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Abstract. A major source of uncertainty in future sea-level projections is the ocean-driven basal melt of Antarctic ice shelves.
Whereas ice sheet models require a kilemeter-seale-kilometre-scale resolution to realistically resolve ice shelf stability and
grounding line migration, global or regional 3D ocean models are computationally too expensive to produce basal melt forcing

fields at this resolution on long time scales. To bridge this resolution gap, we introduce the 2D numerical model LADDIE (one-

Layer Antarctic model for Dynamical Downscaling of Ice—ocean Exchanges) which allows for the computationally efficient

modeling of basalmeltratesdetailed basal melt fields. The model is flexible;-available open source and can be foreed-with-output

Crosson-Potsonapplied easily to different geometries or different ocean forcing. The aim of this study is threefold: to introduce
the model to the community; to demonstrate its application and performance in two use cases; and to describe and interpret new

basal melt patterns simulated by this model. The two use cases are the small Crosson—Dotson Ice Shelf in the warm Amundsen
Sea region, and the large Fitehner-Ronne Filchner—Ronne Ice Shelf in the cold Weddell Sea. At ice-shelf wide scales, LADDIE

reproduces observed patterns of basal me

in warm and cold environments without the need to retune parameters. At scales of 0.5-5 km, which are typically unresolved by
3D ocean models and poorly constrained by observations, LADDIE produces plausible basal melt patterns. Most significantly,

the simulated basal melt patterns are physically consistent with the applied ice shelf topography. These patterns are governed
by the topographic steering and Coriolis deflection of meltwater flows, two processes that are poorly represented in basal
melt parameterisations. The kilometer-seale-kilometre-scale melt patterns simulated by LADDIE include enhanced melt rates
in grounding zones and basal channels, in—some-shear-margins;—and-nearby—grounding-tinesand enhanced melt or freezing
in shear margins. As these regions are critical for ice shelf stability, we conclude that LADDIE can provide detailed basal
melt patterns at the essential resolution that ice sheet models require. The physical consistency between the applied geometry
and the simulated basal melt fields indicates that LADDIE can play a valuable role in the development of coupled ice—ocean

modeling.
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1 Introduction

Sea-level projections come with a large uncertainty -in-partictlar-those-beyond-2+00-(Oppenheimer et al., 2019; Fox-Kemper
et al., 2021). A major component of this uncertainty is the ocean-driven basal melt of Antarctic ice shelves (Seroussi et al.,

2020). Basal melt is a critical process that determines the state and fate of ice shelves. Increased basal melt can lead to a
thinning and weakening of ice shelves, which in turn reduces their buttressing effect on the ice flow of grounded ice to the
ocean (e.g. Gudmundsson et al., 2019; Sun et al., 2020). Basal melt rates must thus be modeled accurately in order to simulate
ice sheet dynamics and future sea-level projections (Goldberg et al., 2019). The modeling is obstructed, however, by the high
computational cost of three-dimensional ocean models when configured at a high resolution. As a consequence, modeled
basal melt rates are typically provided at a substantially coarser resolution than that at which ice sheet model simulations
are performed. In this study, we present a new two-dimensional basal melt model, LADDIE (one-Layer Antarctic model for
Dynamical Downscaling of Ice—ocean Exchanges). This model simulates the quasi-horizontal flow of the meltwater layer
beneath the ice shelf base. Using this model, one can simulate (sub-)kilemeterkilometre basal melt rates ean-be-simulated
under reasonable computational cost.

Basal melt is strongly determined by the ocean dynamics in the upper ocean layer below the ice shelves. At the ice shelf
base, melting produces a flux of fresh and cold meltwateris-produced. Due to the salinity-dominated density contrast with the
surrounding seawater, this fresher meltwater rises along the slope of the ice shelf base toward the ice shelf front. The velocity
of this meltwater flow, relative to the presumed-stagnant-ocean beneath, induces shear-driven turbulence. This turbulence
maintains a net transfer of heat ;salt-and-mass-and salt from the cavity waters toward the upper ocean layer. The buoyancy-
driven transport and downstream modification of the meltwater is typically referred to as plume dynamics (Jenkins, 1991). Due
to the turbulence-driven heat import from ambient-deeper cavity waters, the upper ocean layer is typically warmer than the
local pressure-melting point. As a consequence, the plume dynamics maintain basal melt, the transport of meltwater, and a net
overturning circulation. It is these dynamics of the upper ocean layer that are simulated by LADDIE.

Observations from remote sensing products have revealed clear, spatially heterogeneous patterns in basal melt rates. Com-
pared to the ice shelf average values, basal melt rates are enhanced in specific regions. Along all Antarctic ice shelves, enhanced
melt rates are observed in the deep grounding zones near the deepest parts of the grounding line (Rignot and Jacobs, 2002;
Rignot et al., 2013). Detailed observations of individual grounding zones have shown that local basal melt rates can vary by
an order of magnitude at-over horizontal distances of kilemeters-kilometres (Dutrieux et al., 2013; Khazendar et al., 2016;
Marsh et al., 2016). Stretching from the grounding zones to the ice-shelf front, elevated basal melt rates are also observed in
narrow topographic channels in both warm and cold regions (Alley et al., 2016; Berger et al., 2017). With the exception of
some very wide channels (Gourmelen et al., 2017), most have a characteristic width of a kilemeter-kilometre (Zeising et al.,
2022). These basal channels have-a-preferencefor-aligning-are commonly aligned along topographic boundaries and margins
of high ice-velocity shear (Alley et al., 2019). In these shear margins, locally enhanced basal melt can initiate ice shelf damage
(Lhermitte et al., 2020). Altogether, these observations have shown that basal melt rates vary spatially at scales of kilemeters

kilometres across ice shelves in both warm and cold regions.
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The ice mass loss contributing to sea-level rise is simulated by numerical ice sheet models. These models require basa
melt rates as an external forcing (Seroussi et al., 2020). In various studies, the stability of modeled ice sheets was found to be

most sensitive to basal melt in speci c regief$ie basalmeltregionsinducingthe strongesice-masslesswerefoundtobe

etal., 2022). Moreover, locally enhanced basal melt in grounding zones is identi ed as a necessary ingredient to reproduce the
observed grounding line retreat of the Smith glacier (Lilien et al., 2019). In a state-of-the-art ice sheet model, basal melt within

melt is as important as average melt rates to the ice-sheet response. In particular, an accurate basal melt forcing is required i
the regions where observations indicate locally enhanced basal melthatesrethe; grounding zones, basal channels, and

ocean and ice modelers.

Basal melt rates can be simulated using 3D ocean models by explicitly resolving the circulation within ice shelf cavities (e.g.,
Mathiot et al., 2017). These models are well-suited to simulate the exchange of heat between the deep ocean, the continente
shelf, and the ice shelf cavities. This heat exchange is governed by, among other drivers, the Antarctic Slope Current (Thompsor
etal., 2018; Nakayama et al., 2021), bathymetric troughs (e.g., Wahlin et al., 2021), and dense water formation (Morrison et al.,
2020). A range of 3D models have performed well in representing the overall heat transport onto the continental shelf and into
ice shelf cavities (e.g., Kimura et al., 2017; Nakayama et al., 2019; Moorman et al., 2020; Naughten et al., 2022). However,

such as basal melt channels. For example, the coupled United Kingdom Earth System Model includes an ocean model at 1°
resolution ( 30 km near Antarctica) and an ice sheet model with 2 km resolution at the Antarctic grounding line (Smith et al.,
2021; Siahaan et al., 2022). This high ice-sheet model resolution is required in particular in the grounding zone to reliably
model the evolution of the grounding line (Schoof, 2007). The example illustrates the large resolution gap between the basal
melt rates that ocean models can provide, and that which ice sheet models require.

In part due to this resolution gap, numerical ice sheet models are typically forced with parameterised basal melt rates
(Seroussi et al., 2020). These parameterisations are either linear or quadratic scalings of offshore temperatures and salinitie
{Favieretal;2014g.g., Favier et al., 2019), or built upon (quasi-)one-dimensional ow descriptions of meltwater below the

ice shelf (Reese et al., 2018a; Lazeroms et al., 2019; Pelle et al., 2019). The (quasi-)one-dimensional parameterisations ma

reasonably resolve enhanced melt rates in the deeper grounding zones (Favier et al., 2019; Burgard et al., 2022). Yet thes:
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parameterisations require assumptiengbout the horizontal ow eld of meltwater plumes (Favier et al., 2019). As a conse-

cost, these parameterisations are thus ill-equipped to produce detailed spatial basal melt patterns.
In order to simulate realistic, high-resolution basal melt patterns, we here present the 2D model LADDIE (one-Layer Antarc-
tic model for Dynamical Downscaling of Ice—ocean Exchanges). The model is built upon previous 2D (plan view) models of the

(Holland et al., 2007), Larsen (Holland et al., 2009) and Pine Island (Payne et al., 2007) ice shelves with smooth ice shelf
topographies. LADDIE is speci cally designed to simulate basal melt rates that are consisteahwitsmoothed ice shelf
topography. The consistency of the basal melt rates with the ice shelf topography makes the model suitable for studies inves-
tigating kitemeter-seateilometre-scale ice—ocean feedbacks, such as within basal channels (Gladish et al., 2012; Sergienko,
2013; Alley et al., 2019). By resolving the 2D ow eld and its Coriolis de ection and topographic steering, the model can

simulate the important basal melt rates along topographic boundaries and within shear zones (Jordan et al., 2018; Feldmani

melt rates in the important region near grounding lines (Seroussi and Morlighem, 2018). The 2D con guration prevents the
model from explicitly resolving processes like turbulence and the barotropic and overturning circulations in the cavity; these
processes are approximated or parameterised. The model can either be forced with 3D ocean model output, when cavities ar
explicitly resolved, or with vertical pro les of temperature and salinity, when insuf cient cavity data is available. We present
this model as a possible reduced-physics solution to bridge the resolution gap between ocean and ice sheet models. LADDIE

at thesetwo_use casesthat cannotbe derived from_either observationsor (coarser)3D.model simulations,The two_use

casesare two categorically different ice shelves. The rst is tligressen-DetserCrosson-Dotsorice Shelf, representa-

tive for-of warm ice shelves along West Antarctica. This ice shelf is relatively well studied through in-situ ocean observa-

tions (Jenkins et al., 2018) and remote sensing (Gourmelen et al., 2017; Khazendar et al., 2016), giving ample material for

situ observations (Nicholls et al., 2009; Hattermann et al., 2021; Bull et al., 2021), remote sensing (Moholdt et al., 2014),
ocean modeling (Bull et al., 2021; Naughten et al., 2021), and tidal modghagman-et-al-2018:-Hausmann-etals2020)
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2 Methods

for the simulations, and the parameter settings.

2.1 Model description

LADDIE is a two-dimensional model, built upon earlier 2D models of the meltwater layer beneath ice shelves (Holland and
Feltham, 2006; Hewitt, 2020). The equations are based on the vertically-integrated Navier-Stokes equations, reduced by the
Boussinesq approximation and a turbulence closure. In addition, the boundary conditions are partly based on parameterisation
as described below. The model explicitly solMies the horizontal elds of layer thickness, 2D velocity, temperature and
salinity. LADDIE can be seen as the numerical 2D expansion of the 1D plume model (Jenkins, 1991; Lazeroms et al., 2019),

thus resolving the Coriolis de ection and topographic steering of the ow within the meltwater layer.
2.1.1 Governing dynamics

At the heart of the model is a set of ve equations for the conservation of the vertically integrated volume, momentum, heat

@D .
@+r (DU)=m+e D)

DU D@ , D .
@@t +r (DUU) fDV = 920 @@X + gD @Zb@x ) Cagmom jUJU+ T (AyDT U) @)

DV D2@ , D .
@@t +r (DUV)+fDU = 92 : @@y +g°D @Zb@y ) Cagmom JUIV + T (AnDT V) 3)
O+t (DUT)= el mTy (T Ty+r (KuDrT) @
@@g)ts+r (DUS)=eS;+r (KyDr S) (5)

containingU andV, the vertically averaged velocities inandy directions in m s'; T andS are the vertically averaged

temperature in °C and salinity in psu. Sources and sinks of layer thickness are both melting/freezing at the ice—ocean boundary
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Figure 1. lllustration of the LADDIE model. The model solvdsr ve variables describing the meltwater layer beneath the ice shelf,
denoted by the white letters. The dark blue letters denote uxes at the top of thenaysret and freezing) and at the bottom of the layer

etmelt ande > 0 denotegnet entrainment.These uxes are expressed as velocities perpendicular to the

®w=g— 6)
a IS the density difference between the layer and the ambient water below the layer. We assume a linear equation of state:
a= ol (Ta T)*t (Sa 9)) )

The ambient temperaturg, and salinityS, function as forcing elds in the model. These depth-dependent variables are

of parameters are used as tuning parameters or adapted to assure numerical stability under different con gurations. These
parameter values are listed in Table 2.



2.1.2 Boundary conditions

The vertical exchange of volume, heat and salt is governed by freezing ormrmaelt the top boundary) and entrainment or
detrainment € at the bottom boundary). Here, we describe LADDIE's parameterisations govamigd e, as well as its
lateral boundary conditions.

180 The top boundary conditiom is computed by solving the widely-adopted thm&aﬂensequaﬂon formulation for melt

ice—ocean boundary to remain at the freezing pgjhiblland and Jenkins, 1999; Jenkins et al., 2010):

Co 7(T Tp)=mL+mC(Tp Ti) 8
s(S Sp)=mSy ©)
185 To= 1Sp+ 2+ 32p (10)

In the above parametensatlon fo_r, T and s are the turbulent exchange velocities of heat and salt in fn\which we
190 parameterise following Jenkins (1991):

U

= 11

T~ 212logU D= o)+12:5Pr2=3 8:68 (11)
U

o= (12)

2:12Iog(U D= o)+12:58c2:3 8:68

195 In the latter equation4) is the friction velocity, de ned as in Jenkins et al. (2010):
q

U = Cgop(U2+V2+UZ,) (13)

200

205
entrainment has been described by a wide variety of d|fferent parameterisations (Jenkins, 1991; HoIIand and Feltham, 2006).
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In each of these parameterisations, entrainment is expressed as a function of the turbulent velocity in the meltwater layer.
However, under conditions of weak turbulence, detrainment may occur. This process reverses the transport between the uppe
layer and the ambient waters, thinning the layer. Detrainment is an important process to prevent the layer thickness from

be debated. However, ass an arbitrary constant that can be tuned accordingly, both options are equivalent.

The lateral boundary conditions in LADDIE are split between closed and open boundaries. The closed boundaries apply
at the grounding line, where the ice shelf cavity meets the grounded ice. Here, zero gradients are presorjbedand
S. In addition, a partial slip condition is prescribed fdrandV, similar to that included in the NEMO modéP)—Fhis

(I

(free slip) and 2 (no slip)yrhisparametecanbefreelyehosenln the current study, we apply a value of 1, though a sensitivity

analysis revealed that the parameter choice has a weak impact on the simulated basal melt patterns.

At the open boundaries, where the cavity meets the open ocean below the ice-shelf front, zero gradients are applied to all

and melt.
2.1.3 Numerical implementation

The horizontal grid is discretised-asa staggered Arakawa-C grid, in which velocitigsandV are solved at the grid cell
edges, and the other variables T, andS are solved at grid centers. The advection of volume, heat, and salt is applied using
an upstream biased advection scheme. After trial and error testing various options, this scheme was found to be most stable.

The numerical integration in time is performed using a leapfrog scheme with Robert-Asselin Iter, similar to that in the

0 and 1. In the NEMO model description=0:1 is presented as a reference value. Using this same value in LADDIE was



Table 1. Model parameters. PMP = pressure melting point.

parameter meaning value unit
f Coriolis frequency -1.3710 4 st
g gravitational acceleration 9.81 m%
0 reference seawater density 1028 kg’
Sa-Camom momentundrag coef cient 25103 -
thermal expansionoef cient 3733105 °c!?
salinecontractiorhalinecontractioncoef cient  7.843 10 *  psu *
Co heat capacity of seawater 3974 JRgC *
L latent heat of fusion 3.3410° Jkg !
Ci heat capacity of ice 2009 JkgeCc !
1 PMP salinity parameter 5730 2 °Cpsu'l
2 PMP offset parameter 8320 2 °C
3 PMP depth parameter 76104 °Cm!?
0 oleeularkinematic viscosity 1.9510 * m?s !
Pr molecularPrandtl number 13.8 -
Sc molecularSchmidt number 2432 -
detrainment parameter 0.5 -

240 found to require a relatively short time step to maintain numerical stability. We found that a valaeaB produces identical

245

250

solutions, we chose to keep the value 6f 0:8. However, the choice of does affect the transient state, and future applications

of the model should reassess this parameter choice.

to remain numerically stable. In some regions, set by the topography of the ice shelg e velocity eld tends to

be divergent, particularly near grounding lines. In some cases, the entrainmeatisuxsuf cient to compensate for this

divergent ow, leading to a gradual thinning of the model layer. This issue was discussed in detail by Gladish et al. (2012),

who proposed the solution of imposing a minimum layer thickrizggs . One can interpret this solution as being equivalent

to the xed upper grid thickness in 3D ocean models. Here, we adopt this solution by increasing the local entrainment ux

as required when the thickness would otherwise drop b&gw . We treat the paramet® ., as a tuning parameter, as

described in Sec. 2.3.3.

2.2 External data

we brie y discuss their source, their underlying methodology, and some of their limitations.
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2.2.1 Geometry

taken the geometry from the Bedmachine v2 data set (Morlighem et al., 2020). This data set combines remote sensing product:
of the Antarctic ice surface elevation and velocity into a consistent map of ice thickness and bed topography below grounded
ice. For the oating ice shelves, the ice shelf thickness is based on the assumption of hydrostatic equilibrium a modeled rn

Whllst prowdmg a detalled, high resolution geometry, the Bedmachine data set contains some limitations which are relevant
to our study. The smoothing within 3 km from the grounding line removes detailed topographic features in this region. In
addition, the grounding line is static, which prevents the modeling of basal melt nearby retreating grounding lines. At small
scales, the assumption of hydrostatic equilibrium may also be violated by a signi cant internal stress, obscuring the topography

of basal channels. Finally, the data set provides a snapshot of the highly dynamic ice shelf front and shear margins. This allows

LADDIE to simulate instantaneous basal melt rates &e&%&#mm&mtﬂaﬁ%@ﬁm&%&rbas&lmeiﬂa{ese\mthese

rates derived from remote sensing products. For S|mpI|C|ty, we refer to these basal melt rates as “obsevtessgssing
that they are highly uncertain and based on a range of assumptions. Therefore, these observations should not be interpreted :
a ground truth.

For theCressen-Detsefrosson-Dotson Ice Shelf,

Besides uncertainties in the underlying observations, the assumption of hydrostatic equilibrium induces a large uncertainty

near grounding lines. This uncertainty was assessed by Milillo et al. (2022) faEhesenbetsenCrosson—Dotson Ice

10
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Shelf and was found to be small in the Kohler grounding zone, yet large in the Smith grounding zone. Another issue with
observations in the grounding zone is the timing and the relatively long period over which basal melt rates are assessed. The
Kohler, Smith, and Pope grounding lines are known to have retreated at a high rate over the last decade (Scheuchl et al., 201€

The underlying methodology is similar to that of Gourmelen et al. (2017); it is based on a combination of CryoSat-2 altimetry,
satellite-derived surface ice velocities, and modeled rn layer. The rn density model used in this study is of a coarse resolution
(12.5 km) compared to the grid size of the nal product (500 m). In addition, no recalibration based on local observations is
applied as in Gourmelen et al. (2017). Together, these differences lead to a poorer spatial detail in the “observed' basal melt
elds. However, comparison to other remote sensing estimates (Rignot et al., 2013; Moholdt et al., 2014) gives con dence in

the assessed large-scale pattern of basal melting and freezing.
2.2.3 3D model reference

In this study, we introduce LADDIE as a new model to simulate high-resolution spatial basal melt patterns. To test its

added value compared to 3D numerical ocean models, we compare the simulated basal melt €ldsdon-Dotsomnd

geometry is based on the BedMachine v2 geometry and the model is forced with ERA5 atmospheric reanalysis (Hersbach
et al., 2020). The model was extensively tuned to reproduce observations in the region. In particular, the ocean conditions and
their interannual variability in front of Dotson and Pine Islard-Shelvesice
varying sea-ice parameters, and then the melt rates for these ice shelves were tuned to match observations by selecting meltir

shelveswere tuned to match observations by

parameter values that best t the entire region (Naughten et al., 2022). For an optimal comparison to the observations from
Rignot et al. (2013), we extract and average the period 2003—2008 from the MITgcm simulation.
For theFilehner-Renndtilchner—Ronndce Shelf, we compare the basal melt rates from LADDIE to regional simulations

using NEMO (Hausmann et al., 2020). NEMO, similar to MITgcm, is an advanced ocean/sea-ice model, with explicitly re-

solved cavities. The regional simulation of the Weddell Sea was con gured at a horizontal resolution varying between 4.5 km
offshore to 1.5 km at the southernmost point. The model was forced with atmospheric climatology from CORE-2 (Large and
Yeager, 2009), and tidal conditions at the open boundaries from FES2012 (Carrere et al., 2013). The model was speci cally

11
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Both 3D ocean/sea-ice models are con gured using a xed vertical grid. The vertical grid cell thickness below the ice shelves
ranges between 10 and 50 m for MITgcm and between 10 and 150 m for NEMO. In both models, basal melt and freezing is
parameterised using a similar ‘three-equation’ formulation as used in LADDIE (Eg. 8).

2.3 Model setup

phy, in part to ensure numerical stablllty (e.g. Holland et al., 2007) which is a common practice in ice—ocean modeling

DIE model is not yet coded in parallel. Hence, this ice shelf is con gured at a 10000 n? resolution by averaging the

topography of 2 2 neighbouring grid cells.

2.3.2 Forcing

T,Sl and S;; the ice shelf temperatur'é. and the tldal veIomtyUtide . In this study, WeeheeseEG%HAsmarWewapply

T; andU;ige . The values are listed in Table 2. We note ttiaae has a Iarge |mpact on the heat transfer toward the ice shelf
base. In particular foFi e i i i i

12



355 For T, andS;, the main results in this paper are based on idealised vertical pro les of temperature and Sdlisity.

resemble the output of Earth System Models without resolved cavities; we anticipate that forcing with such ESNsoutput
will_be a main application of the moddie [ i ini

360

365

the surface to +0.4°C at 1200 m depth (FigbR The thermocline is centered at 500 m depth with a scale factor of 250 m. This
370 temperature pro le describes the observed two-layer strati cation in front of the ice shelf. Salinity increases from 34 psu at the
surface to 34.5 psu at 1200 m depth. The pro le is derived from a prescribed density pro le, which is quadratic with depth;

375

380

at the surface to -2.3°C at 2000 m depth. Salinity increases linearly from 34.5 psu at the surface to 34.8 psu at 2000 m depth
385 (Fig. 2eh)-H).

13
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2.3.3 Parameter settings

With the geometry and forcing described above, the model setup is completed by a number of parameter choices. A number of
parameter values remain unspeci ed in order to adapt them to different simulations. These are the timtetsieporizontal
viscosity Ay, and the horizontal diffusivitK ; each of these affects the numerical stability of the model and depend on the
chosen resolution. Finally, two parameters are considered tuning paran@tgpsandD min -

Based on trial and error, we have determined value;obf 100, 50, and 25 fs ! to be suitable for grid resolutions of
2000, 1000, and 500 m, respectively. Further sensitivity runs indicated that the chd{gehasonly a small effect on the
resultant basal melt rates; for convenience, we takesqual toA;,. Finally, values for the time stept are determined per

con guration in order to maximise the time step while ensuring numerical stability. The values for the main simulations of

for the friction velocityCg1op and the minimum layer thickne$3min . Cq;top is commonly used for tuning the basal melt

parameterisation in ocean models (Holland and Feltham, 2006); values in the literature vary betwen 3 (Jourdain
et al., 2017; Mathiot et al., 2017) and 9.70 2 (Jenkins et al., 2010PD i is treated as a tuning parameter, as its impact on
basal melt rates is found to be relatively large. Here, we have considered values between 2 and 8 meters.

The model is tuned to a numberaiservationdbasedhbservation-based indicators for tBesssen-BetsefLrosson—Dotson

the tuning is valid in both cold and warm environments. Five diagnostics are derived from simulations with 3D forcing: ice-shelf
average melt, melt in the Kohler grounding zone, melt along the wide Dotson Channel and along its center line, and the total
overturning circulation. These diagnostics are compared to a number of remote sensing and in-situ observational sources. Fo
horizontal grid sizes of 500500, 1000 1000 and 20002000 n¥, values ofD min andCq;op are determined such that each

of the ve diagnostics fall within the assessed uncertainty ranges. The complete tuning procedure is described in Appendix B,
and the values used in our simulations are shown in Table 2.

We notethatthe modelis tunedto Crosson—Dotsorandpartly evaluatecn the sameice shelf. However,merelytwo tuning



Shelves.
parameter meaning Cressen-Detserosson-Dotson Filehner-Renndilchner—Ronne  units
X resolution 500 1000 m
Ti ice temperature -25 -25 °C
Utide tidal velocity 0.01 0.1 m st
An hor. viscosity 25 50 fhs !
Kn hor. diffusivity 25 50 ms !
Ceitop exchangdopdragcoef cient 1.1 10 s 1.1 10 8
D min minimum thickness 2.8 4.4 m
t time step 120 240 s
equilibration time 30 720 model days
computation time 0.5 60 CPU hours

420 2.3.4 Experimental design

Using the con guration and parameter settings above, the equations are integrated forward in time. The layer is initialised at
rest,U = V =0, and the initial layer is uniformly 10 m thick. For temperature and saliflitgndS, initial values are taken
0.1°C and 0.1 psu below the ambient valigsand S, respectively. This small initial difference in salinity ensures a stable

strati cation.
425 The current model setup is designed to simulate basal melt rates under steady state conditions, with a xed geometry and

xed ambient conditions. The results presented in this study are thus steady state basal melt ratescresstive Detsen

the last 10 model days. The equilibration time, as well as the computation time required for a full spin up, is listed in Table 2.

3 Results

430 Inthis section, we present the steady-state basal melt patterns simulated by LADDIESepsben-BotseandtheFilechner-Renne

435
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3.1 Crosson-Dotson

3.1 Crosson—Dotson

t patternsof the Crosson—Dotsofce Shelf(Fig. 3).

with CircumpolarDeepWater (Jenkins et al., 2018 his relatively warm watermassinducesa largetemperature difference

Goldberg et al. (2019). Overall, the contrast between high melt in the deeper regions and low melt in the shallow regions is

well-simulated bybeththe 3D-modeviiTgem{(Fig—27¢)andby LADDIE (Fig. 273d).

regions (Payne et al., 2007). The accurate modeling of such melt channels therefore requires the explicit simulation of the ow
below the ice shelf. As a consequenttesemelt channels cannot easily be simulated using models of fewethiamensions

to variationsin the tuning parameterstience we concludethatthe DotsonChannelis robustlyandrealistically simulatedo

16



s continuedby a closerlook at the detailedmel
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475
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485 Kohler grounding zone (Fig2?)--3i-l).. This is the only deepgroundingzoneof this ice shelfwherevalid observationgrom

25 myr ! (Fig. 2283], Gourmelen et al. (2017)). These rates agree well with the average melt rates of 2bfnogr airborne
surveys over the same period (Khazendar et al., 2016). These melt rates are approximately 3—4 times higher than the averag
melt rates over the wholéressen-BetseiCrosson—Dotsoite Shelf over the same period (Gourmelen et al., 204F)his

490
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Remeteln the shallowregions,the observationgreinconclusivewith regardto melt or refreezing.In theseregions,both

505 Another regionwhereremotesensing products do not provide reliable estimates for basalisnattthe grounding line

groundingline regionswith arelatively at ice shelfbase Both MITgcm andLADDIE_ reproducgheselow melt rates athe
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ualitativelyrealistic,As sheamarginsarecrucialfor ice shelfstability (Sun et al., 2017; Lhermitte et al., 2020)e

inconsistencypetweerthe melt patternshetweerMITgcm andLADDIE couldbesigni cantin the eld of ice shelfmodeling.
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h-resolutiorsimulationswith LADDIE reveala variety of small-scalenelt patternghatcannotbe con rmed by either

describghesenewmeltfeaturesandassesghepotentialunderlyingphysics.

assessment by Alley et al. (2016) that melt channels in this warm region are predominantly ocean-sourced. Such ocean-source
channels requira locally enhanced basal melt to originate and persist. We see that LADDIE simulates enhanced basal melt in
these channels, indicating that the modeled basal melt patterns can support ocean-sourced basal channels.

3.1.4 DotsonChannel
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pathways. The Dotson Channel appears to provide a pathway for meltwater from the Smith grounding zone. Similarly, the
Coastal Channel appears to act as the main pathway for meltwater from the Kohler grounding zone. Near the ice-shelf front,
these meltwater plumes converge before exiting the ice shelf cavity. Althoughtthepathways are clearly carved in the ice
shelf topography (Fig??3a), the remote sensing estimates of basal melt ¢Figb) do not provide conclusive evidence for

595 their existence.
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3.2.1 Large-scalepatterns

3.2.1 Model evaluation
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canlimit thepropagatiorof crevasseandcan

4 Discussion

In the quest for a computationally ef cient method to simulate physically plausible basal melt elds, we have presented the 2D

strengths of parameterisations and 3D ocean models. This means that the model must be computationally signi cantly cheapel
than 3D models whilst producing signi cantly more realistic basal melt elds than idealised parameterisations.

In terms of its computational cost, LADDIE falls in between simple parameterisations and 3D ocean models. Basal melt pa-

can be computed online with negligible computational cost. In contrast, 3D ocean models require considerable resources; for

that reason, the resolution in the ISOMIP+ protocol was adjusted fromtth 2 2 kn?. The higher resolution would pose
a signi cant limitation to the participation of 3D ocean models (Asay-Davis et al., 2016). For LADDIE atlakir? res-
olution, a full spin up requires 0.5 CPU hours for thesssen-BetseiCrosson—Dotsaoiice Shelf and 60 CPU hours for the

ularly suitable for extensive tuning and sensitivity experimgiaswhich a large number of simulatioaseis required.

The spatial detail of the basal melt elds simulated by LADDiE|s of comparable quality téresethatproduced by 3D

resolves the in uence of ice shelf topography and Coriolis de ection on the meltwater ow. This allows for the simulation

of physically plausible enhanced melt rates in basal channels and shear zones, as well as the western intensbeatibn of
meltplumesmelt within basal channels. Each of these features can have a signi cant effect on ice shelf dynamics and thus on
ice—ocean interactions. In comparison to 3D ocean models, LADDIE reproduces most basal melt features despite its idealisec

physical description. The higher resolution at which LADDIE can be con gured allows for more detail in ne-scale features
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simulationof suchdetails may be important for coupled ice—ocean modelimgéldition;LADBIEreselvessigni-cantbasal
ingline—Thesemeltratesmaybeoverestimatedor-theFilehner-Renndee She enkins-etal—2006)

betweerthedeepoceanandthecontinentakhelf(e.g., Thompson et al., 2018). In additiepatiatynen-unifermtidatforeing
i Hehner-Renndee ShelMakinsen-etal 20t Hausmann-etal2020)

i jori the model cannotbe usedto addresgjuestiongelatedto time scales

suchastheserequire3D

the-presentmedelversion. Another process that is currently not included is the limitation imposed by the available water
column thickness. In most regions, the plume thickness is signi cantly less than the total water column thickness. Therefore,
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2005; Jordan et al., 2014). The overall patterns of basal freezing by LADDIE appear physically plausible, yet these may be
880 improved by explicitly simulating frazil ice formation. All of the above processes are considered possible expansions of the
model, beyond the scope of this rst model version.

conservationawsin-the completecavityln additionto.more advancechhysics,the simulatedmelt patternscanbe improved
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onRstreindire -dernve

ratesis-onebetileneckior-the validation;tuning; elds. Theforcing elds of "offshore’ temperaturegndsalinitiesshouldbe

5 Conclusions

In this study, we have introduced the basal melt model LADDIE. The model resolves the layer thickness, momentum, tem-

odelsto assesghe performanc

eof LADDIE relativeto

perfermanemnmelt featureghatarenot visible in eitherobservationgr 3D oceanmodels yet which areconsistentvith the
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Code and data availability.The model code is available on https://github.com/erwinlambert/laddie. The code for analysing model output and
creating gures is available on https://github.com/erwinlambert/laddie-description. The model results are available on https://zenodo.org/recort
The BedMachine v2 data is available from https://nsidc.org/data/nsidc-0756
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Appendix A: Sensitivity-te-3D forcing

The LADDIE model can be forced with either 1D pro les of ambient temperature and salinity, or 3D elds representing the
cavity. In the main text of this paper, idealised 1D pro les are applied. In this section, we address the impact of 3D forcing. In
Fig. A1, melt patterns under both forcing options are shown. The 1D forcing is identical to that described in the paper. The 3D
forcing is derived from the MITgcm model over the period 2003—-2008.

Notably, the melt patterns (Fig. Ala,b) show a strong similarity. From large to small scales, melt patterns and plumes are
resolved regardless of the forcing eld. These patterns are governed by the topography which has a rst-order impact on the
basal melt patterns. The differences arise primarily in the high-melt region downstream from the Smith grounding zone (higher
melt for 3D forcing) and the melt channels and shear zones (lower melt rates for 3D forcing). These differences arise due to
the differences in the applied forcing elds, including the strati cation therein. We note that a greater overlap between the two
cases could be achieved if the 1D forcing pro les were derived directly from the 3D MITgcm elds. However, this comparison
shows the difference between the simplest application of the model (idealised 1D forcing) and the most complex one (detailed
3D forcing). Although signi cant differences exist, the basal melt patterns are nearly identical, implying that the exact forcing
has a second order effect. A major exception to this is the average basal melt rate, which is strongly tied to the forcing applied.

Appendix B: Tuning

As described in the main text, we consider two paramet@igp, andDnyn as tuning parameters. The tuning is based on
the Eressen-BetseiCrosson—Dotsosimulations with 3D forcing from MITgem, averaged over the period 2003-2008. For

both parameters, we apply a tuning procedure based on ve tuning targets described below. The parameters are tuned for thre
horizontal resolutions, namelyx = 0.5 km, 1.0 km, and 2.0 km. We scale the horizontal viscosity and diffusion linearly with

the resolution, leading to values, = Ky, = 25, 50, and 100 As ! respectively. These latter values were based on trial and
error, largely guided by numerical stability.
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and ofDnin 2 [2; 4; 6; 8 m]. For each of these 16 simulations, the diagnostics described below are quanti ed. Based on the
best t to the tuning targets, for each of the three resolutions, the optimal vali@g&f andD min are extracted.

B1 Tuning targets

As tuning targets, we consider arange of ve diagnostics. The average melt rate over tRedetaln-Botserosson—Dotson

Ice Shelf is tuned to a range of 8.7-9.9 m yr This range is based on the average melt rate of 0.8 m yr * derived from
remote sensing observations over the period 2003—-2008 by Rignot et al. (2013).

The following three diagnostics represent the spatial melt patt@ime melt rate in the Kohler grounding zone, the Dotson
Channel, and the centerline along this Dotson Channel (se@¥F&for the locations). The melt rates in these regions are tuned

compensate for interannual variability, we tune the model to melt ampli cations (regional melt divided by ice-shelf average
melt), rather than the actual melt rates. These ampli cations were found to be more robust on an interannual basis.

For the Dotson Channel and the centerline along this channel, tuning ranges are derived from the remote sensing observation
over the period 2010-2016 by Gourmelen et al. (2017), equal to those presented in the main text. Melt ampli cations are derived
by dividing these regional melt rates by thessson-Detserosson—Dotsoaverage melt rate of 6.89 m yt over 2010-2016

(Goldberg et al., 2019). Note that we follow Goldberg et al. (2019) and average melt rates by omitting negative values. This
leads to regional melt ampli cations in the Dotson Channel of 1.2 and along the Channel Centerline of 2.8. Without reported
uncertainties in the data set, we are forced to prescribe arbitrary uncertainties. We apply tuning ranges of 1.1-1.3 and 2.4-3.2
respectively.

For the Kohler grounding zone, we combine estimates from the same remote sensing data set with estimates from radai
observations over the comparable period 2010-2014 (Khazendar et al., 2016). The average melt rate over the Kohler grounding
zone from remote sensing is 25.5 m yr From radar observations, this is 20.4 m yrUsing these values as upper and lower
bounds for the tuning range gives a range for the Kohler ampli cation of 3.0-3.8.

The fth and last diagnostic used as a tuning target is the total overturning circulation. The overturning in LADDIE

ambient watento-theupperayer. This volume ux, together with the small volume ux of meltwater, exits the meltwater layer

through detrainment and out ow across the ice-shelf froitte that, for Crosson—Dotsorthe contributionof detrainments

during which melt rates were comparable to the period 2003—-2008 (Jenkins et al., 2018). We take a tuning range based on the
lowest and highest observations among these three years, leading to a range of 0.39-0.61 Sv.
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B2 Tuning results

The tuning results are shown in Fig. B1, with the rst ve columns representing the ve tuning targets, and the three rows
representing the three resolutions. The coloured shading displays the simulated diagnostic values. The grey shaded zone i
each panel marks the tuning range. In the sixth column, the overlap of the ve tuning ranges is shown, with darker regions
marking a better agreement with the tuning targets.

Based on this overlap, the optimal values@fop, andDmin are determined, marked by the yellow dots. For resolutions of
1.0 and 2.0 km, four of the ve diagnostics fall within the tuning range, with the Channel Centerline (CC) being the exception.
For the resolution of 0.5 km, all ve tuning targets are met and a full agreement was found between model and observations.

We nd that we can choose the same optimal valueGggo, for each resolution. This value of 1.10 3 is close to the
value of 1.0 10 2, taken by previous studies (Jourdain et al., 2017; Mathiot et al., 2017). Keeping this same V@lkg of
for all resolutions, we nd that differences in resolution — and correspondingly the visodgignd diffusivity K, — can be
compensated by varyind i . Keeping the same parameter values, the average melt and the Kohler ampli cation decrease
when the resolution is increased. Decreading, reduces the thickness of the thermal barrier that the simulated layer forms
between the warm ambient water and the ice shelf draft. The consequence is that a reducedvgjuérmireases the average
melt and the Kohler ampli cation, thus compensating for the increased resolution.

The single tuning target that cannot be obtained with all resolutions is the Channel Centerline (CC) ampli cation. The
observed range of 2.4-3.2 can only be reproduced using a resolution of 0.5 km (Fig. B1p). Whilst the melt ampli cation over
the full width of the Dotson Channel can be reproduced with each resolution, the sharpness of the melt peak across this channe
requires a high resolution and a low viscosity and diffusivity. This nding highlights the importance of high-resolution basal
melt patterns. Forcing an ice shelf model with basal melt rates at a too coarse resolution, may underestimate the thinning along
the centerline of the channel. This can lead to an underestimation of the time it takes for the channel to 'burn through' the ice

shelf (e.g., Gourmelen et al., 2017). The optimal parameter values for each resolution are used throughout the current study fol

each year betwen 1979 and 2012, using annual mean 3D forcing from the MITgcm simulations (Fig. B2). For the average
melt (Fig. B2a), the interannual variability is strong and time periods must be selected carefully, as we have done. For the
regional melt applications (Fig. B2b-d) and the overturning circulation (Fig. B2e), the interannual variability is comparable to
the assessed uncertainty. Hence, the exact time period used to gather the tuning targets from observations is less importan
Based on this, we are con dent that the above tuning procedure is robust with respect to interannual variability.
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Besidesthe bulk numbersdescribedabove,a clos

wheremelt plumeswith enhancedneltrates ow throughthe channelln addition,
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Figure 2. Geometry and forcing for the €resson-DPotson-Crosson-Dotson and Filehner-Renne-Filchner—Ronne Ice Shelves. a,bd) Ice shelf
geometries. The bright shading indicates the ice shelf draft, increasing from the grounding line to the ice-shelf front. The low-contrast shading
denotes the bed topography below the open ocean (dark blue) and the grounded ice sheet (grey), with dark colours indicating a deep bed.
The locations are indicated with the inset overview maps between a) and b). Abbreviations are: Gl. (Glacier), HS. S—(Ice Stream), KIR. £R-
(KerffIce Rise), and HPI. ER—(Henry-leeRisePeninsula). b,c,de,f) Idealised vertical temperature and salinity forcing profiles applied in the

main simulations.
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