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Abstract The importance of Antarctic iceberg meltwater for the Southern Ocean has been a strong incentive
to include Lagrangian icebergs in ocean and climate models. However, the modeled iceberg thickness has
previously been constrained to 250 m, which appears to be underestimated given the frequent observations of
icebergs grounded on substantially deeper bathymetric ridges. In this study, we define the initial iceberg
thickness based on the thickness of the ice shelf from which they calve and rationalize the way to define the
iceberg size classes. Ocean—sea-ice—iceberg simulations reveal that more than half of the iceberg melting is
discharged over the Antarctic continental shelf, reaching an average of 631 Gt yr~! when the interaction of
icebergs with bathymetry is neglected, and 802 Gt yr~! when a simple grounding scheme is implemented. Such
additional freshwater injected over the continental shelf prone to sea ice production has important consequences
for the ocean properties around Antarctica. It enhances ocean stratification, inhibits deep convection and isolates
dense deep waters from the colder and fresher surface layers. This isolation allows the deep waters to warm and
become saltier, thereby intensifying subsequent ice-shelf melting. Moreover, the simulated distribution of
grounded icebergs blocks drifting sea ice, promoting the formation of thick sea ice and polynyas when the fast
ice parameterization is included. This work emphasizes the need for further research into the physical
representation of iceberg grounding and iceberg—sea-ice interaction.

Plain Language Summary Antarctic icebergs are very important for the Southern Ocean's water
cycle because they release substantial amounts of freshwater when they melt. Despite their crucial role, some
climate models do not accurately represent how thick these icebergs (often seen grounded in deep waters) can
be, causing freshwater to be unrealistically distributed along their drift paths instead of at grounding sites. In this
study, we improve one of these models by considering the thickness of the ice shelf from which they broke off
and defining the iceberg sizes in a way that better represents their actual distribution. Our simulations show that
over half of the melting from Antarctic icebergs occurs over shallow areas near and around the continent. When
we include a simple approach for thick icebergs to get stuck on submarine ridges in the model, the amount of
freshwater released into shallow areas around the continent increases significantly. This extra freshwater
changes the ocean properties around Antarctica, making the water layers more stable, which can limit the
mixing of deep and surface waters. Finally, stuck thick icebergs can block the drifting sea ice when simple
iceberg—sea-ice interactions are simulated, causing thicker ice on one side and open water on the other.

1. Introduction

Meltwater released from Antarctic icebergs is quantitatively comparable to the Antarctic ice-shelf basal melt
(Davison et al., 2023), thus constituting a substantial component of the Southern Ocean freshwater cycle.
However, their melting patterns differ significantly. While the ice shelf meltwater is released in front of the
Antarctic continent, icebergs can travel long distances and melt all over the Southern Ocean (e.g., Tournadre
et al., 2015; Wagner et al., 2017). Their melting may locally alter the ocean salinity and temperature within the
upper several hundred meters of the water column. Near the icebergs, surface meltwater freshens the ocean
surface, forming a shallow, low-salinity layer that promotes sea ice formation, enhances surface stratification, and
suppresses ocean convection (Ackermann et al., 2024; Jongma et al., 2009; Merino et al., 2016). Depending on the
relative iceberg-ocean velocity and on the iceberg size, basal meltwater released at depth may disrupt the stratified
structure of the Winter Water (WW) layer and induce vertical mixing of nutrient-rich, warm, and saline
Circumpolar Deep Water (CDW) with the surface layer (FitzMaurice et al., 2017; Lucas et al., 2025). Such
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freshwater-driven changes in the upper-ocean characteristics and structure may have far-reaching implications in
the Earth's climate system. Indeed, some model projections suggest that a future increase in iceberg melt could
delay atmospheric warming in the Southern Hemisphere and activate a positive feedback between surface
freshening, subsurface warming and ice-sheet/shelf melting, which could accelerate ice mass loss around
Antarctica (Schloesser et al., 2019).

Despite their importance in the freshwater flux distribution, a large number of climate models do not make any
distinction between ice-shelf and iceberg melt (e.g., Voldoire et al., 2019). Some distinguish icebergs but pre-
scribe iceberg melt either uniformly over a predefined region (e.g., Devilliers et al., 2021) or following a spatial
pattern from other modeling studies (e.g., Boucher et al., 2020). Iceberg trajectories and melting have started to be
explicitly represented in some models (Ackermann et al., 2024; Jongma et al., 2009; Schloesser et al., 2019; Smith
et al., 2021; Stern et al., 2016; Thomas et al., 2023), but this remains relatively rare, especially in global climate
models contributing to the Coupled Model Intercomparison Project (CMIP). These studies represent individual
icebergs or groups of icebergs as Lagrangian particles, and the imposed calving flux, from satellite products or ice
sheet models, is distributed into several iceberg classes of predefined size and thickness (Bigg et al., 1997; Martin
& Adcroft, 2010).

Most modeling studies have used a thickness of 250 m for the largest iceberg classes (Marsh et al., 2015;
Martin & Adcroft, 2010; Merino et al., 2016; Rackow et al., 2017; Stern et al., 2015), following the typical ice-
shelf thickness suggested by Gladstone et al. (2001) independently of the calving location. However, ice-shelf
thickness at the calving front varies considerably, ranging from less than 50 m to as much as 680 m (Dow-
deswell & Bamber, 2007; Morlighem et al., 2020). The ice thickness varies between ice shelves and along the
front of a given ice shelf. For instance, it lies within 150 £ 50 m along the eastern front of Ronne Ice Shelf,
within 350 = 100 m along the Ross Ice Shelf front, and 500 £ 250 m along the Filchner Ice Shelf front
(Morlighem et al., 2020; Rignot et al., 2013; Scambos et al., 2007). Furthermore, icebergs have been observed
to ground at depths of up to 400 m in East Antarctica and in the Amundsen Sea, and scours on the continental
shelf suggest that these could even reach 500 m (Beaman & Harris, 2005; Massom, 2003; Massom et al., 2009;
Mazur et al., 2017). Measurements of the freeboard of large tabular icebergs through satellite radar and laser
altimetry confirm the existence of icebergs thicker than 400 m (Scambos et al., 2005; Tournadre et al., 2015).
Hence, the aforementioned ocean modeling studies have clearly underestimated the upper end of the iceberg
thickness distribution.

Beingunable to reproduce accurately the iceberg thickness in ocean models may preventicebergs from grounding on
shallow bathymetric ridges. This has significant implications, as grounded icebergs act as anchor points for sea ice,
promoting the formation of thicker sea ice that remains fastened to them (Fraser et al., 2021; Massom & Stammer-
john,2010;Remyetal.,2008).Forinstance,thesemi-permanentgroundedicebergregionandassociatedfasticeoverBear
Ridge (Figure 1) has notbeen well-represented in ocean models and must be precisely outlined to ensure accurate rep-
resentationoftheoceanpropertiesonthe AmundsenSeacontinentalshelf(Bettetal.,2020;Nakayamaetal.,2014).Such
fastice favors the opening of coastal polynyas, as the Amundsen Sea Polynya, where most of the Antarctic seaice is
produced (Hou& Shi,2021;Huotetal.,2021;Massometal.,2001; Van Achter, Fichefet, Goosse, Pelletier, etal.,2022).
Simulatingtheirpresenceandgroundingzonesproperlyinoceanmodelswouldimproveourabilitytoprojectfuturesea-
ice production rates and water mass transformation, including Antarctic Bottom Water formation (Fraseretal.,2021;
Kusahara et al., 2017; Massom et al., 2001; Ohshima et al., 2013; Van Achter, Fichefet, Goosse, & Moreno-
Chamarro, 2022).

In this paper, we propose a novel approach in which the maximum iceberg thickness depends on the ice-shelf
thickness at the calving location. We implement these changes as well as a simple grounding scheme in a
circum-Antarctic ocean—sea-ice model (Section 2). Then, we analyze the impacts of the melting distribution on
the sea-ice thickness and ocean bottom temperature and salinity (Section 3). Finally, we discuss the consistency of
our results with observational estimates of Antarctic fast ice, evaluate the ability to reproduce fast ice and
polynyas through two different simple approaches, and propose future possible improvements to the model
(Section 4).
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Figure 1. Sentinel-1 Synthetic Aperture Radar satellite image taken on 2023-11-24 of the semi-permanent feature called Bear
Ridge Icebergs (BRI), in the Amundsen Sea, with the IBCSO isobath contours (in blue) that range from 250 to 500 m (Arndt
et al., 2013). The satellite image has been obtained through the Interferometric Wide Swath technique and in Ground Range
Detected format. The land-based ice mask, from the Antarctic Digital Database and based on grounding line data included in
BedMachine-v3 (Morlighem, 2022), is represented in sandy brown. Note the sea ice trapped to the east of the BRI, and open
the Amundsen Sea Polynya to the west.

2. Models and Methods
2.1. The Ocean-Sea-Ice Model Configuration

We use the Nucleus for European Modeling of the Ocean (NEMO), version 4.2.0, to represent the ocean dynamics
and physics (NEMO-OPA, Madec & the NEMO System Team, 2022) together with the sea ice dynamics and
thermodynamics (SI*, NEMO Sea Ice Working Group, 2019). The model simulates the ocean circulation and
interactive melting under ice shelves (Mathiot et al., 2017), as well as the motion and melting of icebergs (see
following Subsection).

The circum-Antarctic configuration used, referred to as eANT025.L121, is an extraction of the global configu-
ration described in Mathiot and Jourdain (2023), with a northern domain boundary at 52.25°S. The horizontal
resolution is 0.25° X 0.25° cos (lat) in latitude X longitude, with 121 vertical levels enabling a vertical resolution of
~20 m at typical ice-shelf base depths (between 100 and 1,000 m depth). The model setup is the same as in
Mathiot and Jourdain (2023), except that we do not apply the freshwater flux correction that is needed to avoid the
global model drift.
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Our simulations are forced by a repeated year of 3-hourly atmospheric forcing from the Japanese 55-year
Reanalysis (JRAS55-do) (Kobayashi et al., 2015; Tsujino et al., 2018) through the CORE bulk formulae
described in Griffies et al. (2009) and Large and Yeager (2004). The repeated cycle spans from 01 May 1990 to 30
April 1991, which was identified as the optimal normal-year data set for driving ocean—sea-ice models by Stewart
et al. (2020). Using a repeated year, we can more easily identify when a steady state is reached, enabling a clearer
comparison between experiments. The northern ocean boundary conditions are derived from 5-day mean outputs
of Mathiot and Jourdain (2023) and are applied over the same repeated period.

2.2. The NEMO Iceberg Module

The iceberg module in NEMO treats icebergs as Lagrangian particles, each particle being representative of one
iceberg or a group of multiple icebergs with identical characteristics (Marsh et al., 2015).

2.2.1. Icebergs Dynamics and Thermodynamics

The iceberg dynamics are governed by the Coriolis force, air and ocean drag, horizontal ocean pressure gradients,
wave radiation forces, and sea-ice drag (Martin & Adcroft, 2010). Moreover, the vertical structure of ocean
currents is accounted for in the ocean drag calculation (Merino et al., 2016). In our model, icebergs do not in-
fluence the ocean or the sea-ice momentum equations, a limitation that is discussed in Section 4. Given that our
configuration has an open boundary at 52.25°S, we have also modified NEMO so that any iceberg reaching the
northern boundary is immediately removed from the system, which is only relevant for the Weddell Sea sector
(longitudinal boundaries defined in Section 3.2). Hence, icebergs cannot re-enter the model domain.

In this study, we use a very simple approach to represent the iceberg interaction with bathymetry, which we
hereafter refer to as the grounding scheme, although it does not explicitly resolve the grounding and ungrounding
processes. If the iceberg keel is deeper than bathymetry at a given time step, it is immediately sent back to its
previous position and its horizontal velocity is set to zero. It implies that the iceberg then remains at this previous
position until the action of the ocean and/or winds set it in motion again.

The mass balance of each iceberg is determined by basal melting, convective melting along its sidewalls and wave
erosion (Bigg et al., 1997). The freshwater and latent heat fluxes related to these three terms are calculated at each
time step and injected at the ocean surface. The vertical structure of ocean temperatures and salinity is accounted
for in the melt rate calculation (Merino et al., 2016).

2.2.2. Icebergs Calving

The iceberg module receives as input the calving flux of Rignot et al. (2013), which assumes a steady-state
calving front as in our simulations. Given that observational calving fluxes are only available for entire ice
shelves, we randomly distribute the calving flux across the ocean grid points along a given ice shelf front. The
calving flux at a given location is then distributed into N iceberg classes, each of which represents a particular
surface area, following the observed distribution of the number of icebergs in the Southern Ocean per iceberg
surface area (z&strﬁm et al., 2021; Tournadre et al., 2016). For each class at a given location, an iceberg particle is
calved when the distributed calving flux has put enough mass to form a particle with the surface area and thickness
of that class. To save spin-up time, each iceberg class at each calving location starts partly filled in a random way.
To do so, the total ice mass required to release one particle for each iceberg class was multiplied by a random seed
value, between 0 and 1, ensuring reproducibility between experiments (all simulations are described in detail in
Section 2.3).

To estimate lateral melt rates and drag, we need to make some assumptions about the horizontal length and width
of icebergs for a given surface area class. To find the most reliable length/width (¢£/w) ratio for the Antarctic
tabular icebergs, the dimensions of 150 random icebergs were manually estimated from Sentinel-1 C-band
Synthetic Aperture Radar (SAR) backscatter images (European Space Agency, 2019) of the Amundsen Sea in
2014-2015 at a horizontal resolution of 50 m (Figure S1 in Supporting Information S1). For that, we extracted a
time series of single co-polarization (horizontal transmit/receive) images from ascending orbits in extra wide and
interferometric wide swath modes, from the Ground Range Detected collection in Google Earth Engine (Gorelick
et al.,, 2017), enhancing sensitivity to ocean—iceberg—sea-ice features and consistent illumination geometry
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Figure 2. (a) Thickness of calved icebergs and (b) ice volume of particles using the new class and thickness definition for 10
iceberg classes (in purple dashed line) and compared to the previous class definition by Stern et al. (2016) (in orange solid
line). The newly estimated iceberg thickness per class has been computed considering a local ice-shelf thickness of 250 m
(see Appendix A1 for further clarification on the definition of the iceberg classes), for better comparison with the previous
class definition. Note that the ice volume does not increase monotonically with iceberg area for the smaller classes, since it is
computed as V; = mi(h)(a),, where n; =52, 10, 5, 3, 2, 1, 1, 1, 1 and 1 for a clustering parameter R = 2.

(Dierking, 2013). We found a median #/w of 1.42 + 0.80, and therefore adopt the commonly used coefficient
¢ = 1.5w from previous studies (e.g., Bigg et al., 1997; Silva et al., 2006; Stern et al., 2016).

In previous work, the iceberg thickness of individual classes was set to empirical values independently from the
calving location, with a maximum of 250 m thickness for the largest icebergs. In our new approach, all icebergs
are calved with a thickness /& corresponding to the ice-shelf thickness at the closest calving front, which is
estimated from the BedMachine-v3 data set (Morlighem, 2022; Morlighem et al., 2020). For the classes in which
the iceberg width is smaller than the ice-shelf thickness, the thickness of the calved iceberg is reset to the width
value (Figure 2a). Exceptionally, the bathymetry on the NEMO grid can be shallower than the ice-shelf draft from
BedMachine-v2 in calving grid cells. In this case, the iceberg thickness is capped at 99% of the local water depth
to prevent the iceberg accumulation. During the simulation, a melting iceberg rolls over when w/h <0.92, a
threshold calculated from the expression of MacAyeal et al. (2003) using our model density values (Bonnet et al.,
2020).

2.2.3. Definition of the Iceberg Classes

In previous studies, the NEMO iceberg module was used with 10 classes of empirical characteristics: from 60 to
2,200 m in horizontal length, and an ice-shelf thickness of 250 m for the largest classes. In Merino et al. (2016),
the surface area of individual icebergs in a 10-class distribution was defined as a = wZ = 0.003, 0.007, 0.029,
0.12,0.18,0.35,0.56, 1.0, 1.8, and 3.5 km?. Here, we propose a new approach to objectively define the horizontal
iceberg size for any number of classes N, in a way that each of the classes represents a similar ice volume. A
similar ice volume implies that iceberg calving will occur more frequently for the smaller classes. Clustering
multiple icebergs into a single Lagrangian particle allows for avoiding simulating an excessive number of par-
ticles that contribute negligibly to the freshwater budget, while also providing greater flexibility in the choice of
the number of classes.
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Figure 3. Period required to release one Lagrangian particle per class, assuming a calving rate of 1 Gt yr~!. OLD experiment
corresponds to the classical class definition of Stern et al. (2016) and different values of the clustering parameter, R, have
been applied to the new class definition.

Moreover, as each iceberg class receives approximately the same ice volume per year, the calving of small
icebergs will also be more frequent. Although this is realistic (e.g., Fricker et al., 2002; MacKie et al., 2024)—as
giant icebergs are formed in large and infrequent calving events, smaller icebergs are formed by frequent pro-
cesses, such as the extension of the ice due to gradients in boundary friction, tensile and shear stresses at ice fronts,
undercutting by subaqueous melting, and torque from buoyant forces (Benn & Astrom, 2018)—the high
computational cost of tracking many small icebergs, which only contribute a small freshwater flux, motivates the
clustering of multiple icebergs into a single Lagrangian particle. To keep a reasonable representation of the spatial
dispersion of small icebergs while limiting the computational cost, we define a clustering parameter, R, in a way
that an iceberg class is not able to produce a Lagrangian particle more than R times more often than the largest
class (Figure 2b). All particles thus represent a similar ice volume when R — 1, while there is no clustering
when R — oo.

To find the most suitable R value, we estimate the calving period after which the Lagrangian particles are released
for a typical calving flux of 1 Gt yr~! (Figure 3). With R = 1 (maximum clustering), the class with the smallest
icebergs releases a Lagrangian particle every 8 years, a period that is reduced by half for R = 2. Instead, when R is
very large (no clustering), this class releases a particle every 27 days. In this case, the total number of particles can
increase substantially, and the computational cost increases significantly (see Appendix A2). In comparison, the
class definition and clustering of Stern et al. (2016), used in our OLD experiment, gives a particle release every
589 years for the smallest icebergs (Figure 3). With 10 classes, we have found that R = 2 gives a similar total
number of particles as in classical distributions (Figure S2 in Supporting Information S1), and we use this value
throughout the manuscript for a meaningful comparison with the classical distributions. The sensitivity to the R
parameter is investigated in Appendix A2.

While the total heat and freshwater flux contributions are multiplied by the number of icebergs in the clustered
particle, the calculations for the average iceberg characteristics are done for a single iceberg. The approach used to
estimate average iceberg characteristics ({a), (h),) in each class k is detailed in Appendix Al. In short, we
assume that the iceberg size distribution during calving is the same as the one observed in the Southern Ocean,
with a probability of iceberg occurrence following ™! as a good approximation (Astr(im etal., 2021; Tournadre
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Table 1

Example of Iceberg Characteristics Across Individual Size Classes, Considering 10 Classes, a Clustering Parameter Corresponding to R = 2, and an Ice-Shelf
Thickness of 250 m at the Calving Front

Size Initial iceberg Initial iceberg Initial iceberg Initial iceberg Number of icebergs in a Calving mass flux
class mass (kg) area (km?) length (m) thickness (m) particle distribution
1 7.47-10° 0.05 276 173 52 0.1

2 3.74-10' 0.18 514 250 10 0.1

3 7.77-10'° 0.37 740 250 5 0.1

4 1.33-10" 0.62 968 250 3 0.1

5 2.03-10" 0.95 1,196 250 2 0.1

6 2.87- 10! 1.35 1,424 250 1 0.1

7 3.87-10" 1.82 1,652 250 1 0.1

8 5.01-10" 2.36 1,880 250 1 0.1

9 6.30-10" 2.96 2108 250 1 0.1

10 7.73 - 10" 3.64 2336 250 1 0.1

Note. The total particle mass per size class can be calculated by multiplying the number of icebergs represented in one Lagrangian particle by the initial iceberg mass.

et al., 2016). After 40 years of simulation (described in detail in Section 2.3), the resulting iceberg size distri-
butions within the domain broadly support this assumption, with the observed underrepresentation of the smallest
icebergs likely due to both the absence of calving particles smaller than 0.05 km? and the lack of fragmentation
processes (see Figure S3 in Supporting Information S1). Moreover, as we do not represent the fragmentation of
icebergs during their trajectories, we impose an upper bound to the size distribution, which we set to a,,, = 4
km?. Keeping larger icebergs would produce trajectories that extend unrealistically far north (England
et al., 2020; Rackow et al., 2017). For the sake of simplicity, computational cost and uniformity of treatment
around Antarctica, we use the same (a), values, that is, the same class definition, at all calving points. For the 10-
iceberg class distribution, the corresponding surface areas per class are {(a), = 0.05, 0.18, 0.37, 0.62, 0.95, 1.35,
1.82, 2.36, 2.96, and 3.64 km? (Table 1). Table 1 shows all iceberg characteristics per class calculated in a way
that ensures an equal distribution of the calving mass flux into N classes for a typical ice-shelf thickness of
222.5 m (see the justification of this value in Appendix A1, especially in Figure S4 in Supporting Information S1).
For local ice shelf thicknesses, the actual mass distribution is therefore not perfectly even, but this is still better
distributed than with previous empirical choices.

2.3. Experiments

Four experiments are run for 40 years with an initial state completely free of icebergs (Table 2). All of them
consider 10 iceberg classes. The OLD experiment adopts the classical thickness and size distribution from Stern
et al. (2016), prescribes a maximum iceberg thickness of 250 m, and does not represent iceberg grounding. The
NoGr250 is similar to OLD, considering also a maximum constant of 250 m thickness for the ice shelves, but
implementing our objective definition of iceberg classes (with R = 2). The NoGr is the same as NoGr250, apart
from the use of the actual Antarctic ice shelf thickness to determine the iceberg thicknesses and the REF

Table 2
Description of the NEMO Experiments Used in This Study

Experiment name Classes definition Number of classes Ice-shelf thickness Grounding scheme R param. (clustering)

OLD Classical 10 250 m None -
NoGr250 New 10 250 m None 2
NoGr New 10 BM None 2
REF New 10 BM u=0,v=0 2

Note. BM stands for BedMachine, # and v represent the zonal and meridional components of horizontal velocity and the
sensitivity to these choices is analyzed in Appendix A2.
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Figure 4. Maximum iceberg thickness per grid cell in the 25-year climatology for (a) the OLD experiment with a maximum
iceberg thickness of 250 m, (b) the NoGr experiment with the iceberg thickness determined by the Antarctic ice-shelf
thickness at the calving front, both in the absence of a grounding scheme, and (c) the REF experiment that is similar to NoGr
but includes a grounding scheme.

experiment is the same as NoGr, apart from the inclusion of the iceberg grounding scheme. Additionally, two
sensitivity studies are conducted to assess how the clustering parameter R and the number of iceberg classes N
influence the resulting freshwater flux distribution (see Appendix A2), and two extra short-term experiments to
evaluate the iceberg module's ability to simulate the impact of grounded icebergs on sea ice dynamics described in
Section 4.

3. Results
3.1. Iceberg Maximum Thickness and Grounding Occurrence

The spin-up period is estimated to last approximately 15 years, after which the total mass of icebergs in the
Southern Ocean reaches a steady state— except in the REF experiment, where the ice volume continues accu-
mulating, reaching twice that of the other experiments (see Appendix A3 for further details). We then calculate the
steady-state climatology by averaging the following 25 years.

To visualize the characteristics of icebergs in the Southern Ocean, we define the iceberg maximum thickness in a
model grid cell as the highest thickness among all icebergs crossing that cell. The 25-year climatology of the
iceberg maximum thickness distribution across the Southern Ocean varies notably depending on whether the
actual ice-shelf thicknesses are considered (Figure 4). In contrast to the previous scheme (OLD experiment;
Figure 4a), which did not allow icebergs to be thicker than 250 m, accounting for the Antarctic ice-shelf thickness
at the calving front (NoGr experiment; Figure 4b) produces icebergs of up to 680 m thick. Such thick icebergs,
driven mostly by ocean drag and Coriolis force along the Antarctic coast, are mostly found over the Antarctic
continental shelf, carried by the counterclockwise Antarctic Coastal Current (ACoC), and leaving the domain
northward through the well-known Iceberg Alley in the western Weddell Sea. Thus, incorporating local Antarctic
ice-shelf thicknesses into the new formulation for iceberg thickness distribution leads to a wider range of
thicknesses and a broader dispersion of icebergs, especially for the smaller ones reaching lower latitudes in the
Pacific sector, easily moved northwards by katabatic winds and quickly entrained by the Antarctic Circumpolar
Current (ACC; Figure 4b).

The iceberg maximum thickness pattern changes completely when grounding is activated. While thick icebergs
are found all along the Antarctic coast in the absence of grounding scheme (NoGr), implementing both a realistic
thickness and a grounding scheme prevents them from crossing submarine ridges shallower than their keel depth.
As observed in Figure 4c, icebergs become grounded along the Antarctic continental shelf generally near their
calving points, where they may remain until either melting reduces their thickness enough to cross the bathy-
metric obstacle or external forces dislodge them (e.g., wind direction, sea surface height, ocean pressure gradi-
ents). This results in many of the thickest icebergs being trapped in front of various ice shelves, particularly the
Thwaites Glacier and Ronne-Filchner Ice Shelf, and then leaving their respective regions with significantly
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smaller thickness than they had after calving. This extends the residence time of the thickest icebergs in the
Southern Ocean, especially over the continental shelf where shallow ridges are found and where upper-ocean
water temperatures remain cold.

The probability of an iceberg grounding in open ocean waters, away from the Antarctic continental shelf, is
negligible unless islands or submarine ridges are present. Based on the grounded iceberg distribution in REF, the
most likely grounding zone on the Antarctic continental shelf comprises mainly bathymetry from 0 to 400 m (91%
of the grounded iceberg grid cells), especially in front of the thickest ice shelves such as the Ross Ice Shelf (Ross,
Pennell and Mawson Banks), Ronne-Filchner Ice Shelf (Bjerkner Bank) and Thwaites Glacier (Bear Ridge)
(Figure S5 in Supporting Information S1). These shallow banks not only trap thick icebergs calving directly from
the closest ice shelves, but also those drifting westward from other regions. A few regions stand out as having one
iceberg grounded per grid cell more than 75% of the time: the Black Coast on the eastern side of the Antarctic
Peninsula, the coast of Victoria Land in the western Ross Sea and in several places along the East Antarctic coast
(see Figure S5b in Supporting Information S1 for the location of these regions).

In the Amundsen Sea, the grounded iceberg frequency in our reference simulation (REF) fairly reproduces the
distribution of iceberg occurrence observed from Sentinel-1 SAR satellite images in 2011 (Figure 5). The dis-
tribution of iceberg occurrence product provided by Mazur et al. (2017) is based on an algorithm for automatic
iceberg detection applied to 432 radar satellite images, effectively identifying the smaller icebergs. In Figure 5,
the high probability of iceberg presence is centered on the eastern side of ridges, indicating a westward drift of the
bergs. The frequency of grounded icebergs in our simulation is notably higher near the coast, where bathymetry is
shallower. While the REF experiment only shows maximum frequencies, that is permanent iceberg presence,
close to the Amundsen Sea coast, observations reveal that icebergs indeed remain grounded nearly the entire year
along the whole extent of the submarine ridges. The tendency to generally underestimate iceberg permanence in
the REF simulation relative to observational data is examined in greater detail in Section 4.

3.2. Effect of Iceberg Grounding on the Freshwater Fluxes

Once the Antarctic tabular icebergs are calved, they melt progressively along their trajectory over the Southern
Ocean. Since some icebergs (about 3%—5%) exit the domain north of 52.25°S without melting completely, the
total iceberg melt estimated and accumulated in the region in the experiments does not perfectly balance the
calving rate of 1,265 Gt yr~!. Indeed, icebergs leaving the domain contribute with an average imbalance of
50 + 11 Gt yr~! for the OLD, NoGr, and REF experiments. Most of the mass exported outside the domain
corresponds to small, thin bergs, with 86% of the grid cells along the domain boundary exhibiting maximum
thicknesses below 25 m (Figure 4c).

The 25-year climatological mean of iceberg melting inside the domain for these experiments corresponds to
1187 % 5 Gtyr~! and the total mass of icebergs still present in the domain (i.e., not yet melted) varies on average
from 3,030 Gt without grounding (NoGr) to 5,360 Gt with grounding (REF; see Appendix A3 for further dis-
cussion). Thanks to our new approach for defining iceberg size classes and clustering, the ice-shelf discharge flux
stored until a particle of a given size class is filled and ready to calve is rapidly replaced in the NoGr and REF
experiments. In contrast, the OLD experiment still accumulates about 7 Gt yr™! of mass that has not yet calved, as
many particles remain unreleased even after 25 years of simulation (see Figure 3 and Section 2.2).

Our iceberg melt pattern shows the highest values along the Antarctic continental shelf and in the northwestern
Weddell Sea, specially through the Iceberg Alley (Figure 6a). This melting pattern is more diffuse than the model
climatology of Merino et al. (2016) because their iceberg size distribution was biased toward small icebergs.
Martin and Adcroft (2010) and other authors indeed wrongly interpreted the calving-size distribution as a calving
mass flux distribution, as discussed in Stern et al. (2016). The activation of the grounding scheme modifies this
melt pattern (Figure 6b). Considering six large Antarctic sectors, the Weddell Sea is the only one where the sector-
averaged melt flux decreases significantly when icebergs ground, from 637 to 442 Gt yr~!, receiving significantly
less freshwater, especially over the north of the Antarctic Peninsula and Riiser-Larsen Basin (Figure 6b). In
contrast, all other sectors exhibit higher melt rates when icebergs ground, with the smallest increase in the
Bellingshausen Sea, in agreement with Merino et al. (2016). This is likely due to the fact that the Bellingshausen
Sea is not supplied by icebergs from upstream sources along the ACoC. Given Figures 4 and 6, it is clear that thick
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Figure 5. Probability of (a) iceberg occurrence from Mazur et al. (2017) inferred from Advanced Synthetic Aperture Radar
(ASAR) images with an effective spatial resolution of 150 m X 150 m and (b) grounded icebergs in the REF experiment, in
the Amundsen Sea. While iceberg occurrences in Mazur et al. (2017) were calculated for all of 2011, we selected a random
single steady-state year in the REF experiment for the comparison, as a repeated-year forcing simulation holds no additional
significance. The gray solid lines indicate the bathymetry contours according to the IBCSO database (Arndt et al., 2013), and the
light blue shading represents the Antarctic ice shelves. For a clearer comparison, only probabilities higher than 5% in Mazur
et al. (2017) are represented.

icebergs melt substantially where they become grounded, resulting in fewer very thick icebergs continuing
downstream along ACoC (westward) around the Antarctic coast and then heading north through Iceberg Alley.

Although the Antarctic continental shelf (here defined up to the 1,500 m isobath southward of 60°S) represents a
small fraction of the Southern Ocean, it receives slightly more than half of the meltwater from all Antarctic
icebergs (Figure 7). In particular, 631 Gt yr~! of iceberg freshwater ends up on the Antarctic continental shelf in
the NoGr experiment, mainly from the Ross West and PIG/Thwaites basins (Figure 7), while the Ronne is the
dominant basin for freshwater discharge into the deep ocean, with 53 Gt yr~! out of 300 Gt yr~!. The freshwater
flux over the Antarctic continental shelf increases considerably, up to 802 Gt yr~!, when we activate grounding in
the REF scenario, with the Totten/Moscow basin increasing the most by 25 Gt yr~' compared with the NoGr
experiment (Figure 7).
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Figure 6. Melting distribution per Antarctic sector for (a) REF for 25 years climatology and (b) its difference with the
simulation without grounding (REF—NoGr). The melting differences between both experiments correspond to a decrease of
195 Gt yr‘1 in the Weddell Sector and an increase of 22, 96, 32, 21, and 14 Gt yr~! for Indian, Australian, the Ross Sea, the
Amundsen Sea, and the Bellingshausen Sea sectors, respectively. Blue radial lines indicate the Antarctic sector boundaries, and
the 1,500 m isobath corresponding to our definition of the Antarctic continental shelf is represented in gray. The sectors are
defined by the following longitudinal boundaries: Weddell Sea (60°W-30°E), Indian Sector (30°E-100°E), Australian Sector
(100°E-160°E), Ross Sea (160°E-155°W), Amundsen Sea (155°W-100°W), and Bellingshausen Sea (100°W-60°W). Note
that a melt rate of 107 kg m™2 s~ is equivalent to 31.5 mm yr~!; hence, the total freshwater flux released from icebergs
represents the 6.7% of the annual precipitation (1.8-10% mm yr~!) in the region.

3.3. Impacts on the Sea-Ice Production, Bottom Temperature, and Salinity

Most Antarctic sea ice is produced over the continental shelf (Figure 8c), and the resulting brine-rejection and
subsequent deep convection explain the presence of cold and salty water near the sea floor of the southwestern
parts of the Ross and Weddell Seas (Figures 8a and 8b). Higher rates of net sea ice production are distributed
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Figure 7. Total iceberg melting over the deep ocean (light blue) and the continental shelf (brown) according to the basin from
which icebergs were calved, with (REF, hatched) or without (NoGr, dotted) the grounding scheme. To define the different
Antarctic basins, we use the basin definitions from the Ice Sheet Mass Balance Inter-comparison Exercise (IMBIE), which
comprises 18 ice-sheet drainage basins across Antarctica (Otosaka et al., 2023). The different IMBIE basins are represented
and labeled for easier identification. The 1,500 m isobath south of 60°S is used to define the Antarctic continental shelf, as in
Tamsitt et al. (2021) and Morrison et al. (2020). Additionally, the iceberg melting distribution in the domain according to
each basin source for the NoGr experiment is represented in Figure S6 in Supporting Information S1.

OLIVE ABELLO ET AL.

11 of 25

5USD| SUOLIWIOD) BATERID |qed!(dde Uy Aq pausenob a1 sap e YO B8N Jo SNy 10} ARiq1T 8UIIUO 481 UO (SUORIPUCD-PUE-SLBYWY" AB| I ARe.q 1 [BU1|uO//Sd1U) SUORIPUOD PUE SWIR L U3 89S *[S20Z/0T/0T] Uo Aiq18UIlUO 4811 80UB|[OXT @180 PUE LRESH 0} miisu| euolieN ‘3OIN AQ 25822000S202/620T OT/10pAL0o Ao imAreiqiputjuo'sgndnbe//sduy woay pepeojumoq ‘0T ‘G202 ‘T62669TC



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/20251C022857

REF (Mar-Oct)
®

180°W

-2 0 2 346 34.8 35.0
Sea bottom temperature (°C) Sea bottom salinity (g/kg) Sea ice production (kg/m?/day)

Diff. REF-NoGr Diff. REF-NoGr

() ¢ © v ®

Diff. REF-NoGr (Mar-Oct)
®

180°W 180°W
—0.2 0.0 0.2 —0.050 —0.025 0.000 0.025 0.050
Sea bottom temperature (°C) Sea bottom salinity (g/kg) Sea ice production (kg/m?/day)

Figure 8. (a—c) Sea bottom temperature, salinity and sea-ice production in the REF experiment for the 25 years of climatology
and (d—f) the difference with the NoGr experiment for the same period. The 25-year climatology has been calculated only
from March to October for sea-ice production, and based on the annual means for temperature and salinity.

relatively homogeneously along the Antarctic coast, with the maximum values simulated in front of the Amery
Ice Shelf, specifically over the Mackenzie Bay Polynya, reaching 129.6 kg m~2 day™'. This is not significantly
affected by the presence of grounded icebergs in most regions (Figure 8f) because our sea ice model is unaware of
the presence of icebergs. Nonetheless, the additional release of freshwater on the continental shelf due to the
melting of grounded icebergs can increases the ocean stratification, thereby limiting deep convection. This can be
clearly seen in front of Pine Island Glacier (Figure S7 in Supporting Information S1), where the isopycnals and
isotherms remain closely spaced and horizontal throughout the period (Figure S7b in Supporting Information S1),
whereas in the absence of grounded icebergs (Figure S7a in Supporting Information S1), convection eventually
intensifies, resulting in the tilting of isopycnals and the dominance of denser and colder shelf waters (below
—1.5°C) throughout the entire water column. The enhanced stratification over the continental shelf also explains
the freshening effect of iceberg grounding near the sea floor of the Ross and Weddell Seas (Figure 8e¢). This
freshening is nonetheless not sufficient to produce a regime shift to warm temperatures and high ice-shelf melt
rates as described in Mathiot and Jourdain (2023) and Naughten et al. (2021). Indeed, basal melt increases only
slightly, with a total of 3.9 Gt yr~! (4.6%) beneath the Ross Ice Shelf and of 3.7 Gt yr~! (1.4%) beneath the Ronne-
Filchner Ice Shelf.

In the western part of the Amundsen Sea, the additional freshwater released mainly by the icebergs grounded on
the eastern side of Bear Ridge is responsible for ocean warming at depth that exceeds 0.2°C (Figure 8d). This
warming can be attributed to the topographic influence of Bear Ridge, which delineates distinct oceanographic
regimes within the Amundsen Sea by acting as a barrier. Additionally, the surface meltwater is predominantly
transported ACoC downstream (westward), primarily enhancing water-column stratification over the continental
shelf. This stratification isolates dense deep waters from the colder and fresher surface layers, preventing heat loss
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Figure 9. Probability of grounded icebergs (25-year climatology of REF experiment) together with the distribution of fast ice
persistence calculated from 432 contiguous maps of the NASA Moderate Resolution Imaging Spectroradiometer (Fraser

et al., 2021) for the 2000-2018 period and expressed as a percentage of time covering each pixel. The upper panel shows a
zoomed-in view of the East Antarctica sector to highlight regional details of fast-ice persistence and grounding probability.
Bathymetry contours, from 1,000 to 3,000 m, are represented as solid gray lines.

to the atmosphere and allowing these deep waters to warm and become saltier. Thus, this bottom warming over
the Antarctic continental shelf close to the base of the ice shelves promotes the subsequent increase in ice-shelf
melting (e.g., from 82 to 91 Gt yr~! for Dotson). This could favor more iceberg calving in the western Amundsen
Sea and, consequently, higher melt rates, that is, a positive feedback (as already appreciated in Bett et al., 2020;
Walker et al., 2007). However, it is important to be aware that this ocean's response may not be entirely realistic,
as the sea ice—iceberg interaction is absent, allowing sea ice to pass straight through grounded bergs and thereby
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Figure 10. Differences in sea-ice thickness from March to October over the 5-year climatology (after a 10-year spin up) due to
grounding icebergs and simple iceberg—sea-ice interactions are shown in (a) FastIce minus REF and (b) LandIcb minus REF,
and when the sea ice dynamics are not influenced by grounded icebergs in (c) REF minus NoGr. The REF grounded iceberg
mask derived from the 25-year climatology is represented in dark gray.

preventing the formation of the Amundsen Sea Polynya (see Section 4 for the two simple approaches imple-
mented as a first attempt to simulate these coastal polynyas).

The other location where the melting of grounded icebergs induces substantial near-sea-floor ocean warming is
Prydz Bay, in front of the Amery Ice Shelf (Figure 8d). The warm and salty response at depth occurs within the
Prydz Bay gyre (Jin et al., 2024) promoting an increase of the Amery Ice Shelf basal melting of 7.9 Gt yr™!. As a
result, this enhanced melting drives more water out of the cavity along the western ice shelf base, increasing the
barotropic ocean circulation locally by up to 0.2 Sv (see Figure S8 in Supporting Information S1).

4. Discussion

In this study, we have implemented an oversimplified iceberg grounding scheme that changes the spatial dis-
tribution of iceberg meltwater. In the absence of a high temporal and spatial resolution data set of grounded
icebergs across the circumpolar region, it is currently not possible to comprehensively evaluate the fidelity of our
simulations. Nevertheless, as grounded icebergs are known to promote fast-ice formation, the spatial patterns of
fast-ice presence and persistence can offer indirect evidence of likely grounding locations. For this reason, we
created a climatological distribution of fast ice persistence based on fast-ice time series derived from 432 NASA
Moderate Resolution Imaging Spectroradiometer maps from the 2000-2018 period, provided by Fraser
et al. (2021). The climatological persistence distribution was calculated as the percentage of time each grid cell
was covered by fast ice. Hence, Figure 9 presents a comparison between the probability of grounded icebergs
from the 25-year REF experiment and the climatological fast-ice persistence distribution. It is noteworthy that
fast-ice persistence is nearly 100% just eastward of the areas where grounded iceberg occurrence is high in our
simulations (Figure 9), which reflects the expected blocking effect of grounding icebergs, as in the Antarctic
coastal region sea ice generally drifts westward (downstream) under prevailing easterly winds and westward
currents and fronts (Ian, 1989; Krauzig et al., 2024). Hence, grounded icebergs form a downstream barrier for the
fast-ice, helping to maintain its extent and providing it stability. This gives us confidence that iceberg grounding
occurs at the right locations in our simulations.

Analyzing where iceberg grounding occurs may provide simple ways to represent the effect of grounded icebergs
in ocean—sea-ice models that do not represent Lagrangian icebergs. Consistent with Li et al. (2017), we find that
91% of grounding occurrences happen on bathymetry shallower than 400 m, primarily on the eastern side of
bathymetric features and especially close to the coast of East Antarctica and in the Antarctic Peninsula sector
(Figure 9). The remaining deeper groundings (9%) are found grounded mainly between 400 and 550 m, with the
deepest at 552 m. Alternatively, icebergs interact with 31% of the grid cells corresponding to bathymetric features
of the Antarctic continental shelf shallower than 400 m. When considering only the grid cells with eastward-
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facing slopes, 41% of them cause iceberg grounding at some point. These rules could be used to approximate the
distribution of grounded icebergs by applying a simple bathymetric criterion, offering a practical way for ocean—
sea-ice models to impose static features and capture, for instance, fast ice and polynya formation without the need
for explicit Lagrangian iceberg tracking.

It is important to acknowledge that our method is suitable for identifying possible grounding locations but does
not resolve the dynamic iceberg—seafloor interaction or the duration of iceberg grounding events (as seen in
Figure 5). One plausible explanation for the generally lower frequency of grounded icebergs in the REF simu-
lation compared to observations is the clustering of small icebergs into fewer individual Lagrangian particles.
This approach reduces the probability of at least one small iceberg continuously occupying or replacing another
within each grid cell over time. Although their thicknesses are thinner and may be unable to ground, only the
smallest class-with areas smaller than 0.074 km? (a; < 1.5,/ ) —exhibits a thinner thickness than its ice-shelf
source (considering 10 iceberg classes). Another, and the most plausible explanation, is that the existing
grounding physics implemented in our model are extremely simplified, potentially leading to premature
ungrounding. Specifically, the NEMO model allows icebergs to unground as soon as the driving stresses point
away from the topography, whereas in reality, basal friction would act in all directions, resisting motion and
maintaining grounding even when the primary stress vectors shift. Some icebergs have been observed to remain
grounded for several decades (Barnes et al., 2018; Grosfeld et al., 2001), and simulating the evolution of iceberg
grounding in transient climate simulations would require a more physical representation of the iceberg—
bathymetry interactions and real grounding and ungrounding capability schemes instead of the simple scheme
used here. Recently, Kostov et al. (2025) have improved the representation of bathymetry—iceberg interactions
by including acceleration terms related to gravity, solid-body friction, and sediment resistance. These acceleration
and deceleration terms take into account the local slope of the topography and the angle at which an iceberg moves
relative to the horizontal plane. Once these developments will be implemented in the NEMO iceberg module, they
will enable a more accurate representation of iceberg residence time at grounding sites and improve the local
estimation of their melt rates as well as the ocean's response to this freshwater input.

Another important caveat of our simulations is that iceberg meltwater is injected into the ocean surface level.
Laboratory experiments indicate that this approximation is only valid if the relative speed of the iceberg with the
ocean is smaller than the meltwater plume's vertical velocity (FitzMaurice et al., 2017). Oceanic observations near
iceberg A68a (much larger than those represented in our Lagrangian model) indicate that significant vertical
mixing is associated with freshwater injection at the base of the iceberg, potentially leading to different impacts on
the deep ocean properties over the Antarctic continental shelf (Lucas et al., 2025). Moreover, the modeled sea ice
dynamics are unaffected by the presence of icebergs, while real grounded icebergs clearly favor the formation of
fast ice (Figure 9). As for grounding, more work would be needed to accurately represent the iceberg—sea-ice
interactions for simulating thicker fastened sea-ice cover, including the drag between icebergs and sea ice, as well
as sea-ice ridging or breaking due to the redistribution of internal stresses. Nonetheless, we have conducted two
extra experiments in which we represent part of these interactions in simple ways (Figure 10). The first approach
(hereafter Fastlce) makes use of the iceberg—fast-ice parameterization of Lemieux et al. (2015, 2016), in which
seaice over a grid cell where at least one iceberg has grounded once incorporates an additional basal stress term to
the sea-ice momentum equation and add an isotropic tensile strength to account for sea-ice arch formation. The
second approach (hereafter LandIcb) consists of treating grid cells in which at least one iceberg has grounded as
land cells in NEMO.

For both approaches, we obtain similar sea-ice thickness distribution: thicker sea ice accumulates on the eastern
side (upstream) of grounded icebergs, while thinner sea ice is found on the western side (downstream) where
coastal polynyas are expected (Figures 10a and 10b). Sea ice is thickened by more than two m in front of Thwaites
Glacier, the Ronne-Filchner Ice Shelf, the western Ross Sea, and in East Antarctica. In contrast, implementing
iceberg grounding without interaction with sea ice does not significantly impact the sea ice thickness, only in the
northern part of the Antarctic Peninsula (Figure 10c).

Our simulations with fast ice reveal the development of an extensive polynya appearing downstream of the
grounded icebergs in the Ross Sea (not shown), and propagating throughout the entire Ross Gyre toward the
Amundsen Sea (Figures 10a and 10b). This makes both simulations unrealistic in terms of ocean properties, even
though the formation of fast ice results in a more realistic sea ice distribution. We suggest retuning the ocean—sea-
ice model after the implementation of the fast-ice parameterization. In particular, the relatively low maximum sea
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ice fraction imposed in the model was introduced to account for unresolved leads and polynyas. The use of the
fast-ice parameterization allows such openings in the sea ice cover, and partly makes this parameter obsolete. This
makes both simulations still far from correctly reproducing the underlying ocean dynamics, but including fast-ice
formation remains more realistic for large-scale sea ice. Hence, the fast-ice scheme also needs to be improved to
avoid overestimating land fast-ice extent and to include processes related to sea ice thermodynamics, specifically
adapted to Antarctic continental shelf conditions. Also, we suggest that retuning the ocean—sea-ice model would
be needed after the implementation of fast ice.

5. Conclusion

In this study, we revisit the iceberg thickness distribution in Southern Ocean simulations by imposing that tabular
icebergs inherit the thickness of the ice shelf from which they calve. Using realistic ice-shelf thicknesses along the
calving front results in icebergs with a broader thickness distribution and keels deeper than 600 m. Thick icebergs
are mostly found over the Antarctic continental shelf and are transported counterclockwise by the ACoC, while
smaller icebergs show broader dispersion, reaching easily lower latitudes and being rapidly carried eastward by
the ACC. In our simulations, these thicker icebergs interact with 31% of the bathymetric features of the Antarctic
continental shelf shallower than 400 m, especially in front of the Ronne-Filchner Ice Shelf and Thwaites Glacier.
From these simulations, we estimate the probability of iceberg grounding, which fairly reproduces the satellite
observations over the shallow ridges of the Amundsen Sea, and is consistent with the observed fast ice distri-
bution. However, our simple grounding methodology remains unable to accurately represent the residence time of
grounded icebergs.

Iceberg melting over the Antarctic continental shelf reaches an average of 631 Gt yr~! if icebergs do not interact
with bathymetry, and of 802 Gt yr~! if a simple grounding scheme is used. Pine Island Glacier/Thwaites and Ross
West are the basins contributing the most to this change, increasing by 12 Gt yr~! and 17 Gt yr~! when icebergs
interact with bathymetry. Such additional freshwater injected in an area prone to sea ice production has important
consequences for the ocean properties around Antarctica. This freshwater enhances the ocean stratification,
limiting deep convection and allowing isolated dense deep waters to become warmer and saltier on some parts of
the continental shelf. This effect is particularly pronounced in the Amundsen Sea, where the bottom temperatures

and salinities increase by more than 0.2°C and 0.02 g kg™!, respectively.

More importantly, grounded icebergs also block drifting sea ice and favor the formation of thick sea ice on the
side of the berg facing the currents (eastern side) when a fast-ice parameterization is included. Even though
further work is needed to fully model complex sea-ice—iceberg and bathymetry—iceberg interactions, the iceberg
module in NEMO can already simulate fast ice blocked by icebergs in regions where high sea-ice persistence is
observed in satellite products.

The ice discharge across the Antarctic grounding line is expected to increase in the next decades and centuries,
while ice shelves are expected to become thinner (Coulon et al., 2024; Paolo et al., 2023; Seroussi et al., 2020).
This suggests that newly calved icebergs will no longer be thick enough to ground on some of the deeper banks. At
the same time, enhanced iceberg melting over the continental shelf is expected to increase the content of warm
CDW that reaches and melts Antarctic ice shelves (Bett et al., 2020). However, the consequences for the Southern
Ocean and climate system are difficult to assess without a model simulating iceberg grounding and iceberg—sea-
ice interactions. These processes could also affect the primary production along the iceberg trajectories, signif-
icantly impacting the ecosystem dynamics and locally affecting carbon sequestration (Laufkotter et al., 2018;
Raiswell et al., 2016; Wu & Hou, 2017).

Appendix A

Al. An Objective Definition of the Iceberg Classes

Here we propose an objective definition of the calved iceberg size across N classes, where the iceberg thickness,
h, depends on the local ice-shelf thickness (and hence varying between ice shelves and along the calving front of a
given ice shelf), while the iceberg surface area (a) for each individual classes is common across all ice shelves.
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Figure Al. Sensitivity of the freshwater distribution to the clustering parameter for (a) No clustering minus clustering with
R = 2 (GrNoClus—REF), and (b) Maximum clustering (R = 1) minus clustering with R = 2 (GrClusMax—REF), and to
the number of iceberg classes for (c) 3 minus 10 classes (Gr3Class—REF) and (d) 20 minus 10 classes (Gr20Class—REF). The
comparisons are 25-year averages (after 15 years of spin-up).

For this, the following steps are undertaken: Initially, the iceberg volume distribution is estimated (Equation A4),
which implies the definition of the new analytical formulation for iceberg thickness, the probability distribution
function of iceberg occurrence, and the calculation of the total iceberg area (from Equations Al to A3). After
integrating the total volume of icebergs and dividing it into N classes, the area bounds for each class are deduced
(Equation A7), as well as the typical surface area and iceberg thickness of each class (Equations A10 and A12).
Finally, these values are then used to define the final iceberg width, length, thickness, and mass for each class
(Equation A13).

First, we propose a new analytical formulation for iceberg thickness distribution as a function of surface area
(Equation A1), using an iceberg length-to-width ratio of 1.5 (see Section 2.2). The largest icebergs are calved with
a thickness & corresponding to the local ice-shelf thickness at the calving front (/). For the classes in which the
iceberg width (y/a/1.5) is smaller than the ice-shelf thickness, the thickness of the calved iceberg is set to the
width value:
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Va/1.5 if a<1.5h%

h(a) = (A1)

s if a>1.5h%

According to Tournadre et al. (2016), the probability distribution function of iceberg occurrence as a function of
iceberg area in the Southern Ocean is well represented by the following power law that is also consistent with
brittle mechanics theory (Astri)'m et al., 2021):

fl@)=Lra®? (A2)

where L7 is the Tournadre length, a normalization constant with a length dimension (for further details see
Appendix D in Tournadre et al. (2016)). If we consider that the iceberg surface area has an upper bound a,,,,
either related to the ice-shelf size or imposed as a model parameter, we can estimate the total iceberg area A,:

Ay = / af(a)da = Ly f 0 da =20 p\fa (A3)
0 0

For the sake of implementation simplicity, computational cost, and uniformity of treatment around Antarctica, we
choose that icebergs that calve in class k have the same surface area (a), regardless of their calving location
around Antarctica. We aim for all classes to represent a similar total ice volume among them. Therefore, we define
the iceberg size classes ensuring that the total calved ice mass is equally distributed into them for a typical ice-
shelf thickness /;, of 222.5 m. We consider this value as the most representative Antarctic ice-shelf thickness at
the front, estimated as the calving-front average weighted by the calving flux, ensuring that ice shelves with
minimal calving rates do not significantly constrain our selection (Figure S4 in Supporting Information S1). With
this typical ice-shelf thickness, ), the total iceberg area A,,,, h(a) and the probability distribution function of
iceberg occurrence per iceberg area in Equation A2, the volume distribution per iceberg surface area,
g(a) = haf(a), can be expressed as:

£r/NL5 if a<1.5h%,
gla) = (A4)
Ly hga® if a>1.5h%,

From Equation A4, the integrated total volume of icebergs in the Southern Ocean that would calve is:

Vo= [ s@)da = £ by (2 ~ VT ) (A5)
0

Then, we impose that the total iceberg volume in each class is equal to Vi,/N, where N is the number of iceberg
classes. We then denote (a;_,a;) the area bounds of class k, with k € [0, N], and we define Ny, the number of

classes for which a; < I.Shfso (which can be zero). This yields:

L
L (ar — ar-1) for 1 <k <Ny
V1.5
& = " ( )d = 2 Aj—1 (A6)
N | SWEENL 2hgonJar — VIS iy — for k= Ng + 1
(S| \/'fg
2L7 higo (\/a_k = V-1 ) for k> Ny + 1
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From the previous equation and Equation A5, the area bounds for each individual class are derived. The equations
for a; are expressed iteratively, as their specific form depends on the total number of iceberg classes, N, and
consequently, on the value of Nyy:

a0=0

\/—

Ay = Qg1 +—— 1%0(2\/amax V1 hmO) fOI'k=l,...,Nso
s 2 (A7)
amax 1 —
ap = (- —h150< —) +— L) for k= Ny +1
2 N/ 215 by
s 2
2 V amax hl@
a; = ( N 0+ ak_1> fork=Ngy+2,....N

in which it can be verified that ay = a,,,. During this iteration, we save the number of small icebergs N,y that
verify the second expression of g; in Equation A7:

No=k—1 if a_ <L5h,<a (A8)

From Equations A7 and A8, we can estimate the typical iceberg surface area, (a)y, in each class:

(a)y = f ' ag(a)da (A9)

—1

which is calculated as:

Ay + a fork=1,...,Nyg
2
hiso ak Gy 2;,4
B D) 4 is0
(@), =3 VI.5 for k =Ny +1 (A10

215 hisorfar — ar-1 — L5k

3 3
1 3 3
A S

3V —a

fork=Ngy+2,....N

Similarly, we can calculate the typical iceberg height in individual classes, keeping the (a;_;,a;) expressions of
Equation A7 based on /g, but using the actual ice-shelf thickness /;; in Equation A1. Note that /;; will change in
each calving grid cell using the full distribution of the ice-shelf thicknesses. To do so, we need to calculate
iteratively the number of small icebergs Ny, as Equation A8 but using now #;,, that verify the first expression of a;
in Equation A7:

Ny=k—1 if a_; <L5h<a (A11)
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3 3
! M fork=1,...,N
(1.5)% G = g1 ’
2 a%—l 2 5
(hy, = { i — =5 — 7= (A12)
(15 415
. - fork=N,+1
Zhis ap — - V 15 his
V1.5
hig for k=N, +2,...,N

The final iceberg width, length, thickness and mass of iceberg class k are:

fk = VlS(a)k
) (A13)
e = (h)y

my = pice<h>k<a>k

For less than 14 classes with our parameter values, the first line of Equation A10 is not valid, and (a), is calculated
from the second line. Figure S9 in Supporting Information S1 illustrates the area bounds, mean surface area, and
thickness of icebergs for 3, 10, and 20 classes.

Finally, each class represents the same total volume of icebergs, but there are more icebergs in the smaller size
classes. The more frequent calving of small icebergs is realistic and should be accounted for, but the computa-
tional cost motivates the use of clusters for the smallest iceberg categories. A Lagrangian particle of class & is then
representative of a cluster of n; icebergs of identical characteristics ((a), {(h);). To keep some differences in
calving frequencies between classes while limiting the computational cost, we define a clustering parameter, R, in
a way that an iceberg class is not able to produce a Lagrangian particle more than R times more often than the

(@) (h)
n= max{l, LWJ } (A14)

largest class, which gives:

with R>1.

A2. Sensitivity Studies of the Freshwater Distribution and Computational Cost to the Number of Classes
and Clustering

Iceberg calving produces icebergs of different sizes, from small bergs to giant tabular icebergs (Astrém
et al., 2021), and while the latter—making up over 95% of the ice volume—are a dominant source of freshwater
discharge into the Southern Ocean (England et al., 2020), they only account for less than 4% of the total number of
Antarctic icebergs. Consequently, the size distribution of these released icebergs influences the transport of
freshwater, and changes in this distribution will impact the magnitude and spatial extent of freshwater contri-
butions from the ice shelves to the open ocean (Enderlin et al., 2016; Rezvanbehbahani et al., 2020; Stern
et al., 2016).

According to our 25-year climatological experiments, the iceberg's melting rates are more sensitive to the number
of iceberg classes than to the clustering parameter (Figure A1). Although the distribution is smoother across the
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Table A1
Description of the NEMO Experiments Used in the Sensitivity Studies and Their Computational Time Efficiency per Year of
Simulation (hh:mm) Using 640 CPUs and Excluding a 15-Year Spin-Up Period

Experiment name  Number of classes R parameter (clustering) ~ Computing time range ~ Computing time median

NoGr 10 2 02:38-03:15 02:46
REF 10 2 02:50-03:20 03:00
GrClusMax 10 1 02:44-03:10 02:45
GrNoClus 10 © 03:08-04:33 04:00
Gr3Class 3 2 02:51-03:40 02:58
Gr20Class 20 2 02:41-03:15 02:53

Note. The clustering parameter, R, is equal to 1 corresponding to maximum clustering, while oo implies no clustering
(Figure 3). All experiments except NoGr set all horizontal velocity components to zero as grounding scheme.

Southern Ocean with only subtle variations along the Antarctic coast and iceberg alley, notable differences in the
freshwater contribution appear when a lower number of classes is chosen (Figure Alc). In particular, between 10
and 20 classes, the iceberg melting rates persist quite equally, but with fewer classes, the freshwater flux is
released further north into the ocean, especially in the Pacific and Atlantic sectors. This can be attributed to the
fact that, with only a few classes, most icebergs have the highest thicknesses similar to or the same as their ice
shelf source. Consequently, they can be carried by deeper currents, which may transport them further offshore.
Similarly, there is slightly more freshwater released close to the Antarctic coast, coinciding with the counter-
clockwise path often followed by thicker icebergs, as already appreciated in Figure 4.

The clustering parameter significantly affects the computational cost (Table A1). Using no clustering (R — o)
increases the median computational cost by 33%, while using the maximum clustering (R = 1) decreases the
median computational cost by 8% (with respect to REF). If the experiments are extended to 100 years, the number
of particles increase and using the maximum clustering becomes more interesting, with a computing time
decreased by ~20% (Figure A2). The evolution of the number of particle and computing time in the NoGr

NoGr —e— REF —e— GrClusMax
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Figure A2. Evolution of (a) the number of particles and (b) the computational time per year of simulation in the NoGr, REF
and GrClusMax experiments extended to 100 years.
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experiment (Table Al, Figure A2) indicates that this long-term drift is due to our grounding scheme: many
grounded icebergs remain in the domain for very long periods, which leads to an increase in the number of
particles over time and significantly raises the computational cost per year; on the contrary, without grounding,
icebergs leave the domain or melt completely relatively fast in the ACC.

A3. Accumulated Iceberg Volume but Unchanged Melting Rates: Effects on the Water Column

The total mean ice volumes from tabular icebergs found in the Southern Ocean for the 25-year climatology
experiments are 5,483, 4,512, and 8,217 Gt for the OLD, NoGr, and REF, respectively. In REF, the amount of
volume accumulated is twice the rest of the experiments, consistent with previous findings and confirming that
the ice from grounded thick icebergs is progressively accumulated for longer periods. Indeed, extending up to
100 years, the simulations reveal that the total ice volume for the REF experiment keeps growing, drifting from
the rest of the time series since the beginning, even from the spin-up period (Figure S10 in Supporting Infor-
mation S1). In fact, the steady state of ice volume and melting is reached sooner (after 7-9 years) in experiments
that do not consider grounding, particularly in the NoGr experiment. Instead, the REF experiment requires at least
15 years of spin-up period to achieve similar melting rates of around 1,200 Gt yr~!
steady melting rate equal to the rest of the experiments.

, maintaining after this period a

As seen before, the ice volume and melting rates are not distributed homogeneously, almost all the total ice
volume accumulated in the Southern Ocean — about 483, 391, and 781 Gt for OLD, NoGr and REF, respectively
— can be found on the continental shelf (above the 1,000 m isobath) increasing up to 95% when the icebergs
ground (between 86.5 and 88.1% when not).

One explanation for why melting does not intensify over time (Figure 11b), despite more icebergs drifting in the
Southern Ocean, could be the general cooling of the Antarctic continental shelf, which prevents melting. To better
understand the time evolution of the ocean conditions, Figure S11 in Supporting Information S1 shows the mean
potential temperature and salinity in those grid cells where icebergs ground at least a quarter of the year (berg
grounding frequency >0.25 as in Figure 5) and the same cells for NoGr experiment. Through the Hovmoller
diagrams, we observe the potential temperature and salinity of the water column remain stable and stratified for
the REF scenario, although without iceberg grounding, the diagram captures colder and saltier conditions for
2030-2065 period at the bottom below 250 m depth. After this period and up to 2084, the conditions in the water
column appear to be restabilized.

The removal of iceberg melting is significant, resulting in cold waters dominating the bottom of the water column
from 2030 to 2065, reducing the heat budget during this period. Simultaneously, an increase in convection leads to
colder temperatures at depth. Consequently, the combined effect of the absence of both iceberg meltwater and
grounded icebergs results in even greater dominance of winter cold waters throughout the water column, in line
with the observations of Bett et al. (2020). These results demonstrate that iceberg melt is required to mitigate the
deep convection in the water column.
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All data sets used for validation and comparison in this study are open-access. The fast-ice extent data set is
provided by Fraser et al. (2021) and can be accessed via https://doi.org/10.26179/5d267d1ceb60c. The data set on
iceberg occurrence in the Amundsen Sea during 2011, including probability distributions, from Mazur
et al. (2017) can be found at https://doi.pangaea.de/10.1594/PANGAEA.856847. Additionally, georeferenced
Sentinel-1 SAR imagery from 2014 to 2015, with a spatial resolution of 50 m over the Amundsen Sea, is available
through Google Earth Engine at https://developers.google.com/earth-engine/datasets/catalog/COPERNICUS _
S1_GRD (Gorelick et al., 2017). The data set containing the 25-year climatological annual and monthly outputs
for the REF simulation of iceberg meltwater flux, and mean and maximum iceberg thickness —for the entire
Southern Ocean south of 52.25°S, normalized and per basin— as well as the grounded icebergs masks, is pub-
lished in open access in Zenodo under the following https://doi.org/10.5281/zenodo.15747365. Additionally, the
normalized 30-year climatology of iceberg melt per IMBIE basin from the NoGr experiment is available on
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