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Abstract. Landfast sea ice (fast ice) is a prominent feature of the Antarctic coastal environment. It plays key roles as a climate
driver in the hydrological dynamics of the Antarctic continental shelf and serves as a critical habitat. However, despite its
importance, Antarctic fast ice remains poorly represented in most global climate models. This study addresses key knowledge
gaps in sea—ice modelling for realistically simulating Antarctic fast ice within an elastic—viscous—plastic rheological frame-
work using a stand—alone sea—ice model. We conduct a suite of pan—Antarctic 1/4° stand-alone sea—ice model simulations
to quantify the role of grounded icebergs and to systematically test the influence of key rheological parameters (yield—curve
ellipse aspect ratio, tensile strength, and ice strength) in sustaining fast ice. To support this, we introduce a new grounded
iceberg dataset and a method to prescribe realistic grounded iceberg distributions based on observations. Our results show
that the model reproduces the observed spatial distribution, seasonal maximum, and growth and retreat rates of Antarctic fast
ice. Simulated fast ice reproduces the observed seasonal climatology but captures only limited inter—annual variability in cir-
cum—Antarctic fast—ice area. We demonstrate that simulated fast ice is highly sensitive to the ellipse aspect ratio (controlling
the shear strength of the yield curve), tensile strength magnitude, and the presence and distribution of grounded icebergs. Re-
alistic Antarctic fast ice is produced with an ellipse aspect ratio of 1.2, a tensile strength of 0.2, and a prescribed pan—Antarctic
grounded iceberg extent of ~ 580 grid cells distributed consistently with observations. In this configuration, comparison with

an otherwise similar simulation without grounded icebergs indicates that approximately 83% of simulated fast—ice area de-
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pends on grounded icebergs as mechanical anchoring points. Importantly, these rheology and grounded iceberg modifications
do not degrade the simulation of overall sea—ice area, thickness, or velocity in the Southern Ocean in our stand—alone simu-
lations. These findings provide practical guidance for improving Antarctic fast—ice representation in coupled climate models

through realistic grounded iceberg representation and targeted tuning of rheological parameters.

1 Introduction

Landfast sea ice (LFI) is immobile sea ice that is anchored to stable geographic features, such as the seabed, coastline, ice
shelves, or grounded icebergs (GIBs). Sea ice is generally classified as landfast if immobilised for longer than some threshold
time period—typically 15-20 days (Mahoney et al., 2007b, 2014; Fraser et al., 2020). Around Antarctica, LFI is observed on
most of the coastline during any given year (Fraser et al., 2021). While some Antarctic LFI persists over multiple summer
seasons (termed “multi-year LFI”), the majority—approximately two—thirds—is seasonal (Fraser et al., 2021). It generally
reaches its maximum extent (~601 x 103 km?) in October and its minimum extent (221 x 10? km?) in March (Fraser et al.,
2021). Antarctic LFI is a key component of the sea ice—ocean interface, playing a multifaceted role in shaping both physi-
cal processes and ecological systems. It provides essential habitats for iconic species such as emperor penguins (Aptenodytes
forsteri) (Aptenodytes forsteri; Labrousse et al., 2021) and Weddell seals (Leptonychotes weddellii) (Ainley et al., 2015), and
contributes to the mechanical stability of ice shelves and glacier tongues by damping ocean swell and tidal energy (Massom
et al., 2018; Teder et al., 2022). Importantly, persistent LFI is not evenly distributed, with multi—year LFI found within Liit-
zow—Holm Bay, in the western part of Prydz Bay, Sulzberger Ice Shelf, and Shackleton Ice Shelf, where GIBs and coastal
geometry (Porter-Smith et al., 2021) act together to promote stability.

The physical characteristics of LFI are shaped by a combination of mechanical and thermodynamic processes (Mahoney
et al., 2014). Mechanically, LFI can form through the convergence of mobile sea—ice floes, which become arrested against
coastal or grounded features and gradually consolidate into a stationary ice mass (Mahoney et al., 2007b). This dynami-
cally—formed LFI typically exhibits a rough, deformed surface, particularly near its seaward margin, where repeated collisions
and pressure ridging dominate (Mahoney et al., 2007b; Lange et al., 2025). In contrast, thermodynamic processes gener-
ate smoother, more uniform LFI through the in-situ freezing of seawater during quiescent conditions. Such thermodynami-
cally—formed LFI is common in sheltered embayments or behind coastal promontories, where reduced mechanical interaction
allows ice to freeze and consolidate steadily (Giles et al., 2008). The relative contributions of these two formation modes deter-
mine the morphology, structural integrity, and seasonal persistence of LFI across the Antarctic margin (Wongpan et al., 2025).
This duality is also reflected geographically: for example, thermodynamically—formed LFI dominates embayments such as
McMurdo Sound and Marguerite Bay, whereas mechanically—formed LFI features more prominently along exposed margins
of East Antarctica (Maksym et al., 2012; Inall et al., 2022).

In Antarctica, the bathymetry of the continental shelf facilitates the grounding of icebergs along many coastal margins
(Massom et al., 2001), where they act as physical anchor points that mechanically couple sea ice to the grounded iceberg and

directly enable the formation and long—term persistence of LFI (Wright and Priestly, 1922; Kusahara et al., 2010; Nakayama
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et al., 2014). This grounding typically occurs in waters shallower than 500 m (Fraser et al., 2023). This differs from Arctic
LFI which typically depends upon sea ice keels grounding at water depths less than 30 m (Mahoney et al., 2007a; Lemieux
et al., 2015, 2016). Fraser et al. (2021) showed that the persistence—weighted mean bathymetric depth associated with LFI
is ~403 m and noted that the ~400 m isobath provides only a region—dependent, first—order indicator of persistent LFI. In
addition to GIBs, coastline geometry (embayment/protrusion complexity and aspect) can promote or inhibit Antarctic LFI
by providing sheltered embayments that favour thermodynamic growth and by enabling interception of drifting pack ice by
coastal protrusions (Porter-Smith et al., 2021).

Both first-LFI and Multi—year LFI can exert a buttressing effect on adjacent ice shelves and glacier tongues by restraining
seaward motion and, in some settings, reducing calving rates (Gomez-Fell et al., 2022). This mechanical coupling provides one
motivation for improving the representation of LFI in numerical models, particularly in regions where persistent nearshore ice
modifies the stress regime acting on floating ice and ice tongues.

Separately, LFI plays an important role in Antarctic coastal polynyas by defining a stable coastal boundary that interacts
with offshore winds and geometry to regulate polynya location and extent (Nihashi and Ohshima, 2015; Fraser et al., 2019).
Observations show that LFI can enhance polynya size and total sea ice production by deflecting consolidated pack ice away
from the coastline, but can also suppress sea ice production when extensive LFI coverage masks active ice—growth areas (Fraser
et al., 2019). Because polynyas are key sites of brine rejection, these LFI—polynya interactions influence dense shelf water
formation and downstream contributions to Antarctic bottom water (Orsi et al., 2001; Morales Maqueda et al., 2004; Johnson,
2008; Tamura et al., 2016; Pirlet et al., 2025). Consequently, realistic simulation of LFTI is relevant not only for coastal sea—ice
distribution, but also for coupled oceanographic impacts mediated through polynya activity (Kusahara et al., 2017b; Cougnon
et al., 2017; Van Achter et al., 2022).

Antarctic LFI also influences ecosystem processes: it provides an important habitat for ice—algal growth (Wongpan et al.,
2024), and its seasonal development regulates light, stratification, and nutrient supply in adjacent coastal waters, with marked
effects documented in regions such as Prydz Bay and the Ross Sea (Henley et al., 2023). In this way, LFI links the physical

sea—ice environment to coastal biogeochemistry and food—web functioning (Fraser et al., 2023).
1.1 Modelling of Fast Ice

Modelling the formation and persistence of LFI has relied on various parameterisations. In a study of Arctic LFI, Lieser
(2004) introduced a heuristic scheme based on sea—ice thickness, distance to a coastline, and ocean depth. In essence, grid cells
sufficiently close to the coast were declared LFI once the ice thickened to a prescribed threshold relative to local bathymetry
(as a proxy for keel grounding), and the ice velocity was then set to zero until thermodynamic melt reduced thickness below
the threshold, at which point the ice could again advect. Their model successfully reproduced observed coastal polynyas and
adjacent LFI in the Laptev Sea. However, because the LFI state is imposed diagnostically (i.e., by prescribing immobility
once a geometric/thickness condition is met) rather than emerging from the modelled stress balance, the approach cannot
represent mechanically—driven detachment events or the persistence of LFI in regions where stability depends on internal stress

transmission (e.g., arching and resistance to fracture under wind— and current—driven forcing). More generally, prognostic
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LFI requires a stabilising mechanism in the momentum balance that can resist divergence and maintain arches; in standard
viscous—plastic formulations without an explicit tensile component, the ice offers little or no resistance to tensile stresses
so confined or anchored ice can readily fracture and detach unless additional physics (e.g., tensile strength or an equivalent
drag/anchoring parameterisation) is included (e.g., Hibler, 1979; Konig-Beatty and Holland, 2010; Lemieux et al., 2016).

A key step toward prognostic LFI in coupled models was to introduce a seabed stress into the sea ice momentum equation.
Lemieux et al. (2015) proposed a bathymetry—dependent seabed stress term (73) to represent resistance associated with keel
grounding in shallow water, thereby suppressing drift and enabling LFI to form and persist along Arctic coasts. In a subsequent
circum—Arctic evaluation, Lemieux et al. (2016) showed that LFI extent and persistence are strongly sensitive to the inclusion
and magnitude of tensile strength parameter (k1) and to the ellipse aspect ratio of the yield—curve (e). These results highlight
that realistic simulated LFI requires both an anchoring mechanism and sufficient shear and tensile strengths to form sea ice
arches (e.g., Hibler, 1979; Konig-Beatty and Holland, 2010; Lemieux et al., 2016).

However, the seabed stress mechanism introduced to represent sea—ice keel grounding in shallow water is expected to have
a limited impact in Antarctic applications, because direct keel-seabed interaction is confined to a very small number nearshore
areas there. Whereas shallow Arctic shelves (often < 20 m) permit frequent ice—seafloor interaction, the Antarctic continental
shelf is typically much deeper—commonly exceeding 300-500 m—and the “coastline” is often defined by steep ice—shelf
fronts rather than gently sloping shores. This greatly limits sea ice keel grounding to small nearshore zones, while deep troughs
and complex ice—shelf margins further complicate any simple grounding criterion (Porter-Smith et al., 2021). Consequently,
Antarctic LFI requires alternative stabilising mechanisms, including physical pinning by GIBs and/or lateral drag at fixed
boundaries (coastlines and ice—shelf fronts). Lateral drag parameterisations have also been proposed as a complementary
stabilising mechanism for Arctic LFI in deep marginal seas (Liu et al., 2022). In this study, we focus on the former by

developing a new circum—Antarctic GIB dataset and testing its impact in a controlled modelling framework (Section 2).
1.2 Previous Antarctic Fast Ice Modelling Studies

Several Antarctic modelling studies have examined coastal ocean—ice interactions with LFI prescribed as a static boundary
condition based on observational LFI distributions. In these studies (e.g., Cougnon et al. (2013); Gwyther et al. (2014); Kusa-
hara et al. (2017a); Cougnon et al. (2017), and Xia et al. (2023)), LFI is implemented as a fixed structure with minimal or no
evolution in space or time. For example, Kusahara et al. (2017a) represented LFI as a thin ice—shelf-like barrier of uniform
thickness (15 m) to investigate dense shelf water formation along Adélie and George V Lands, while Cougnon et al. (2017)
and Xia et al. (2023) used prescribed LFI to examine sea—ice—ocean coupling and eddy-tide interactions in East Antarctica.
Such idealised prescriptions provide stable boundary conditions that can be useful for isolating hydrographic responses, but
they cannot represent the observed spatial and temporal variability of LFI formation and retreat, and they do not allow LFI to
respond dynamically to forcing.

Fully prognostic Antarctic LFI simulations have only recently been demonstrated in regional coupled—model studies. Huot
et al. (2021) showed that LFI can emerge in a fully coupled ocean—sea ice—atmosphere simulation of the East Antarctic coastal

zone when the rheology includes tensile strength and stabilising anchors are present in the form of grid cells modified to
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represent grounded icebergs. Their experiments reproduced key spatial and seasonal characteristics of LFI in Adélie Land
and highlighted the importance of both rheological support and grounded constraints for maintaining attachment under real-
istic forcing. Similarly, in a high-resolution regional coupled configuration centred on the Totten Ice Shelf (Totten Ice Shelf),
Van Achter et al. (2022) found that regional LFI formation required prescribed GIBs represented as land—masked grid cells
derived from the RADARSAT-1 Antarctic Mapping Project Synthetic Aperture Radar (SAR) mosaic (September—October
1997; Jezek et al. 2013). Because this period coincides with peak LFI extent in the region (Fraser et al., 2021), distinguishing
GIBs from seasonally immobilised ice can be challenging; Van Achter et al. (2022) addressed this using a cumulative ice-
berg—area threshold and a depth criterion (grounding proxy in water shallower than 450 m). Together, these regional studies
demonstrate that Antarctic LFI can be simulated prognostically in coupled systems, but they remain geographically limited
and do not yet provide a circum—Antarctic assessment of LFI controls.

At the pan—Antarctic scale, Pirlet et al. (2025) implemented a circumpolar representation of LFI in NEMO-SI3 by restoring
sea ice velocity toward zero within the spatial and temporal bounds of Fraser et al. (2020) observational Antarctic fast ice
dataset (F2020). Their hindcast simulations (2001-2017) showed that constraining LFI in this way improves the realism of
simulated coastal polynyas, LFI thickness, and summer sea ice extent, and provided a first pan—Antarctic estimate of LFI
volume (~10.6% of total sea ice volume). However, because the method imposes LFI through an observational mask, it does
not allow tests of the physical mechanisms that generate and maintain LFI, nor does it readily generalise to periods outside
the observational record. This reinforces the need for prognostic Antarctic LFI capability in sea—ice and coupled ice—ocean

models.
1.3 Study Objectives

Recent Antarctic—focused regional modelling studies demonstrate that prognostic LFI is achievable when stabilising mecha-
nisms are represented (e.g., Huot et al., 2021; Van Achter et al., 2022). Here we extend this to a circum—Antarctic setting for
the first time, and quantify the sensitivity of simulated LFI to key rheological parameters and prescribed GIBs. Since the Huot
et al. (2021) and Van Achter et al. (2022) models rely on rheological formulations to simulate LFI, a systematic investigation
of parameter sensitivity is essential to extending these approaches across the broader Southern Ocean domain. While these im-
portant rheological parameters (e.g., tensile strength, ellipse aspect ratio) have been studied in Arctic contexts, their influence
on LFI in the Antarctic remains poorly constrained.

The present study advances our understanding of Antarctic LFI by testing whether a realistic simulation can be achieved in
a stand—alone sea—ice model, with the aim of informing parameter choices governing LFI representation in climate models.
We achieve this through a series of targeted sensitivity experiments on key rheological parameters and by prescribing various
GIBs fields. Firstly, we assess the skill in maintaining realistic overall Antarctic sea ice area, thickness and drift velocity
with LFI-specific parameterisations. Secondly, we introduce a new pan—Antarctic GIB dataset and evaluate the sensitivity of
LFI simulation to the presence, concentration, and spatial distribution of GIBs. Thirdly, we identify which parameters exert
strong control on resulting LFI extent and persistence. We focus on the rheological parameters k1 (Konig-Beatty and Holland,

2010) and e, together with the ice strength parameter (P*) and concentration scaling parameter (C*) (Hibler, 1979), and the
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Elastic—Viscous—Plastic rheology (EVP) subcycling parameter N4 (Hunke and Dukowicz, 1997) which controls the number
of sub—cycles per time—step. To characterise variability beyond the core sensitivity period, we also extend two representative
configurations over a 30—year span, enabling assessment of spatial patterns, the timing and magnitude of seasonal maxima and
minima, and inter—annual variability of circum—Antarctic LFI. These three objectives collectively support a broader effort to
inform targeted improvements in coupled climate models through refined representation of LFI in the Southern Ocean as an

inherent constituent of modelling sea ice (Vancoppenolle et al., 2025).

2 Datasets and Methods
2.1 Circum-Antarctic Sub—-Grid—Scale Grounded Iceberg Dataset

Previous studies have incorporated GIBs into Antarctic sea ice models by prescribing them in static land—mask grid cells. In
their regional simulations, Huot et al. (2021) manually digitised iceberg locations from LANDSAT imagery (2011-2015),
representing them as fixed land points in the sea ice and surface flux modules. Similarly, Van Achter et al. (2022) derived
their GIB mask from the RADARSAT-1 Antarctic Mapping Mission SAR mosaic acquired in September—October 1997
(Jezek et al., 2013). Grid cells were flagged as GIBs (i.e., represented as isolated islands) if the cumulative iceberg area within
a cell exceeded 2km?, provided the local bathymetry was shallower than 450 m (Huot et al., 2021). Both studies relied on
manual classification of a limited number of regional GIBs, and until our current work, presented here, no contemporary
circum—Antarctic GIB dataset existed that could be directly mapped to climate—model grids.

To address this gap, we construct a new circum—Antarctic GIB dataset from March 2024 SAR imagery and distribute it
alongside this work. The dataset targets icebergs that remain stationary during late summer, when LFI is close to its seasonal
minimum (Fraser et al., 2021), thereby maximising the likelihood that detected stationary features correspond to grounded
(rather than temporarily fastened) icebergs. The construction workflow and quality—control procedures are summarised here
and described in detail in Appendix A. A limitation of any late—summer snapshot is that residual LFI or episodic pack—ice
convergence (sea—ice compressed locally by winds/currents against the coast or other obstacles) can temporarily immobilise
icebergs, potentially introducing false positives. We expect this effect to be further reduced in 2024 because Antarctic sea—ice
extent remained exceptionally low (the second lowest year on record) through both the February minimum and the winter
maximum, indicating unusually open coastal—ice conditions overall (Abram et al., 2025).

We follow Huot et al. (2021) and Van Achter et al. (2022) by representing GIBs as static “islands” (i.e., land—mask grid
cells) within the sea—ice model. Directly incorporating every detected iceberg using this approach would require extensive
landmask modification, producing unrealistic false promontories and artificial coastal barriers. In coupled configurations, such
barriers would also be expected to disrupt ocean circulation, while simultaneously leaving too few ocean grid cells available to
sustain realistic LFI development. To manage this, as with Huot et al. (2021) and Van Achter et al. (2022), we do not modify
the grid for every single grounded iceberg in the dataset. Instead, we apply a probability—weighted thinning algorithm that
reduces the number of GIB cells implemented as land—mask “islands” while preserving large—scale spatial density. We let ¢ be

the observed iceberg count in a model grid cell; then we compute a retention probability p(c) (Appendix A, Equation A1) and
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retain the cell if u < p(c) for u ~ U(0,1), with isolated cells deterministically retained (Appendix A). Each realisation therefore
yields a different binary subset that is statistically consistent with observed GIB density. This probabilistic framework ensures
consistency with observed spatial patterns while maintaining model realism. The thinned GIB dataset, hereafter referred to as
grounded iceberg thinning parameter (GIBy), is implemented as a binary mask. Each realisation of GIBy selects a unique binary
subset of GIBs accordingly. An additional advantage of this probabilistic approach is that multiple realisations of GIBy can
be generated, providing a means to assess the robustness of model behaviour to different—but observationally consistent—GIB
configurations.

As in Huot et al. (2021) and Van Achter et al. (2022), representing GIBs as “islands” overly simplifies their physical
representation: each retained iceberg occupies an entire model grid cell, fully blocking all ocean exchange through that cell.
This simplification is more pronounced in our case due to the coarser model resolution used in our (global) simulations,
where individual grid cells south of 60°S typically represent ~ 60 — 200 km? of ocean. While this approach does not permit
iceberg—ocean interaction or partial cell permeability, its impact is less critical in our present study given that the focus here is
on LFI sensitivity rather than ocean circulation or thermodynamic feedbacks. Indeed, this caveat reinforces the suitability of
performing these sensitivity experiments in sea ice—only (stand—alone) mode, where landmask modifications do not interfere
with coupled ocean processes.

Despite observational evidence that GIBs strongly influence LFI formation and extent around Antarctica (Massom et al.,
1998; Fraser et al., 2021), GIBs have had limited incorporation into prognostic sea ice models, largely due to the historical
absence of high-resolution, circum—Antarctic datasets detailing their distribution. Without a representation of GIBs, models
struggle to reproduce the spatial structure and seasonal persistence of Antarctic LFI, particularly in regions lacking com-
plex coastal geometry (Li et al., 2020a). The dataset and thinning approach introduced here address this gap and provide an

observationally grounded pathway for prescribing GIBs in stand—alone sensitivity experiments.
2.2 CICE Stand-alone Configuration

We employ the Los Alamos Community sea Ice CodE version 6.4.1 (CICE) model (Hunke et al., 2022) in stand—alone mode,
driven by prescribed atmospheric and oceanic forcing fields. This configuration CICE (version 6.4.1) stand—alone configu-
ration (i.e. without a coupled ocean model) (CICE6—SA) omits interactive ocean—sea ice feedbacks, but provides a compu-
tationally efficient framework for controlled experimentation on sea ice processes. By holding the oceanic and atmospheric
drivers fixed, the stand—alone configuration enables systematic sensitivity testing of rheological parameters and model con-
figurations over extended simulation periods. This approach allows us to isolate the dynamic controls on Antarctic LFI and
evaluate how key parameters influence its simulated extent and variability. This approach prioritises understanding the physical
process—particularly of mechanical interactions and GIB constraints—over detailed thermodynamic coupling with the ocean.
Our model setup is similar to that of Day et al. (2024), who similarly focused on dynamic processes in CICE, while using
prescribed or restored boundary conditions.

The model domain uses the global Australian Community Climate Earth-System Simulator at 1/4° horizontal resolution
(ACCESS-OM2-025) tri-polar Arakawa—B grid from Kiss et al. (2020). Simulations span 1 January 1993 to 31 December
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1999, with two extended runs continuing to 31 December 2023. Daily outputs include key diagnostic fields such as ice con-
centration (ajce), thickness (h;ce), velocity components (Uice, Vice), internal strength and stresses, and thermodynamic fluxes.
Sea ice dynamics are governed by the EVP rheology, with a base thermodynamic time step of At = 1800s. Subcycling within
EVP is managed through two nested loops: the dynamic—thermodynamic coupling time step is subcycled once per At, and
the internal EVP solver performs Ny, = 240 iterations to resolve the stress—strain relationship. This value reflects a balance
between computational efficiency and numerical stability (Kimmritz et al., 2016). Most experiments in this study employ the
revised EVP formulation from Bouillon et al. (2013), which improved the spatial realism of simulated Antarctic sea ice cover
in preliminary tests. Sea ice thermodynamics are represented using the mushy-layer conductive scheme with five thickness
categories. Ice internal stresses are computed with the standard EVP elliptical yield—curve (e), which controls the relative
resistance to shear versus compression—decreasing e increases the effective shear strength. All simulations are initialised with
no sea ice cover, and daily—averaged history files are generated throughout. Simulation settings are summarised in Table 1.

Atmospheric forcing is taken from the European Commission on Medium-range Weather Forecasting (ECMWF) Reanal-
ysis version 5 (ERAS) dataset (Hersbach et al., 2020), and includes hourly fields of 10 m wind vector components (u19,v10),
2m air and dew—point temperatures, surface pressure, downward short-wave and long—wave radiation, and total precipita-
tion. To map ERAS fields onto the model grid, we perform bilinear remapping using the Earth System Modeling Framework
(ESMF) library (Hill et al., 2004; Zhuang et al., 2021) with nearest—neighbour extrapolation. The forcing routine is han-
dled within the custom CICE6-SA Fortran module that reads, masks, and interpolates two temporal snapshots of the forc-
ing fields, using the local interpolation coefficients clintp and c2intp to compute an hourly temporally—weighted state
f(t) =c1f(to) +caf(t1), where f(to) and f(¢;) are forcing snapshots bracketing the current model time, and ¢; + ¢z = 0.5,
which is based on the model time—step (At).

Sea Surface Temperature (SST), salinity, and ocean surface velocity components are prescribed from the ECMWF Ocean
Reanalysis System version 5 (ORAS) ocean reanalysis product (Zuo et al., 2019). These fields are re—gridded to the model
grid using bilinear interpolation with nearest-neighbour extrapolation (via ESMF), and are stored without depth—averaging
prior to being used as forcing inputs. Temporal interpolation is applied in the same manner as for the atmospheric forcing.

A key feature of our CICE6-SA configuration is the implementation of a daily SST restoring mechanism. This nudging
approach constrains the model—predicted sea surface temperature to remain close to the observed SST, thereby maintaining
consistent thermodynamic gradients at the ice—ocean interface and supporting realistic surface energy fluxes. Following the

formulation of Day et al. (2024), the restoring is applied at every timestep using:

SSTnew == SSTmodel + tAit (SSTobs - SSTmodel) (1)

rest
where At is the model timestep and ¢, is the restoring timescale. In this study, we set trestore = 1 day to achieve daily
nudging toward the prescribed SST field.
In addition to SST restoring, other oceanic forcing fields are treated to ensure numerical stability and physical realism.
Sea surface salinity is constrained within a physically realistic range (5-47 PSU) to prevent numerical artefacts, and ocean

surface currents from ORAS are filtered to remove anomalous spikes. The CICE6-SA configuration employs the internal
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mixed-layer formulation in CICE, with a fixed mixed—layer depth set to 60 m. This depth is consistent with observed clima-
tological estimates of the Antarctic winter mixed layer, which typically range between 50-70 m across much of the Southern
Ocean (Petty et al., 2014; Pauling et al., 2016; Pellichero et al., 2017). While highly simplified compared to prognostic ocean
models, prescribing a representative climatological depth avoids spurious thermodynamic behaviour in the absence of fully
coupled ocean feedbacks, and provides a reproducible framework for isolating the sea ice rheological sensitivities of interest
here.

The study period of 1993-1999 of most model runs was chosen to align with existing ACCESS-OM?2-025 simulations,
ensuring consistency with prior experiments and comparability across model configurations. Importantly, while the present
configuration is an uncoupled sea ice model, it inherits many structural elements from the ACCESS-OM2-025 frame-
work—including the tri—polar grid. In this sense, the CICE6—S A experiments occupy a hybrid space: they isolate ice physics
from ocean feedbacks but remain closely aligned with the CICE configuration in ACCESS-OM?2-025. This continuity en-
sures direct comparability with fully coupled ACCESS-OM?2-025 simulations forced with ERAS, situating our stand—alone
experiments within the broader ACCESS—-OM?2-025 modelling framework.

2.3 Table of Simulations

The full suite of experiments includes 26 sensitivity simulations, each varying a single parameter related to rheology and
GIB configuration. We focus on rheological parameters that control the shape and strength of the yield curve and the ability
of the ice pack to resist opening and shear: the ellipse aspect ratio (e), which defines the shear strength; the tensile strength
factor (kr), which modulates resistance to tensile stresses; the ice strength parameter (P*) and its concentration scaling (C*);
and, separately, the GIB concentration fraction (GIBy). The ranges sampled for each parameter (e.g., e= 0.8 to 2.5, k0= 0
to 0.6, P*=1x 10% to 5 x 10*, C*= 10 to 30, and GIBy= 15 to 35%) combine values previously shown to support realistic
LFI behaviour in regional and global sea—ice models (e.g., Hunke (2001); Tremblay and Hakakian (2006); Dumont et al.
(2009); Konig-Beatty and Holland (2010); Lemieux et al. (2016); Bouchat and Tremblay (2017); Toyota and Kimura (2018))
with additional exploratory tuning using CICE6-SA. Table 1 summarises all experiments, including parameter values and

acronyms used throughout this paper.
2.4 Fast Ice Classification in Model Output

To evaluate modelled LFI, we apply two complementary classification methods to discriminate between drifting pack and
stationary LFI: (a) a two—week “rolling—mean” approach; and (b) a “binary—days” persistence method. In previous mod-
elling studies of LFI (Lemieux et al., 2015; Olason, 2016; Huot et al., 2021; Van Achter et al., 2022), the rolling—mean
approach has typically been implemented using threshold—based criteria. Most notably, Lemieux et al. (2015) classify ice as
LFI when two-week—averaged sea ice speed is below a fixed threshold of 5 x 10~% m /s (corresponding to a sea ice displace-
ment of ~660m over two weeks). We employ a two—week rolling mean of sea—ice speed used distinguish LFI from pack
ice (rolling—mean) method and classify a grid cell as LFI if it has sea ice concentration > 15% and meets this average speed

criterion. This produces a rolling mean—based LF1-mask, that we denote as Mgy o).
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Table 1. Summary of CICE6—SA sensitivity simulations and configuration parameters. Rows are grouped into: (i) forcing and GIB distri-
bution experiments (ry93 to gi-mid-gi3); (ii) ice—strength concentration—scaling experiments; (iii) ice—strength amplitude experiments;
(iv) tensile—strength experiments; (v) yield—curve ellipse aspect—ratio experiments; and (vi) the combined “fast—ice favourable” configuration
(FI-heavy). Unless otherwise stated, the default CICE6—-SA configuration is gi-mid as follows: ellipse aspect ratio (e)= 2.0, tensile
strength parameter (k)= 0.2, ice strength parameter (P*)= 2.75x 10*, concentration scaling parameter (C*)= 20, Ny, = 240, revised EVP
enabled, and GIBg= 25%. The elps—min run (bold) is used as the primary fast-ice-representative experiment throughout. Simulations
gi-mid-gil, gi-mid-gi2, and gi-mid-gi3 use identical rheological settings to gi-mid, but are run with different stochastic real-
isations of GIB placement to assess sensitivity to iceberg distribution. notens-nogi is the nearest equivalency to ACCESS-OM2-025

as can be achieved in CICE6-SA. ry 93 applies 1993 repeat—year atmospheric forcing (ERAS) to demonstrate CICE6—S A stability over

the six—year period.

Run Name

Long Name

Brief Description

ry93
notens-nogi
gi-mid
gi-max
gi-min

gi-nil

gi-nil-def

gi-mid-gil

gi-mid-gi2
gi-mid-gi3

Repeat Year Forcing
ACCESS-OM2-025 equivalent
Control run

Grounded iceberg maximum
Grounded iceberg minimum

No grounded iceberg but landfast sea
ice—enabled

No grounded iceberg, default rheology

Grounded iceberg perturbation 1
Grounded iceberg perturbation 2

Grounded iceberg perturbation 3

1993 repeat—year forcing

No tensile strength, no GIBs (unmodified landmask), default e= 2.0
Mid-range concentration of GIBs with GIBy = 25%

Highest concentration of GIBs with GIBg= 35%

Lowest concentration of GIBs with GIBy= 15%

Unmodified ACCESS-OM2-025 land-mask; favourable rheology
for LFI with kr= 0.3, e= 1.2, P* =5 x 10*, C* = 10
Unmodified ACCESS-OM2-025 landmask with default
CICE6-SA parameters

Alternate randomised configuration of GIBs, GIBy= 0.25

Alternate randomised configuration of GIBs, GIBy= 0.25

Alternate randomised configuration of GIBs, GIBy= 0.25

Cstar—-max

Cstar-min

Concentration scaling parameter maximum

Concentration scaling parameter minimum

Strong strength decay with decreasing sea ice concentration, C* = 30

Weak strength decay with decreasing sea ice concentration, C* = 10

Pstar—-max

Pstar-min

Ice strength parameter maximum

Ice strength parameter minimum

High ice strength, P* = 5 x 10*
Low ice strength, P* =1 x 10*

ktens-nil
ktens-min
ktens-max

ktens—-ext

Tensile strength parameter zero
Tensile strength parameter low
Tensile strength parameter high

Tensile strength parameter very high

Tensile parameterisation, disabled ko= 0
Low tensile strength, k0= 0.10

High tensile strength, k0= 0.30

Very high tensile strength, k0= 0.60

ters from above

elps-max Ellipse aspect ratio very high e=2.5
elps-mid Ellipse aspect ratio moderate e=1.6
elps—-ext Ellipse aspect ratio very low e=0.8
elps-min Van Achter et al. (2022) configuration e=1.2
FI-heavy Use of landfast sea ice favourable parame- Same as gi—nil but with GIBs enabled; GIBp= 25%, k= 0.30,

e=1.2,P*=5x10* C* =10
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As a complement to this temporally—smoothed approach, we also implement a binary—days persistence classification. We
additionally use a persistence—based diagnostic to test sensitivity to the temporal definition of “immobility” and to allow limited
tolerance to short-lived mobility events, whereas the rolling—mean approach has been used in several modelling studies to
characterise simulated LFI dynamics (e.g., Lemieux et al., 2015; Huot et al., 2021; Van Achter et al., 2022; Olason, 2016).
Rather, we use a second diagnostic to test sensitivity to the temporal definition of “immobility” and to introduce controlled
tolerance to short-lived mobility events. In particular, a strict two—week mean enforces persistence on the full window, whereas
observed and simulated LFI can exhibit brief episodes of enhanced motion associated with storms, shear localisation, or
partial break—up, followed by rapid re—fastening. The binary—days metric allows such transient excursions while still requiring
sustained low—speed conditions on most days, thereby separating persistent fastening from intermittently mobile coastal ice. In
this method, we apply the same concentration and speed thresholds to each daily—averaged simulation output to produce a daily
candidate mask of low—mobility ice (“daily—fast-ice”, denoted Mp1_gay). This field is used only as an intermediate diagnostic
for the persistence filter below, and is not interpreted as LFI in the main results because instantaneous low speeds can occur in
unconstrained pack ice during periods of weak forcing, yielding spurious LFI detections. Unless stated otherwise, all LFI area
statistics and figures in the main text are computed from My _pi, rather than Mgy gay. In the binary—days method, a grid cell
is classified as persistently LFI at time ¢ if it satisfies the daily thresholds on at least 9 of the past 11 days (Appendix B). This
yields a LFI-persistence mask, M1 _pin, which reduces day—to—day intermittency in Mp1_q., While retaining daily resolution
for formation and breakup timing.

For all simulations in Table 1, we report circum—Antarctic LFI Area (FIA) as the pan—Antarctic sum of grid—cell area
classified as LFI. In experiments that include GIBs, we add the total GIB footprint area (i.e. the cumulative sum of grid—cell
area where the GIB mask is active) to the FIA, such that the reported value is FIA,, = FIAp; + Agr. This GIB contribution
is a time—invariant offset on the model grid and is included in all experiments that prescribe a thinned GIB mask (i.e., all
experiments except notens-nogi, gi-nil, and gi—-nil-def). For reference, the total circum—Antarctic GIB area is
approximately 6.7 x 10* km? for GIBy= 25% (used in all experiments other than those listed in the previous sentence), 3.8 x

10* km? for GIBg= 15% (gi-min experiment), and 1.48 x 105 km? for GIBy= 35% (gi-max experiment).

3 Results
3.1 Circum-Antarctic Validation of General Sea Ice Properties

To evaluate the realism of simulated sea ice in the Southern Ocean, we compare a set of CICE6-SA experiments with satel-
lite—derived Sea Ice Area (SIA) observations from the United States National Snow and Ice Data Center (NSIDC) (Meier
et al., 2021), and with two coupled ocean—sea ice models: ACCESS-OM2-025 (Kiss et al., 2020) forced with ERAS and
ORAS (Zuo et al., 2019). Three CICE6—S A experiments are provided here: notens—nogi, representing a default (unmod-
ified to support fast ice) rheology without GIBs; elps-min, a fast-ice—favourable configuration (reduced e= 1.2, non—zero
kr=0.2, and prescribed GIBs); and ry 93, a repeat—year forcing experiment used solely to demonstrate numerical stability

and isolate the impact of inter—annual forcing variability (with rheology otherwise close to the control), and notens—-nogi
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Figure 1. Circum—Antarctic validation of (a) Sea Ice Area (SIA) and (b) Sea Ice Thickness (SIT). Panel (a) shows mean daily climatologies
(solid lines) of Antarctic SIA averaged over 1994-1999, with shaded bands denoting the inter—annual range for each model or observational
product. Panel (b) shows the daily climatology of Antarctic SIT from model simulations (1994-1999) compared with the satellite—derived
ESA-CCI climatology (2002-2017). In both panels, the legend distinguishes satellite observations (NSIDC in (a), ESA-CCI in (b)),
CICE6-SA experiments (notens—-nogi, elps—min, ry93), and coupled ocean—sea ice models (ACCESS-OM2-025, ORAS).

which has a very similar configuration to ACCESS—-OM?2-025. These three experiments are therefore best viewed as rep-
resentative configurations—a “no—fast—ice” baseline (notens—-nogi), a fast-ice—favourable tuned case (elps-min), and
a repeat—year stability test (ry93)—rather than spanning the full range of pack—ice sensitivity sampled across the broader
parameter ensemble. Together these runs sample the main parameter choices explored in this study while providing context
for comparison against coupled systems. We first assess model skill in reproducing large—scale seasonal evolution of Antarctic
STA and Sea Ice Thickness (SIT) (Fig. 1), and then examine sea ice drift biases (Fig. 2).

Fig. 1a shows circum—Antarctic STA climatologies averaged over 1994-1999. All CICE6—SA experiments capture the
timing of the seasonal SIA maximum, while the minimum is shifted by (up to) a fortnight in some members. Relative to
NSIDC observations and the coupled models, the CICE6—SA runs show slower early—season growth; during spring, the
retreat begins from a larger SIA state (positive bias) and faster melt then narrows the gap into summer. This is likely due to the
absence of ocean feedbacks such as mixed—layer heat fluxes and stratification, and to the prescribed ~60 m mixed—layer depth
used in the forcing, which largely sets the phase and amplitude of the pack—ice seasonal cycle (e.g., Petty et al., 2014). Among
the CICE6-SA runs, inclusion of GIBs in e lps—min modestly reduces the maximum SIA compared to notens-nogi,
consistent with enhanced mechanical resistance, while ry 93 behaves similarly to notens—nogi but retreats slightly earlier
due to year—specific forcing. All three CICE6-SA runs reach their maximum later in the year than ACCESS-OM2-025,
aligning more closely with the observed October peak in NSIDC. These differences highlight both the benefits and trade—offs
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of isolating sea ice physics: phasing is improved relative to the coupled system, but amplitude remains biased high without
ocean—ice feedbacks.

To further evaluate the physical realism of simulated sea ice characteristics, the SIT climatologies in Fig. 1b compare the
multi—year daily SIT cycle from each model with observational estimates from the ES A—CCI dataset (Hendricks et al., 2024).
The ESA-CCI climatology, representing the 2002-2017 mean, provides a benchmark for evaluating model performance in
the absence of direct in sifu thickness measurements, because the ESA—CCI thickness product is derived primarily from
radar—altimetry retrievals, it remains subject to larger uncertainties during the melt season and in coastal and marginal-ice
zones (Trivedi et al., 2025). All simulations capture the strong seasonal cycle, with elps-min exhibiting the thickest ice,
peaking at ~2.6 m in late summer. However, all models underestimate Antarctic SIT relative to ESA—CCI, with late—summer
biases of order 0.5-1 m and persistently thinner winter ice across the domain. The coupled ACCESS—OM?2-025 simulation
generally lies between the CICE6-SA experiments elps-min and ry 93, consistent with ocean—ice feedbacks that limit
thermodynamic thickening relative to the uncoupled configuration. The thicker late—summer ice in elps-min relative to
ry 93 highlights sensitivity to the yield—curve ellipse aspect ratio: reducing e enhances shear resistance and promotes mechan-
ical thickening via increased convergence and ridging (e.g., Dumont et al., 2009; Lemieux et al., 2016; Bouchat et al., 2022;
Hutter et al., 2022). The notens—-nogi and ACCESS-OM2-025 configurations share broadly similar rheological settings,
so differences in their SIT maxima mainly reflect the impact of interactive ocean circulation and mixed—layer processes on
ice growth and melt. In turn, the thicker late—summer ice in e lps—min compared with ry 93 highlights the sensitivity of
Antarctic SIT to the yield—curve ellipse ratio: reducing e from 2.0 to 1.2 enhances shear resistance and mechanical thickening,
consistent with previous studies showing that smaller ellipse ratios increase ice—thickness (e.g., Dumont et al., 2009; Lemieux
et al., 2016; Bouchat and Tremblay, 2017; Hutter et al., 2022). Taken together, these experiments suggest that the CICE6-SA
framework produces a broadly realistic Antarctic SIT climatology, and systematically thicker ice than in the coupled and
reanalysis systems, though still thinner than suggested by current satellite retrievals.

To assess the fidelity of simulated sea ice drift, Fig. 2 presents sea ice speed biases compared with satellite—derived sea
ice drift from OSI-SAF (EUMETSAT, 2025) over the 1994-1999 period. The ice speed bias reveals that the coupled AC-
CESS-OM2-025 simulation exhibits a positive bias year-round-averaging ~0.04 m/s over the winter months—indicating
overly mobile sea ice. In contrast, elps—min and notens—nogi show more modest negative biases (~0.02m/s) during
winter. ORAS speed differences relative to OSI-SAF are small (typically < 0.01m/s), consistent with a reanalysis product
in which sea—ice state is constrained by data assimilation and model dynamics.

Collectively, these metrics indicate that, relative to the coupled ACCESS—OM?2-025 configuration (which exhibits overly
mobile ice), the tuned CICE6-S A experiments—particularly e 1ps-min—bring the representation of Antarctic sea ice dy-
namics closer to that implied by the NSIDC, ESA-CCI, and OSI-SAF observations, especially where the rheological pa-

rameters enable LFI growth.
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Figure 2. Climatological bias in Antarctic sea ice speed (m/s) for 1994-1999, calculated as model minus Ocean and Sea Ice Satellite
Application Facility (OSI-SAF) satellite observations. Results are shown for two CICE6—SA configurations and for the coupled global
models ACCESS-OM2-025 and ORAS. Shaded regions indicate inter—annual variability across the six—year climatology.

3.2 Parameter Modifications

Presenting and discussing LFI Persistence (FIP) as a map along with the time series of FIA allows for a discussion of both
spatial distribution and seasonal cycle as is provided in this section. FIP, mapped in the lower panels of Figures 3-6, is the
temporal fraction during which each grid cell satisfies the number of days daily fast ice was present out of over a given period of
days used distinguish fast ice from pack ice (binary—days) classification criteria (see Section 2.4; orange line in these figures).
To maintain legibility at circum—Antarctic scale, the persistence maps are shown as two longitudinal sectors that together
span the major LFI regimes while avoiding excessive compression of the coastal band. The first sector (20°° W—160° E) covers
much of East Antarctica, where slightly broader continental shelves support higher concentration of GIBs, contributing to more
broad distribution of multi—year landfast sea ice (multi—year LFI) and contribute substantially to the circum—Antarctic FIA.

The second sector (160°-20° W) includes the West Antarctic Peninsula and adjacent seas, where a highly indented coastline
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(fjords, embayments, and island chains) promotes strong embayment anchoring, but less multi—-year LFI and therefore provides
a stringent test of whether the model captures persistence driven by small—scale coastal geometry. In combination, these sectors
highlight whether parameter perturbations modify the persistence of LFI (spatial stability) rather than only the amplitude of
the seasonal FIA cycle. Unless otherwise noted, results are presented using the binary—days classification, which we adopt as
the primary diagnostic owing to its improved representation of persistent LFI (see Section 2).

To isolate the effect of mechanical anchoring and rheological resistance on simulated Antarctic sea ice, we first evalu-
ate a baseline simulation—notens-nogi—configured as closely as possible to match the rheology parameters of AC-
CESS-OM2-025 (i.e., k7= 0.0, e= 2.0, P*= 2.75 x 10%, C*= 20, and GIBy= 0), without bathymetry modifications to simu-
late GIBs, or tensile strength. Hence notens—nogi serves here to assess the degree to which a typical rheology can generate
and sustain LFI. Fig. 3 presents the resulting FIA and FIP from this notens-nogi simulation over 1994—-1999. The top
panel shows a comparison of fast ice climatology against the Fraser et al. (2020) observational Antarctic fast ice dataset. Both
classification methods—binary—days and rolling—mean threshold—yield very low LFI extent throughout the year, peaking
below 60 x 10% km? in July—August. In this baseline configuration, FIP is confined to sheltered deep embayments (e.g., Mc-
Murdo Sound; ~165°E). This corresponds to less than one—tenth of the observed maximum ~(601.0 x 103 kmz) and shows
only very weak seasonality.

In Fig. 3 the few locations showing marginal LFI persistence are confined to the western Antarctic Peninsula, where ge-
ographic features such as fjords and narrow embayments offer natural protection from ice breakout. However, even in these
regions, the persistence is low and discontinuous. These results confirm that in the absence of mechanical support from tensile
strength or GIBs, the default sea ice rheology in CICE6-SA fails to produce the observed LFI distribution. This experiment
establishes the necessity of enhanced rheological and anchoring mechanisms for realistic simulation of Antarctic LFI.

Next we introduce a moderate tensile strength into the rheology (kt= 0.2; Konig-Beatty and Holland, 2010; Lemieux et al.,
2016), while leaving other parameters unchanged (i.e. without the inclusion of GIBs). This configuration (gi—-nil-def),
shown in Fig. 4, also fails to reproduce LFI across most of the Antarctic coastline. Compared to the notens—-nogi simulation
(Fig. 3), the spatial distribution in gi—nil-def of FIP shows only very small improvements to pan—Antarctic LFI coverage,
with near—zero LFI across much of Antarctica. The western Antarctic Peninsula remains the main region of simulated LFI,
particularly within Marguerite Bay and adjacent inlets. This aligns with observations that complex fjord geometry and narrow
inlets can restrict drift even in the absence of GIBs (Fraser et al., 2021), allowing LFTI to persist through tensile strength alone.
Elsewhere, CICE6—S A default rheology proves insufficient to immobilise ice. The seasonal cycle in the top panel of Fig. 4
shows a weakly—emerging seasonality of FIA, with the binary—days metric peaking very late (Nov—Dec timeframe) at just over
~150 % 10® km>—around one quarter of the observed maximum extent. Consistent with Huot et al. (2021) and Van Achter et al.
(2022), the gi-nil-def experiment demonstrates that the addition of tensile strength alone cannot reproduce the observed
magnitude or timing of Antarctic LFI.

To evaluate the impact of GIB anchoring on LFI formation, we next analyse a simulation identical in configuration to
the previous experiment (moderate tensile strength, k= 0.2), but now prescribe some GIBs (GIBy= 25%) by reclassifying

selected ocean grid cells as land (i.e., GIB “islands” in the landmask; see Section 2), thereby introducing fixed mechanical
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Figure 3. Circum—Antarctic LFI area (top) and LFI persistence (middle and bottom) over the period 1994-1999 from the CICE6-SA
simulation notens-nogi without tensile strength or GIBs. Top: Daily climatology of total Antarctic LFI derived from binary—days
(MPF1 bin, orange), and rolling—mean (M1 o1, cyan) classification schemes, against the F2020 observational LFI climatology (black)
from Fraser et al. (2021). Shaded regions show the daily min/max climatology. Middle and bottom: Spatial distribution of LFI persistence

(unitless fraction of days satisfying the binary—days criteria; 0 to 1). The persistence—based Mp1 pin diagnostic is used.

anchors in an experiment named gi-mid; with 583 GIB cells (~6 x 10* km?). All other rheological and dynamic param-

eters remain unchanged from experiment gi-nil-def. This experiment enables a focused assessment of GIB—induced
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Figure 4. As in Fig. 3, but for the gi—nil-def simulation (tensile strength parameter= 0.2 and no GIBs). The orange line represents LFI

from binary-days method which is also the LFI that is mapped in the two pan—Antarctic sub—panels.

mechanical stabilisation. The resulting FIA and FIP from this experiment are shown in Fig. 5. The binary—days method of
LFI classification (orange line) peaks at over ~400 x 103 km?, which is ~65% of the observed maximum. Also improved

415 in this experiment is the FIA min/max timing, compared with observations. In contrast to the delayed and somewhat muted
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Figure 5. As in Fig. 4, but gi-mid adds GIBs (GIBy= 25%) as well as keeping the tensile strength (kr= 0.2).

seasonal cycle of the notens—-nogi and gi—-nil-def runs, the inclusion of GIBs in gi-mid yields a FIA seasonal cycle
whose maximum occurs in the late September through mid—October window and produces a more distinct summer minimum,
thereby aligning both the phase and amplitude of the seasonal cycle more closely with F2020. The inclusion of GIBs leads

to a substantial increase in both the spatial extent and temporal persistence of modelled LFI across nearly all sectors of the
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Antarctic coastline. Notably, the FIP map reveals widespread formation of LFI in East Antarctica, including at key locations:
Liitzow—Holm Bay, Cape Darnley, Shackleton Ice Shelf, Totten Ice Shelf, and Mertz Glacier Tongue—in general, along much
of the East Antarctic coast between 20-160 °E, which are regions that showed near—zero FIP in the absence of GIBs (i.e.,
CICE6-SA experiments notens—nogi and gi-nil-def, shown in Figures 3 and 4). This expansion suggests that the
presence of a thinned GIB prescription provides sufficient mechanical resistance to inhibit drift and enable the consolidation
of landfast in otherwise dynamic environments. Many of these locations correspond with known regions of observed LFI and
align closely with high—persistence zones in the F2020 climatology (Fraser et al., 2020).

Together, these results demonstrate that GIBs play a central role in enabling Antarctic LFI formation at the continental
scale. While tensile strength alone yields improvements in sheltered regions along the western Antarctic Peninsula, widespread
LFI formation and realistic seasonal evolution require the addition of GIBs to provide stability in bathymetrically favourable
zones.

Finally, we evaluate the incremental impact of further modifying the yield—curve by lowering the eccentricity parameter
from e= 2.0 to e= 1.2 (i.e., a less elongated yield curve), while retaining all other configurations from the preceding gi-mid
configuration (for consistency with earlier figures). This experiment, referred to as elps-min, includes moderate tensile
strength (kr= 0.2) and GIBs (GIBg= 25%), with P*= 2.75 x 10* and C*= 20, and mirrors rheological choices tested in Arctic
LFI studies—namely using a lower ellipse aspect ratio with non—zero tensile strength—(e.g., Lemieux et al., 2016, 2018;
Panteleev et al., 2020), and aligns with recent Antarctic—focused configurations (e.g., Van Achter et al., 2022). The goal is
to assess whether a more isotropic internal—ice—stress—tensor (and modest tensile strength) formulation further improves the
representation of Antarctic LFI, as suggested by prior Arctic work linking reduced e to more realistic LFI persistence (Lemieux
et al., 2016, 2018).

Fig. 6 shows a 1.65x increase to FIA from gi-mid and clear enhancement to spatial distribution of FIP. The top panel
reveals a strong increase in FIA across both classification methods, with the binary—days estimate achieving values similar to
the observed maximum of just over 601 x 10° km?. This experiment notably exceeds the peak extent achieved in the previous
(gi-mid) simulation, with the spatial distribution of FIP indicating increased presence not only in (aforementioned) key
zones across East Antarctica, but also along Prince Olav Coast, West Ice Shelf, Sabrina Coast, Oates Coast, Getz Ice Shelf, and
Larsen Ice Shelf. Notably, persistence values reach near—continuous (0.8-1.0) coverage in many grid cells, closely matching
observational patterns from F2020. Consistent with the Arctic literature, this suggests that a reduced yield—curve eccentricity
enhances the ability of the ice pack to resist internal deformation, thereby facilitating stable LFI formation even in regions
with moderate mechanical support (Lemieux et al., 2016). Consistent with previous Arctic and Antarctic studies, reducing
yield—curve eccentricity (lower e) enhances FIP and improves the spatial distribution of LFI (Lemieux et al., 2016, 2018;
Huot et al., 2021; Van Achter et al., 2022). In our Antarctic experiments, the combination of a reduced e with moderate
tensile strength and GIB—induced anchoring produces the most realistic LFI seasonal cycle and persistence patterns among

the configurations tested, consistent with the improved agreement with sea—ice thickness in Fig. 1b.
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Figure 6. As in Fig. 3, but for the e1ps—min simulation (kr= 0.2, GIBg= 25%, e= 1.2).

3.3 Parameter Sensitivity Sweep

To evaluate how key parameters influence simulated FIA and LFI Thickness (FIT), we vary one parameter at a time—the

455 concentration scaling parameter (C*), the ice strength parameter (P*), the tensile strength parameter (kr), the ellipse aspect
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Figure 7. Unitless sensitivity of circumpolar FIA to one—at—a—time parameter perturbations relative to the gi-mid control experiment. For
each experiment we compute a 1994-1999 fortnightly FIA climatology from the binary—days LFI mask (M1 _bin) and define sensitivity
as S = RMSD (Xm;, Xct1)/Xotl, Where xm is the experiment climatology, xct1 is the control climatology, and Y is the annual mean of the
control climatology. Horizontal bars show the median S across perturbed members within each sweep (the control has S = 0 by definition
and is omitted from the sweep summary); coloured points show individual members. The GIB fraction sweep (GIBg) varies the retained

fraction of GIB “island” cells (thinning the GIB landmask), whereas the placement sweep perturbs the spatial arrangement at fixed fraction.

ratio (e), and GIB fraction (GIBg)—while holding the others fixed (defaults: GIBy= 25%, P*= 2.75 x 10%, C*= 20; Appendix
Table E1). For each member we compute daily climatologies of FIA and FIT using the binary—days method (W =11, N=9,
speed threshold 5 x 10~% m/s) and then average to 15—day means over 1994-1999 to match the temporal sampling of F2020
(2000-2018). We do not compare FIT directly with ESA—CCI near the Antarctic coast owing to known retrieval uncertainties;
instead we use the model spread for context and note published observational ranges (e.g., Fig. 5 of Pirlet et al. 2025). Because
FIT is reported as an area—mean over grid cells classified as LFI, changes in FIT can reflect both local thermodynamic
differences and shifts in the LFI footprint (e.g., expansion into thinner peripheral ice); thickness differences are therefore
interpreted cautiously.

Fig. 7 summarises the sensitivity of the circumpolar FIA climatology to one—at—a—time parameter sweep. Across the ex-
plored ranges, the dominant controls on circumpolar FIA are the rheological parameters governing tensile resistance and
yield—curve shape: changes in kt and e produce the largest departures from the control seasonal cycle. In contrast, the
ice—strength scaling parameters P* and C* induce smaller changes. The GIB fraction parameter (GIBg) shows a moderate
sensitivity across the tested non—zero fractions, with the largest step—change occurring between the no—GIB case and the
lowest non—zero fraction; by contrast, perturbing GIB placement at fixed fraction produces minimal sensitivity.

Detailed FIA and FIT climatologies for each sweep are provided in Appendix C (Figs. C1-C3).
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3.4 Regional Fast Ice Persistence

We compare spatial FIP between the stand—alone CICE6—S A experiment e lps-min and the satellite—derived F2020 dataset
over 2000-2018 using a signed dominance index,

Pobs (X) — Piod (X)

D(X) - Pobs(x) +Pm0d(x) +€,

2

where P, and Py,0q are the per—grid—cell FIP fractions (i.e., the fraction of assessment times classified as LFI) and € is a
small constant to avoid division by zero when both are absent. By construction, D = —1 indicates LFI occurs only in the model,
D = +1 indicates LFI occurs only in F2020, and D =~ 0 indicates agreement. For compact regional summaries (Table 2), we

group D into three bins: model-dominant (D < —0.5), agreement (|D| < 0.5), and observation—dominant (D > 0.5).

Table 2. Persistence—weighted partitioning of regional FIP differences using the dominance index D (Eq. 2), comparing elps-min
with F2020 over 2000-2018. Rows are normalised to 100 %. Columns indicate the fraction of regional persistence falling into agreement
(|D| < 0.5), model-dominant (D < —0.5), or observation-dominant (D > 0.5) classes. GIB landmask cells are treated as Pmoa = 100% in

elps-min.

Region Agreement (%) Model-dominant (%) Observation—dominant (%)
Dronning Maud Land sector (DML) 24.7 23.1 52.3
Western Indian Ocean sector (WIO) 45.6 11.0 434
Eastern Indian Ocean sector (E1O) 39.8 16.5 43.7
Australian sector (AUS) 51.0 21.0 28.0
Victoria Land sector (VOL) 40.5 23.8 35.8
Amundsen Sea sector (AS) 43.2 20.3 36.5
Bellingshausen Sea sector (BS) 27.6 56.3 16.1
Weddell Sea sector (WS) 342 41.2 24.5
Pan—Antarctic 40.5 27.5 32.0

Across Antarctica, 40.5 % of persistence-weighted cells fall into the agreement class, 27.5 % are model-dominant, and
32.0 % are observation-dominant (Table 2). The sector maps (Figs. 8-9) show that these differences organise into coherent
coastal belts rather than isolated grid cells. Agreement is highest in the AUsS sector (51 %), which is also the sector with
the largest observed FIP; strong performance here is therefore particularly encouraging. Agreement is also relatively high in
WIO, AS, VOL, and EIO (40-46 %), where D ~ 0 commonly occurs along major ice—shelf fronts and prominent coastal
promontories that provide anchoring.

Observation—dominant belts (D > 0.5) exceed 40 % in DML, WIO, and EIO. These belts preferentially trace geometrically
complex coastlines—small capes, fjord-like embayments, and ice—tongue margins—suggesting that some stabilising features
and/or local coastal forcing represented in F2020 are under—resolved in the model. In contrast, model-dominant clusters

(D < —0.5) are strongest in BS and WS, where the model produces extensive LFI within deep embayments and sheltered
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EIO

model-dominant agreement obs-dominant

-1

Figure 8. Regional FIP dominance index D (2000-2018) comparing e 1ps-min with F2020 for four sectors: DML, WIO, EIO, and AUS.
Colours show D € [—1,1] (colour bar): D = —1 indicates persistence occurs only in the model, D = 0 indicates comparable persistence,
and D = +1 indicates persistence occurs only in F2020. Point opacity is weighted by observed persistence P,ps, emphasising locations of

persistent—observed LFI. Red squares denote GIB landmask cells in the model.
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Figure 9. As in Fig. 8, for the remaining four sectors: VOL, AS, BS, and WS. Colours show D € [—1,1]; opacity is weighted by Pops; red

squares mark model GIB landmask cells.
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Figure 10. Annual-mean circum—Antarctic LFI Area from F2020 and e1ps—-min over the overlap period, computed over March-February
“Antarctic years” to avoid partial-year artefacts (2000-2017; N = 18). The annotation reports skill for annual anomalies (series mean over

the overlap removed): anomaly correlation (r; p—value), anomaly RMSE, and the ratio of simulated to observed anomaly standard deviation.

margins. These patterns may reflect a combination of bathymetric sheltering, weak near—coastal currents, and/or pack—ice
conditions that favour multi—year LFI configurations in the model; targeted regional diagnostics (e.g., local bathymetry, coastal

winds, and current climatologies) are a natural next step for attributing these clusters.
3.5 Inter—-Annual Variability of Circuam—Antarctic Fast Ice Area

We assess whether e lps—-min reproduces year—to—year fluctuations in annual-mean circum—Antarctic FIA over the F2020
overlap period (2000-2017; March—February years), and determine that inter—annual variability is captured only weakly. Using
annual anomalies (mean removed over 2000-2017), the anomaly correlation between simulated and observed circum—Antarctic
FIA is r = 0.38 (p = 0.12), indicating that the correspondence between year—to—year fluctuations is not statistically significant.
The simulated variability is also under—dispersive relative to observations, with oy, ~ 14 x 103 km? compared with gops =
29 x 103 km? (0gim /Tobs ~ 0.48).

Additional diagnostics provide a consistent picture. Correlations of annual maximum and minimum FIA are similarly weak
("max =~ 0.33, rmin = 0.34), suggesting that the model does not reproduce the timing or magnitude of extreme LFI years

particularly well. Nevertheless, both the observed and simulated time series exhibit small negative trends over the analysis
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period (approximately —0.6 x 103 km? yr—! in the observations and —0.9 x 103 km? yr—" in the simulation), and the simulation
remains stable with no systematic drift over the full overlap period (Fig. 10).

Taken together, these results indicate that while the tuned configuration reproduces the mean seasonal behaviour of Antarc-
tic LFI, it underestimates the magnitude of year—to—year variability. This likely reflects missing processes that influence in-

ter—annual LFT stability, such as feedbacks arising from coupling with an ocean model.
3.6 Simulated Fast Ice Dependence on Grounded Iceberg Distribution

To quantify the dependence of simulated Antarctic LFI on GIB anchoring, we introduce a diagnostic metric that measures the
fraction of simulated FIA that is no longer present when GIBs are removed from the model configuration. Let FTA g denote
the FIA simulated in the reference configuration (elps—-min), and FIA,,g1 the FIA simulated in an otherwise identical
configuration without GIBs (gi—-nil-def) present in the model. The GIB dependence fraction is then defined as Dgip =
FIA,oa1 / FIA(;, where the over—bar denotes the temporal mean over the analysis period.

Using two of the 1994-1999 simulations analysed in this study (e lps-min & gi-nil-def), the mean circum—Antarctic
FIAq; ~ 468.7 x 10% km? for the GIB configuration and FIA ,,q1 ~ 80.4 x 103 km? without GIBs, hence Dgip = 0.83, which
indicates ~ 83% of simulated circum—Antarctic LFI depends on GIB anchoring. The GIB—dependent fraction varies season-
ally between approximately 76% and 89% when computing the monthly mean FIA, and results in a climatological mean of

~ 82%, which is very nearly equivalent to the long-term mean.

4 Discussion

The regional FIP—difference maps (Figs. 8-9; Table 2) reveal three coastal regimes: (i) areas where elps-min and F2020
agree on fast ice persistence, (ii) belts where observations show greater persistence, and (iii) clusters where the model produces
more fast ice than the observations suggest. When considered together with the preceding baseline configuration experiments
(Section 3.2) and the parameter sensitivity experiments (Section 3.3), these are consistent with a simple narrative: GIBs are
required for producing realistically-modelled Antarctic LFI, and a moderate setting of tensile strength parameter parameter-
isation and that, once GIBs are present, a moderate value of tensile strength parameter together with a reduced value of the
ellipse aspect ratio together regulate the spatial extent and persistence of simulated Antarctic LFI.

The baseline experiment without GIBs and without tensile strength parameter produces almost no circum—Antarctic LFI,
with small pockets confined to fjords of the western Antarctic Peninsula. Introducing moderate tensile strength parameter
alone only marginally increases circum—Antarctic FIA. The step change occurs when GIBs are added: FIA rises markedly
and the seasonal cycle shifts toward the observed winter peak and summer retreat. Reducing the ellipse aspect ratio from 2.0
to 1.2 further improves phase and amplitude of the seasonal cycle and increases spatial continuity of FIP. Quantifying the
contrast between simulations with and without GIBs confirms their dominant role as mechanical anchors for Antarctic LFI.
Over 1994-1999, mean circum—Antarctic FIA increases from ~ 80.4 x 103km? in the no—grounded—iceberg configuration

to & 468.7 x 10°km? when GIBs are included. Taken together, these results indicate that although approximately 81 — 83%
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of simulated Antarctic LFI depends on GIB, only about half of the simulated LFI lies within the immediate vicinity of
mapped GIB anchor points. This difference implies that GIBs exert a stabilising mechanical influence that extends beyond
their immediate adjacent grid—cell footprint, enabling the formation and persistence of broader coastal fast—ice systems.

The parameter sensitivity experiments presented in Section 3.3 formalise this picture. Increasing the tensile strength paramter
(tensile strength parameter) increases FIA monotonically across the tested parameter range and mainly affects retention through
late winter—spring; lowering ellipse aspect ratio promotes coherent persistence with limited effect on thickness; increasing the
GIB concentration boosts area across the year. In contrast, C* and P* primarily modulate the amplitude of the seasonal FIA
cycle within a configuration, without transforming timing or the presence/absence of LFI at the continental scale. These results
indicate that GIB, k, and e are the principal levers for achieving realistic Antarctic LFI, with GIB acting as the enabling
constraint and the two rheological parameters tuning the achievable persistence within that constraint.

Interpreting the spatial departures in the FIP—difference maps in the context of known Antarctic coastal geometries and
GIB distributions helps to locate where missing processes are most likely to matter. Where GIB form chains or dense fields,
agreement fractions are largest, consistent with prior mapping and synthesis (e.g., Fraser et al., 2020, 2021). Departures asso-
ciated with time—varying coastal geometry are also apparent. Around the Mertz Glacier region, the February 2010 calving of
the Mertz Glacier Tongue and the contemporaneous ungrounding of B9B altered the coastal configuration and nearby fast—ice
distribution; observational studies document these changes to coastal sea—ice regimes (Tamura et al., 2012; Massom et al.,
2015; Leane and Maddison, 2018). In the southern Weddell Sea, gradual northward migration of A—23 A has been linked with
the progressive loss of the Weddell fast—ice bridge (Li et al., 2020b); in our static mask A-23A is included but mapped in 2021
after it had already drifted some way to the north, which increases the distance required for fast—ice bridging relative to earlier
years. Taken together, these examples suggest that allowing major calving events and large tabular GIBs to update coastal ge-
ometry in time is likely to reduce some of the LFI persistent mismatches, while a static treatment remains adequate for smaller
GIB whose distribution is comparatively stable. Model-dominant clusters are most prominent in the Bellingshausen Sea sec-
tor. A plausible interpretation is that, without an explicit wave—ice breakup pathway, LFI persists in the model in regions that
experience long—period swell penetration. The role of swell in flexural failure of Antarctic landfast is documented (Massom
et al., 2018; Ochwat et al., 2024) and has roots in earlier accounts of wave-related LFI breakup (Crocker and Wadhams, 1989),
with recent assessments also linking swell to large—scale responses along ice—shelf margins (e.g., Liang et al., 2024; Teder
et al., 2025; Fraser et al., 2025). We did not simulate waves here; the spatial correspondence between model-dominant regions
and areas exposed to swell is therefore presented as hypothesis rather than demonstrated causation. Observation—dominant
areas are most extensive along several East Antarctic coasts. A likely explanation is that some GIB that act as LFI anchors
remain unresolved in the present model configuration. Recent high—resolution compilations of GIB distributions suggest that
additional pinning points may exist along these coastlines, and incorporating these datasets may reduce some of the remaining
spatial discrepancies.

Consistent with Fig. 10, elps-min captures the mean state of circum—Antarctic FIA reasonably well but reproduces
inter—annual variability only weakly. Over the F2020 overlap period (2000-2017), the simulation exhibits a modest positive

bias. These results suggest that while the tuned configuration produces a realistic seasonal climatology, additional ingredients
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(e.g., time—varying mechanical anchoring, improved coastal forcing, or coupled ocean feedbacks) may be required to reproduce
the observed magnitude of inter—annual Antarctic LFI variability.

Introducing GIB into the model as isolated grid cell islands is not the only way to simulate their presence. Other ways of
parameterising them can increase resistance to drift along coastlines and promote spontaneous fastening of the pack. One such
mechanism is enhanced lateral drag arising from sub-grid scale coastal roughness. A parameterisation representing this effect
has recently been implemented in the MITgcm sea ice model (Liu et al., 2022), where increased resistance along complex
coastlines slows pack ice motion and facilitates the formation of LFI. We suggest that this approach could be used together
with sub—grid—scale GIB maps, to simulate drag associated with observed GIB distributions. In this sense, lateral drag could
complement explicit GIB constraints by representing the aggregate anchoring effect of unresolved coastal features and smaller

GIB without physically imposing unreaslitic boundary conditions within the model grid.

5 Conclusions

This study identifies the key physical ingredients required for a sea—ice model to reproduce realistic large—scale Antarctic
landfast sea ice. A series of experiments demonstrates that the representation of grounded icebergs is the essential modifica-
tion needed to allow extensive Antarctic fast ice to form. In the absence of grounded icebergs, simulated circum—Antarctic
fast—ice area remains extremely small, averaging only ~ 13%, even when rheological parameters are modified to increase ten-
sile strength and reduce the aspect ratio of the yield—curve ellipse. Including grounded icebergs increases the mean simulated
fast—ice area to ~ 67%, and, when combined with enhanced tensile strength and a reduced yield—curve ellipse aspect ratio,
produces a near—equivalent circum—Antarctic fast-ice area. However, inter—annual variability is not well reproduced, likely
because grounded icebergs are implemented in a static manner and the simulations do not include feedbacks from a coupled
ocean. Considering the effect of grounded icebergs alone, we find that ~ 83% of simulated fast—ice area depends on their
presence as mechanical anchoring points.

Once grounded icebergs are present, rheological parameters determine how fast ice evolves and persists. In particular, the
tensile strength parameter (kiqns) allows the ice cover to remain attached, while reducing the ellipse aspect ratio (e) promotes
spatially coherent persistence without substantially altering simulated ice thickness. Parameter sensitivity experiments confirm
that these two parameters primarily control the seasonal amplitude and phase of circum—Antarctic fast—ice area, whereas the
traditional ice—strength parameters C* and P* exert only secondary influence on large—scale fast—ice behaviour. Lowering P*
additionally produces unrealistic reductions in fast—ice thickness. The configuration that combines moderate tensile strength,
grounded iceberg representation, and a reduced ellipse aspect ratio (k= 0.2, GIBg= 25%), and e= 1.2), with ice strength and
ice concentration scaling parameters (P*= 2.75 x 10* and C*= 20) produces the most realistic circum—Antarctic fast—ice area
and persistence among the simulations tested. Notably, these parameter values are broadly consistent with those commonly
used in Arctic sea—ice applications, lending confidence that the rheological behaviour required to simulate fast ice globally is

physically consistent, rather than strongly region—specific.
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Evaluation against the observational fast—ice record of Fraser et al. (2020) shows that the tuned configuration reproduces the
large—scale seasonal cycle of Antarctic fast ice and captures part of the observed interannual variability. Over the 2000-2017
overlap period, the model exhibits a small, insignificant positive bias in mean fast—ice area, reproducing year—to—year variability
partially (anomaly correlation r = 0.38, p = 0.120, 0gim/0obs = 0.48). In particular, the model does not reproduce the large
observed positive anomalies during 2013-2014 and underestimates the magnitude of the subsequent decline toward 2015-2017.
These results indicate that while the present configuration captures the mean seasonal behaviour of Antarctic fast ice, additional
processes are likely required to reproduce the full magnitude of interannual variability.

Spatial comparisons of fast—ice persistence between simulations and observations further highlight where such processes
may be important. Agreement is highest along coastlines where grounded icebergs form dense chains or clusters, reinforcing
their role as primary anchoring points for fast ice. Persistent mismatches occur where coastal geometry changed during the
study period—for example following the 2010 calving of the Mertz Glacier Tongue and the ungrounding of iceberg B9B, or
during the northward migration of iceberg A—23A in the southern Weddell Sea. These patterns suggest that allowing major
calving events and large tabular icebergs to modify the coastal geometry through time may reduce some of the remaining dis-
crepancies. Additional mismatches occur along swell-exposed margins such as the Bellingshausen Sea, where wave—induced
breakup of fast ice has been observed but is not represented in the present model configuration.

Together, these results outline a clear pathway for improving Antarctic fast-ice simulation in sea—ice models. Future de-
velopment should focus on representing time—varying grounded—iceberg geometry associated with major calving events and
large tabular icebergs, evaluating parameterisations of wave—induced fast—ice breakup in swell-exposed regions, and exploring
lateral drag formulations that represent resistance from unresolved grounded iceberg fields without artificially blocking ocean
circulation. Coupling the sea—ice model to a dynamic ocean is also likely to improve the representation of coastal currents,
thermodynamic feedbacks, and ice—ocean interactions that influence fast—ice stability. Implemented together, these develop-
ments offer a realistic path toward more faithful simulation of Antarctic landfast ice in both present—day and future climate

experiments.
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Appendix A: Grounded Iceberg Dataset Creation
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Figure Al. Example of GIBs at Ninnis Bank (66 — 68°S, 146 — 150°E) during March 2024 using satellite imagery. A) A Landsat-9
true—colour composite image from 8 March, 2024 showing the coastal environment, with the red inset indicating the area examined in
subsequent panels. B) Colour—enhanced composite map showing GIB locations (dark red) derived from the SAR backscatter analysis. C-E)
Corresponding Sentinel-1A SAR Extra Wide Swath (EW) (polarisation HH) imagery acquired on 6, 18, and 30 March, highlighting areas

of high backscatter from icebergs.
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GIBs were manually identified using Sentinel-1A SAR EW (polarisation HH) data acquired during the austral summer LFI
minimum in March 2024 (Fraser et al., 2021). This period was selected to minimise the number of icebergs which were held
stationary within LFI, since this is the climatological time of minimum LFI extent. As such, stationary icebergs that remained
outside the surrounding LFI cover were interpreted as the most likely grounded candidates at this time of year. The year 2024
was selected because, at the time, this was the lowest extent of LFI in the observational record (Abram et al., 2025).

Fig. Al panel A) shows a Landsat-9 true—colour composite (8 March 2024), used for context. Panels C—E contain radio-
metrically terrain corrected Sentinel-1A EW SAR scenes (acquired on 6, 18, and 30 March, 2024). This time period occurs
after most melt has refrozen, giving a large backscatter contrast between sea ice/ocean (relatively low backscatter) and icebergs
(high backscatter).

Analysis-ready Sentinel-1 EW SAR data were provided by Geoscience Australia under the Digital Earth Antarctica Pro-
gram. Sentinel-1 EW Ground Range Detected (GRD) data were processed to a normalised, radiometrically terrain—corrected
gamma-nought backscatter product using the pyroSAR (Truckenbrodt et al., 2019) and GAMMA (GAMMA Remote Sensing
AG, 2024) software packages. Processing used the Copernicus 30 m Digital Elevation Model (DEM), with ellipsoidal heights
applied for offshore data. The data were produced in decibel scaling at 40 m spatial resolution and reprojected to polar stereo-
graphic coordinates for analysis. Default range and azimuth multi-looking parameters defined by pyroSAR were used. GRD
border noise was removed from the input data using the pyroS AR method, and the bicubic spline back—geocoding method was
applied.

Manual detection of GIB was based on the requirement that a high—backscatter feature exhibit spatial persistence across three
SAR acquisitions in March 2024. To mitigate high labour costs associated with manual selection of thousands of GIBs, the
SAR imagery was processed to enhance temporally—persistent high—backscatter features by stacking time—separated images
and applying intensity normalisation and colour stretching techniques (see Fig. Alb). The resulting dataset, representing the
first circum—Antarctic dataset of grounded iceberg locations, is presented as part of this manuscript, and contains the manually-
extracted locations of over 6,500 GIBs around Antarctica.

The conversion of the GIB point dataset into a model-ready mask was carried out using the AFIM (Atwater, 2026a) analysis
framework archived with this manuscript. To translate this GIB database into a form suitable for CICE6-S A use, two steps

were carried out:

1. each GIB centre position was assigned to the nearest model grid cell using a nearest—neighbour search, and GIB counts

were then accumulated within each model grid cell; and
2. a probabilistic thinning algorithm was applied to the set of model grid cells containing one or more GIBs.

The aim of this approach was to preserve the large—scale spatial distribution and regional density of GIB while using
an automated method to reduce the total number of cells that would be converted to land “islands” in the model. This was
essential to avoid unrealistic obstructions to ocean circulation and excessive LFI formation due to over—anchoring. This kind

of “thinning” has also been applied by (Van Achter et al., 2022), but was performed manually in that work.
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The thinning probability p was defined using a scaled, non—linear function of GIB count per grid cell:

C — Cmin

Cmax — Cmin

o
P = Pmin + < ) (pmax _pmin)a (Al)

where c is the local iceberg count, ppin and pmax are the minimum and maximum retention probabilities, and -y is a steepness
control exponent (set to 2.0 to favour a quadratic relationship and keep the probabilities easily comparable to a concentra-
tion range between 0 and 1). This function ensures that regions with few icebergs have a low retention probability, while
high—density areas are preferentially preserved. This yielded a geographically balanced field of retained GIB cells (“islands™),
while preserving the large-scale regional density structure of the original dataset across repeated applications of the same set-
tings. To ensure representation of solitary GIBs, which may still provide important anchoring points for LFI, any cell with
no neighbouring GIB was retained regardless of its thinning probability. Let M (¢, ) be the binary GIB mask, where M =1
denotes a GIB and M = 0 indicates its absence. A cell at position (4, 7) is defined as isolated if all of its eight immediately

adjacent neighbours contain no GIB:

M(Z+6l7j+5j) =0 forall (5“6]) € {(71771)7 (7170)7 (7171)7 (0771)7 (071)7 (13*1)7 (1,0), (171)} (A2)

If this condition holds, the cell at (4, 7) is retained in the final mask regardless of its assigned thinning probability. This con-
ditional rule ensures that even isolated GIB cells can serve as anchoring points for LFI in otherwise sparse regions, consistent
with observations of individual GIB stabilising local LFI formation. The final GIBy mask was used to update the CICE6-SA

landmask file, reclassifying retained iceberg cells as land.

Appendix B: Justification of Model Fast Ice Classification Method
B1 Re-gridding Ice Velocities

To accurately represent sea ice motion near coastlines, we must address the implications of the no—slip boundary condition
implemented in the CICE6-SA configuration. In the Arakawa B—grid, sea ice velocity components (uice, vice) are defined at
cell corners, while scalar variables such as concentration (A;..) are defined at cell centres (the T—grid) (Murray, 1996; Hunke
et al., 2022). This staggering can introduce artefacts when comparing fields directly: land—adjacent B—grid velocity points
are artificially set to zero by the no—slip condition, producing “dead zones” in computed ice—speed fields immediately west,
southwest, and south of the coastline. For LFI classification, we therefore require a T—grid representation of ice speed that is
co-located with concentration and does not inherit corner artefacts from the B—grid.

In this study, we compute the native B—grid speed magnitude

lupg| = \/u2, +v2 (BI)

ice ice?

and then construct several T—grid approximations of speed from the underlying velocity components:
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— asimple 2 x 2 box average (Ta), obtained by averaging u;.. and vj.. over the four neighbouring B—grid corners around

each T—point;

— a no-slip—aware 2 x 2 average (Tb), which treats land—corner values as zero before averaging, thereby preserving the

intended no—slip behaviour while smoothing isolated corner artefacts; and
— abilinear B—T regridding (Tx), performed with precomputed ESMF weights and then combined into a magnitude field.

For a generic B—grid velocity component g € {Ujce, Vice } the Ta—averaged T—grid value at cell centre (i + 3,5 + 1) is

QTa(Z‘F%J‘i‘%):Z[QB(ZJ)+QB(Z+17])+QB(%J+1)+QB(1+L]+1)]- (B2)

The corresponding Ta—speed magnitude is then

=\ /ud +v3 . (B3)

For Tb, we first enforce the no—slip condition at land corners by defining

jur,

ns) . qg(i,7), if the B—grid corner (4,7) is ocean,
ay” (i) = (B4)
0, if the B—grid corner (3, 5) is land,

where qp € {Ujce, Vice - The Th—averaged T—grid value at the cell centre (7 + %, J+ %) is then

1
4

(ns) (ns) (ns)

ary i+ 3,5+ 3) = = [a896,0) + a8V 6+ 1,7) + a8V (6,5 + 1) + g8V (i + 1,5+ 1)]. (B5)

In particular, for a T—cell with a coast immediately to the south, the two southern B—grid corners are land and hence contribute

zeros to the numerator while the denominator remains 4. The corresponding Th—speed magnitude is

lur, | = y/ud, +v3 . (B6)

The classification framework is written to allow a composite T—grid speed formed from any subset of {B, Ta, Tb, Tx}, but
for the experiments analysed in this paper we use the Tb field exclusively as the LFI diagnostic. In practice, this amounts to
defining LFI where

Aice > Athresh and 0< ‘uTb‘ < Ughresh, B7)

with Ajpresh and ugresn given in Section 3.3. The Tb construction suppresses unphysical “dead” velocity cells adjacent to land
while retaining the physically motivated no-slip condition and ensuring that concentration and speed are evaluated on the
same T—grid. This step is specific to the B—grid implementation used here; future simulations employing CICEs emerging
C—grid formulation may be able to avoid such an intermediate regridding. These diagnostics and classification workflows were

implemented in the AFIM analysis framework archived with this manuscript (Atwater, 2026a).
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B2 Rolling Mean and Binary-Day Fast Ice Classification Methods

Within AFIM (Atwater, 2026a), two temporal classification methods are applied to CICE6—S A model output to classify LFI:
a rolling—mean method and a binary—days persistence method. In the rolling—mean approach, tracer and velocity fields are
smoothed using a centred 15—day window. A cell is classified as LFI if ice concentration exceeds o = 0.15 and the smoothed
ice speed derived from wry, is greater than machine—zero but less than or equal to 3 = 5 x 10~*m/s. This yields a mask:

o 1, if Ajee(t,4,5) > ccand 0 < |[wrs(t,i,5) || < B,
M ron(t,5) = e (B8)

0, otherwise.
In the binary—days method, we evaluate the classification daily (no smoothing), again using the same concentration and
speed thresholds:

1 i Ake(t,i) > aand 0 < lug (6,4, )| < B,
Mt aay (t,1,5) = e (B9)

0, otherwise.

To capture persistence, we then apply a temporal filter to the daily binary classification:

w/2

Loif > Mpray(t+k) >N,
MErbin(t) = k=—W/2 (B10)

0, otherwise.

with nominal values W = 11 and N = 9 used in the main text, though other parameter values are explored (see below).
B3 Justification for Ice Speed Threshold 3

Fig. B1 illustrates the sensitivity of simulated FIA to the choice of ice speed threshold (3, using both the binary—days and
rolling—mean classification methods. The binary-days method uses W =11, N =9, while the rolling—mean method uses a
15d rolling average. The results are taken from the e lps—min simulation, and the annual circum—Antarctic FIA minima/-
maxima values are then averaged over 1994-2023 period. At very low thresholds (3 < 10~* m/s), only the most immobile ice
is classified as fastened. This leads to unrealistically small values of FIA, below the observed circum—Antarctic bounds (black
dashed lines, of observed climatological circum—Antarctic FIA min/max from F2020). As g increases, progressively more sea
ice is classified as LFI, producing higher simulated FIA values. Beyond ~ 1073 m/s, the classification begins to encompass
large areas of pack ice that are still mobile, resulting in an overestimate of FIA. The behaviour is not entirely smooth: curves
flatten or show small discontinuities where regional maxima and minima change between years. This reflects the stepwise na-
ture of LFI classification at the scale of model grid cells, rather than an artefact of the method. Importantly, both classification
methods asymptote to stable FIA ranges at higher thresholds.

The vertical gray dashed line marks 3 =5 x 10~% m/s, a two—week rolling—mean criterion commonly adopted in earlier

studies (e.g., Lemieux et al., 2016; Huot et al., 2021; Van Achter et al., 2022). At this value, the rolling—mean method yields
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FIA maxima that lie near the upper bound of observed estimates from Fraser et al. (2021), while maintaining minima that
remain well below the observed range, consistent with seasonal LFI retreat. The binary—days method produces a slightly
higher estimate of FIA maxima at this threshold, but both methods remain within the plausible observational window. Overall,
we adopt 3 =5 x 10~% m/s as a physically defensible compromise: it excludes mobile pack ice, avoids the unrealistically low

coverage from more stringent thresholds, and yields annual FIA maxima and minima consistent with observations.

800 i 1 i L i L i 1
= binary-days (FIA max) |
=== binary-days (FIA min) :
== rolling-mean (FIA max) I
»== rolling-mean (FIA min) |
I
~ 600 == === =mmmmm———m - R~~~ —— === ————————— -
(\IE . Z
on
e}
—
X
—
N’
<
o 400 -
<
Q
2
—
2] .
[a] :
[li - _.— —— . ——— e
___________________________ __“.._,—.-.--.-.E"_L-__—_:-___‘_:-_:_—_:-_‘_—_
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B, Ice speed threshold (m/s)

Figure B1. Sensitivity of simulated LFI Area minima and maxima from elps-min (1994-2023 average) to the ice speed threshold S.
Both binary—days (blue and yellow) and rolling—mean (green and red) methods are shown. Vertical coloured dashed lines denote where the
circum—Antarctic simulated FIA min/max lines intersect with the observed circum—Antarctic FIA min/max from Fraser et al. (2021). The

vertical gray dashed line marks 8 = 5 x 10™* m/s, as used by Lemieux et al. (2016).
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B4 Fast Ice Classification Method Comparison
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Figure B2. Trade—off between RMSE and correlation for fast—ice classification configurations, evaluated against observed circum—Antarctic
FIA from F2020 over 1994-1999. Circles denote binary—days methods and squares denote rolling—mean methods; marker size is propor-
tional to the absolute FIA bias. For compactness, binary—days configurations are labelled as BW/N, meaning N days classified as fast ice
within a W—day window, while rolling—mean configurations are labelled as Rk for a k—day averaging window. The annotated points identify

representative configurations discussed in the text.

Fig. B2 compares the skill of the binary—days and rolling—mean fast—ice classification methods using annual circum—Antarctic
FIA over 1994-1999. A clear trade—off is evident between RMSE and correlation: configurations with the highest correlations
tend to occur at larger RMSE, whereas those with the lowest RMSE generally exhibit more moderate correlation. Across most
of the skill space, however, the binary—days family forms the upper performance envelope, achieving higher correlation than
the rolling—mean family at comparable RMSE.

The annotated binary—days configurations highlight this behaviour. Very permissive persistence criteria, such as B05/03 and

B07/05, attain the largest correlations, but only at substantially increased RMSE. At the opposite end of the trade—off, config-

750 urations such as B10/08 and B09/07 occupy the lowest—-RMSE part of the binary—days family, albeit with weaker correlation.
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Intermediate configurations, including B11/09 and B13/11, sit between these extremes and therefore provide a more balanced
compromise between amplitude error and temporal agreement.

The rolling—mean family follows a similar progression with increasing window length, but is consistently displaced toward
lower correlation relative to binary—days. Shorter rolling windows, such as RO5-R07, provide the strongest rolling—mean
performance, whereas longer windows (e.g., R14, R15, R20, and R21) move toward progressively weaker correlation and larger
RMSE. This indicates that temporal smoothing alone is less effective than an explicit persistence criterion for reproducing
observed circum—Antarctic FIA variability.

On this basis, the binary—days method is preferred for the analyses presented in this study. In particular, B11/09 (9 days of at-
tachment within an 11-day window) is retained as the adopted configuration because it lies within the cluster of well-performing
binary—days solutions while avoiding the larger RMSE associated with the shortest, most permissive persistence windows.
Physically, this corresponds to requiring sustained attachment over approximately 1.5 weeks, which is more consistent with

the expected persistence of LFI than classifications dominated by short-lived episodes of low ice speed.

Table B1. Skill metrics for selected configurations comparing simulated FIA (CICE6-SA elps-min) against observations (1994-1999).

Configuration Bias MAE RMSE Corr

binary—days W=10, N=8 39.1  72.0 89.3 0.804
binary—days W=11, N=9 282 723 88.6 0.782
binary—days W =12, N=10 186  73.0 88.1 0.769
rolling—mean W =11 —18.4 903 1049 0.642

Appendix C: Sensitivity sweep climatologies

Minor end—of-year features (late December) are sensitive to the 15—day averaging and the persistence—window classification

near the seasonal transition; we therefore emphasise the February—November behaviour when interpreting parameter effects.
C1 C* (concentration scaling)

Fig. Cla—b summarises sensitivity to the concentration scaling parameter C*. In the Hibler ice—strength formulation, C*
appears in the exponential term P o< exp[—C*(1 — A)], where A is ice concentration; it therefore controls how rapidly internal
strength decays as concentration falls below unity. Smaller C* values maintain higher strength at intermediate concentrations,
while larger C* values produce a weaker pack for the same mean thickness. As a result, tuning C* (together with P*) has been
used in Arctic applications to reduce drift and thickness biases and better match observed large—scale sea—ice properties (e.g.,
Hibler, 1979; Ungermann et al., 2017; Bouchat et al., 2022).

In panel a, all three CICE6-S A members remain well below the observed FIA envelope, indicating that C* alone cannot

remove the low bias in circum—Antarctic FIA. Reducing C* yields a modest, nearly uniform increase in FIA through the
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Figure C1. One-at—a—time rheology sweeps showing 1994—-1999 15—day mean climatologies of circumpolar FIA and area—mean FIT over

the diagnosed binary—days LFI mask.

year, with slightly earlier winter growth and a marginally larger spring peak; the phase of the seasonal cycle changes little.
Panel b shows that area—mean FIT differs slightly across members, consistent with changes in which grid cells satisfy the LFI
criterion (e.g., expansion into thinner peripheral zones versus contraction toward thicker core zones), while seasonal timing is
essentially unchanged. Model FIT is systematically high (roughly twice the values reported near Syowa Station by Pirlet et al.
2025), plausibly linked to the CICE6—S A configuration (fixed mixed—layer depth and missing coupled ocean feedbacks that
would increase basal heat flux and export). Taken together, FIA is only weakly sensitive to C*, and FIT differences across C*

are small relative to the overall model spread.
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Figure C2. One—at—a—time rheology sweeps showing 1994-1999 15-day mean climatologies of circumpolar FIA and area—mean FIT over

the diagnosed binary—days LFI mask.

C2 P~ (ice strength magnitude)

Fig. Clc—d summarises the P* sweep. P* sets the overall magnitude of internal ice strength. In panel c, increasing P* raises
FIA nearly uniformly through the year—especially in winter—spring—while the phase of the seasonal cycle changes little. All
members remain below the observational envelope, indicating that P* alone cannot remove the low bias in FIA relative to
F2020. In panel d, very low P* coincides with unrealistically high area—mean FIT and large spread, whereas moderate values
yield a more plausible range. At higher P*, LFI ice can extend into more marginal (often thinner) regions, which can reduce

the area—mean FIT even if thickness in the core LFI zone changes little; seasonal timing remains broadly similar across the
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tested range (e.g., Trivedi et al., 2025; Pirlet et al., 2025). Overall, P* primarily modulates the amplitude of FIA and mitigates

the excessive thickness associated with very low strength.
C3 kK (tensile strength)

Fig. C2a—b summarises the kr sweep. k1 controls tensile resistance (the ability to sustain sea—ice arches without tensile
failure). In panel a, increasing kr increases FIA monotonically: without tensile strength the seasonal cycle is muted, whereas
moderate values (~0.2-0.3) substantially reduce the winter—spring low bias in FIA and improve peak—season behaviour.
Increasing k further retains LFI later into spring and can overshoot the observed envelope, indicating diminishing returns and
a tendency toward over—retention. Consistent with your earlier note, the diagnosed seasonal maximum also tends to shift later
as tensile resistance increases.

Panel b shows that area—mean FIT generally increases with k. Most of the thickness change occurs from O up to about
0.2, with comparatively little additional change above ~0.2. Notably (in contrast to the P* sweep), kr can increase both FIA
and area—mean FIT, consistent with enhanced mechanical confinement reducing opening and export while allowing sustained
thermodynamic growth (e.g., Dumont et al., 2009; Lemieux et al., 2016). A mid-range kt value (~0.2) therefore produces

most of the benefit without driving excessive retention.
C4 e (ellipse ratio / yield—curve shape)

Fig. C2c—d summarises the ellipse aspect ratio (EAR) (e) sweep. EAR controls the yield—curve shape and therefore the relative
shear strength. In panel c, decreasing EAR produces a large, quasi—uniform increase in FIA and a sharper October—November
peak. The intermediate case e lps—min (e= 1.2) provides the closest overall match to the F2020 envelope among the exper-
iments shown here, with improved winter growth and peak timing relative to the default member (e= 2.0). However, it still
overshoots F2020 during late spring retreat and retains too much LFI into summer. Reducing e below unity (e= 0.8) yields an
overly rounded yield curve and produces over—retentive LFI into summer.

In panel d, FIT is tightly constrained for e= 1.2 — 2.5, with only a slight reduction when e< 1. Lowering e produces a
more rounded yield curve and increases shear strength relative to the default, favouring mechanically stable LFI configurations
(Hibler, 1979; Dumont et al., 2009; Lemieux et al., 2016). The detailed balance between shear and normal deformation depends
on the normal—flow rule, but the net effect here is increased persistence and delayed breakup for sufficiently low e. In practice,
areduced but not extreme eccentricity (e~ 1.2) is a useful first—order tuning step toward the observed FIA climatology without

resorting to unrealistically strong tensile resistance.
C5 Grounded icebergs: fraction (GIBg) versus placement

Fig. C3a-b shows that increasing GIBy (the retained fraction of GIB landmask cells) produces a stepwise, quasi—uniform rise
in FIA throughout the year. Any non-zero GIBy substantially boosts FIA relative to the no—GIB case, while higher fractions

progressively bring the seasonal cycle closer to F2020. In panel b, the thickness response is secondary: the main difference
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Figure C3. Sensitivity to grounded icebergs: (a,b) varying the retained fraction of GIB “island” cells (GIBy; members: 0%, 15%, 25%, 35%);

(c,d) perturbing their spatial arrangement at fixed fraction.

is between no—GIB and any GIB—present member, while differences among 15-35% are modest and the timing is largely
unchanged. This is consistent with the primary mechanical role of GIBs as anchoring points that suppress export and stabilise
arches, affecting area and persistence more than local thermodynamic growth.

Fig. C3c—d shows that, at circumpolar scale and at our mask resolution, how many GIB cells are prescribed matters far more
for domain—integrated FIA than where they are placed. Shuffling grounding points while holding GIBg fixed yields nearly
identical FIA trajectories; local differences may still matter regionally (e.g., for coastal geometry and polynya structure), but

these effects are second—order for the circumpolar metrics considered here.
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Experiment Bias (model-observation) (BIAS) Pearson Correlation Coefficient (CORR) Mean Absolute Error (MAE) Root Mean Square Error (RMSE)

1% 10% km? 1% 10% km? 1% 10% km?
elps-min 20.4 0.849 58.8 70.4
elps-ext 71.5 0.912 722 89.0
elps-mid -69.8 0.837 83.5 99.9
elps-max -197.3 0.859 197.3 212.1
FI-heavy 158.0 0.778 158.0 177.1
ry93 -239.9 0.706 239.9 256.8
Pstar-max -95.2 0.918 95.2 109.2
Pstar-min -229.2 0.625 229.2 252.2
Cstar-min -82.4 0.729 101.3 120.3
Cstar-max -175.9 0.890 1759 189.4
gi-max -10.0 0.862 67.2 73.4
gi-mid -141.6 0.865 141.6 158.6
gi-min -227.8 0.778 227.8 243.4
gi-nil -231.8 0.656 231.8 251.1
gi-nil-def -368.8 0.656 368.8 383.7
notens-nogi -426.7 0.932 426.7 441.3
ktens-max -65.3 0.776 89.6 104.2
ktens-min -205.6 0.923 205.6 216.7
ktens-nil -274.2 0.979 2742 283.6
ktens-ext 73.1 0.688 88.1 119.3
gi-mid-gil -151.8 0.813 151.8 170.1
gi-mid-gi2 -148.7 0.810 148.7 167.4
gi-mid-gi3 -152.6 0.807 152.6 171.5

Table D1. Circum—Antarctic LFI Area skill metrics for the full set of sensitivity experiments, evaluated against the F2020 observational
product over the analysis period. Metrics include the mean signed BIAS, Pearson correlation coefficient (CORR), mean absolute error (MAE),
and root-mean—square error (RMSE). Area—based statistics are reported in 1 x 10® km?. Negative bias values denote experiments that

underestimate observed fast—ice area, whereas positive values denote overestimation.

C6 Section summary

Across all sweeps, circumpolar FIA is most sensitive to k; and e, with GIBs (GIBg) acting as an essential enabling constraint;
by comparison, P* and C* primarily modulate amplitude without strongly altering phase. Changes in area—mean FIT should

830 be interpreted cautiously because they can reflect both local thermodynamics and shifts in the diagnosed LFI footprint.

Appendix D: Table of Fast Ice Area Statistics
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Appendix E: Table of Simulations

Table E1: Summary of ice_diag. d files for each simulation with the following shared non-default CICE settings: kdyn set
to 1 (i.e., EVP enabled with revised_evp enabled), dt set to 1800 seconds, ndtd set to 1, and ndte set to 240 iterations
per dt. Other significant namelist parameter settings that are consistent across all simulations are: kterm set to 2, kitd set
to 1, kstrength set to 0 (i.e., “Hibler”), deltaminEVP set to 1 x 1071, seabed_stress disabled, coriolis set
to “latitude”, ssh_stress set to “geostrophic”, nprocs set to 1232, block_size_x and block_size_y set to 20,
max_blocks setto 10, processor_shape set to “square—ice”, distribution_type setto “rake”, nx_global set
to 1440, ny_global set to 1080, ns_boundary_type set to “tripoleT”, grid_type set to “tripole”, grid_1ice set to
“B”, grid_atmset to “A”, grid_ocn set to “B”, and use_bathymetry disabled.

Simulation Name e kg p* c*

Cstar—-max 20 02 27,500 30.0

Cstar-min 20 02 27,500 10.0
Pstar-max 20 0.2 50,000 20.0
Pstar-min 20 02 10,000 20.0
elps—ext 0.8 02 27,500 20.0
elps—-max 25 02 27,500 20.0
elps-mid 1.6 0.2 27,500 20.0
elps-min 1.2 0.2 27,500 20.0
gi-max 20 02 27,500 20.0
gi-mid 20 02 27,500 20.0

gi-mid-gil 20 02 27,500 20.0
gi-mid-gi2 20 02 27,500 20.0
gi-mid-gi3 20 0.2 27,500 20.0

gi-min 20 02 27,500 20.0
gi-nil-def 20 02 27,500 20.0
ktens-ext 20 0.6 27,500 20.0
ktens—-max 20 0.3 27,500 20.0
ktens-min 20 0.1 27,500 20.0
ktens-nil 20 0.0 27,500 20.0
notens-nogi 2.0 0.0 27,500 20.0
ry93 20 02 27,500 20.0
gi-nil 1.2 03 50,000 10.0
FI-heavy 1.2 03 50,000 10.0
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