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Key Points:

e CMIP6 models capture the timing of annual cycle (particularly in February) and
spatial patterns of SIT resembling the observations.

e Compared to sea-ice area, CMIP6 models exhibit larger negative biases
in thickness/volume, with a higher degree of variation among models.

e Seasonal variations in sea-ice show positive (negative) relationships between sea ice
area and thickness during September (February).
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Abstract

This study assesses less-explored Southern Ocean sea-ice parameters, namely sea-ice thickness
and volume, through a comprehensive comparison of 39 CMIP6 models with observation-
based sea-ice products. Findings indicate that models replicate the mean seasonal cycle and
spatial patterns of sea-ice thickness, particularly during its maxima in February. However, some
models simulate implausible historical mean states compared to satellite observations, leading
to large inter-model spread. September sea-ice thickness is consistently biased low across the
models. Our results show a positive relationship between modeled mean sea-ice area and
thickness in September (i.e., models with more area tend to have thicker ice); in February this
relationship becomes negative. While CMIP6 models demonstrate proficiency in simulating
Area, thickness accuracy remains a challenge. This study, therefore, highlights the need for
improved representation of Antarctic sea-ice processes in models for accurate projections of
thickness and volume changes.

Plain Language Summary

In this study, we investigated sea-ice thickness and volume in the Southern Ocean using data
from 39 different climate models and observation-based sea-ice products. Our findings show
that the models generally capture the seasonal cycle and spatial patterns of sea-ice thickness
well, with the highest average thickness occurring in February. We also found that the models
tend to perform better in simulating sea-ice area compared to thickness. Furthermore, simulated
sea-ice area and thickness tend to behave differently during different seasons—positively
(negatively) covarying in September (February). The models that performed well in simulating
sea-ice area faced challenges in accurately representing thickness and volume. This raises the
question regarding the overall performance of such models or, more definitively, whether it’s
reliable to evaluate model accuracy or performance based solely on sea-ice area. Nevertheless,
sea-ice thickness simulations in CMIP6 can offer a basis for initial analyses of absolute sea-ice
changes in the Southern Ocean, despite the need for more reliable observational thickness.

1. Introduction

Antarctic sea-ice extent, which showed a small positive linear trend since the start of satellite
era (Cavalieri & Parkinson, 2008; Parkinson & Cavalieri, 2012; Turner et al., 2015; Zwally et
al., 2002), has decreased significantly since mid-2016 (Raphael and Handcock, 2022; Wang et
al., 2022; Turner et al., 2022; Eayrs et al., 2021). Attempts to understand this variation have
focused primarily on the surface characteristics (extent and area) of the ice. However,
complete understanding of the changes in sea-ice and their potential impact on climate and
marine ecosystems is impossible if variability in sea-ice thickness (SIT) and volume (SI1V) is
not explored. For example, SIV serves as a measure of total sea-ice production and, hence, a
measure of the surface salinity flux in winter, the freshwater input to the ocean in summer, and
total heat loss to the atmosphere. This improves our understanding of surface buoyancy flux
and related ventilation of SO deep waters (Pellichero et al., 2018) hence by inference, global
ocean heat and carbon uptake (Williams et al., 2023).

SIT is another important property which varies seasonally and plays an important role in the
Antarctic ice budget (Kurtz & Markus, 2012; Worby et al., 2008). Its accurate long-term
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simulation is also important for understanding the marine biology of the Antarctic ecosystem.
SIT affects the maximum biomass of algae in different ice layers, which in turn influences the
food web of the Southern Ocean (SO). SIV along with the snow depth, also affects the light
penetration and availability for the phytoplankton contributing further to their production and
bloom (Massom & Stammerjohn, 2010; Schultz, 2013). Variations in SIT/SIV are also
important for understanding a variety of climate-sea-ice feedbacks (Holland et al., 2006;
Stammerjohn et al., 2008) as well as trends and variability in SO salinity (Haumann et al.,
2016). Therefore, a long-term assessment of these variables is important for a complete
assessment and quantification of the ongoing changes in the mass balance of the sea-ice cover
(Massonnet et al., 2013) allowing for a deep propagation of the global climate change signal
(Sallée et al., 2023).

Obtaining Antarctic SIT information is challenging due to harsh weather conditions, thick snow,
and complex snow metamorphism, affecting satellite altimetry measurements. Among the
currently available datasets, in-situ measurements like drilling data are accurate but extremely
limited in time and space. Ship-based observations from ASPeCt (Worby et al., 2008), airborne
electromagnetic data, NASA Operation IceBridge (Koenig et al., 2010) and the upward-looking
sonars (ULS) (Behrendt et al., 2013) provide valuable spatio-temporal information but are
limited to the Weddell Sea, lacking circumAntarctic spatial distribution. Satellite remote sensing,
including passive microwave sensors for thin ice (Kurtz & Markus, 2012), and active sensors
like SAR, have now been applied to study circumAntarctic SIT coverage and long-term trends.

Global coupled climate models (GCMs) are potentially valuable tools for assessing long-term
SIT/SIV variability and providing future projections. However, the simulation of Antarctic sea-
ice, particularly SIT in GCMs, remains a challenge, adding to the low confidence in Antarctic
sea-ice projections (Meredith et al, 2019). Here, we present a high-level evaluation of models
in the Sixth Coupled Model Intercomparison Project (CMIPG6; Eyring et al., 2016) in simulating
Antarctic SIT/SIV and compare them to available observations. Our findings indicate that
models can reasonably capture the timing of SIT seasonal cycle, although some biases and
model disagreements are evident. However, when compared to SIA, their performance remains
suboptimal.

2. Data and Methods
2.1 Sea-ice products

Our study uses three different observational records for SIT (Table S1): Satellite dataset
Envisat-CryoSat-2 (2002-2017), the Global Ice-Ocean Modeling and Assimilation System
(GIOMAS, 1979-2014) and the German contribution to the Estimating the Circulation and
Climate of the Ocean project (GECCO3, 1979-2014). The satellite dataset is used as the
comparison baseline (henceforth referred to as satellite product).

SIT from Envisat and Cryosat-2:

The Sea-Ice Climate Change Initiative (SICCI) project provides a large-scale Antarctic SIT
dataset from Envisat and CryoSat-2 with a 50 km spatial resolution (Hendricks et al., 2018).
Despite uncertainties in these SIT products arising from radar altimeter estimates (Paul et al.,
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2018; Tilling et al., 2019; Willatt et al., 2010) and Envisat’s tendency to overestimate ice
thickness (Shi et al., 2021), particularly in the Antarctic (Hendricks et al., 2018a; Hendricks et
al., 2018b; Wang et al., 2022), combining their time-series is justified because mean and modal
values from both Envisat and CryoSat-2 radar freeboards align reasonably throughout the sea-
ice season (Schwegmann et al., 2016). The SICCI dataset stands out as the most
comprehensive satellite dataset (Shi et al., 2021), spanning the circumAntarctic SIT from 2002
to the present—a coverage not matched by even the more updated datasets like ICESat-2 (Xu
etal., 2021). They have been found comparable to ULS-derived SIT for the Weddell region
(Shi et al., 2021;Liao et al., 2022; Wang et al., 2022) and also aligns well with in-situ ship-
based observations, (ASPeCt; Worby et al., 2008) which showed highest thickness in summers
and lowest in autumn-winter. These agreements can help refine and assess model performance,
particularly in capturing the seasonal cycle of SIT.

SIT from sea-ice estimates and reanalysis:

The GECCO3 ocean synthesis, an improved version of GECCO2 based on MITgcm, employs
the adjoint method to fit the model to various data over a multidecadal period, providing a
global eddy-permitting synthesis at a resolution of 0.4° (Kéhl, 2020). The Global Ice-Ocean
Modeling and Assimilation System (GIOMAS) uses the Parallel Ocean Model coupled with a
12-category thickness and enthalpy distribution ice model at a horizontal resolution of 0.8°
(Zhang & Rothrock, 2003). GIOMAS assimilates sea-ice concentration, demonstrates good
agreement of its SIT (Lindsay & Zhang (2006) with satellite observations in the Arctic and is
useful for studying long-term variations in Antarctic sea-ice (Liao et al., 2022; Shi et al., 2021).
Reanalyses integrate information from observations and models through data assimilation,
providing gridded data with consistent spatiotemporal sampling over an extended period. They
offer state estimations closer to observations compared to model-only data making above
reanalyses a valuable tool in Antarctic sea ice studies (Kumar et al., 2017). To make reanalysis
products comparable to absolute floe thickness estimates (the SIV per grid-cell area or
“equivalent sea-ice thickness”), we convert them into “effective thicknesses” by dividing them
with their respective SIC records.

2.2 CMIP6 Models

In our study, we analyze the historical experiments of the CMIP6 dataset, specifically focusing
on the “sithick” variable, representing simulated effective floe thickness. We also incorporate
“siconc” (sea-ice concentration) and “areacello” (area of individual grid cells over the ocean)
variables. CMIP6 models generate multiple ensemble members, which are multiple runs or
simulations with slightly different initial conditions or variable settings, used to capture
uncertainty and variability in model predictions. In this study, we consider a single ensemble
for each model (Table S2; for TaiESM1 we suspect that SIT values in ‘cm’ were erroneously
stored as ‘m’; hence converted) to account for internal variability and ensure consistency (Notz
& Community, 2020; Roach et al., 2020). We calculate SIV by multiplying “siconc”, “sithick”
and “areacello” and summing over the circumAntarctic SO. For SIA, we calculate the area
integral product of “siconc” and “areacello” . Lastly, for floe thickness, we use the averaged
“sithick” over SO.
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3. Results
3.1 Sea-ice variables: Mean and Anomaly State

Fig.1 shows the 2002-2014 mean annual cycles of SIV, SIT, and SIA in different observational
estimates and CMIP6 models. The multi-model mean (MMM) is much smaller than the satellite
and reanalysis products for SIA and SIV, whereas in SIT most of the models simulate thicker
sea-ice than the reanalyses between January-April. However, all the models can simulate the SIV
maxima (Sept-Oct) and minima (Feb-Mar) and the SIT maxima (Feb), while simulated SIT
minima fall in May at the start of the growing period (like the reanalyses)Significant negative
biases are consistently observed in SIV (Fig.1a). There is a similar pattern in the SIA (Fig.1c)
cycles except a few models which tend to consistently simulate larger or very low SIAs
throughout the year. However, for SIT during summer, the outcomes vary considerably based on
the observation dataset, with certain models simulating unusually thick sea-ice (>3m) in January-
February (Fig.1b). This summer biases can be attributed to the increased complexity in satellite
retrieval of summer SIT (Kurtz & Markus, 2012).
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Fig. 1: Comparison of annual cycles of SIV, SIT and SIA of the circumpolar Antarctic. All
the CMIP6 models are shown as grey lines, The Multi-Model Mean (MMM) is the black
dashed line. GECCO3 in blue, GIOMASS in green, and Envisat-CryoSat-2/NSIDC in red.
Grey shaded areas are +-1 standard deviation for the MMM. Scale: million km? and
thousand km?

The inter-model spread of annual mean Antarctic SIT, SIV and SIA is 5.9m, 20 thousand km?®
and 16 million km? for the maxima and 1.8m, 7.5 thousand km?® and 4 million km? for the
minima, respectively. Inter-model spread however fluctuates and is larger during fall and winter
for SIV and SIA while it greatly reduces during the summers. By contrast, SIT has greater inter-
model spread during summers and shrinks significantly from April-November. Among the sea-
ice products, all variables show the highest spread during the cooler seasons. Notably, during
most parts of the year, the inter-model spread in SIT remains lesser than disagreements within
the sea-ice products.

During summer, SIT outcomes vary considerably based on different sea-ice products, with
certain models simulating thicker sea-ice (>3m) in Jan-Feb (Fig.1b). The high summer values
may be caused by the quick disappearance of large areas with first year ice (FYI) in the
seasonal ice zone so that the remaining multiyear ice dominates the freeboard and thickness
distribution. In the beginning of the freezing season, large areas are then covered by newly
formed FYI, which certainly reduces the mean freeboard compared to summer values
(Schwegmann et al., 2016). Therefore, highest average thickness in February is due to the
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compacted ice which survives the melt season (Kurtz & Markus, 2012; Worby et al., 2008; Xu
etal., 2021). It is for this reason that the SIT seasonal cycles look very different from those of
SIA/SIV. Therefore, to capture the sea-ice seasons based exclusively on the SIT climatology,
we conducted our analyses using February and September.

CMIP6 models, as indicated by previous research exhibit a tendency to generate negative
trends in Antarctic sea-ice extent and SIA (Roach et al., 2020 and Shu et al., 2020), contrasting
with the observed positive trend till 2014 (Li et al., 2023; Shu et al., 2015; Turner et al., 2013).
This inconsistency is also reflected in the simulated SIT/SIV (Fig.S1). Fig. S1 also highlighted
the seasonal variability in sea-ice products. There were significant SIT/SIV trends apparent
during the cooler seasons (winter and spring), while such trends were absent in the warmer
seasons. On the contrary, studies have shown the observed SIA trends are primarily observed in
the warmer seasons (Summer and Fall) because the maximum ice edge is constrained by SO
hydrography, while they remain absent during the cooler seasons (Eayrs et al., 2019; Hobbs et
al., 2016). This implies that changes in SIT/SIV may contribute to Antarctic sea-ice variability
during colder months. The presence of robust land-ocean temperature gradients during winters
may be a contributing mechanism here because they result in high-intensity winds, which are
recognized as significant contributors to SIT/SIV fluctuations in the SO (Zhang, 2014).

3.2 Variability of Antarctic sea-ice simulations among CMIP6 models

An accurate spatial distribution of SIT is key to estimates of SIV, and it reflects the skill in
simulation of local processes, coupled interactions and energy transfer among the ocean below,
the sea-ice, and the atmosphere above (Stroeve et al., 2014). To estimate this, we computed
spatial pattern correlations and Root Mean Square Deviations (RMSD) for the sea-ice variables
among 39 models, and the sea-ice products. These calculations were performed based on area-
integrated spatial averages of sea-ice over February and September, using data subsets for
models and sea-ice products corresponding to those months. We utilized the satellite dataset as
the reference for calculating RMSD and correlation values across spatial grids. The values
plotted on the Taylor Diagram (Fig.S2) represent the spatial average of the correlation
coefficient, RMSDs and standard deviations across the circumpolar Antarctic.

Higher correlation coupled with a lower RMSD represents greater accuracy of CMIP6 models
in simulating the sea-ice variables. Fig.S2 shows that most of the models have a lower RMSD
for SIA (Fig.S2c,d) compared to SIV and SIT. Out of all the variables, models tend to have
highest RMSDs for the SIT (Fig.S2a,b) with almost all the models with their values between
0.5-1.0 during both months. The reanalysis products show the highest RMSDs and lowest
correlations for SIT, indicating lack of agreement among different observations, while a
contrasting pattern is seen for SIA (Fig.S2e,f). Comparing the two months, we observe that
RMSDs are smaller for September, most notably in SIA and SIV. For SIT, models tend to
perform better for the SIT maxima in February (Fig.S2a). Spatial correlation coefficients range
between 0.6-0.9 for all the variables in both the months (Table S3, S4 and S5). NorCPM1,
MRI-ESM2-0, CanESM5-models, CESM2-models demonstrate highest correlations for SIA
while for SIV, NorCPM1, MRI-ESM2-0, and SAMO-UNICON perform well. MPI-ESM1- and
MIROC6-models, and CNRM-models and E3SM-models show high correlations for SIT in
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February and September respectively. In summary, the Taylor Diagram reveals that while most
CMIP6 models demonstrate relatively higher accuracy in simulating SIA and SIV with strong
correlations and lower RMSD, they face greater challenges in accurately reproducing SIT,
particularly during September.

Additionally, the reanalysis products exhibit lower agreement and higher RMSD for SIT,
emphasizing the complexity of capturing this variable across different observation datasets.
Given their better performance in simulating SIA, we considered whether or not this
performance correlated with SIT accuracy in CMIP6 models. For this, we compared the annual
averages of SIT and SIA in models with the observations (Fig.2). SIA biases look similar in
both the months with their values ranging between -1.3 to -2.0 million km?. On the other hand,
SIT consistently exhibits thin biases across all models for September ranging between 1-2m
(Fig.2b). February is also characterized by thinner sea-ice simulations (most models in Fig.2a
have values less than observed value of 3m) except a few models which show a good
agreement with the observations (models with their average SIT ~3m).
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Fig. 2: Scatter plots between the climatological means of SIT (y-axis) and SIA (x-axis) for
CMIP6 models and Observations for the period (2002-2014) for February (red) and
September (blue). The line of best fit represents the relationship between the two variables
for selected months. Each small dot represents a model while the larger dots represent
observations (E- CS2 and NSIDC for SIT and SIA, respectively). The figure clearly
demonstrates seasonal variations in magnitudes of both the variables. Scale: million km?

We anticipate consistency in model simulations and responses for the sea-ice variables, so that
smaller SIA, would be accompanied by thinner SIT as most areas will be covered with thin
FYI. However, some models exhibit contrasting behaviors. In February, EC-Earth3 models
display positive biases in SIT (>3m in Fig.2a) and negative biases in SIA. In September,
models like MRI-ESM2-0, SAMO-UNICON, NorCPM1, IPSL-CM6A-LR, and IPSL-CM6A-
LR-INCA simulate thinner sea-ice along with positive biases in SIA (>17.5 million km? in
Fig.2b). This intriguing behavior raises questions about the accuracy and reliability of these
models in simulating sea-ice variables. These opposing relationships may be due to some
intricate thermodynamic relationships between SIA and SIT captured by the models or to
model errors. Further study might clarify this.
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Fig.2 also highlights how simulated SIA and SIT are differently related depending on the time
of year. In summer, SIA and SIT biases are negatively correlated (Figure 2a, although we note
that many models have very low SIA in February), and in winter they are positively correlated
(Figure 2b). Models with strong melt seasons will result in low summer sea ice cover in which
only the thickest ice can survive; less melt will allow more thinner ice to survive, leading to
greater SIA made up of thinner ice. In winter, greater sea ice freezing will lead to both thicker
ice and a larger area, explaining the positive relationship between the SIA/SIT biases in Figure
2b.

3.3 Spatial patterns and biases
Compared to other sea-ice variables, simulated SIT shows a noticeable agreement among
models during February. Despite the agreement, it is necessary to acknowledge the substantial
level of uncertainty that exists regarding the accuracy of SIT simulation due to heterogeneity
among various models. This variability is manifested in the significant inter-model disparity as
well as marked differences in the spatial distribution of thickness across the SO (Fig.3 and Fig.
S3). The mean observed SIT in the satellite product shows that thickest sea-ice is in the
Weddell Sea along the Antarctic Peninsula and along the coastal edges of the Amundsen-
Bellingshausen Seas (ABS)--the ice which survives the summer melt. There is relatively
thinner sea-ice observed on the eastern Antarctic (Kurtz & Markus, 2012). Our analysis
reveals that most of the CMIP6 models capture a similar spatial pattern in SIT around the
Antarctic. However, they do exhibit negative biases and underestimate thickness primarily
along the Peninsula in Weddell and in the ABS. Some models simulate a thicker sea-ice
compared to the observations (Fig.S3) around the tip of the Peninsula (IPSL-models), between
the western edge of the ABS and Ross Sea (EC-Earth3 models), around the coast of ABS
(SAMO-UNICON and KIOST-ESM) and western Weddell Sea region (NorCPM1, CanESM5s
and E3SM-2-0s). It is probably this thickness in sea-ice along Peninsula in the Weddell region
which contributes to a high spatial correlation value between such models and satellite
observations in February.

CNRM-CM6-1-HR CNRM-ESM2-1 CNRM-CM6-1 EC-Earth3-Veg MIROC-ES2L CanESM5

EC-Earth3-CC
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Fig. 3: Spatial Biases of SIT averaged over 2002 to 2014 (September) for 39 CMIP6 models
and Reanalyses from the reference dataset: ENVISAT-CS-2. Last figure shows the time
averaged SIT for ENVISAT-CS-2.

The spatial distribution patterns of SIT during September (Fig.3) bear similarities to February,
with thickest multi-year sea-ice in the Weddell. Here, we find anomalously thick ice (>3m) in
some CMIP6 models primarily in two regions: an elongated tongue of thickest sea-ice
extending northward from the northwest Weddell Sea along the AP and, the other is around
the sea-ice edge. Multiple models, including IPSL-CM6As, EC-Earth3-Veg-LR, EC-Earth3-
AerChem, NorCPM1, and ACCESS-ESM-1-5, show a similar tongue of thick sea-ice that also
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agrees with observed patterns (consistent with ICESat measurement by Holland & Kwok,
2012 and modeled SIT by Holland, 2014). The distinctive tongue-like pattern is due to a
prominent feature in the Weddell Sea called the Weddell Gyre (Vernet et al., 2019). This
mechanism contributes significantly to the regional sea-ice dynamics in the form of an
apparent westward ice motion in the southern Weddell. As a result, ice convergence occurs in
the southwestern Weddell causing dynamic thickening (Shi et al., 2021). The sea-ice velocity
vectors showed that CMIP6 models tend to capture this gyre (not shown) which results in the
formation of a thick ice along the Peninsula.

The other region of thick sea-ice bias is the sea-ice edge (Fig.3). It’s interesting to note that the
CMIP6 models that have exhibited better performance in simulating Antarctic SIA such as
CESM-models, NorESM2-models, and ACCESS (Holmes et al., 2019; Li et al., 2023; Roach et
al., 2020; Uotila et al., 2014) and showed lower thickness biases in February, simulate very
high thickness at the sea-ice edge (between 0-70°E). A potential explanation for this could be
through combinations of changes in air-ice drag and the direction of cold or warm-air
advection. These may result in northward wind stress causing the sea-ice to drift, transport and
accumulate causing dynamic convergence at the sea-ice edge (Singh et al., 2021; Holland et al.,
2014; Holland & Kwok, 2012). Another reason could be the high-intensity ocean-wave fields
linked to the SO which deeply infiltrate the sea-ice marginal ice zone. This penetration induces
alterations in thickness distribution through processes like rafting and ridging, especially in the
vicinity of the ice edge (Langhorne et al., 1998). In any case, the simulated sea-ice at the ice
edge is much thicker than observed and further study is required to eliminate modeling error as
its cause. Overall, CMIP6 models simulations compare favorably with satellite-derived SIT
observations during February (Fig.S3). About 34% of the CMIP6 models (13 out of 39) have
their mean spatial biases between +/-1m. Among them, NorESM2-MM, CESM2-Models, and
CMCC-ESM2 while spatially consistent with the observations display some biases.

In general, all models tend to underestimate SIT and produce relatively thinner sea-ice during
both months. These negative biases are more pronounced in September and reduce considerably
in February. It should be kept in mind that our comparisons are made with respect to the
satellite dataset which themselves exhibit an exaggerated SIT in the SO. Therefore, the 17 out of
39 models which show even greater positive biases (>1m), may be simulating unrealistic and
excessively thick sea-ice in the SO and may represent a false picture of future Antarctic sea-ice
changes.

4. Discussion and Conclusions

Given the current context of global warming, it is imperative to develop predictions regarding
Antarctic sea-ice behavior to enhance our understanding of its future variability and response to
climate change. For this we need reliable estimates of SIT and SIV to assess the absolute
changes in the global sea-ice. While there is the understanding that the models do not yet
accurately simulate SIT and SIV, it is still necessary to see how well they perform if only to
understand where more work is needed. The research presented here is a comprehensive
evaluation of Antarctic SIT/SIV by comparing 39 model outputs with satellite data as a
reference baseline. It is difficult to estimate and simulate SIT accurately due to the lack of
long-term, reliable observational datasets or till more thickness observations are available in the
future. Despite these limitations, CMIP6 models can offer longer timescales of SIT data which
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when compared with the observed (and accounting for the limitations), can enhance our
understanding of Antarctic sea-ice.

Regardless of simulation of processes or trends, a precise modeling of climatological mean sea-
ice cover in the GCMs is a necessary condition for accurate projections (Holmes et al., 2022).
In line with this, our study shows that most models can simulate the timing of annual cycles of
SIT/SIV. Additionally, in February, the SO retains the thickest sea-ice, consisting of sea-ice
that survives the summer, which is also effectively captured by CMIP6 models. Modeled
seasonal cycles for SIV and SIA show significant biases in April-October, with higher inter-
model spreads in fall-winter. Conversely, SIT inter-model spreads are higher during
November-March but exhibit relatively lower biases compared to the reference dataset. It
should be noted that simulations without data assimilation are always out of phase with natural
variability seen in the observations. Hence, these differences between simulations and
observations can either be due to model biases or natural climate variability (Stroeve et al.,
2014).

CMIP6 models continue to simulate negative trends in Antarctic SIT/SIV, contrary to the
observed positive trends, until 2014. Additionally, we observe positive trends in SIT/SIV
during cooler seasons (which are absent in SIA) implying that sea-ice variability in these colder
months could be influenced by thickness/volume changes, possibly due to intensified seasonal
winds. Among the models, MRI-ESM2-0, CESM2, and ACCESS-CM2 demonstrate higher
correlations and relatively lower RMSDs across all variables during both months. An
evaluation of model biases demonstrates that SIA exhibits least biases compared to SIV and
SIT, with better alignment observed in February. We also examined seasonal variations in sea-
ice correlations, showing positive(negative) relationships between SIA and SIT during
September(February). Certain models simulate opposing biases for SIT and SIA, revealing
discrepancies between modeled simulations of these two variables and their responses to the
model processes.

While many CMIP6 models simulate spatial SIT patterns like observations, they tend to
underestimate SIT particularly in September. Intriguingly, certain models display anomalously
thick sea-ice along the Peninsula and on the eastern sea-ice edges even greater than the
reference dataset. A potential explanation for the observed thick ice in the Weddell can be the
presence of fast-ice (i.e., sea-ice pinned to the coast or grounded icebergs). Such thicknesses
observed in the satellite product around AP in Fig.3 significantly exceed what is expected from
atmospheric heat loss alone, suggesting the presence of fast-ice (Fraser et al., 2023). However,
it’s crucial to highlight that the GCMs do not simulate such landfast ice prognostically. Hence,
accumulation of thick ice in this region, as depicted in the models, is likely driven by dynamic
processes such as winds or drift, leading to ice piling up against the AP.

Such deviations can hamper our understanding of climate-sea-ice interactions as well as
biological feedback between the oceans and climate. For instance, lower SIT could potentially
create a misleading impression of lower albedo and increased light penetration, subsequently
leading to increased Primary Production (Jeffery et al., 2020) and lower ocean acidification.
Our study does not explore the reasons behind such continued biases in CMIP6. However, their
potential explanations may include cloud effects (Kay et al., 2016; Zelinka et al., 2020), spatial
resolution that does not permit eddies, which are understood to be highly important for
representation of SO dynamics (Poulsen et al., 2018; Rackow et al., 2019), models treating all
sea-ice to be able to drift when in reality up to 15% of ice should be held still either being
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anchored to land or grounded icebergs as landfast ice (Fraser et al., 2023) and the lack of
coupled ice sheet interactions, which have relevance for the entire Antarctic climate system
(Bronselaer et al., 2018; Golledge et al., 2019; Purich & England, 2023).

Considering these findings, we anticipate that future studies will investigate these aspects with
respect to Antarctic SIT. Addressing such model biases could be initial steps in further
improving the representation of dynamic processes in sea-ice, climate, and biogeochemical
models, ensuring their accurate predictions. Understanding biases in sea-ice parameters and
physical mechanisms behind these constraints will improve the reliability of sea-ice projections
and increase confidence in our understanding of what controls the rate of Antarctic sea-ice loss.
Therefore, our research addresses a critical knowledge gap of understanding and modeling of
Antarctic SIT and the dynamics involved in shaping its temporal and spatial distributions using
the long-term coupled climate simulations.
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