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Abstract Dense water formation in the Southern Ocean plays a key role in the global ocean overturning
circulation, affecting the distribution of heat, carbon, oxygen, and nutrients. Fast ice stays immobile while
blocking sea ice flow, favoring the opening of coastal polynyas, where intense air-sea exchanges drive sea ice
production and ocean densification. Antarctic fast ice representation is notoriously poor in Earth system models,
and is thus considered a potential cause of model biases in dense water formation. Here we assess the impact of a
sea ice velocity-restoring representation of Antarctic fast ice on Antarctic shelf water properties and ice shelf
melt using NEMO4-ST® simulations with and without velocity-restoring. By improving the location and shape
of coastal polynyas, fast ice redistributes sea ice production and promotes Dense Shelf Water formation in
several key source regions. In contrast, beneath extensive fast ice tongues, the reduced brine rejection associated
with lower sea ice production limits mixed layer deepening, leading to fresher surface waters, which are then
advected into downstream polynyas. The enhanced upper-ocean stratification beneath fast ice isolates warm
subsurface waters from the surface and favors their intrusion into nearby ice shelf cavities, increasing ice shelf
basal melt. As a result, ice shelf basal melt increases overall by 15.8% in the simulation including fast ice. These
results support that ESMs studies with an Antarctic focus would gain from a physically-based representation of
Antarctic fast ice.

Plain Language Summary The Southern Ocean around Antarctica is key to the global climate
system. In this region, dense water forms on the continental shelf and sinks to the deep ocean, carrying heat,
carbon, oxygen, and nutrients around the globe. The ocean also melts Antarctic ice shelves—Ilarge, floating
extensions of the Antarctic ice sheet. Earth system models (ESMs) try to represent these processes but often do
so inaccurately. One important issue is that most models neglect fast ice, immobile sea ice attached to the coast,
grounded icebergs, and the Antarctic ice shelf calving fronts. Fast ice strongly influences nearby areas of open-
water, called coastal polynyas, which are important sites for sea ice growth and the formation of dense water. In
this study, we add a representation of fast ice in an ocean-sea ice model and examine how it affects Antarctic
shelf waters. We find that adding fast ice makes shelf waters denser in some areas, but fresher beneath and
downstream of long stretches of fast ice. Overall, representing fast ice increases the ice shelf melt rate. Our
results show that ESMs would gain in realism on the Antarctic continental shelf with a proper representation of
fast ice.

1. Introduction

Dense waters originating from the ocean surface at high latitudes make up the vast majority of the World Ocean's
volume (Gordon et al., 2001). Once formed through heat loss and/or salt gain, these waters sink to depth and
spread across the globe, carrying chemical elements into the abyss, hence information about atmosphere-ice-
ocean interactions. The primary sources of these dense waters are the high-latitude North Atlantic Ocean and
the coastal Antarctic regions. The densest global-scale water mass, named Antarctic Bottom Water (AABW),
mainly originates from Antarctic shelves (Orsi et al., 1999). The formation, circulation and decay of AABW
influence global climate dynamics via heat and carbon uptake and transport (Marinov et al., 2008; Patara &
Boning, 2014; Purkey & Johnson, 2010). In particular, the lifecycle of AABW is considered as a key process
shaping the World Ocean's influence on climate variability on centennial-to-millennial timescales (Brook &
Buizert, 2018; Sarmiento & Toggweiler, 1984; Sigman et al., 2010).

PIRLET ET AL.

1 of 28


https://orcid.org/0000-0002-3513-5891
https://orcid.org/0000-0002-7573-8582
https://orcid.org/0000-0002-1372-2235
mailto:martin.vancoppenolle@locean.ipsl.fr
https://doi.org/10.1029/2025JC023673
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025JC023673&domain=pdf&date_stamp=2026-10-04

| . Yed N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2025JC023673

Validation: N. Pirlet

Visualization: N. Pirlet

Writing — original draft: N. Pirlet
Writing — review & editing: T. Fichefet,
M. Vancoppenolle, C. de Lavergne,

N. C. Jourdain

Dense Shelf Water (DSW) forms on the Antarctic continental shelf at four main sites: in the Weddell Sea
(Gill, 1973), in the Ross Sea (Jacobs et al., 1970), off East Antarctica near Adélie Land (Rintoul & Bullis-
ter, 1999), and near Cape Darnley (Ohshima et al., 2013), with tight links to the cryosphere (Gordon et al., 2001).
The main driver is coastal polynyas (Any non-linear shaped opening enclosed between drift ice and the coast or
between drift ice and an ice front. Polynyas may contain brash ice and/or be covered with new ice, nilas or young
ice; World Meteorological Organization, 2014) where intense sea ice production enhances the surface water
salinity and density through brine rejection (Morales Maqueda et al., 2004; Tamura et al., 2008; Williams
et al., 2016), forming High-Salinity Shelf Water (HSSW). Additionally, water mass transformations occurring in
ocean cavities beneath floating ice shelves generate supercooled water called Ice Shelf Water (ISW) and, more
generally, release freshwater from basal melt, which contributes to modifying DSW properties (Meredith &
Brandon, 2017). Ultimately, a portion of DSW flows off the shelf and cascades down the continental slope while
mixing with Circumpolar Deep Water (CDW) and fresher Antarctic Surface Water (AASW) (Akhoudas
et al., 2021; Orsi et al., 1999) to form AABW (Silvano et al., 2023).

Fast ice is the stationary component of the sea ice cover which forms and remains fast along the coast, where it is
attached to the shore, to an ice wall, to an ice front, between shoals or grounded icebergs (Fraser et al., 2023;
World Meteorological Organization, 2014). Around Antarctica, fast ice typically forms a narrow coastal band
extending from a few kilometers to several tens of kilometers offshore, although widths exceeding 100-200 km
are reported in some regions (Fraser et al., 2023). Most Antarctic fast ice is seasonal, forming during austral
autumn, persisting through winter, and breaking up or melting during spring and summer, while some regions
support multiyear fast ice that can survive several melt seasons (Fraser et al., 2021). The Antarctic fast ice cover
reaches a maximum extent, 601,000 km? on average, in October and a minimum extent of 221,000 km? in March
(Fraser et al., 2021). Although it contributes only 4%—13% of the total Antarctic sea ice extent, fast ice exerts a
strong influence on coastal Antarctic oceanography by modulating air-sea exchanges, coastal polynya activity,
shelf water transformation, and DSW formation, thereby affecting the production of AABW and the properties of
the global overturning circulation (Fraser et al., 2023).

AABW, as simulated by large-scale ocean-sea ice models used in climate studies, suffers from major biases, still
poorly understood (Behrens et al., 2016; Heuzé, 2021). Many Earth system models (ESM) generate dense water in
the Southern Ocean, but often at incorrect locations (mostly in the central Weddell and Ross Seas) and for the
wrong reasons (Heuzé, 2021; Heuzé et al., 2013). This model weakness likely arises from three sources: (a)
resolution-related limitations, including the inadequate representation of downslope currents and deep convection
in open ocean regions, (b) lack of ice shelf cavities in models, and (c) missing or poorly represented physical
processes, such as the formation of coastal polynyas and fast ice. The present study focuses only on the third.
Indeed, key drivers of coastal polynyas are not well considered, such as fast ice, tidal currents or katabatic winds
(Lemieux et al., 2018; Mathiot et al., 2010). This has detrimental implications on the Southern Ocean's circu-
lation, surface heat and carbon fluxes, and biogeochemical cycles, undermining confidence in global climate
projections (Intergovernmental Panel on Climate Change, 2022).

A strong connection between fast ice and coastal polynyas has been highlighted in both hemispheres (Fraser
et al., 2012; Mahoney et al., 2007; Massom et al., 1998; Nihashi & Ohshima, 2015). In the Arctic, the under-
standing that fast ice is primarily controlled by bathymetry and the thickness of pressure ridges (Gorbunov
et al., 2008; Mahoney et al., 2014) has led to significant modeling progress (Dupont et al., 2022; Lemieux
et al., 2015, 2016). Adding a bottom friction term to the sea ice momentum equation and tensile strength to the
viscous-plastic rheology usually used in sea ice models enables successful simulation of Arctic fast ice and
improved ocean dynamics (e.g., Liu et al., 2025; Sterlin et al., 2024). However, such a fast ice formulation is not
suitable for the Southern Ocean, where the continental shelf is deeper and interactions with thick tabular icebergs
grounded on the continental shelf play a dominant role (Fraser et al., 2012; Massom et al., 1998; Olivé Abelld
et al., 2025; Vancoppenolle et al., 2025).

This context highlights the need for improved Antarctic fast ice representation in ocean-sea ice models. Early
efforts to address this issue include those of Kusahara et al. (2010), who prescribed grounded icebergs in an
ocean-sea ice model (Hasumi, 2006) to block sea ice advection in three coastal polynya areas: Cape Darnley,
Mertz Glacier, and Ninnis Glacier. Cougnon et al. (2013) used the fast ice climatology from Fraser et al. (2012) to
reproduce the two main areas of permanent fast ice near the Mertz Glacier Tongue in the Regional Ocean
Modeling System (Shchepetkin & McWilliams, 2005). Similar methods to Kusahara et al. (2010) were also used
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Figure 1. March-to-October coastal polynya (red shading) and fast ice (blue shading) frequency of occurrence averaged over
2013-2017 in the simulations without (NO_FI; upper panel) and with (FIL; lower panel) the velocity-restoring fast ice scheme
(see Pirlet et al., 2025). Frequencies represent the fraction of time during March—October for which a grid cell is classified as
fast ice or coastal polynya. The location of the 13 major Antarctic coastal polynyas are highlighted and labeled using the
abbreviations defined in the figure.

to simulate the Amundsen Sea polynya in an ocean-sea ice model (Bett et al., 2020; Nakayama et al., 2014).
Kusahara et al. (2017) improved this approach by introducing multiyear fast ice as constant-thickness ice shelf
grid cells in the East Antarctic region. More recently, Huot et al. (2021), and Van Achter, Fichefet, Goosse,
Pelletier, et al. (2022) demonstrated that incorporating the geographical distribution of large grounded icebergs
and accounting for sea ice tensile strength led to a realistic simulation of fast ice in a regional ocean-sea ice model.
These refinements improved coastal polynya representation and dense water properties in the Adélie Land and
Totten Glacier areas. However, these studies have been limited to small Antarctic regions due to current limi-
tations in observation and modeling of grounded icebergs, leaving the broader impacts of Antarctic fast ice mostly
unexplored.

Very recently, using the ocean-sea ice model NEMO-SI® (Nucleus for European Modeling of the Ocean—Sea Ice
modeling Integrated Initiative), we developed a method that empirically but accurately represents Antarctic fast
ice on a circumpolar scale by restoring sea ice velocity to zero where and when fast ice is present in the
observational data set of Fraser et al. (2020), which is the first pan-Antarctic mapping of fast ice. Figure 1 displays
the frequency of occurrence of coastal polynyas and fast ice without (NO_FI) and with (FI) the method. We found
that this not only improves the simulation of fast ice, as expected, but also yields coastal polynyas in much better
agreement with observations and enhanced sea ice production in coastal polynya regions (Pirlet et al., 2025).

In the present study, we build upon this work and explore the effects of our velocity-restoring fast ice scheme on
Antarctic shelf water properties and ice shelf melt simulated by NEMO4-SI®. The model, the fast ice scheme,
forcings, experimental design, and observations used for validation purposes are described in Section 2. The
results are then analysed and discussed in Section 3. A general discussion and concluding remarks are finally
given in Section 4.

2. Materials and Methods

The same model, configuration, and experimental design as in Pirlet et al. (2025) are used. In what follows, we
cover the aspects essential to this study.

2.1. The Ocean-Sea Ice Model NEMO-SI®

We use the NEMO modeling platform (version 4.2.2; Madec et al., 2023). The ocean component of NEMO
simulates ocean dynamics using a three-dimensional, free-surface, hydrostatic, and Boussinesq framework for
primitive equations, combined with finite-difference discretization methods. The advection of tracers is handled
through fourth-order and second-order flux-corrected transport schemes for horizontal and vertical processes,
respectively (Zalesak, 2012). The TEOS-10 equation of state is approximated via a polynomial function (Roquet
etal., 2015). Adiabatic eddy mixing is represented using the Gent and Mcwilliams (1990) parameterization, while
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internal wave mixing follows the scheme proposed by de Lavergne et al. (2020). A free-slip lateral boundary
condition is applied to momentum, except at the South Orkney Islands (situated at the northern tip of the Antarctic
Peninsula), where a no-slip condition is implemented, following Mathiot and Jourdain (2023). This localized
adjustment accounts for the influence of subgrid-scale bathymetric variations on water mass properties. Addi-
tional modeling choices, including momentum advection, lateral diffusion of momentum and tracers, vertical
mixing, convection, double diffusion, and bottom boundary layer treatment, follow the approach described by
Storkey et al. (2018).

For sea ice, we utilize SI°, a dynamic-thermodynamic continuum model (Rousset et al., 2015; Vancoppenolle
et al., 2023) which operates directly on the ocean grid. SI? incorporates energy- and salt-conserving thermody-
namics (Vancoppenolle et al., 2009), five ice categories to capture subgrid-scale ice thickness variations (Bitz
et al., 2001; Lipscomb, 2001), horizontal ice dynamics, with an adaptive elastic-viscous-plastic (aEVP) formu-
lation for the rheology term (Kimmritz et al., 2016), and a second-order-moment-conserving scheme for hori-
zontal advection (Prather, 1986).

2.2. The Velocity-Restoring Fast Ice Scheme

SP® includes an option to restore sea ice velocity toward zero where and when fast ice is observed (Pirlet
et al., 2025). The method combines (a) a daily, satellite-based fast ice mask constructed from the bi-weekly, 1 km
data set of Fraser et al. (2020), upscaled to model resolution, (b) a restoring scheme that damps sea ice velocity to
near-zero where and when fast is observed, and (c) an adaptation of the code that precludes new ice growth in
compact fast ice conditions to avoid unrealistic ice thickness.

The velocity restoring is applied at each sub-time step of the aEVP solver (i.e., 120 sub-iterations per model time
step of 1,350 s). The damping is not based on a classical continuous-time relaxation, but instead corresponds to a
strong sub-iteration damping within the aEVP solver that rapidly restores sea ice velocities toward zero within the
fast ice mask, while avoiding the numerical instabilities associated with imposing a strict zero-velocity boundary
condition. The chosen 7 = 0.01 value implies that sea ice velocity is divided by ~ 100 at every sub-cycle. As a
result, velocities are never equal to 0 but are several orders of magnitude smaller than the velocity of drifting pack
ice (e.g., <5 x 107 ms™!). The scheme acts only on existing model sea ice and does not prescribe sea ice where
the model simulates open-water. The standard model imposes a minimum amount of open-water (to account for
cracks in pack ice), and we suppress that feature in fast ice. This modification avoids boundless ice growth in the
fast ice zone and unrealistically thick fast ice that would otherwise result from the SI° default minimum open-
water fraction (5%). By contrast, there is no need to limit the melting of compact fast ice, as melting is mostly
purely vertical and not much confined to cracks, as new ice formation is.

2.3. The eANT025 Configuration

As our study focuses on water masses over the Antarctic continental shelf, we developed the regional eANTO025
configuration, detailed in Pirlet et al. (2025), as an adaptation of the global eEORCA025 configuration (Mathiot &
Jourdain, 2023). This setup encompasses the Antarctic sea ice zone, the Southern Ocean and Antarctic sub-ice-
shelf cavities, with a single open boundary at 30°S. The model operates on a quasi-equal zonal and meridional
grid spacing at a nominal resolution of 0.25°, corresponding to less than 12 km at 65°S. While high-resolution
simulations (<2 km) have been shown to better resolve processes involved in AABW formation
(e.g., Golledge et al., 2025), such configurations remain computationally prohibitive for long-term, fully coupled
climate simulations. Current and next-generation ESM (e.g., CMIP7 models) typically employ ocean horizontal
resolutions ranging from 1° to 0.25° (approximately 100-10 km; Roberts et al., 2025). In this context, our 0.25°
configuration is designed to operate within the resolution class used for climate simulation. The vertical dis-
cretization consists of 121 levels, with layer thickness increasing non-linearly from 1 m at the surface to
approximately 20 m between 100 and 1,000 m depth, and up to 200 m near the ocean floor. Partial step repre-
sentation (Barnier et al., 2006) is used for bathymetry and ice shelf draft. The ocean circulation below ice shelves
and the ocean-ice thermodynamic exchanges follow Mathiot et al. (2017), with the same options and parameter
values as in Mathiot and Jourdain (2023), including the three-equation formulation of Jenkins (1991) for
calculating heat and salt budget at the ice-ocean interface.
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At the bottom, the ocean component is forced by geothermal heat fluxes mapped by Goutorbe et al. (2011). At the
surface, atmospheric conditions from the fifth-generation of the European Center for Medium-Range Weather
Forecasts atmospheric reanalysis (ERAS, Hersbach et al., 2020) are prescribed through the Coupled Ocean-
Atmosphere Response Experiment bulk formulae (Griffies et al., 2009; Large & Yeager, 2004). This includes
three-hourly wind, air temperature, and humidity, all at 10 m height, as well as surface radiation fluxes (shortwave
and longwave), precipitation (both solid and liquid), and sea level pressure. A snowfall correction has been
applied to prevent boundless thickening of fast ice in narrow bays (see Pirlet et al., 2025). At the ocean surface, a
sea surface freshwater flux correction is applied. This flux is diagnosed from a dedicated simulation in which a
restoring term toward observed sea surface salinities (World Ocean Atlas 2018 [WOA2018]; Zweng et al., 2019)
is interactive and saved at monthly frequency over the period 2001-2017. The diagnosed restoring values are then
used to construct a climatological freshwater correction that is prescribe as a forcing in the main simulations. This
approach is crucial to keep the main simulations as realistic as possible whilst avoiding the restoring term from
altering the model response to the activation of the fast ice scheme (e.g., Swart et al., 2023). Furthermore, the
freshwater flux correction is set to zero in the first 150 km from the Antarctic coast to avoid interference with
coastal polynyas and fast ice (Pirlet et al., 2025). At the model northern boundary (30°S), a flow relaxation
scheme (Engedahl, 1995) is applied to three-dimensional ocean variables, while a Flather scheme (Flather, 1994)
is used for barotropic velocities and sea surface elevation. Boundary conditions are derived from Ocean Rean-
alysis System 5 data (Zuo et al., 2019), interpolated onto the 121 model levels. No tides are prescribed at the
boundary.

The default SI° configuration provided in the NEMO distribution (Rousset et al., 2015; Vancoppenolle
et al., 2023) is used with some modifications. The configuration includes five subgrid-scale ice thickness cate-
gories and two vertical ice layers. Ice-ocean and ice-atmosphere stresses are computed using drag coefficients of
5.0 x 1073 and 1.4 x 1073, respectively. The ice strength thickness parameter P* is set to 1.5 X 10* N m~!. Snow
thermal conductivity is fixed at 0.35 W m~! K~!, and a minimum open-water fraction of 5% is enforced,
consistent with Boucher et al. (2020) and Mathiot and Jourdain (2023).

2.4. Experimental Design

We conducted a series of simulations to assess the influence of the velocity-restoring fast ice scheme on the
Antarctic shelf water properties and ice shelf melt. Throughout this study, terms such as representing, including,
or incorporating fast ice refer specifically to the implementation of this velocity-restoring fast ice scheme. They
do not imply a fully prognostic representation of fast ice within the sea ice model.

To establish initial ocean and sea ice conditions, we performed a spin-up simulation covering the period
1979-2001. This spin-up was initialized from rest, using ocean temperatures and salinities from the WOA2018
climatology (Locarnini et al., 2018; Zweng et al., 2019), along with sea ice concentration and thickness fields
from a 1980-2004 global simulation (G06; Storkey et al., 2018). The velocity-restoring fast ice scheme was not
activated in the spin-up. Then we conducted two simulations, FI (Fast Ice) and NO_FI (No Fast Ice), which
respectively activate and deactivate the fast ice scheme. These experiments span the complete years of fast ice
observations, from 2001 to 2017 (Fraser et al., 2020). In both simulations, restoring toward observed sea surface
salinities is not interactive but instead forced with a climatological surface freshwater flux (see Section 2.3) at
monthly timescale. The drift in simulated hydrography from 1979 to 2017 is small on the continental shelves
(Figure S14 in Supporting Information S1).

Since we focus on the impact of a surface feature (fast ice) on continental shelf water properties and ice shelf melt,
sufficient simulation time is required for these effects to fully develop. To ensure that the effects of fast ice reach
the bottom shelf waters, we analyze only the five final years of each simulation (2013-2017). Sensitivity tests
using longer averaging windows show that the magnitude of the response varies slightly, but the sign and spatial
structure of the FI-NO_FI differences remain unchanged (see Figure S1 in Supporting Information S1), indicating
that our conclusions are robust to the choice of the 5-year mean period. The only large change is found for the
mixed layer depth (MLD) in the Weddell Sea, likely reflecting strong regional internal variability. Using the final
5 years therefore represents a compromise between a sufficiently long period and late enough from initial
conditions.
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2.5. Observational Products Used for Model Evaluation

Several observation-based products were used to evaluate simulated sea ice production, ocean temperature and
salinity on the continental shelf, and MLD. All products were linearly interpolated onto the ~10 km model grid for
comparison with model fields.

First, we compare the model sea ice production in polynyas to the Nakata et al. (2021) data set. This data set is
based on AMSR-E passive microwave satellite records to delineate coastal polynyas according to retrieved frazil
and thin ice, and combined with ERAS atmospheric reanalyses to calculate sea ice production. Sea ice production
is diagnosed daily on a polar stereographic grid with a spatial resolution of 6.25 km.

To assess the model ocean temperatures and salinities over the continental shelf, we use the Southern Ocean
temperature and salinity profile compilation of Zhou et al. (2025). This data set compiles conservative temper-
ature and absolute salinity profiles computed from ship Conductivity Temperature Depth (CTD), Argo floats and
seal-borne profilers in the Southern Ocean (90°S—45°S) since 1972.

The observational climatology of MLD from Sallée et al. (2021) is used to evaluate the model performance. This
data set combines the three same types of oceanographic observations to maximize spatial and temporal coverage.
Sallée et al. (2021) adopted a density-based method to determine MLD, defining it as the depth where potential
density exceeds the 10 m surface density by 0.03 kg m~>.

Among the available circum-Antarctic ice shelf melt rate data sets (e.g., Depoorter et al., 2013; Liu et al., 2015;
Paolo et al., 2023), we selected the estimates from Rignot et al. (2013), Adusumilli et al. (2020), and Davison
et al. (2023) for comparison with the simulated melt rates. These data sets provide complementary constraints on
ice shelf basal melt, combining a mass-budget approach with altimetry-derived thickness change estimates and
this from different observational periods. Because the melt rate estimates of Adusumilli et al. (2020) do not extend
south of 81.5°S, we excluded the Ross and Filchner-Ronne Ice Shelves estimates for this data set from our
comparison.

3. Results
3.1. Sea Ice Production

Figures 2a—2c show the spatial distribution of the cumulative high (>4 m) sea ice production between March and
October averaged over 2003—2010 from the NO_FI simulation, FI simulation, and the satellite-based estimates of
Nakata et al. (2021, hereafter referred to as observations), respectively. As discussed in detail in Pirlet
et al. (2025), representing fast ice largely improves the location and shape of Antarctic coastal polynyas (Figure 1)
and their associated sea ice production. Nevertheless, two notable discrepancies emerge when the model output is
compared to observations. First, the model simulates a more widespread distribution of high sea ice production
than presented in Nakata et al. (2021), because their data set does not include sea ice production outside the
polynya domain. Second, the model overestimates sea ice production in the Weddell Sea near the grounded
iceberg A23a due to the influence of local fast ice.

Pirlet et al. (2025) also showed that including fast ice does not increase the total sea ice production, but reshapes
its geographical distribution across the continental shelf: sea ice production is enhanced in coastal polynyas and at
fast ice margins, while reduced beneath fast ice. However, as shown in Figure 2d, the model underestimates sea
ice production within coastal polynyas relative to the estimates of Nakata et al. (2021). Outside coastal polynyas,
no comparison is possible because observational estimates are not available.

The difference in sea ice production between the two simulations is shown in Figure 2e, with most variations
concentrated shoreward of the 1,500 m isobath, which is used by Portela et al. (2022) to define the continental
shelf boundary. Figure S2 in Supporting Information S1, which replicates Figure 2e for the 2003-2010 period,
reveals a similar pattern of differences and Figure S3a in Supporting Information S1 shows that nearly all
anomalies are statistically significant at the 95% confidence level (p < 0.05). Over the continental shelf, the
annual total sea ice production averaged over 2013-2017 is 9,019 # 218 km® yr™! in FI and 9,089 +
146 km? yr~! in NO_FIL The inclusion of fast ice therefore reduces the total sea ice production over the conti-
nental shelf by about 70 km? yr~!, corresponding to less than 1% of the total. We further define three regions: the
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Figure 2. Total sea ice production between March and October averaged over 2003-2010 in the NO_FI (a) and FI (b) simulations. (c) Same but from satellite-based
estimates of Nakata et al. (2021). Differences of sea ice production between the FI simulation and the satellite-based estimates of Nakata et al. (2021) (2003-2010; d),
and between the FI and NO_FI simulations (e) over the period 2013-2017. The black contour indicates the continental shelf border (1,500 m depth). Some important
locations mentioned in the text are indicated in panel (e). (f) Root-mean-square error of sea ice production over the continental shelf relative to Nakata et al. (2021) for
2003-2010, averaged in 2° longitude bins. FI-Nakata et al. (2021) is shown in pink and NO_FI-Nakata et al. (2021) in green.

FAST region includes grid cells with >50% fast ice frequency of occurrence, the POLYNYA region consists of
cells with >25% polynya frequency of occurrence, and the ELSE region encompasses the remainder of the
continental shelf. From NO_FI to FI, the annual sea ice production is redistributed with a decrease of
841 km® yr~! in the FAST ice region, almost entirely offset by a 330 km? yr~! increase in the POLYNYA region
and a 441 km? yr~! increase in the ELSE region.
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Together, Figures 2d and 2e confirm that, while the fast ice representation alone is insufficient for the model to
fully reproduce the observed sea ice production, it plays a crucial role in reducing the gap between the model and
observations in coastal polynyas (Figure 2f). This reduction in sea ice production bias is also found when the
production off the 1,500 m isobath is included (see Figure S4 in Supporting Information S1), indicating that the
improvement is not due to an offshore displacement of the sea ice production region. Consequently, improve-
ments in the representation of Antarctic shelf water properties can be expected, at least locally. However, some
areas, such as off the coast of Marie Byrd Land (around 150°W) and off the coast of Neuschwabenland (between
0°E and 30°E), exhibit increased biases. Additional model improvements, such as a more realistic representation
of katabatic winds, tidal currents, and leads, may be necessary to further reduce the sea ice production gap with
observations.

3.2. Water Mass Properties at the Continental Shelf Scale

Before analysing the changes of the continental shelf water properties, we evaluate the model output in com-
parison to the conservative temperature and absolute salinity measurements compiled by Zhou et al. (2025) at the
continental shelf scale. For consistency, only data located over the continental shelf and covering 2013-2017
were selected. Only the model grid cells corresponding to the locations of observations were retained,
ensuring the closest comparison between data sets. The number of observational data available per grid cell
(summed vertically and over time) is shown in the maps of Figure 3. While some regions are well sampled, others
are entirely devoid of data (see Figure S5 in Supporting Information S1 for the longitudinal distribution), a
limitation taken into account in the validation of the continental shelf water mass properties.

For the ice growth period (March to October; Figures 3a and 3c) and the summer period (November to February;
Figures 3e and 3g), both simulations accurately reproduce the observed average vertical salinity profile. Simi-
larly, the simulated average vertical temperature profile also aligns with observations, although the vertical
gradient is weaker than observed. This comparison gives us confidence in the model ability to reproduce the
average shelf water characteristics. On average, across these sparsely observed regions, the representation of fast
ice has little impact on the model performance.

We then examined the differences between the two simulations in more detail by analyzing anomalies using not
only grid cells where observations are available, but also all the other continental shelf model data. The anomaly
profiles for salinity and temperature exhibit a similar shape across the two seasons. For salinity (Figures 3b
and 3f), a surface freshening of approximately —0.06 g kg™! is observed in FI compared to NO_FI, along with a
positive anomaly below 250 m. For temperature (Figures 3d and 3h), FI exhibits a weak surface cooling
(<—=0.01°C) and a warming between 150 and 600 m (>0.02°C) relative to NO_FI. The weak amplitude of the
averaged anomalies indicates that the circumpolar-scale impact of Antarctic fast ice on the large-scale mean
vertical T-S structure is modest. This is consistent with the absence of net changes in total sea ice production over
the continental shelf (only a redistribution), as discussed in the previous section. Therefore, a spatial analysis is
called for to better understand the localized impacts of the fast ice representation on the shelf water properties.

3.3. MLD

We now turn to the winter MLD, which we use as an indicator of the convective mixing associated with sea ice
production. Figures 4a—4c show the MLD simulated in NO_FI, FI and derived from Sallée et al. (2021), all using
the same MLD definition (De Boyer Montégut et al., 2004). The NO_FI and FI simulations capture the observed
MLD pattern at the continental shelf scale. However, Figure 4d reveals substantial differences between the FI
simulation and Sallée et al. (2021), particularly over the continental shelf. While this could reflect model limi-
tations, observational uncertainty remains large—many parts of the Southern Ocean are poorly sampled (cf.
Figure 3), requiring spatial and temporal interpolation (Sallée et al., 2021), which affects the accuracy of the MLD
estimates. Nevertheless, the comparison remains instructive: it suggests that the model simulates MLD shallower
than observed off the continental shelf margin and deeper than observed over the shelf (Figure 4d). In well-known
sites of DSW formation, such as the western Ross and Weddell Sea shelves, the model predicts much deeper MLD
than the observational product, but this is where MLD is most sensitive to small hydrographic differences, and
could also reflect limits in the observational sampling.

Figure 4e illustrates the MLD response to the activation of the velocity-restoring fast ice scheme. MLD decreases
beneath fast ice, indicating weaker mixing there in the FI simulation. In contrast, MLD increases at the fast ice
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Figure 3. Continental shelf 25, 50, and 75 quantiles of temperature and salinity vertical profiles for observations (black) and simulations (FI in pink and NO_FI in green),

restricted to grid cells with observations (a, c, e, g). Differences between the two simulations (FI-NO_FI) averaged along the vertical for all continental shelf grid cells
(b, d, f, h). Maps show the number of observations in the grid column. The upper part of the figure is for March to October data, while the bottom is for November to
February over the period 2013-2017.
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Figure 4. Winter mean mixed layer depth (MLD) averaged over July—September (JAS) and the period 2013-2017 from the
NO_FI simulation (a), the FI simulation (b), and the observational climatology of Sallée et al. (2021) (c). Differences in
winter mean MLD between the FI simulation and the observational climatology (FI-Sallée et al., 2021; d) and between the FI
and NO_FI simulations (FI-NO_FI; e). The black contour is the continental shelf border (1,500 m depth). The violet contour
in panel (c) indicates the 50% frequency of occurrence of fast ice in the FI simulation over the presented period.

margins. These changes are consistent with the spatial redistribution of the sea ice production noted earlier
(Figure 2e). The corresponding map with anomalies incompatible with zero at the 95% confidence interval
(Figure S3b in Supporting Information S1) indicates that MLD anomalies within fast ice covered regions reach
statistical significance. Another notable change is the dipole anomaly in the open ocean of the western Weddell
Sea (Figure 4e). This anomaly is relatively remote from fast ice (Figure 1) and does not coincide with changes in
sea ice production (Figure 2). We hypothesize that it is an indirect response involving ocean circulation changes,
and possibly increased basal melting of the Larsen C Ice Shelf (see Section 3.5). In the model, this region has a
very weak stratification and relatively deep mixed layer (Figure 4b) that are sensitive to small perturbations.

Taken together, Figures 4d and 4e indicate that the velocity-restoring fast ice scheme does not reduce the model
MLD biases. Nevertheless, we note that fast ice has a substantial effect over the continental shelf MLD
(Figure 4e), with differences exceeding 100 m in some areas, suggesting an important influence on shelf water
properties.

3.4. Bottom Water Properties

We have seen in the previous sections that representing fast ice in the model importantly influences the simulated
geographical distribution of sea ice production and ocean vertical mixing, which are known to influence bottom
water mass characteristics. In this section, we assess how these modifications translate into changes in bottom
temperature and salinity across the Antarctic continental shelf and explore the processes involved.

3.4.1. Bottom Water Temperature

The FI simulation reproduces reasonably well the large-scale bottom water temperature patterns seen in the
WOAI18 climatology (Figures 5b and 5c). However, simulated bottom waters are generally too warm off the
continental shelf and too cold on the shelf (Figure 5d). There are exceptions, in particular the Ross Ice Shelf
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Figure 5. Annual mean bottom water temperature averaged over the period 2013-2017 from the NO_FI simulation (a), the FI
simulation (b), and the observational climatology of the World Ocean Atlas (WOA2018; ¢). Differences in annual mean
bottom water temperature between the FI simulation and the observational climatology (FI-WOA2018; d) and between the
FI and NO_FI simulations (FI-NO_FTI; e). The black contour is the continental shelf border (1,500 m depth). Some important
locations mentioned in the text and averaging regions delimited with vertical solid black lines are both indicated in panel (e).

margin, the Amundsen Sea, and the Bellingshausen Sea, where the simulated bottom shelf temperature is biased
warm by more than 0.2°C (Figure 5d).

Figure 5e indicates that fast ice leads to higher bottom water temperatures along the coast of East Antarctica
(40.13°C on average between 90°E and 150°E), and lower bottom water temperatures further north along the
shelf break (—0.11°C on average between 90°E and 150°E). In this region, only part of these anomalies on the
shelf exceeds the 95% confidence level (Figure S3c in Supporting Information S1). Notably, pronounced bottom
shelf water warming appears along the shelf break of the Weddell Sea extending to the tip of the Antarctic
Peninsula (4+0.16°C on average between 30°W and 60°W). The whole shelf part of Amundsen Sea is also
characterized by higher bottom water temperatures (+0.13°C on average between 90°W and 150°W).

Because the model was initialized with the WOA 18 data set (see Section 2.4), the combined analysis of Figures 5d
and Se shows how fast ice changes the bottom water temperature drift from the initial conditions. Representing
fast ice results in a modest reduction in the overall discrepancy with WOA18 over the Antarctic continental shelf,
as reflected by the slightly lower RMSE in FI (0.231°C) compared with NO_FI (0.236°C). However, some
specific regions, including parts of the continental shelf of the Amundsen Sea (~130°W) and Porpoise Bay
(~130°E), exhibit larger bottom water temperature drift in FI than in NO_FI. In regions characterized by frequent
fast ice or coastal polynyas (>50% frequency of occurrence), the RMSE is also slightly lower in FI (0.895°C) than
in NO_FI (0.928°C), indicating a small improvement in the agreement with WOA18. Overall, the response of
bottom water temperature to the representation of fast ice is spatially heterogeneous, with relatively small changes
compared with the large-scale variability of the temperature field.

3.4.2. Bottom Water Salinity

The bottom water salinity pattern simulated in FI is broadly consistent with that of WOA18 (Figures 6b and 6c¢),
but the FI bottom water salinities are generally too low (0.1 g kg™!) over the continental shelf (Figure 6d).
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Figure 6. Annual mean of bottom water salinity averaged over the period 2013-2017 from the NO_FI simulation (a), the FI
simulation (b), and the observational climatology of the World Ocean Atlas (WOA2018; ¢). Differences in annual mean
bottom water salinity between the FI simulation and the observational climatology (FI-WOA2018; d) and between the FI and
NO_FI simulations (FI-NO_FT; e). The black contour is the continental shelf border (1,500 m depth). Some important
locations mentioned in the text and averaging regions delimited with vertical solid black lines are both indicated in panel (e).

Notable exceptions include the Little America Basin (~160°W), the Dotson-Getz Trough (~110°W), and the
Weddell Sea (~50°W), where the model simulates too high salinities (+0.1 g kg™").

As for temperature, Figures 6d and 6e show that incorporating fast ice leads to small changes in the bottom water
salinity drift relative to WOA18, with a slight reduction in the overall RMSE over the Antarctic continental shelf
(0.039 g kg~! in FI compared with 0.040 g kg~" in NO_FI). The response is spatially heterogeneous, with reduced
discrepancies in some regions, including areas characterized by frequent coastal polynya activity, but increased
differences in others. For example, larger salinity differences are found in parts of the Little America Basin, the
Amundsen Polynya region (~110°W), the Hughes Trough, and off the East Antarctic coast between 90°E and
150°E. In regions with frequent fast ice or coastal polynyas, the RMSE is 0.152 g kg™! in FI compared with
0.158 g kg~! in NO_FI, indicating a fairly small improvement with respect to WOA18. The corresponding map
with anomalies (FI-NO_FI) that are incompatible with zero at the 95% confidence interval is displayed in Figure
S3d in Supporting Information S1. This figure shows that nearly all bottom water salinity anomalies are statis-
tically significant.

3.4.3. Processes Responsible for the Changes in Bottom Water Properties

To understand the mechanisms responsible for the changes in bottom water temperature and salinity identified in
Sections 3.4.1 and 3.4.2, we now focus on coastal polynyas areas, where dense water formation occurs. This
polynya-scale perspective helps to disentangle the respective roles of surface processes and oceanic circulation in
modifying the shelf water properties. In this context, fast ice affects the characteristics of water masses across the
continental shelf both directly and indirectly through coastal polynyas.
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The direct effects are illustrated in Figure 7, which presents the seasonal cycle of the sea ice concentration and the
vertical temperature and salinity anomaly profiles, averaged along a representative transect through the Dalton
fast ice region (location shown in Figure 7a, see the solid black line). Figure 7d shows a significant surface salinity
reduction in FI compared to NO_FI, with an annual mean change in the upper 50 m of the water column of
—0.51 g kg~!. This freshening leads to a shallower mixed layer in FI (see pink and green lines in Figures 7c¢
and 7d). The difference between the MLDs of the two simulations increases with sea ice production and,
therefore, the gap occurs mainly during the ice growth season.

In FI, the modified MLD alters the vertical temperature profile (Figure 7c). In the upper 50 m, a yearlong surface
cooling is observed in FI (—0.2°C on annual average), attributed to the shallower mixed layer on the shelf,
indicative of a more stratified upper ocean, which reduces the mixing of warm deeper waters with the cold surface
waters. In agreement with this interpretation, an average warming of 0.2°C is noticed in the ocean layer located
between the FI and NO_FI MLDs. This warm subsurface anomaly is maintained throughout the sea ice growth
season and decays in summer with the decrease of the gap between the two simulated MLDs. Because mixing and
cooling of subsurface waters can be stronger in coastal polynyas, we examined whether part of the shown
FI-NO_FI subsurface temperature difference may reflect polynya-driven convection in NO_FI rather than a direct
effect of fast ice in FI. During the period of subsurface warming both simulations show high sea ice concentration
(more than 75%) in this region (Figure 7b), indicating that there is no active polynya in the region in NO_FI. The
warming therefore primarily reflects reduced vertical mixing under fast ice covered conditions relative to pack ice
conditions.

During summer, we see a net average cooling of the upper 100 m of the water column by about —0.7°C in FI
relative to NO_FI (Figure 7c). We argue that this temperature difference results from the locally larger sea ice
concentration in the FI simulation (Figure 7b), reducing shortwave radiation supply and wind-induced mixing in
the upper ocean. Indeed, more sea ice increases the surface albedo and thereby reduces the absorption of incoming
solar radiation. Because shortwave radiation in NO_FI can penetrate at depth, in particular below the stratified
surface layer, and not in FI, the span of relatively cold waters in FI reaches the bottom of the continental shelf.
This temperature difference explains the bottom water temperature decrease in the Dalton Polynya region
(Figure Se; Porpoise Bay). The presence of sea ice in FI also reduces wind-driven mixing and contributes to
maintaining a colder and more stratified upper ocean. Furthermore, while sea ice is present, a large part of the
thermal energy available in the upper ocean is consumed by melting sea ice, which limits the amount of heat
available to warm the ocean surface. The sensible heat flux associated with the release of the associated melt water
is about 1 W m~2 and therefore is negligible compared to @(10> W m~2) associated with shortwave radiation. In
contrast, most of the continental shelf regions close to the coast exhibit a bottom water warming. This warming is
linked to the difference between the two simulated MLDs: in those regions, unlike in the Dalton Polynya region,
the MLD in NO_FI reaches the seafloor such that the positive temperature anomaly between the two MLDs
extends to the bottom. This mechanism is particularly evident in the Dibble Polynya region (Figure S6 in Sup-
porting Information S1).

We also find differences caused by reduced melting, but they are smaller than ice-production-induced differences.
The vertical ice-ocean mass flux averaged over NDJF (i.e., the sea ice melt season) and integrated over the region
with more than 50% fast ice frequency of occurrence during NDJF is reduced by 15% relative to NO_FI
(—0.065 kg m~2 s7!). This is consistent with the presence of thicker and more persistent fast ice in the FI
simulation (see Pirlet et al., 2025), which limits summer break-up and reduces meltwater release. Enhanced
upper-ocean stratification also contributes by maintaining colder surface waters. In contrast, the difference in the
integrated vertical ice-ocean mass flux is substantially larger during the sea ice growth season (—49% relative to
NO_FI; —0.394 kg m~2 s"), indicating that the freshwater signal associated with reduced summer melt is of
secondary importance compared to the impact of reduced sea ice production and associated brine rejection
beneath fast ice. This is consistent with the simulated salinity anomalies in the Dalton region (Figure 7d), which
show water salinity reduction in FI throughout the year.

Now we examine the indirect effect of fast ice on shelf water properties through its impact on coastal polynyas.
The Dalton Polynya (Figure 7a) exhibits a reduction in sea ice production beneath fast ice (Figure 8a) and a
decrease in surface and subsurface salinity in the downstream polynya (Figure 8c). We argue that ocean surface
currents, indicated by arrows in Figure 8b, transport fresher waters from the fast ice region toward the polynya. To
quantify this transport of fresher waters, we computed the integrated salt transport across a section located
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Figure 7. (a) Frequency of occurrence of coastal polynyas (orange shading) and fast ice (blue shading) averaged over March—October and the period 2013-2017 in the
Dalton Polynya region from the FI simulation. The black line indicates the fast ice transect used for the analyses shown in panels (b—d) and in Figures 10b and 10d. The
green section shows the location of the vertical cross section (surface-50 m depth) across which the freshwater flux advected from beneath the fast ice tongue toward the
coastal polynya is calculated, while the pink section indicates the transect used for the latitude-depth analysis presented in Figures 10a and 10c. (b) Seasonal cycles of sea
ice concentration along the transect shown in panel (a) averaged over 2013-2017 for FI and NO_FI simulations. (c, d) Monthly climatology of temperature and salinity
anomalies, respectively, shown as depth-time (Hovmoller) diagrams and averaged along the fast ice transect. The seasonal cycle of the mean mixed layer depth in the
transect for FI (solid pink line) and for NO_FI (dashed green line) is also shown in panels (c, d).
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Figure 8. (a) Mean sea ice production anomaly (FI-NO_FI) in the Dalton Polynya region averaged over March—October for
2013-2017. The solid black line indicates the longitude-depth transect analysed in Figures 7, 10b, and 10d, while the pink
section is used for the latitude-depth analysis presented in Figures 10a and 10c. (b) Mean ocean current velocity and direction
averaged over the upper 50 m in the FI simulation for the same period as in panel (a). The solid green line in panels (a, b)
shows the location of the vertical section (0-50 m depth) across which the freshwater flux advected from beneath the fast ice
tongue toward the coastal polynya is calculated. (c, d) Vertical salinity and temperature profiles, respectively, from the FI and
NO_FI simulations averaged over the region enclosed by the green contour shown in panels (a, b) and over March—October
for 2013-2017. Shading indicates the range between the 25th and the 75th quantiles.

between the fast ice tongue and the coastal polynya (Figures 7a, 8a, and 8b; solid green line), extending vertically
from the surface to 50 m depth in both simulations. The net salt transport across this section is directed toward the
polynya in both simulations but is weaker in FI (4.2 g kg™ Sv) than in NO_FI (13.2 g kg~! Sv). This reduced salt
transport in FI compared to NO_FI, through the section, is consistent with a diminished export of saline water
from the fast ice region, supporting the interpretation that fresher surface waters are advected into the downstream
polynya. Temperature profiles reveal a cooling in the upper 200 m, associated with the open coastal polynya in FI,
while a warming is observed at depth. Note that a similar surface freshening also occurs in other coastal polynyas
influenced by upstream fast ice coverage, including the Amundsen, Dibble, Shackleton, Vincennes Bay, and
Mertz Polynyas (Figures S9-S13 in Supporting Information S1).

In contrast, other polynyas, such as the Cape Darnley Polynya, exhibit a different behavior due to limited presence
of upstream fast ice tongue. Figure 9a provides a detailed view of the frequency of occurrence of the Cape Darnley
Polynya together with the adjacent fast ice. Figure 9b, which presents the mean sea ice production anomaly
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Figure 9. (a) Frequency of occurrence of coastal polynyas (orange shading) and fast ice (blue shading) averaged over
March-October and the period 20132017 in the Cape Darnley and Mackenzie Bay region from the FI simulation. The solid
black and pink line sections are used, respectively, for longitude-depth and latitude-depth analysis presented in Figures 10e,
10f, 10g, and 10h. (b) Mean sea ice production anomaly (FI-NO_FI) in the region averaged over March—October for
2013-2017. (c, d) Vertical salinity and temperature profiles, respectively, from the FI and NO_FI simulations averaged over
the region enclosed by the green contour shown in panels (a, b) and over March—October for 2013-2017. Shading indicates
the range between the 25th and the 75th quantiles.

(FI-NO_FI), reveals enhanced sea ice production within the coastal polynya in the FI simulation and a reduced sea
ice production beneath fast ice. Figures 9c and 9d show the corresponding vertical profiles of salinity and
temperature averaged in the Cape Darnley Polynya (see the green contour in Figures 9a and 9b). The repre-
sentation of fast ice results in a marked salinity increase in the upper 200 m of the polynya water column, driven
by increased ice production and associated brine rejection. Below 200 m, the salinity anomaly decreases. In FI, the
reduced halocline strengths vertical exchanges between the surface and bottom layers (Figure 9c), allowing the
surface salt accumulation to reach the seabed more effectively. In contrast, the impact of fast ice on temperature
remains small throughout the water column in this coastal polynya (Figure 9d). Similar surface salinity increases
are observed in other key polynyas, including the Mackenzie Bay Polynya and to a lesser extent the Terra Nova
Bay Polynya (Figures S7 and S8 in Supporting Information S1).

Having examined the direct and indirect effects of fast ice, we now investigate how surface anomalies are
transmitted to the subsurface, bottom waters, and under ice shelf cavities. Figure 10 depicts latitude-depth and
longitude-depth sections of annual mean temperature and salinity anomalies (FI-NO_FI) in the Dalton and Cape
Darnley regions.

In the Dalton region, the representation of fast ice produces colder and mainly fresher surface waters (Figures 10b
and 10d), which shoal the mixed layer. The reduced vertical mixing allows warmer and saltier waters intrusion
onto the continental shelf (Figures 10a—10d). The latitude-depth section extending beneath the Totten Ice Shelf
(Figures 10a and 10c) further shows that these subsurface warmer and saltier waters penetrate into the ice shelf
cavity.
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Figure 10. Transects of the annual mean water temperature anomalies (FI-NO_FI; a, b, e, f) and salinity anomalies
(FI-NO_FI; ¢, d, g, h) averaged over the period 2013-2017 in the Dalton (a—d) and Cape Darnley (e-h) regions. The locations
of these sections are indicated in Figures 7a and 9a for the Dalton and Cape Darnley regions, respectively, where the latitude-
depth sections (a, ¢, e, g) are shown in pink and the longitude-depth sections (b, d, f, h) in black. The annual mean mixed layer
depth averaged over 2013-2017 is overlaid in all panels for the NO_FI simulation (solid green line) and the FI simulation
(solid pink line).

In contrast, the Cape Darnley region exhibits increased surface salinity, including beneath fast ice (Figure 10h),
which can be traced to the Cape Darnley Polynya (Figures 9a and 9c), the primary source of dense water in the
region. We argue that the salinity increase has a local coastal origin rather than an offshore source: (a) it is
confined to the coastal zone (Figure 10g), and (b) the associated density increase deepens the mixed layer, further
limiting the intrusion of saline waters beneath the fast ice. In this framework, enhanced sea ice production in the
Cape Darnley Polynya generates dense waters that are advected westward along the continental shelf, contrib-
uting to the downstream salinity increase from the surface to the bottom of the shelf. This interpretation is
consistent with the bottom water salinity anomalies shown in Figure 6e, which reveal saltier waters both at the
polynya location and downstream. Temperature changes (Figures 10e and 10f) are comparatively small but also
reflect the downstream advection of waters originating from the Cape Darnley Polynya.

The representation of fast ice can also have remote effects on bottom temperature and salinity via changes in
ocean circulation and stratification that reorganize water masses. This appears to be the case along the shelf break
in the northwestern Weddell Sea, where bottom waters are warmer and slightly saltier in FI than NO_FI
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(Figures 5e and 6e). We hypothesize that this signal is linked to reduced wintertime deep convection (cf.
decreased MLDs, Figure 4e) and a shoreward expansion of CDW.

3.5. Ice Shelf Basal Melt

Figure 11 displays the average integrated basal melt rate of a selection of Antarctic ice shelves, either adjacent to
fast ice (see the stars in Figure 11) or among the largest in area (Table S1 in Supporting Information S1 gives the
melt rate of all ice shelves) for both FI and NO_FI simulations together with observation-based estimates. Both
simulations produce total ice shelf melt rates above estimates (1,264 + 147 Gt yr ~! in Adusumilli et al. (2020);
1,325 + 237 Gt yr ~! in Rignot et al. (2013); 1,082 = 111 Gt yr ~! in Davison et al. (2023)), with values of
1,607 Gt yr ! (NO_FI) and 1,861 Gt yr ~! (FI). A substantial part of this positive bias originates from individual
ice shelves (e.g., George VI), and is consistent with the broader Southern Ocean warm bias visible in bottom
temperatures (Figure 5d). In addition, basal melt estimates are known to be highly sensitive to parameterization
choices and the uppermost grid resolution beneath the ice shelf (Gwyther et al., 2020), making perfect agreement
with observations difficult to achieve. In this context, the contribution of the present study is not to optimize
agreement with estimates of ice shelf melt rates, but rather to show how fast ice can influence ice shelf melting.

The FI-NO_FI difference corresponds to an increase of 254 Gt yr ~! (+15.8%) of the integrated ice shelf melt
rate. This increase is primarily associated with warmer continental shelf waters in the vicinity of ice shelves under
fast ice conditions, as illustrated in Figures 5e and 7c. The magnitude of this change is of the same order as the
spread in current observation-based estimates of Antarctic ice shelf melt.

Furthermore, this difference in ice shelf basal melt rate is incompatible with zero at the 95% confidence interval
(t-test, p < 0.001) and exceeds the model's interannual variability. The fast ice induced change in ice shelf melt
rate is 3.4-6.4 times larger than the typical interannual fluctuations, which are about 75 Gt yr ~! in NO_FI and
40 Gt yr ~! in FL This indicates that the response to fast ice representation constitutes a robust shift in the
Antarctic ice shelf melt rate rather than a manifestation of internal variability.

Individually, a few small ice shelves along East Antarctica, as well as the Abbot Ice Shelf, exhibit reductions in
basal melt rates. However, none of these decreases exceeds 36% (Holmes). In contrast, the majority of ice shelves
experience increased basal melting when fast ice is represented, with most of these changes being non-negligible.
Notably, the Moscow University, Totten, Nickerson, and Ross Ice Shelves show increases exceeding 50%.
Previous work by Van Achter, Fichefet, Goosse, and Moreno-Chamarro (2022) already mentions an increased
melting of the Moscow University and Totten Ice Shelves due to inclusion of fast ice. They attributed this feature
to enhanced intrusions of mMCDW (modified CDW), facilitated by the presence of fast ice. Similarly, the increase
of ice shelf melting in our FI simulation is explained by subsurface warming (Figures 10a and 10b), itself driven
by increased near-surface haline stratification and mixed layer thinning. The ice shelves for which significant
changes in basal melt coincide with the presence of surrounding fast ice are marked with cyan stars in Figure 11.

3.6. Shelf Water Density

Figures 12b and 12c shows that the large-scale patterns of the bottom water potential density mapped from the
WOA18 climatology are relatively well preserved in the FI simulation. The comparison between the FI and
NO_FI simulations (Figure 12¢) reveals a small average bottom density difference over the continental shelf of
+0.0007 kg m~3 in FI, but spatial variability is evident, with some areas displaying local pronounced anomalies.
To isolate the most significant changes (Figure S3e in Supporting Information S1), we only keep anomalies
incompatible with zero at the 95% confidence interval which are outside the +0.02 kg m™ range and identified
five sectors of interest (Figure 12¢e): the Weddell Sea Sector (WSS), the Cape Darnley Sector (CDS; defined here
as a sector of DSW production that includes the Cape Darnley polynyas as well as Prydz Bay and the Amery Ice
Shelf region), the East Antarctic Sector (EAS), the Ross Sea Sector (RSS), and the Amundsen Sea Sector (ASS).
The first four of these sectors include known areas of DSW formation.

In the CDS (50°E to 90°E), the bottom water density increases on average by 0.040 kg m~> in FI. This region is
known for the formation of dense water associated with the high activity of the Cape Darnley and Mackenzie Bay
Polynyas (Ohshima et al., 2013; Williams et al., 2016). In our simulation, the representation of fast ice leads to an
overall increase in bottom water salinity (Figure 6e), driven by enhanced sea ice production in these two key
coastal polynyas (Figure 2e). In FI, the increased brine rejection in coastal polynya facilitates vertical salinity
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Figure 11. Integrated basal melt rate of individual ice shelves in FI (pink) and NO_FI (green) simulations (in Gt yr~!), averaged over the period 2013-2017. The
observation-based estimates from Rignot et al. (2013), Adusumilli et al. (2020), and Davison et al. (2023) are given in gray, orange, and blue, respectively. The error bars
indicate interannual standard deviation. A star means that the ice shelf is close to a fast tongue and, if the star is in cyan, the uncertainties do not overlap. Figure 1 of
Rignot et al. (2013) shows the locations of individual selected ice shelves.
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Figure 12. Annual mean bottom water density with reference pressure of 1,000 dbar averaged over the period 2013-2017
from the NO_FI simulation (a), the FI simulation (b), and the observational climatology of the World Ocean Atlas
(WOA2018; c). Differences in annual mean bottom water density between the FI simulation and the observational
climatology (FI-WOA2018; d) and between the FI and NO_FI simulations (FI-NO_FI; e). The black contour is the
continental shelf border (1,500 m depth) and black vertical lines are the limits of each sector presented in the Section 3.6:
Cape Darnley Sector (50°E-90°E), East Antarctic Sector (90°E-150°E), Ross Sea Sector (150°E-150°W), Amundsen Sea
Sector (150°W-90°W), and Weddell Sea Sector (60°W-30°W).

fluxes to the seafloor (Figure 9c¢), and the resulting salinity signal is subsequently redistributed across the shelf
through advective and diffusive processes. Figure 13a confirms a volumetric shift toward denser shelf waters in
the FI simulation, with most of the positive volume differences concentrated near freezing temperatures and
salinities exceeding 34.6 g kg™, consistent with HSSW formation (Miller et al., 2024). These results emphasize
the importance of fast ice representation for the correct simulation of dense water formation in the CDS.

Along the EAS (90°E to 150°E), the bottom water density decreases by 0.020 kg m~ on average in FI compared
to NO_FI. Although fast ice allows the formation of coastal polynyas in the model (Figure 1), most of the region
experiences a bottom water density decrease linked to local changes, namely bottom shelf water warming
(Figure 5e) and freshening beneath the fast ice cover. Additionally, Figure 13b shows a greater volume in FI of
cold waters below the freezing point (i.e., ISW), which results from increased ice shelf basal melting in this sector
(Figure 11). HSSW formation in this sector typically occurs in the Mertz Polynya (Adélie Depression; Martin
et al., 2017; G. Williams & Bindoff, 2003; Williams et al., 2008, 2016) and, to a lesser extent, in Vincennes Bay
(Kitade et al., 2014). A localized increase in bottom water density is found downstream of the Mertz Depression
(Figure 12e), consistent with the Ninnis Glacier Polynya improved representation in the FI simulation, while a
decrease in bottom water density is found beneath the fast ice downstream of the Mertz polynya. In contrast,
changes around Vincennes Bay remain limited between FI and NO_FI. Overall, fast ice representation leads to the
consumption of mCDW to form DSW in this region (Figure 13b) and a new volume of AASW is also formed due
to the surface freshening under fast ice. These findings are consistent with those for the Terre Adélie coastal
region reported by Huot et al. (2022).

In the RSS (150°E to 150°W), representing fast ice leads to a bottom water density increase of 0.017 kg m™> on
average in FI compared to NO_FI. In this sector, HSSW is known to be formed in the Terra Nova Bay and Ross
Ice Shelf Polynyas, while ISW originates from basal melting of the Ross Ice Shelf. Intrusions of mCDW via
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Figure 13. Differences (FI-NO_FI) in volume distributions of water masses (bin widths: 0.02°C and 0.01 g kg™!) as a
function of temperature and salinity for (a) the Cape Darnley Sector (50°E-90°E), (b) the East Antarctic Sector
(90°E-150°E), (c¢) the Ross Sea Sector (150°E-150°W), (d) the Amundsen Sea Sector (150°W-90°W) and (e) the Weddell Sea
Sector (60°W-30°W). Volume distributions exclude grid cells located underneath the ice shelves and seaward of the 1,500 m
bathymetric contour. Dotted gray curves: potential density referenced to the surface. Solid green curves: neutral density
(Jackett & Mcdougall, 1997) values 28 and 28.27. Dashed green line: surface freezing temperature. AASW: Antarctic Surface
Water, CDW: Circumpolar Deep Water, nCDW: modified CDW, DSW: Dense Shelf Water are presented in panel (d). The
water mass classification is based on Herraiz-Borreguero et al. (2015), Herraiz-Borreguero et al. (2016), Williams et al. (2016),
and A. H. Orsi and Wiederwohl (2009).
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Figure 14. (a) Annual mean ocean current velocity and direction in the Ross Sea averaged over the 150450 m depth range in
the FI simulation for 2013-2017. The solid green line indicates the location of the section shown in panels (b—g), which
extends from the surface to 1,000 m depth and across the Ross Sea and Ice Shelf cavity. Annual mean temperature along the
section for the NO_FI simulation (b), the FI simulation (d), and their difference (FI-NO_FI; f). Annual mean salinity along
the section for the NO_FI simulation (c), the FI simulation (e), and their difference (FI-NO_FI; g). The annual mean mixed
layer depth along the section is overlaid in panels (b—g) for FI (solid pink line) and NO_FI (solid green line). All panels show
annual means over the period 2013-2017.

Houtz and Hayes Banks also influence regional water properties (Silvano et al., 2023). In the FI simulation, the
presence of fast ice upstream of this sector and the small fast ice cover in front of the ice shelf (Figure 1) triggers a
local shoaling of the mixed layer in front of the ice shelf, which enhances the intrusion of warm and saline waters
onto the continental shelf and into the adjacent ice shelf cavities. To illustrate the mechanism, Figure 14 presents
vertically averaged ocean velocities (150450 m) together with cross-shelf sections of temperature and salinity.
As aresult of warmer water intrusion, basal melt increases, the melt water release intensifies, freshening the upper
ocean along the ice shelf and toward the north (Figure 14g). This freshening further reduces the MLD (Figures 14f
and 14g), reinforcing upper-ocean stratification. Finally, the shallower MLD (Figure 4e) facilitates a larger
intrusion of warm (Figures 14b, 14d, and 14f) and saline (Figures 14c, 14e, and 14g) waters beneath the ice shelf.
The associated increase in oceanic heat supply enhances basal ice shelf melt rates (e.g., Ross, Sulzberger,

PIRLET ET AL.

22 of 28

85US017 SUOWWOD SAEaID 3|dedl|dde aup Aq pausenob ae S3jole YO ‘8Sn JO 3|1 10y ARiq1T3U1IUO AB|IM UO (SUORIPUOD-PUR-SLLBY/WI0D A8 | 1M ARe1q) 1 U |Uo//Scy) SUORIPUOD pUe Swis | 343 89S *[9202/0T/90] Uo ARiqiauliuo A8|iM ‘UreAno] 8@ anbijoyed slsRAIUN AQ £29€2000S202/620T OT/10P/L0d A8 | imArelq 1 jeutuo'sgndnBe//sdny wouy pspeojumoq ‘0T ‘9202 ‘16266912



| . Yed N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2025JC023673

Nickerson; Figure 11). Overall, the representation of fast ice promotes ISW formation (Figure 13c) in FIL. In
addition, the enhanced intrusion of saline waters onto the shelf contributes to the increase in bottom water density
in FI (Figures 12e and 13c). The representation of fast ice is also responsible for a clear volumetric shift toward
lower density water masses, evident in the leftward shift of the light arch of the T-S diagram (Figure 13c). This
arch is also present in the upstream ASS. Meanwhile, the dense cone in the T-S diagram, corresponding to the
densest water masses, emerges prominently in the CDS, EAS, and WSS. This dual presence in the RSS implies
that this sector experiences two changes: a decrease in density of the AASW and an increase in density of HSSW
when the fast ice scheme is activated. Nonetheless, it should be noted that, in this sector, fast ice has a limited
impact on the dynamics of coastal polynyas and thereby on associated local water mass transformations.

In the ASS (150°W to 90°W), the bottom water density decreases on average by 0.028 kg m™ in FI compared to
NO_FI. Beneath fast ice tongues (e.g., over Bear Ridge, near 110°W, 74°S, east of the Amundsen Polynya), the
bottom water salinity increases (Figure 6e), yet bottom water density decreases (Figure 12e) in FI. The large
increase in bottom water temperature in FI (Figure 5e) thus dominates the impact on bottom water density
changes. Figure 13d corroborates this, showing an increase in the volume of lower density water masses in FI. The
Amundsen Sea is characterized by warmer shelf waters compared to other Antarctic sectors (Figure 5c). Ice
shelves such as Pine Island and Thwaites are known for their high basal melt rates, largely driven by warm water
intrusions onto the continental shelf (Jenkins et al., 2018; Naughten et al., 2023; Thoma et al., 2008). In the FI
simulation, fast ice noticeably affects the MLDs (Figure 4e) and induces a significant subsurface warming near ice
shelf fronts (Figure 5e), leading to enhanced basal melting (Figure 11). These findings confirm the results of Bett
et al. (2020), showing that it is worth including fast ice in future estimates of ice shelf melt rates in this sector, as
done—in a simple way—in the projections of Jourdain et al. (2022), Naughten et al. (2023), and Mathiot and
Jourdain (2023).

Finally, in the WSS (60°W to 30°W), the bottom water density increases by 0.019 kg m™3 in FI compared to
NO_FI on average (Figure 12¢). This region is characterized by the formation of ISW beneath the Filchner-Ronne
Ice Shelf, which is exported via the Filchner Trough and also by HSSW production near the western shelf break
(Gordon & Ice Station Weddell Group of Principal Investigators and Chief Scientists, 1993; Hellmer et al., 2008;
Huhn et al., 2008). However, melting at the base of the Filchner-Ronne Ice Shelf remains largely unchanged in the
presence of fast ice in the model (Figure 11), suggesting that ISW modifications (Figure 13e) are not the main
driver of the density increase. Instead, the densification appears to be a direct consequence of increased bottom
water salinity (Figure 6e). Then, the more saline water is exported toward the shelf break via the Hughes Trough
in FI. Overall, fast ice fosters the formation of denser shelf waters in the WSS (Figure 13e).

4. Discussion and Conclusion

In this study, we applied a recently developed method to represent Antarctic fast ice in an ocean-sea ice model.
The method consists of restoring sea ice velocity toward zero where and when fast ice is observed. Using this
approach, we explored the effects of the velocity-restoring fast ice scheme on Antarctic shelf water properties and
ice shelf melt simulated by a 1/4° circum-Antarctic configuration of the NEMO-SI® ocean-sea ice model in
hindcast experiments covering the period 2001-2017.

We found that the representation of Antarctic fast ice has a significant impact on the simulated ocean hydrog-
raphy, particularly by redistributing sea ice production, with large consequences on the ocean surface mixed layer.
Fast ice directly exerts a strong local control on the upper-ocean stratification: during the ice growing season,
reduced brine rejection beneath the fast ice maintains fresher surface conditions and limits ocean vertical mixing.
This change in vertical mixing leads to a surface cooling and a subsurface warming. This warming could be
enhanced where and when the NO_FI simulation includes an active coastal polynya, although the mechanism
leading to temperature differences does not depend on the presence of such a polynya. In summer, the insulating
effect of fast ice reduces solar heating of near-surface waters, inducing cooling signals that can propagate at depth
later in the season. Indirectly, fast ice enhances sea ice formation in coastal polynyas and at fast ice margins,
strengthening brine rejection and promoting dense water formation in these key regions. However, we also
showed that extensive fast ice tongues upstream of coastal polynyas, with their relatively low ice production, can
reduce salinity in the polynyas themselves via advection of fresher surface waters, thereby counteracting the
enhanced brine rejection effect.
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The rate of ice shelf melt is significantly enhanced (+15.8%) by the subsurface warming, particularly where the
mixed layer previously reached the seabed near ice shelf in the control simulation without fast ice. At the Ant-
arctic scale, this highlights the importance of including fast ice in future assessments of ice shelf melt rates (see
Figure 11 and Table S1 in Supporting Information S1). While this conclusion has previously been suggested
regionally (e.g., Jourdain et al., 2022; Mathiot & Jourdain, 2023; Naughten et al., 2023; Van Achter, Fichefet,
Goosse, & Moreno-Chamarro, 2022), our study demonstrates its broader relevance.

Both direct and indirect effects of Antarctic fast ice play an important role in controlling the DSW formation.
While the mechanisms vary by sector, the presence of fast ice systematically modulates the formation and
transformation of the shelf water masses. In regions such as Cape Darnley, Weddell Sea, and Ross Sea, fast ice
enhances dense water formation via increased brine rejection and ice shelf melting. In contrast, sectors like the
Amundsen Sea and Wilkes-Adélie exhibit bottom water density reductions, primarily driven by subsurface
warming and surface freshening beneath the fast ice.

A key limitation of using sea ice velocity restoring toward zero to represent fast ice is its reliance on observational
data, which are only available on the Antarctic circumpolar scale for the past two decades, restricting its
applicability for long-term climate simulations. As expected, given the longer renewal timescales of off-shelf
bottom waters relative to the simulation length, the impact of fast ice on bottom water salinity and tempera-
ture beyond the continental shelf (seafloor depths >1,500 m) appears negligible; however, differences may appear
in longer (100-1,000 years) simulations. Furthermore, this method lacks a physical basis to capture processes
such as thick fast ice formation through ridging or the influence of grounded icebergs on fast ice and on ocean
circulation. A previous idealized study by Kusahara et al. (2010) shows the potential influence of grounded
icebergs on ocean currents beneath fast ice. Consequently, the surface freshening advected from upstream fast ice
tongues into coastal polynyas observed in our study is likely biased, as the model neglects the influence of
icebergs on ocean circulation, although the extent of this bias remains uncertain. The warmer subsurface con-
ditions associated with fast ice lead to enhanced ice shelf basal melting, which may in turn dampen the formation
of DSW through the release of a large amount of freshwater. Therefore, our estimates of the impact of fast ice on
DSW formation should be considered conservative. Importantly, incorporating fast ice may require model
retuning to adapt ice shelf melt rates and avoid biases in future simulations. One possible avenue for improvement
would be to reduce the salt and heat exchange coefficients used at the ocean-ice shelf interface. Since the response
of basal melt rates to fast ice representation is heterogeneous in sign and particularly in magnitude, the potential
adaptations may require regionally targeted parameter adjustments, rather than uniform modifications applied
across all ice shelves.

Together, these limitations and the demonstrated role of Antarctic fast ice in coastal oceanic processes motivate a
physically-based representation of sea ice-iceberg interactions in Antarctic-focused ESM studies. Recent ad-
vances in simulating iceberg grounding and ungrounding (Kostov et al., 2025; Olivé Abell6 et al., 2025),
combined with formulations of iceberg-sea ice interactions (Hunke & Comeau, 2011; Liu et al., 2022) and the
inclusion of sea ice tensile strength (Konig Beatty & Holland, 2010), offer promising pathways toward sys-
tematic, process-based representation of Antarctic fast ice in ESM.
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