: MISMIP v. 3 (MISMIP+), ISOMIP v. 2 (ISOMIP+) and MISOMIP v. 1 (MISOMIP1), Geoscientific Model Development, 9,
2471-2497, https://doi.org/10.5194/gmd-9-2471-2016, 2016.

Barnes, A. J., Constantinou, N. C., Gibson, A. H., Kiss, A. E., Chapman, C., Reilly, J., Bhagtani, D., and Yang, L.: regional-mom6: A Python
package for automatic generation of regional configurations for the Modular Ocean Model 6, Journal of Open Source Software, 9, 6857,
https://doi.org/10.21105/joss.06857, 2024.

Begeman, C. B., Tulaczyk, S. M., Marsh, O. J., Mikucki, J. A., Stanton, T. P, Hodson, T. O., Siegfried, M. R., Powell, R. D., Christianson,
K., and King, M. A.: Ocean stratification and low melt rates at the Ross Ice Shelf grounding zone, Journal of Geophysical Research:
Oceans, 123, 7438-7452, https://doi.org/10.1029/2018JC013987, 2018.

Begeman, C. B., Asay-Davis, X., and Van Roekel, L.: Ice-shelf ocean boundary layer dynamics from large-eddy simulations, The Cryosphere,
16, 277-295, https://doi.org/10.5194/tc-16-277-2022, 2022.

Bennetts, L. G., Shakespeare, C. J., Vreugdenhil, C. A., Foppert, A., Gayen, B., Meyer, A., Morrison, A. K., Padman, L., Phillips, H. E.,
Stevens, C. L., et al.: Closing the loops on Southern Ocean dynamics: From the circumpolar current to ice shelves and from bottom mixing
to surface waves, Reviews of Geophysics, 62, €2022RG000 781, https://doi.org/10.1029/2022RG000781, 2024.

Burchard, H., Bolding, K., Jenkins, A., Losch, M., Reinert, M., and Umlauf, L.: The vertical structure and entrainment of subglacial melt
water plumes, Journal of Advances in Modeling Earth Systems, 14, €2021MS002 925, https://doi.org/10.1029/2021MS002925, 2022.

Burgard, C., Jourdain, N. C., Reese, R., Jenkins, A., and Mathiot, P.: An assessment of basal melt parameterisations for Antarctic ice shelves,

The Cryosphere, 16, 4931-4975, https://doi.org/10.5194/tc-16-4931-2022, 2022.

44


https://doi.org/10.1029/2019MS001726
https://doi.org/10.1038/s41561-020-0616-z
https://doi.org/10.6075/J04Q7SHT
https://doi.org/10.1038/ngeo2675
https://doi.org/10.1029/2022JC019156
https://doi.org/10.1175/JPO-D-23-0256.1
https://doi.org/10.1002/2014JC009792
https://doi.org/10.5194/gmd-9-2471-2016
https://doi.org/10.21105/joss.06857
https://doi.org/10.1029/2018JC013987
https://doi.org/10.5194/tc-16-277-2022
https://doi.org/10.1029/2022RG000781
https://doi.org/10.1029/2021MS002925
https://doi.org/10.5194/tc-16-4931-2022

970

975

980

985

990

995

1000

Cessi, P. and Young, W.: Some unexpected consequences of the interaction between convective adjustment and horizontal diffusion, Physica
D: Nonlinear Phenomena, 98, 287-300, https://doi.org/10.1016/0167-2789(96)00118-2, 1996.

Couston, L.-A., Hester, E., Favier, B., Taylor, J. R., Holland, P. R., and Jenkins, A.: Topography generation by melting and freezing in a
turbulent shear flow, Journal of Fluid Mechanics, 911, A44, https://doi.org/10.1017/jfm.2020.1064, 2021.

Dansereau, V., Heimbach, P., and Losch, M.: Simulation of subice shelf melt rates in a general circulation model: Velocity-dependent transfer
and the role of friction, Journal of Geophysical Research: Oceans, 119, 1765-1790, https://doi.org/10.1002/2013JC008846, 2014.

Darelius, E., Makinson, K., Daae, K., Fer, 1., Holland, P. R., and Nicholls, K. W.: Hydrography and circulation in the Filchner depression,
Weddell Sea, Antarctica, Journal of Geophysical Research: Oceans, 119, 5797-5814, https://doi.org/10.1002/2014JC010225, 2014.

Davis, P. E. and Nicholls, K. W.: Turbulence observations beneath Larsen C ice shelf, Antarctica, Journal of Geophysical Research: Oceans,
124, 5529-5550, https://doi.org/10.1029/2019JC015164, 2019.

Davis, P. E., Nicholls, K. W., Holland, D. M., Schmidt, B. E., Washam, P., Riverman, K. L., Arthern, R. J., Vaiikova, 1., Eayrs, C., Smith, J. A.,
et al.: Suppressed basal melting in the eastern Thwaites Glacier grounding zone, Nature, 614, 479-485, https://doi.org/10.1038/s41586-
022-05586-0, 2023.

Davis, P. E., Nicholls, K. W., Holland, D. M., Schmidt, B. E., Washam, P., Castro, B. F., Riverman, K. L., Smith, J. A., Anker, P. G., Mullen,
A. D, et al.: Lateral Fluxes Drive Basal Melting Beneath Thwaites Eastern Ice Shelf, West Antarctica, Geophysical Research Letters, 52,
€2024GL111 873, https://doi.org/10.1029/2024GL 111873, 2025.

Depoorter, M. A., Bamber, J. L., Griggs, J. A., Lenaerts, J. T., Ligtenberg, S. R., van den Broeke, M. R., and Moholdt, G.: Calving fluxes
and basal melt rates of Antarctic ice shelves, Nature, 502, 89-92, https://doi.org/10.1038/nature12567, 2013.

Dinniman, M. S., Asay-Davis, X. S., Galton-Fenzi, B. K., Holland, P. R., Jenkins, A., and Timmermann, R.: Modeling ice shelf/ocean
interaction in Antarctica: A review, Oceanography, 29, 144—153, https://doi.org/10.5670/oceanog.2016.106, 2016.

Dutrieux, P., Stewart, C., Jenkins, A., Nicholls, K. W., Corr, H. F.,, Rignot, E., and Steffen, K.: Basal terraces on melting ice shelves,
Geophysical Research Letters, 41, 5506-5513, https://doi.org/10.1002/2014GL060618, 2014.

Flather, R.: A tidal model of the northwest European continental shelf, Mem. Soc. Roy. Sci. Liege, 10, 141-164, 1976.

Fretwell, P., Pritchard, H. D., Vaughan, D. G., Bamber, J. L., Barrand, N. E., Bell, R., Bianchi, C., Bingham, R., Blankenship,
D. D., Casassa, G., et al.: Bedmap2: improved ice bed, surface and thickness datasets for Antarctica, The Cryosphere, 7, 375-393,
https://doi.org/10.5194/tc-7-375-2013, 2013.

Galton-Fenzi, B., Hunter, J., Coleman, R., Marsland, S., and Warner, R.: Modeling the basal melting and marine ice accretion of the Amery
Ice Shelf, Journal of Geophysical Research: Oceans, 117, https://doi.org/10.1029/2012JC008214, 2012.

Galton-Fenzi, B. K., Porter-Smith, R., Cook, S., Cougnon, E., Gwyther, D. E., Huneke, W. G. C., Rosevear, M. G., Asay-Davis, X.,
Boeira Dias, F.,, Dinniman, M. S., Holland, D., Kusahara, K., Naughten, K. A., Nicholls, K. W., Pelletier, C., Richter, O., Seroussi,
H. L., and Timmermann, R.: Realistic ice-shelf/ocean state estimates (RISE) of Antarctic basal melting and drivers, EGUsphere, 2025,
1-27, https://doi.org/10.5194/egusphere-2024-4047, in review.

Gayen, B., Griffiths, R. W., and Kerr, R. C.: Simulation of convection at a vertical ice face dissolving into saline water, Journal of Fluid
Mechanics, 798, 284-298, https://doi.org/10.1017/jfm.2016.315, 2016.

Goldberg, D., Gourmelen, N., Kimura, S., Millan, R., and Snow, K.: How accurately should we model ice shelf melt rates?, Geophysical

Research Letters, 46, 189-199, https://doi.org/10.1029/2018GL080383, 2019.

45


https://doi.org/10.1016/0167-2789(96)00118-2
https://doi.org/10.1017/jfm.2020.1064
https://doi.org/10.1002/2013JC008846
https://doi.org/10.1002/2014JC010225
https://doi.org/10.1029/2019JC015164
https://doi.org/10.1038/s41586-022-05586-0
https://doi.org/10.1038/s41586-022-05586-0
https://doi.org/10.1038/s41586-022-05586-0
https://doi.org/10.1029/2024GL111873
https://doi.org/10.1038/nature12567
https://doi.org/10.5670/oceanog.2016.106
https://doi.org/10.1002/2014GL060618
https://doi.org/10.5194/tc-7-375-2013
https://doi.org/10.1029/2012JC008214
https://doi.org/10.5194/egusphere-2024-4047
https://doi.org/10.1017/jfm.2016.315
https://doi.org/10.1029/2018GL080383

1005

1010

1015

1020

1025

1030

1035

1040

Griffies, S. M., Adcroft, A., and Hallberg, R. W.: A Primer on the Vertical Lagrangian-Remap Method in Ocean Models Based
on Finite Volume Generalized Vertical Coordinates, Journal of Advances in Modeling Earth Systems, 12, €2019MS001 954,
https://doi.org/https://doi.org/10.1029/2019MS001954, 2020.

Guo, R. and Yang, Y.: The effects of double diffusive convection on the basal melting of solid ice in seawater, Journal of Fluid Mechanics,
1013, A24, https://doi.org/10.1017/jfm.2025.10256, 2025.

Gwyther, D. E., Galton-Fenzi, B. K., Dinniman, M. S., Roberts, J. L., and Hunter, J. R.: The effect of basal friction on melting and freezing
in ice shelf—ocean models, Ocean Modelling, 95, 38—52, https://doi.org/10.1016/j.ocemod.2015.09.004, 2015.

Gwyther, D. E., Cougnon, E. A., Galton-Fenzi, B. K., Roberts, J. L., Hunter, J. R., and Dinniman, M. S.: Modelling the response of ice shelf
basal melting to different ocean cavity environmental regimes, Annals of Glaciology, 57, 131-141, https://doi.org/10.1017/a0g.2016.31,
2016.

Gwyther, D. E., Kusahara, K., Asay-Davis, X. S., Dinniman, M. S., and Galton-Fenzi, B. K.: Vertical processes and resolution impact ice
shelf basal melting: A multi-model study, Ocean Modelling, 147, 101 569, https://doi.org/10.1016/j.ocemod.2020.101569, 2020.

Haid, V., Timmermann, R., Giirses, O., and Hellmer, H. H.: On the drivers of regime shifts in the Antarctic marginal seas, exemplified by the
Weddell Sea, Ocean Science, 19, 1529-1544, https://doi.org/10.5194/0s-19-1529-2023, 2023.

Hallberg, R.: The ability of large-scale ocean models to accept parameterizations of boundary mixing, and a description of a refined bulk
mixed-layer model, in: Internal Gravity Waves and Small-Scale Turbulence: Proc.‘Aha Huliko ‘a Hawaiian Winter Workshop, pp. 187-
203, https://www.soest.hawaii.edu/PubServices/2003pdfs/Hallberg.pdf, 2003.

Hellmer, H. H. and Olbers, D. J.: A two-dimensional model for the thermohaline circulation under an ice shelf, Antarctic Science, 1, 325-336,
https://doi.org/10.1017/S0954102089000490, 1989.

Hellmer, H. H., Kauker, F., Timmermann, R., Determann, J., and Rae, J.: Twenty-first-century warming of a large Antarctic ice-shelf cavity
by aredirected coastal current, Nature, 485, 225-228, https://doi.org/10.1038/nature11064, 2012.

Hoffman, M. J., Branecky Begeman, C., Asay-Davis, X. S., Comeau, D., Barthel, A., Price, S. F., and Wolfe, J. D.: Ice-shelf freshwa-
ter triggers for the Filchner—Ronne Ice Shelf melt tipping point in a global ocean—sea-ice model, The Cryosphere, 18, 2917-2937,
https://doi.org/10.5194/tc-18-2917-2024, 2024.

Holland, D. M. and Jenkins, A.: Modeling thermodynamic ice—ocean interactions at the base of an ice shelf, Journal of Physical Oceanogra-
phy, 29, 1787-1800, https://doi.org/10.1175/1520-0485(1999)029<1787:MTIOIA>2.0.CO;2, 1999.

Holland, P. R., Jenkins, A., and Holland, D. M.: The response of ice shelf basal melting to variations in ocean temperature, Journal of Climate,
21, 2558-2572, https://doi.org/10.1175/2007JCLI1909.1, 2008.

Hyogo, S., Nakayama, Y., and Mensah, V.: Modeling ocean circulation and ice shelf melt in the Bellingshausen Sea, Journal of Geophysical
Research: Oceans, 129, €2022JC019 275, https://doi.org/10.1029/2022]JC019275, 2024.

IPCC: Climate Change 2021 — The Physical Science Basis: Working Group I Contribution to the Sixth Assessment Report of the In-
tergovernmental Panel on Climate Change: Ocean, Cryosphere and Sea Level Change, p. 1211-1362, Cambridge University Press,
https://doi.org/https://doi.org/10.1017/9781009157896.011, 2023.

Jackett, D. R. and Mcdougall, T. J.: Minimal adjustment of hydrographic profiles to achieve static stability, Journal of Atmospheric and
Oceanic Technology, 12, 381-389, https://doi.org/10.1175/1520-0426(1995)012<0381:MAOHPT>2.0.CO;2, 1995.

Jackson, L., Hallberg, R., and Legg, S.: A parameterization of shear-driven turbulence for ocean climate models, Journal of Physical Oceanog-

raphy, 38, 1033-1053, https://doi.org/10.1175/2007JPO3779.1, 2008.

46


https://doi.org/https://doi.org/10.1029/2019MS001954
https://doi.org/10.1017/jfm.2025.10256
https://doi.org/10.1016/j.ocemod.2015.09.004
https://doi.org/10.1017/aog.2016.31
https://doi.org/10.1016/j.ocemod.2020.101569
https://doi.org/10.5194/os-19-1529-2023
https://www.soest.hawaii.edu/PubServices/2003pdfs/Hallberg.pdf
https://doi.org/10.1017/S0954102089000490
https://doi.org/10.1038/nature11064
https://doi.org/10.5194/tc-18-2917-2024
https://doi.org/10.1175/1520-0485(1999)029%3C1787:MTIOIA%3E2.0.CO;2
https://doi.org/10.1175/2007JCLI1909.1
https://doi.org/10.1029/2022JC019275
https://doi.org/https://doi.org/10.1017/9781009157896.011
https://doi.org/10.1175/1520-0426(1995)012%3C0381:MAOHPT%3E2.0.CO;2
https://doi.org/10.1175/2007JPO3779.1

1045

1050

1055

1060

1065

1070

1075

Jacobs, S., Jenkins, A., Hellmer, H., Giulivi, C., Nitsche, F., Huber, B., and Guerrero, R.: The Amundsen Sea and the Antarctic ice sheet,
Oceanography, 25, 154—163, https://doi.org/10.5670/oceanog.2012.90, 2012.

Jacobs, S. S.: Bottom water production and its links with the thermohaline circulation, Antarctic Science, 16, 427437,
https://doi.org/10.1017/S095410200400224X, 2004.

Jacobs, S. S., Helmer, H., Doake, C. S., Jenkins, A., and Frolich, R. M.: Melting of ice shelves and the mass balance of Antarctica, Journal
of Glaciology, 38, 375-387, https://doi.org/10.1017/S0022143000002252, 1992.

Jacobs, S. S., Jenkins, A., Giulivi, C. F., and Dutrieux, P.: Stronger ocean circulation and increased melting under Pine Island Glacier ice
shelf, Nature Geoscience, 4, 519-523, https://doi.org/10.1038/ngeo1188, 2011.

Jenkins, A.: A one-dimensional model of ice shelf-ocean interaction, Journal of Geophysical Research: Oceans, 96, 20671-20677,
https://doi.org/10.1029/91JC01842, 1991.

Jenkins, A.: A simple model of the ice shelf-ocean boundary layer and current, Journal of Physical Oceanography, 46, 1785-1803, 2016.

Jenkins, A.: Shear, stability, and mixing within the ice shelf-ocean boundary current, Journal of Physical Oceanography, 51, 2129-2148,
2021.

Jenkins, A., Nicholls, K. W., and Corr, H. F.: Observation and parameterization of ablation at the base of Ronne Ice Shelf, Antarctica, Journal
of Physical Oceanography, 40, 2298-2312, https://doi.org/10.1175/2010JPO4317.1, 2010.

Jordan, J. R., Holland, P. R., Jenkins, A., Piggott, M. D., and Kimura, S.: Modeling ice-ocean interaction in ice-shelf crevasses, Journal of
Geophysical Research: Oceans, 119, 995-1008, https://doi.org/10.1002/2013JC009208, 2014.

Jourdain, N. C., Mathiot, P., Merino, N., Durand, G., Le Sommer, J., Spence, P., Dutrieux, P., and Madec, G.: Ocean circulation and
sea-ice thinning induced by melting ice shelves in the Amundsen Sea, Journal of Geophysical Research: Oceans, 122, 2550-2573,
https://doi.org/10.1002/2016JC012509, 2017.

Jourdain, N. C., Molines, J.-M., Le Sommer, J., Mathiot, P., Chanut, J., de Lavergne, C., and Madec, G.: Simulating or prescribing the
influence of tides on the Amundsen Sea ice shelves, Ocean Modelling, 133, 44-55, https://doi.org/10.1016/j.ocemod.2018.11.001, 2019.

Kader, B. and Yaglom, A.: Heat and mass transfer laws for fully turbulent wall flows, International Journal of Heat and Mass Transfer, 15,
2329-2351, https://doi.org/10.1016/0017-9310(72)90131-7, 1972.

Kawaguchi, Y., Hoppmann, M., Shirasawa, K., Rabe, B., and Kuznetsov, I.: Dependency of the drag coefficient on boundary layer stability
beneath drifting sea ice in the central Arctic Ocean, Scientific Reports, 14, 15 446, https://doi.org/10.1038/s41598-024-66124-8, 2024.
Kerr, R. C. and McConnochie, C. D.: Dissolution of a vertical solid surface by turbulent compositional convection, Journal of Fluid Mechan-

ics, 765, 211-228, https://doi.org/10.1017/jfm.2014.722, 2015.

Kimura, S., Candy, A. S., Holland, P. R., Piggott, M. D., and Jenkins, A.: Adaptation of an unstructured-mesh, finite-element ocean model
to the simulation of ocean circulation beneath ice shelves, Ocean Modelling, 67, 39-51, https://doi.org/10.1016/j.ocemod.2013.03.004,
2013.

Kimura, S., Nicholls, K. W., and Venables, E.: Estimation of ice shelf melt rate in the presence of a thermohaline staircase, Journal of Physical
Oceanography, 45, 133-148, https://doi.org/10.1175/JPO-D-14-0106.1, 2015.

Kraus, E. and Turner, J.: A one-dimensional model of the seasonal thermocline II. The general theory and its consequences, Tellus, 19,
98-106, https://doi.org/10.3402/tellusa.v19i1.9753, 1967.

Kusahara, K. and Hasumi, H.: Modeling Antarctic ice shelf responses to future climate changes and impacts on the ocean, Journal of

Geophysical Research: Oceans, 118, 2454-2475, https://doi.org/10.1002/jgrc.20166, 2013.

47


https://doi.org/10.5670/oceanog.2012.90
https://doi.org/10.1017/S095410200400224X
https://doi.org/10.1017/S0022143000002252
https://doi.org/10.1038/ngeo1188
https://doi.org/10.1029/91JC01842
https://doi.org/10.1175/2010JPO4317.1
https://doi.org/10.1002/2013JC009208
https://doi.org/10.1002/2016JC012509
https://doi.org/10.1016/j.ocemod.2018.11.001
https://doi.org/10.1016/0017-9310(72)90131-7
https://doi.org/10.1038/s41598-024-66124-8
https://doi.org/10.1017/jfm.2014.722
https://doi.org/10.1016/j.ocemod.2013.03.004
https://doi.org/10.1175/JPO-D-14-0106.1
https://doi.org/10.3402/tellusa.v19i1.9753
https://doi.org/10.1002/jgrc.20166

1080

1085

1090

1095

1100

1105

1110

1115

Lawrence, J., Washam, P., Stevens, C., Hulbe, C., Horgan, H., Dunbar, G., Calkin, T., Stewart, C., Robinson, N., Mullen, A., et al.:
Crevasse refreezing and signatures of retreat observed at Kamb Ice Stream grounding zone, Nature Geoscience, 16, 238-243,
https://doi.org//10.1038/s41561-023-01129-y, 2023.

Li, Q., England, M. H., Hogg, A. M., Rintoul, S. R., and Morrison, A. K.: Abyssal ocean overturning slowdown and warming driven by
Antarctic meltwater, Nature, 615, 841-847, https://doi.org/10.1038/s41586-023-05762-w, 2023.

Lindbéck, K., Darelius, E., Moholdt, G., Vaikovd, I., Hattermann, T., Lauber, J., and de Steur, L.: Basal melting and oceanic
observations beneath central Fimbulisen, East Antarctica, Journal of Geophysical Research: Oceans, 130, e2023JC020 506,
https://doi.org/10.1029/2023JC020506, 2025.

Little, C. M., Gnanadesikan, A., and Oppenheimer, M.: How ice shelf morphology controls basal melting, Journal of Geophysical Research:
Oceans, 114, https://doi.org/10.1029/2008JC005197, 2009.

Liu, Y., Moore, J. C., Cheng, X., Gladstone, R. M., Bassis, J. N., Liu, H,, Wen, J., and Hui, F.: Ocean-driven thinning en-
hances iceberg calving and retreat of Antarctic ice shelves, Proceedings of the National Academy of Sciences, 112, 3263-3268,
https://doi.org/10.1073/pnas.1415137112, 2015.

Losch, M.: Modeling ice shelf cavities in a z coordinate ocean general circulation model, Journal of Geophysical Research: Oceans, 113,
https://doi.org/10.1029/2007JC004368, 2008.

Losch, M., Menemenlis, D., Campin, J.-M., Heimbach, P., and Hill, C.: On the formulation of sea-ice models. Part 1: Effects of different
solver implementations and parameterizations, Ocean Modelling, 33, 129-144, https://doi.org/10.1016/j.ocemod.2009.12.008, 2010.

MacAyeal, D. R.: Thermohaline circulation below the Ross Ice Shelf: A consequence of tidally induced vertical mixing and basal melting,
Journal of Geophysical Research: Oceans, 89, 597-606, https://doi.org/10.1029/JC089iC0O1p00597, 1984.

Makinson, K., Schroder, M., and @sterhus, S.: Effect of critical latitude and seasonal stratification on tidal current profiles along Ronne Ice
Front, Antarctica, Journal of Geophysical Research: Oceans, 111, https://doi.org/10.1029/2005JC003062, 2006.

Malyarenko, A., Wells, A. J., Langhorne, P. J., Robinson, N. J., Williams, M. J., and Nicholls, K. W.: A synthesis
of thermodynamic ablation at ice—ocean interfaces from theory, observations and models, Ocean Modelling, 154, 101692,
https://doi.org/10.1016/j.ocemod.2020.101692, 2020.

Marshall, J., Adcroft, A., Hill, C., Perelman, L., and Heisey, C.: A finite-volume, incompressible Navier Stokes model for studies of the
ocean on parallel computers, Journal of Geophysical Research: Oceans, 102, 5753-5766, https://doi.org/10.1029/96JC02775, 1997.

Mathiot, P. and Jourdain, N. C.: Southern Ocean warming and Antarctic ice shelf melting in conditions plausible by late 23rd century in a
high-end scenario, Ocean Science, 19, 1595-1615, https://doi.org/10.5194/0s-19-1595-2023, 2023.

Mathiot, P., Jenkins, A., Harris, C., and Madec, G.: Explicit representation and parametrised impacts of under ice shelf seas in the z.
coordinate ocean model NEMO 3.6, Geoscientific Model Development, 10, 2849-2874, https://doi.org/10.5194/gmd-10-2849-2017, 2017.

McConnochie, C. and Kerr, R.: Testing a common ice-ocean parameterization with laboratory experiments, Journal of Geophysical Research:
Oceans, 122, 5905-5915, https://doi.org/10.1002/2017JC012918, 2017.

McConnochie, C. D. and Kerr, R. C.: Dissolution of a sloping solid surface by turbulent compositional convection, Journal of Fluid Mechan-
ics, 846, 563-577, https://doi.org/10.1017/jfm.2018.282, 2018.

McDougall, T. J. and Barker, P. M.: Getting started with TEOS-10 and the Gibbs Seawater (GSW) oceanographic toolbox, Scor/iapso WG,
127, 1-28, http://www.teos-10.org/, 2011.

McPhee, M.: Air-ice-ocean interaction: Turbulent ocean boundary layer exchange processes, Springer Science & Business Media, 2008.

48


https://doi.org//10.1038/s41561-023-01129-y
https://doi.org/10.1038/s41586-023-05762-w
https://doi.org/10.1029/2023JC020506
https://doi.org/10.1029/2008JC005197
https://doi.org/10.1073/pnas.1415137112
https://doi.org/10.1029/2007JC004368
https://doi.org/10.1016/j.ocemod.2009.12.008
https://doi.org/10.1029/JC089iC01p00597
https://doi.org/10.1029/2005JC003062
https://doi.org/10.1016/j.ocemod.2020.101692
https://doi.org/10.1029/96JC02775
https://doi.org/10.5194/os-19-1595-2023
https://doi.org/10.5194/gmd-10-2849-2017
https://doi.org/10.1002/2017JC012918
https://doi.org/10.1017/jfm.2018.282
http://www.teos-10.org/

1120

1125

1130

1135

1140

1145

1150

McPhee, M. G.: An analytic similarity theory for the planetary boundary layer stabilized by surface buoyancy, Boundary-Layer Meteorology,
21, 325-339, https://doi.org/10.1007/BF00119277, 1981.

McPhee, M. G., Maykut, G. A., and Morison, J. H.: Dynamics and thermodynamics of the ice/upper ocean system in the marginal ice zone
of the Greenland Sea, Journal of Geophysical Research: Oceans, 92, 7017-7031, https://doi.org/10.1029/JC092iC07p07017, 1987.

McPhee, M. G., Stevens, C. L., Smith, I. J., and Robinson, N. J.: Turbulent heat transfer as a control of platelet ice growth in supercooled
under-ice ocean boundary layers, Ocean Science, 12, 507-515, https://doi.org/10.5194/0s-12-507-2016, 2016.

Middleton, L., Vreugdenhil, C. A., Holland, P. R., and Taylor, J. R.: Numerical simulations of melt-driven double-diffusive fluxes in a
turbulent boundary layer beneath an ice shelf, Journal of Physical Oceanography, 51, 403—418, https://doi.org/10.1175/JPO-D-20-0114.1,
2021.

Middleton, L., Davis, P., Taylor, J., and Nicholls, K.: Double diffusion as a driver of turbulence in the stratified boundary layer beneath
George VI Ice Shelf, Geophysical Research Letters, 49, e2021GL096 119, https://doi.org/10.1029/2021GL096119, 2022.

Mondal, M., Gayen, B., Griffiths, R. W., and Kerr, R. C.: Ablation of sloping ice faces into polar seawater, Journal of Fluid Mechanics, 863,
545-571, https://doi.org/10.1017/jfm.2018.970, 2019.

Monin, A. S. and Obukhov, A. M.: Osnovnye zakonomernosti turbulentnogo peremesivanija v prizemnom sloe atmosfery (Basic laws of
turbulent mixing in the surface layer of the atmosphere), Tr. Geofiz. Inst., Akad. Nauk SSSR, 24, 163-187, 1954.

Morlighem, M.: MEaSUREs BedMachine Antarctica, Version 3., https://doi.org/10.5067/FPSUOVIMWUBSG6, accessed 22 October 2024,
2022.

Morlighem, M., Rignot, E., Binder, T., Blankenship, D., Drews, R., Eagles, G., Eisen, O., Ferraccioli, F., Forsberg, R., Fretwell, P, et al.:
Deep glacial troughs and stabilizing ridges unveiled beneath the margins of the Antarctic ice sheet, Nature Geoscience, 13, 132-137,
https://doi.org/10.1038/s41561-019-0510-8, 2020.

Morlighem, M., Goldberg, D., Dias dos Santos, T., Lee, J., and Sagebaum, M.: Mapping the sensitivity of the Amundsen sea
embayment to changes in external forcings using automatic differentiation, Geophysical Research Letters, 48, ¢2021GL095 440,
https://doi.org/10.1029/2021GL095440, 2021.

Mueller, R., Padman, L., Dinniman, M. S., Erofeeva, S., Fricker, H. A., and King, M.: Impact of tide-topography interactions on basal melting
of Larsen C Ice Shelf, Antarctica, Journal of Geophysical Research: Oceans, 117, https://doi.org/10.1029/2011JC007263, 2012.

Nakayama, Y.: MITgcm model setup and output for "Impact of subglacial freshwater discharge on Pine Island Ice Shelf" (MITgcm 66))
[Data set]. Zenodo., https://doi.org/10.5281/zenodo.5183196, 2021.

Nakayama, Y., Timmermann, R., Schroder, M., and Hellmer, H. H.: On the difficulty of modeling Circumpolar Deep Water intrusions onto
the Amundsen Sea continental shelf, Ocean Modelling, 84, 26-34, https://doi.org/10.1016/j.ocemod.2014.09.007, 2014.

Nakayama, Y., Menemenlis, D., Schodlok, M., and Rignot, E.: Amundsen and Bellingshausen Seas simulation with optimized
ocean, sea ice, and thermodynamic ice shelf model parameters, Journal of Geophysical Research: Oceans, 122, 6180-6195,
https://doi.org/10.1002/2016JC012538, 2017.

Nakayama, Y., Menemenlis, D., Zhang, H., Schodlok, M., and Rignot, E.: Origin of Circumpolar Deep Water intruding onto the Amundsen
and Bellingshausen Sea continental shelves, Nature Communications, 9, 1-9, https://doi.org/10.1038/s41467-018-05813-1, 2018.

Nakayama, Y., Manucharyan, G., Zhang, H., Dutrieux, P., Torres, H. S., Klein, P., Seroussi, H., Schodlok, M., Rignot, E., and Menemenlis, D.:
Pathways of ocean heat towards Pine Island and Thwaites grounding lines, Scientific Reports, 9, 16 649, https://doi.org/10.1038/s41598-
019-53190-6, 2019.

49


https://doi.org/10.1007/BF00119277
https://doi.org/10.1029/JC092iC07p07017
https://doi.org/10.5194/os-12-507-2016
https://doi.org/10.1175/JPO-D-20-0114.1
https://doi.org/10.1029/2021GL096119
https://doi.org/10.1017/jfm.2018.970
https://doi.org/10.5067/FPSU0V1MWUB6
https://doi.org/10.1038/s41561-019-0510-8
https://doi.org/10.1029/2021GL095440
https://doi.org/10.1029/2011JC007263
https://doi.org/10.5281/zenodo.5183196
https://doi.org/10.1016/j.ocemod.2014.09.007
https://doi.org/10.1002/2016JC012538
https://doi.org/10.1038/s41467-018-05813-1
https://doi.org/10.1038/s41598-019-53190-6
https://doi.org/10.1038/s41598-019-53190-6
https://doi.org/10.1038/s41598-019-53190-6

1155

1160

1165

1170

1175

1180

1185

1190

Nakayama, Y., Cai, C., and Seroussi, H.: Impact of subglacial freshwater discharge on Pine Island Ice Shelf, Geophysical Research Letters,
48, €2021GL093 923, https://doi.org/10.1029/2021GL093923, 2021.

Nakayama, Y., Hirata, T., Goldberg, D., and Greene, C. A.: What Determines the Shape of a Pine-Island-Like Ice Shelf?, Geophysical
Research Letters, 49, e2022GL101 272, https://doi.org/10.1029/2022GL101272, 2022.

Naughten, K. A., Meissner, K. J., Galton-Fenzi, B. K., England, M. H., Timmermann, R., Hellmer, H. H., Hattermann, T., and Debernard,
J. B.: Intercomparison of Antarctic ice-shelf, ocean, and sea-ice interactions simulated by MetROMS-iceshelf and FESOM 1.4, Geosci-
entific Model Development, 11, 1257-1292, https://doi.org/10.5194/gmd-11-1257-2018, 2018.

Naughten, K. A., De Rydt, J., Rosier, S. H., Jenkins, A., Holland, P. R., and Ridley, J. K.: Two-timescale response of a large Antarctic ice
shelf to climate change, Nature communications, 12, 1991, https://doi.org/10.1038/s41467-021-22259-0, 2021.

Nicholls, K., Abrahamsen, E., Buck, J., Dodd, P., Goldblatt, C., Griffiths, G., Heywood, K., Hughes, N., Kaletzky, A., Lane-Serff,
G., et al.: Measurements beneath an Antarctic ice shelf using an autonomous underwater vehicle, Geophysical Research Letters, 33,
https://doi.org/10.1029/2006GL025998, 2006.

Nicholls, K. W., Makinson, K., and @sterhus, S.: Circulation and water masses beneath the northern Ronne Ice Shelf, Antarctica, Journal of
Geophysical Research: Oceans, 109, https://doi.org/10.1029/2004JC002302, 2004.

Niiler, P. and Kraus, E.: One-dimensional models of the upper ocean., in: E.B. Kraus (Editor), Modelling and Prediction of the Upper Layers
of the Ocean., pp. 143-172, Pergamon Press, 1977.

Orlanski, I.: A simple boundary condition for unbounded hyperbolic flows, Journal of Computational Physics, 21, 251-269,
https://doi.org/10.1016/0021-9991(76)90023-1, 1976.

Paolo, F. S., Fricker, H. A., and Padman, L.: Volume loss from Antarctic ice shelves is accelerating, Science, 348, 327-331,
https://doi.org/10.1126/science.aaa0940, 2015.

Patmore, R. D., Holland, P. R., Vreugdenhil, C. A., Jenkins, A., and Taylor, J. R.: Turbulence in the ice shelf—-ocean boundary current and its
sensitivity to model resolution, Journal of Physical Oceanography, 53, 613-633, https://doi.org/10.1175/JPO-D-22-0034.1, 2023.

Pope, S. B.: Turbulent flows, Measurement Science and Technology, 12, 2020-2021, 2001.

Pritchard, H., Ligtenberg, S. R., Fricker, H. A., Vaughan, D. G., van den Broeke, M. R., and Padman, L.: Antarctic ice-sheet loss driven by
basal melting of ice shelves, Nature, 484, 502505, https://doi.org/10.1038/nature10968, 2012.

Richter, O., Gwyther, D. E., Galton-Fenzi, B. K., and Naughten, K. A.: The Whole Antarctic Ocean Model (WAOM V1. 0): Development
and Evaluation, Geoscientific Model Development, 15, 617-647, https://doi.org/10.5194/gmd-15-617-2022, 2022.

Rignot, E. and Jacobs, S. S.: Rapid bottom melting widespread near Antarctic ice sheet grounding lines, Science, 296, 2020-2023,
https://doi.org/10.1126/science.1070942, 2002.

Rignot, E., Jacobs, S., Mouginot, J., and Scheuchl, B.: Ice-shelf melting around Antarctica, Science, 341, 266-270,
https://doi.org/10.1126/science.1235798, 2013.

Rignot, E., Mouginot, J., Morlighem, M., Seroussi, H., and Scheuchl, B.: Widespread, rapid grounding line retreat of Pine Is-
land, Thwaites, Smith, and Kohler glaciers, West Antarctica, from 1992 to 2011, Geophysical Research Letters, 41, 3502-3509,
https://doi.org/10.1002/2014GL060140, 2014.

Rignot, E., Mouginot, J., Scheuchl, B., Van Den Broeke, M., Van Wessem, M. J., and Morlighem, M.: Four decades of Antarctic Ice Sheet
mass balance from 1979-2017, Proceedings of the National Academy of Sciences, 116, 1095-1103, 2019.

Robinson, N., Stevens, C., and McPhee, M.: Observations of amplified roughness from crystal accretion in the sub-ice ocean boundary layer,

Geophysical Research Letters, 44, 1814—1822, https://doi.org/10.1002/2016GL071491, 2017.

50


https://doi.org/10.1029/2021GL093923
https://doi.org/10.1029/2022GL101272
https://doi.org/10.5194/gmd-11-1257-2018
https://doi.org/10.1038/s41467-021-22259-0
https://doi.org/10.1029/2006GL025998
https://doi.org/10.1029/2004JC002302
https://doi.org/10.1016/0021-9991(76)90023-1
https://doi.org/10.1126/science.aaa0940
https://doi.org/10.1175/JPO-D-22-0034.1
https://doi.org/10.1038/nature10968
https://doi.org/10.5194/gmd-15-617-2022
https://doi.org/10.1126/science.1070942
https://doi.org/10.1126/science.1235798
https://doi.org/10.1002/2014GL060140
https://doi.org/10.1002/2016GL071491

1195

1200

1205

1210

1215

1220

1225

Rosevear, M. G., Gayen, B., and Galton-Fenzi, B. K.: The role of double-diffusive convection in basal melting of Antarctic ice shelves,
Proceedings of the National Academy of Sciences, 118, https://doi.org/10.1073/pnas.2007541118, 2021.

Rosevear, M. G., Galton-Fenzi, B., and Stevens, C.: Evaluation of basal melting parameterisations using in situ ocean and melting observa-
tions from the Amery Ice Shelf, East Antarctica, Ocean Science, 18, 1109-1130, https://doi.org/0.5194/0s-18-1109-2022, 2022a.

Rosevear, M. G., Gayen, B., and Galton-Fenzi, B. K.: Regimes and transitions in the basal melting of Antarctic ice shelves, Journal of
Physical Oceanography, 52, 2589-2608, https://doi.org/10.1175/JPO-D-21-0317.1, 2022b.

Rosevear, M. G., Gayen, B., Vreugdenhil, C. A., and Galton-Fenzi, B. K.: How Does the Ocean Melt Antarctic Ice Shelves?, Annual Review
of Marine Science, 17, 325-353, https://doi.org/10.1146/annurev-marine-040323-074354, 2025.

Schmidt, B. E., Washam, P., Davis, P. E., Nicholls, K. W., Holland, D. M., Lawrence, J. D., Riverman, K. L., Smith, J. A., Spears, A., Dichek,
D., et al.: Heterogeneous melting near the Thwaites Glacier grounding line, Nature, 614, 471-478, https://doi.org/10.1038/s41586-022-
05691-0, 2023.

Schodlok, M., Menemenlis, D., and Rignot, E.: Ice shelf basal melt rates around A ntarctica from simulations and observations, Journal of
Geophysical Research: Oceans, 121, 1085-1109, https://doi.org/10.1002/2015JC011117, 2016.

Schulz, K., Nguyen, A., and Pillar, H.: An Improved and Observationally-Constrained Melt Rate Parameterization for Vertical Ice Fronts of
Marine Terminating Glaciers, Geophysical Research Letters, 49, e2022GL100 654, https://doi.org/10.1029/2022GL100654, 2022.

Scott, W. L., Kramer, S. C., Holland, P. R., Nicholls, K. W., Siegert, M. J., and Piggott, M. D.: Towards a fully unstructured ocean model for
ice shelf cavity environments: Model development and verification using the Firedrake finite element framework, Ocean Modelling, 182,
102 178, https://doi.org/10.1016/j.ocemod.2023.102178, 2023.

Seroussi, H., Nowicki, S., Payne, A. J., Goelzer, H., Lipscomb, W. H., Abe-Ouchi, A., Agosta, C., Albrecht, T., Asay-Davis, X., Barthel,
A., Calov, R., Cullather, R., Dumas, C., Galton-Fenzi, B. K., Gladstone, R., Golledge, N. R., Gregory, J. M., Greve, R., Hattermann, T.,
Hoffman, M. J., Humbert, A., Huybrechts, P., Jourdain, N. C., Kleiner, T., Larour, E., Leguy, G. R., Lowry, D. P., Little, C. M., Morlighem,
M., Pattyn, F,, Pelle, T., Price, S. F,, Quiquet, A., Reese, R., Schlegel, N.-J., Shepherd, A., Simon, E., Smith, R. S., Straneo, F., Sun, S.,
Trusel, L. D., Van Breedam, J., van de Wal, R. S. W., Winkelmann, R., Zhao, C., Zhang, T., and Zwinger, T.: ISMIP6 Antarctica: a multi-
model ensemble of the Antarctic ice sheet evolution over the 21st century, The Cryosphere, 14, 3033-3070, https://doi.org/10.5194/tc-14-
3033-2020, 2020.

Shean, D. E., Joughin, I. R., Dutrieux, P., Smith, B. E., and Berthier, E.: Ice shelf basal melt rates from a high-resolution digital elevation
model (DEM) record for Pine Island Glacier, Antarctica, The Cryosphere, 13, 2633-2656, https://doi.org/10.5194/tc-13-2633-2019, 2019.

Shrestha, K., Manucharyan, G. E., and Nakayama, Y.: Submesoscale variability and basal melting in ice shelf cavities of the Amundsen Sea,
Geophysical Research Letters, 51, €2023GL107 029, https://doi.org/10.1029/2023GL107029, 2024.

Si, Y., Stewart, A. L., Silvano, A., and Naveira Garabato, A. C.: Antarctic Slope Undercurrent and onshore heat transport driven by ice shelf
melting, Science Advances, 10, eadl0601, https://doi.org/10.1126/sciadv.adl0601, 2024.

Stanton, T. P, Shaw, W., Truffer, M., Corr, H., Peters, L., Riverman, K., Bindschadler, R., Holland, D., and Anandakrishnan,
S.: Channelized ice melting in the ocean boundary layer beneath Pine Island Glacier, Antarctica, Science, 341, 1236-1239,
https://doi.org/10.1126/science.1239373, 2013.

Stern, A., Adcroft, A., and Sergienko, O.: Modeling ice shelf cavities and tabular icebergs using Lagrangian elements, Journal of Geophysical
Research: Oceans, 124, 3378-3392, https://doi.org/10.1029/2018JC014876, 2019.

Stewart, C. L.: Ice-ocean interactions beneath the north-western Ross Ice Shelf, Antarctica, Ph.D. thesis,

https://doi.org/10.17863/CAM.21483, 2018.

51


https://doi.org/10.1073/pnas.2007541118
https://doi.org/0.5194/os-18-1109-2022
https://doi.org/10.1175/JPO-D-21-0317.1
https://doi.org/10.1146/annurev-marine-040323-074354
https://doi.org/10.1038/s41586-022-05691-0
https://doi.org/10.1038/s41586-022-05691-0
https://doi.org/10.1038/s41586-022-05691-0
https://doi.org/10.1002/2015JC011117
https://doi.org/10.1029/2022GL100654
https://doi.org/10.1016/j.ocemod.2023.102178
https://doi.org/10.5194/tc-14-3033-2020
https://doi.org/10.5194/tc-14-3033-2020
https://doi.org/10.5194/tc-14-3033-2020
https://doi.org/10.5194/tc-13-2633-2019
https://doi.org/10.1029/2023GL107029
https://doi.org/10.1126/sciadv.adl0601
https://doi.org/10.1126/science.1239373
https://doi.org/10.1029/2018JC014876
https://doi.org/10.17863/CAM.21483

1230

1235

1240

1245

1250

1255

1260

1265

Sweetman, J. K., Shakespeare, C. J., Stewart, K. D., and McConnochie, C. D.: Laboratory experiments of melting ice in warm salt-stratified
environments, Journal of Fluid Mechanics, 984, A42, https://doi.org/10.1017/jfm.2024.201, 2024.

Timmermann, R., Wang, Q., and Hellmer, H.: Ice-shelf basal melting in a global finite-element sea-ice/ice-shelf/ocean model, Annals of
Glaciology, 53, 303-314, https://doi.org/10.3189/2012A0G60A 156, 2012.

Varikov4, I. and Nicholls, K. W.: Ocean variability beneath the Filchner-Ronne ice shelf inferred from basal melt rate time series, Journal of
Geophysical Research: Oceans, 127, €2022JC018 879, https://doi.org/10.1029/2022JC018879, 2022.

Varikovd, 1., Winberry, J. P, Cook, S., Nicholls, K. W., Greene, C. A., and Galton-Fenzi, B. K.: High spatial melt rate variability
near the Totten Glacier grounding zone explained by new bathymetry inversion, Geophysical Research Letters, 50, €2023GL102 960,
https://doi.org/10.1029/2023GL102960, 2023.

Vreugdenhil, C. A. and Taylor, J. R.: Stratification effects in the turbulent boundary layer beneath a melting ice shelf: Insights from resolved
large-eddy simulations, Journal of Physical Oceanography, 49, 1905-1925, https://doi.org/10.1175/JPO-D-18-0252.1, 2019.

Wahlin, A., Alley, K. E., Begeman, C., Hegren®s, @., Yuan, X., Graham, A. G., Hogan, K., Davis, P. E., Dotto, T. S., Eayrs, C.,
et al.: Swirls and scoops: Ice base melt revealed by multibeam imagery of an Antarctic ice shelf, Science Advances, 10, eadn9188,
https://doi.org/10.1126/sciadv.adn9188, 2024.

Walker, R. T., Holland, D. M., Parizek, B. R., Alley, R. B., Nowicki, S. M., and Jenkins, A.: Efficient flowline simulations of
ice shelf-ocean interactions: sensitivity studies with a fully coupled model, Journal of Physical Oceanography, 43, 2200-2210,
https://doi.org/10.1175/JPO-D-13-037.1, 2013.

Washam, P., Nicholls, K. W., Miinchow, A., and Padman, L.: Tidal modulation of buoyant flow and basal melt beneath Petermann Gletscher
Ice Shelf, Greenland, Journal of Geophysical Research: Oceans, 125, €2020JC016 427, https://doi.org/10.1029/2020JC016427, 2020.
Washam, P., Lawrence, J. D., Stevens, C. L., Hulbe, C. L., Horgan, H. J., Robinson, N. J., Stewart, C. L., Spears, A., Quartini, E., Hurwitz,
B., et al.: Direct observations of melting, freezing, and ocean circulation in an ice shelf basal crevasse, Science Advances, 9, eadi7638,

https://doi.org/10.1126/sciadv.adi7638, 2023.

Watkins, R. H., Bassis, J. N., and Thouless, M.: Roughness of ice shelves is correlated with basal melt rates, Geophysical Research Letters,
48, 2021GL094 743, https://doi.org/10.1029/2021GL094743, 2021.

Wilson, N. J., Vreugdenhil, C. A., Gayen, B., and Hester, E. W.: Double-Diffusive Layer and Meltwater Plume Effects on Ice Face Scalloping
in Phase-Change Simulations, Geophysical Research Letters, 50, €2023GL104 396, https://doi.org/10.1029/2023GL104396, 2023.

Wiskandt, J. and Jourdain, N.: Brief Communication: Representation of heat conduction into the ice in marine ice shelf melt modeling,
EGUsphere, 2024, 1-10, https://doi.org/10.5194/egusphere-2024-2239, in review.

Yung, C. K., Asay-Davis, X. S., Adcroft, A., Bull, C. Y. S., De Rydt, J., Dinniman, M. S., Galton-Fenzi, B. K., Goldberg, D., Gwyther,
D. E., Hallberg, R., Harrison, M., Hattermann, T., Holland, D. M., Holland, D., Holland, P. R., Jordan, J. R., Jourdain, N. C., Kusa-
hara, K., Marques, G., Mathiot, P., Menemenlis, D., Morrison, A. K., Nakayama, Y., Sergienko, O., Smith, R. S., Stern, A., Timmer-
mann, R., and Zhou, Q.: Results of the second Ice Shelf — Ocean Model Intercomparison Project (ISOMIP+), EGUsphere, 2025, 1-50,
https://doi.org/10.5194/egusphere-2025-1942, in review.

Zhao, K. X., Skyllingstad, E. D., and Nash, J. D.: Improved parameterizations of vertical ice-ocean boundary layers and melt rates, Geophys-
ical Research Letters, 51, e2023GL105 862, https://doi.org/10.1029/2023GL105862, 2024.

Zhou, Q. and Hattermann, T.: Modeling ice shelf cavities in the unstructured-grid, Finite Volume Community Ocean Model: Implementation

and effects of resolving small-scale topography, Ocean Modelling, 146, 101 536, 2020.

52


https://doi.org/10.1017/jfm.2024.201
https://doi.org/10.3189/2012AoG60A156
https://doi.org/10.1029/2022JC018879
https://doi.org/10.1029/2023GL102960
https://doi.org/10.1175/JPO-D-18-0252.1
https://doi.org/10.1126/sciadv.adn9188
https://doi.org/10.1175/JPO-D-13-037.1
https://doi.org/10.1029/2020JC016427
https://doi.org/10.1126/sciadv.adi7638
https://doi.org/10.1029/2021GL094743
https://doi.org/10.1029/2023GL104396
https://doi.org/10.5194/egusphere-2024-2239
https://doi.org/10.5194/egusphere-2025-1942
https://doi.org/10.1029/2023GL105862

Zinck, A.-S. P, Lhermitte, S., Wearing, M., and Wouters, B.: Dataset belonging to the article: Exposure to Underestimated Channelized Melt
in Antarctic Ice Shelves, https://doi.org/10.4121/4e2ba9a9-7b1b-4837-b52d-036f8c876e67.v1, 2024.

Zinck, A.-S. P., Lhermitte, S., Wearing, M., and Wouters, B.: Exposure to Underestimated Channelized Melt in Antarctic Ice Shelves,
https://doi.org/10.21203/rs.3.rs-4806463/v1, in review.

53


https://doi.org/10.4121/4e2ba9a9-7b1b-4837-b52d-036f8c876e67.v1
https://doi.org/10.21203/rs.3.rs-4806463/v1

