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Abstract Coupled climate models generally simulate a decline in Antarctic sea ice extent (SIE) over the
satellite period, failing to capture the observed near‐zero trend. Recent work has suggested that high‐resolution
ocean models could ameliorate this issue via improved representation of mesoscale ocean processes, which may
delay simulated Antarctic SIE decline. We investigate this hypothesis using two high‐resolution hierarchies of
coupled climate models developed at GFDL and NCAR, which span atmospheric resolutions of 0.25°–1° and
ice‐ocean resolutions of 0.1°–1°, as well as three generations of Coupled Model Intercomparison Project
(CMIP) models. Across the high‐resolution hierarchies and CMIP ensembles, we find no clear relationship
between ocean and atmospheric resolution and Antarctic SIE trends over both the satellite period and the
remainder of the 21st century. Climate models that reproduce observed trends in individual ensemble members
are those that exhibit large amplitude multi‐decadal Southern Ocean climate variability.

Plain Language Summary Coupled climate models generally simulate a decline in Antarctic sea ice
over the satellite period of 1979–2025, failing to capture the observed near‐zero trend. Due to computational
cost constraints, these models typically simulate the ocean and atmosphere using grid boxes of approximately
100 km scale and are unable to directly resolve ocean eddies. Recent work has suggested that high‐resolution
ocean models that explicitly resolve these ocean eddies and their associated impacts on heat exchanges within
the climate system better simulate changes in Antarctic sea ice. We investigate this hypothesis using resolution
hierarchies of climate models developed at two climate modeling centers, which include both high and low
resolution model versions. We also consider three generations of Coupled Model Intercomparison Project
(CMIP) climate models, which are generally low‐resolution. Across the high‐resolution hierarchies and CMIP
ensembles, we find no clear relationship between ocean and atmosphere resolution and Antarctic SIE trends
over both the satellite period and the remainder of the 21st century. The models that can occasionally reproduce
observed sea ice extent trends exhibit large amplitude multi‐decadal Southern Ocean climate variability.

1. Introduction
In contrast to the observed decline in Arctic sea ice extent (SIE), Antarctic sea ice exhibited an expansion over the
period 1979–2014 (Fogt et al., 2022; Parkinson, 2019). This period of expansion was followed by a decade of
striking sea ice loss, including several record‐setting low‐SIE years, leading some to suggest that Antarctic sea ice
may have undergone a regime shift (Abram et al., 2025; Hobbs et al., 2024; Purich & Doddridge, 2023; Raphael
et al., 2025). Climate models participating in Phases 5 and 6 of the Coupled Model Intercomparison Project
(CMIP) generally simulate a decline of Antarctic SIE over the satellite period and fail to capture the observed
trend (Roach et al., 2020; Shu et al., 2020; Turner et al., 2013). Holmes et al. (2024) showed that the inclusion of
recent low SIE years brings the models into better agreement with observations; however, the observed near‐zero
trend remains near the edge of the model distribution. Additionally, models with trends similar to the observed fail
to simulate the correct climatology and spatial and temporal variability of Antarctic sea ice (Roach &
Polvani, 2026).
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A number of hypotheses have been proposed to explain the inability of climate models to capture the observed
Antarctic SIE trend. These include missing freshwater forcing associated with Antarctic ice sheet meltwater
(Bronselaer et al., 2018; Schmidt et al., 2023), an underestimated shift in the Southern Hemisphere westerly wind
jet and Southern Annular Mode (SAM; Ferreira et al., 2015; Purich, Cai, et al., 2016), natural multi‐decadal
variability of Southern Ocean deep convective cycles (Zhang et al., 2019), biased trends in surface winds and
sea ice drift (Holland & Kwok, 2012; Sun & Eisenman, 2021), tropical SST variability and polar teleconnections
associated with the Interdecadal Pacific Oscillation (Meehl et al., 2016; Purich, England, et al., 2016), biases in
climatological ocean circulation and the associated delayed Southern Ocean warming (Armour et al., 2016), and
internal climate variability (Polvani & Smith, 2013; Singh et al., 2019).

Another hypothesis recently put forward by Rackow et al. (2022) is that the low ocean resolution of many climate
models, which is too coarse to directly resolve mesoscale ocean eddies, has systematically biased Antarctic sea ice
trends. This hypothesis is based on a body of work demonstrating that mesoscale eddies play a crucial role in
regulating the Southern Ocean response to climate change (Doddridge et al., 2019; Hallberg & Gnanade-
sikan, 2006; Hogg et al., 2008; Munday et al., 2013). Rackow et al. (2022) posited that explicitly resolving these
eddies, and their associated impacts on Southern Ocean stratification, heat transport, and the meridional over-
turning circulation, will provide higher‐fidelity Antarctic sea ice projections. Indeed, they found that a high‐
resolution climate model simulation had a delayed Antarctic sea ice decline relative to a low‐resolution coun-
terpart. Using an additional mixed‐resolution simulation, they attributed the delayed sea ice decline to the use of
high ocean resolution. Rackow et al. (2022) also found that higher‐resolution CMIP5 models tended to simulate
more accurate SIE trends than lower‐resolution CMIP5 models.

Other prior results regarding the influence of high‐ocean resolution on Southern Ocean sea ice and SST trends are
equivocal. On one hand, the studies of Bilgen and Kirtman (2020), Yeager et al. (2023), and Kang et al. (2026)
each showed improvements in Southern Ocean cooling in high‐resolution models relative to their low‐resolution
counterparts. On the other hand, in a multi‐model assessment of high‐resolution models from HighResMIP
(Haarsma et al., 2016), Dhame et al. (2025) showed that Southern Ocean SST trends are not systematically
improved in high‐resolution models. Similarly, Selivanova et al. (2024) found limited impacts of horizontal
resolution on Antarctic sea ice trends across HighResMIP models. Bitz and Polvani (2012) found similar sea ice
responses to stratospheric ozone depletion in both high‐resolution and low‐resolution ocean configurations. In
ice‐ocean simulations forced by atmospheric reanalysis, Chassignet et al. (2020) found similar Antarctic SIE
trends between high (∼ 0.1°) and low (∼ 1°) ocean resolution models. It is notable that most of the HighResMIP
models use a nominal 0.25° resolution, which is neither eddy‐resolving (grid spacing <6.5 km) nor eddy‐
permitting (6.5 km < grid spacing < 13 km) over the Southern Ocean. The model considered in Rackow
et al. (2022) is eddy‐permitting only over the core of the Antarctic Circumpolar Current. Thus, it is crucial to
examine higher‐resolution models, which more fully represent high‐latitude mesoscale eddy dynamics over the
whole Southern Ocean.

In this work, we examine the impact of horizontal resolution on Antarctic SIE trends using two novel high‐
resolution hierarchies of coupled climate models, which include models that are eddy‐permitting and eddy‐
resolving in the Southern Ocean, and models spanning several generations of CMIP. Models within each hier-
archy share common model components and span atmospheric resolutions of 0.25°–1° and ice‐ocean resolutions
of 0.1°–1°, enabling a systematic investigation of the roles of oceanic and atmospheric resolution on Antarctic SIE
trends. We also revisit the CMIP5‐based findings of Rackow et al. (2022) using three generations of CMIP
models, which span oceanic and atmospheric resolutions of 0.25°–4° and 0.5°–4°, respectively. Across these
model suites, we find that Antarctic SIE trends do not exhibit clear relationships with oceanic or atmospheric
resolution. We additionally argue that internal variability obscures structural resolution‐dependent model dif-
ferences and must be accounted for to make robust attribution statements.

2. Methods
2.1. GFDL High‐Resolution Coupled Model Hierarchy

We analyze a resolution hierarchy of coupled climate models developed at the NOAA Geophysical Fluid Dy-
namics Laboratory (GFDL). The hierarchy consists of seven recently‐developed coupled models, spanning ocean
resolutions of 1/8°–1° and atmospheric resolutions of 25–100 km (see Table S1 in Supporting Information S1).
The use of common model components across the hierarchy allows for a relatively clean study of the impacts of
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horizontal resolution on emergent model simulation features. However, it is also important to note that the models
differ in some model configuration choices. For example, the 1/2° and 1° ocean models employ a parameteri-
zation of mesoscale eddy effects, whereas the higher‐resolution ocean models do not.

Each of the GFDL models is built from the same component models: the Atmosphere Model version 4 (AM4;
Zhao et al., 2018a), the Land Model version 4 (LM4; Zhao et al., 2018a), the Modular Ocean Model version 6
(MOM6; Adcroft et al., 2019), and the Sea Ice Simulator version 2 (SIS2; Adcroft et al., 2019). Here, we
summarize the resolution characteristics of the seven GFDL models considered in this study (see Table S1 in
Supporting Information S1), and refer readers to the corresponding model documentation papers for further
details. The CM4X models are the highest ocean resolution GFDL models considered in this study. CM4X‐p125
and CM4X‐p25 have 1/8° and 1/4° ocean‐ice resolutions, respectively, and a common 50 km atmosphere‐land
resolution (Griffies et al., 2025a, 2025b). The CM4.0 model also employs a 1/4° ocean‐ice resolution, but has a
coarser 100 km resolution in the atmosphere‐land components (Held et al., 2019). The ESM4.1 model utilizes a 1/
2° ocean‐ice resolution and a 100 km atmosphere‐land resolution (Dunne et al., 2020). Finally, we consider three
SPEAR models, SPEAR_LO, SPEAR_MED, and SPEAR_HI. Each of the SPEAR models has 1° ocean‐ice
resolution and atmosphere‐land resolutions of 100, 50, and 25 km, respectively (Delworth et al., 2020). All
seven models use 75 vertical ocean layers defined by the MOM6 hybrid vertical coordinate, which transitions
from a geopotential‐like coordinate in the upper ocean to isopycnal coordinates in the ocean interior. All models
employ 33 atmospheric vertical levels except ESM4.1, which uses 49 levels for a better representation of
stratospheric dynamics and chemistry.

We analyze Historical and SSP5‐8.5 experiments performed with each model, following the CMIP6 forcing
protocol which use Historical forcings over the period 1850–2014 and SSP5‐8.5 scenario forcings over the period
2015–2100 (Eyring et al., 2016). Five of the GFDLmodels have ensembles of historical and scenario simulations,
consisting of 30, 30, 10, 10, and 3 members for SPEAR_LO, SPEAR_MED, SPEAR_HI, CM4X‐p25, and
CM4.0, respectively. The other models considered (CM4X‐p125 and ESM4.1) each have a single ensemble
member.

2.2. NCAR High‐Resolution Coupled Model Hierarchy

We also analyze a resolution hierarchy of models developed at the National Center for Atmospheric Research
(NCAR). The hierarchy consists of high and low‐resolution counterpart models based on the Community Earth
SystemModel version 1.3 (CESM 1.3; Meehl et al., 2019; Chang et al., 2020; Castruccio et al., 2024). We refer to
these models as CESM‐HR and CESM‐LR, respectively. The CESM‐HR employs nominal resolutions of 1/10°
for the ocean and sea ice and 1/4° for the atmosphere and land, whereas CESM‐LR uses nominal 1° resolution
across all components. Both models have 62 ocean vertical levels and 30 vertical levels in the atmosphere. As
with the GFDL hierarchy, these CESM models share identical model components, but differ in some model
configuration choices such as mesoscale and submesoscale eddy parameterizations (Chang et al., 2020). The
component models used by CESM 1.3 are the Community Atmosphere Model version 5 (CAM5; Neale
et al., 2012), the Parallel Ocean Program version 2 (POP2; Danabasoglu et al., 2012), the Community Ice Code
version 4 (CICE4; Hunke et al., 2008), and the Community LandModel version 4 (CLM4; Lawrence et al., 2011).

We analyze Historical and RCP8.5 experiments performed with each model, following the CMIP5 forcing
protocol which use Historical forcings over the period 1850–2005 and RCP8.5 scenario forcings over the period
2006–2100 (Meinshausen et al., 2011). Both CESM‐HR and CESM‐LR are run as 10‐member ensembles of
historical and scenario simulations.

2.3. CMIP3, CMIP5 and CMIP6 Models

We consider Antarctic SIE and sea ice area (SIA) from a suite of CMIP3, CMIP5, and CMIP6 models. For
CMIP3, we analyze data from 18 models that were forced with CMIP3 historical forcing over the period
1850–1999 and SRESA1B scenario forcing over the period 2000–2100. For CMIP5, we analyze 39 models forced
with CMIP5 historical forcing over the period 1850–2005 and RCP8.5 scenario forcing over the period
2006–2100. For CMIP6, we analyze 33 models forced with CMIP6 historical forcing over the period 1850–2014
and SSP5‐8.5 scenario forcing over the period 2015–2100. Following Rackow et al. (2022), for CMIP models that
submitted multiple ensemble members, we base our analysis on the ensemble mean for that model. Performing
analyses that include each individual ensemble member does not change our qualitative findings, but this does
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bias the results toward models with larger ensembles. The full list of CMIP models considered in this study is
provided in Table S2 of Supporting Information S1.

2.4. Model Resolution and Sea Ice Analysis

Following Rackow et al. (2022), we define the nominal Southern Ocean model grid spacing as the square root of
the grid cell area, averaged over the latitude band 45°S–65°S. For the GFDLmodel hierarchy, the Southern Ocean
grid spacings are 8, 16, 31, and 62 km for the 1/8°, 1/4°, 1/2°, and 1° ocean components, respectively. For the
NCAR model hierarchy, the Southern Ocean grid spacings are 6 and 66 km, for the 1/10° and 1° ocean com-
ponents, respectively. Ocean resolution has progressively increased across CMIP generations. The CMIP3
models have Southern Ocean grid spacings that range from 67 to 390 km with a median grid spacing of 102 km.
CMIP5 and CMIP6 models feature higher Southern Ocean resolutions that range from 35 to 126 km with median
of 84 km in CMIP5 and from 16 to 94 km with a median of 63 km in CMIP6.

The Rossby radius of deformation in the Southern Ocean is approximately 13 km (Rackow et al., 2022), thus a
model resolution of roughly 6.5 km is required to be considered “eddy resolving” in this region (Hallberg, 2013).
Therefore, the CESM‐HR model reaches the threshold of being eddy resolving in the Southern Ocean. The
highest resolution GFDL model, CM4X‐p125, is “eddy permitting,” as its 8 km resolution satisfies
0.5R < r < R, where r is the grid spacing and R is the Rossby radius. All other models in this study have r > R.

Atmospheric model resolution has also increased across CMIP generations. The atmospheric grid spacings over
the Southern Ocean span 95–388 km in CMIP3 (median 240 km), 63–319 km in CMIP5 (median 159 km), and
42–242 km in CMIP6 (median 95 km). The GFDL model hierarchy contains models with atmospheric grid
spacings of 24, 48, and 96 km, respectively, over the Southern Ocean region. The CESM‐HR and CESM‐LR have
Southern Ocean grid spacings of 21 and 84 km, respectively.

We assess the models using the NOAA/NSIDC climate data record (CDR) of sea ice concentration (SIC), version
6 (G02202; Meier et al. (2021)), which is provided on the 25‐km NSIDC polar stereographic south grid and spans
the period 1979–2025. Antarctic SIE is the area integral of all Southern Hemisphere grid cells covered by at least
15% SIC. Antarctic SIA is the Southern Hemisphere area integral of SIC. We assess the statistical significance of
ensemble‐mean trends using a bootstrapping approach in which the ensemble is repeatedly resampled (with
replacement) to produce an empirical distribution of ensemble‐mean trends based on 1000 realizations. The
significance of ensemble‐mean trend differences between two ensembles is evaluated by adding the standard
errors of ensemble‐mean trends in quadrature to obtain a standard error for the trend difference. If the trend
difference exceeds 1.96 standard errors, it is considered statistically significant at the 95% confidence level.

3. Model Resolution and Antarctic SIE Trends in CMIP Models
3.1. Ocean Resolution

Rackow et al. (2022) found a notable negative correlation between Antarctic September SIE trends and ocean grid
spacing across a group of 26 CMIP5 models (see their Figure 1). Specifically, when a model selection criterion
was applied based on the agreement of simulated climatological SIE with observations, Rackow et al. (2022)
found a statistically significant negative correlation of r = − 0.63 ( r2 = 0.40) based on the selected subgroup of
15 models. When all 26 CMIP5 models were included, the correlation was reduced to r = − 0.33 ( r2 = 0.11).
Here, we revisit this finding using CMIP3, CMIP5, and CMIP6 models. Exploring these three generations of
CMIP models allows us to probe a wider range of model resolutions, since CMIP6 models were generally higher
resolution than CMIP5 models, whereas CMIP3 models were generally lower resolution. This also allows us to
examine the relationship between Antarctic SIE trends and ocean resolution across a much larger number of
models (90 total). We focus on SIE trends, but the findings are unchanged if SIA is used (see Figure S2 in
Supporting Information S1).

Figure 1 shows the relationships between September (winter maximum) Antarctic SIE trends and mean
September SIE, ocean grid spacing, and atmospheric grid spacing, respectively, for CMIP6, CMIP5, and CMIP3
models. Interestingly, we find that CMIP6 models do not display a clear relationship between September SIE
trends and ocean resolution (Figure 1b). In particular, the set of all CMIP6 models has a weak positive correlation
with ocean resolution of rall = 0.15 ( r2all = 0.04). We also apply the model selection criterion of Rackow
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et al. (2022), which considers models whose mean September SIE is within 3 million km2 of the observed value.
This selected subset of models (18 of the 33 CMIP6 models) has a slightly larger positive correlation of
rsel = 0.27 ( r2sel = 0.07). In either case, the CMIP6 models do not display the negative correlation that Rackow
et al. (2022) identified in CMIP5 models.

Figure 1. Relationships between September Antarctic SIE trends over the period 1979–2025 and mean September SIE (left column), ocean grid spacing (middle
column), and atmospheric grid spacing (right column) for CMIP6 (a–c), CMIP5 (d–f), and CMIP3 (g–i) models. The horizontal and vertical gray lines indicate the
NSIDC observed trend and mean SIE values, respectively. Correlations are computed over the set of all models in each panel (rall) as well as over a selected subset of
models, whose mean September SIE is within 3 million km2 of the observed value (rsel) following Rackow et al. (2022). The CMIPmodel numbers are indicated within the
blue markers and their names are provided in Table S2 of Supporting Information S1.
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We also revisit this relationship in CMIP5 models, expanding to a larger group of models (38 vs. 26) and a slightly
longer time period (1979–2025 vs. 1979–2018) than those considered in Rackow et al. (2022). We find that the
relationship between ocean resolution and SIE trends largely disappears when this larger set of models is analyzed
(Figure 1e). We find a weak negative correlation for both the full set of models (rall = − 0.10; 38 models) as well
as the selected models (rsel = − 0.26; 19 models). These correlation values are also reduced relative to Rackow
et al. (2022) due to ocean resolution values being reported incorrectly for six models that provide their sea ice
output on the atmosphere grid. Similarly, we find no clear relationship between SIE trends and ocean model
resolution in CMIP3 models (Figure 1h), which have correlation values of rall = − 0.03 and rsel = − 0.08 for the
full and selected sets of models, respectively. Considering other months of the year, we find that the correlation
values are generally small across all months of the year, and do not display a consistent sign across CMIP
generations (see Figures S1a–S1c in Supporting Information S1). Overall, these results suggest that there is no
robust relationship between ocean model resolution and Antarctic SIE trends in CMIP3, CMIP5, and CMIP6
models. In fact, even if resolved eddies would systematically affect simulated trends (further explored below), one
would not expect this influence to be evident within the CMIP resolution range (r > R), adding plausibility to the
lack of relationship found here.

3.2. Atmosphere Resolution

Next, we consider the relationship between atmospheric model resolution and Antarctic SIE trends. Atmospheric
model resolution could impact simulated sea ice in a number of ways, including via the position of the midlatitude
eddy‐driven Southern Hemisphere jet, the variability of the Southern Annular Mode, the representation of
Antarctic katabatic winds, the representation of the Southern Ocean Ekman‐driven cell, and coupled climate
feedbacks associated with differences in the aerosol indirect effect (Barthélemy et al., 2012; Bracegirdle
et al., 2020; Chen et al., 2025; Mathiot et al., 2010; Zhao et al., 2018b). Across the three generations of CMIP
models, we find no clear relationship between atmospheric model grid spacing and September Antarctic SIE
trends (Figures 1c, 1f, and 1i). This is also the case for other months of the year (Figures S1d–S1f in Supporting
Information S1). The CMIP6 models show a consistent weak positive correlation between Antarctic SIE trends
and atmospheric grid spacing in all months of the year, with correlation values ranging from 0.02 < rall < 0.35
across the full set of models. The CMIP5 and CMIP3 models lack a consistent correlation sign across months, and
the correlation magnitudes are small (less than 0.2) for most months of the year. Overall, similar to the ocean
resolution results, our findings suggest that there is no robust relationship between atmospheric model resolution
and Antarctic SIE trends across CMIP3, CMIP5, and CMIP6 models.

4. Antarctic SIE Trends Across Two High‐Resolution Model Hierarchies
We next consider the GFDL and NCAR model resolution hierarchies, which each include models that exceed the
highest resolution oceanic and atmospheric components in CMIP6. Figures 2a and 2c show time series of
September Pan‐Antarctic SIE across the model hierarchies (colors) and in observations (black). Figures 2b and 2d
plot the corresponding linear trends of these time series, computed between 1979 and different end years ranging
from 2010 to 2100. For example, the observational trend in Figure 2b shows that the September Antarctic SIE
trend was positive in 2010, reached a maximum positive value in 2014, and then began to approach near‐zero
values during the recent low SIE years from 2015 to present.

We find that the SIE trends across the GFDL and NCAR models have a large spread, which reduces as the
considered trend period becomes longer. Notably, even 47‐year trends computed over 1979–2025 display large
contributions from internal variability, especially in certain models. In particular, SPEAR_LO (magenta),
SPEAR_MED (cyan), and CESM‐HR (purple) are characterized by large amplitude multi‐decadal internal
variability. These models display a wide distribution of trends, including members with both positive and strongly
negative trends. Selected SPEAR_LO ensemble members maintain positive SIE trends beyond the year 2040. For
all models, the ensemble‐mean trends are consistently negative, and become more negative over the course of the
21st century.

In the GFDL model hierarchy, we find that the high‐resolution CM4X‐p125 model with 1/8° ocean resolution
(blue) shows no evidence of a delayed sea ice decline relative to the low‐resolution model counterparts
(Figure 2b). CM4X‐p125 rather shows simulated sea ice trends that are on the negative end of the multi‐model
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SIE trend distribution. Similarly, the models with 1/4° ocean components, CM4X‐p25 (red) and CM4.0 (tur-
quoise), do not show evidence of a delayed sea ice decline.

In the NCARmodel hierarchy, the ensemble mean of CESM‐HR has less negative trends than the ensemble mean
of CESM‐LR over the period 2010–2040 (Figure 2d). However, the ensemble‐mean trend differences over this
period are not statistically significant due to the large trend variability within CESM‐HR. It is also notable that the
ensemble‐mean of CESM‐HR displays synchronized multi‐decadal variability, indicating some memory of initial
conditions across the ensemble. This is likely due to the fact that the CESM‐HR and CESM‐LR ensembles are
generated using “micro‐perturbations” (Castruccio et al., 2024; Deser et al., 2020), in which members are
initialized from the same phase of internal climate variability with round‐off level perturbations to the atmo-
spheric initial conditions. The coherent phasing of multi‐decadal variability in CESM‐HR can be seen in the
ensemble‐mean trends shown in Figure 2d and contributes to the less negative trend values that occur for end‐
years near 2010. Over the late 21st century, the ensemble‐mean of CESM‐HR has less negative trends than
CESM‐LR, and these ensemble‐mean trend differences are statistically significant over the period 2069–2100.
This difference in late 21st century trends is likely related to the large differences in SIE mean state in the late 20th
century. For example, the CMIP ensembles show that models with larger SIE mean state over 1979–1998 tend to
have more negative SIE trends over the period 1979–2090 (correlations for September SIE are − 0.46, − 0.59, and
0.00 for CMIP6, CMIP5, and CMIP3, respectively).

In Figure 3, we examine the relationship between SIE trends and model resolution more closely. Given the
demonstrated large contributions of internal variability to 47‐year trends, it is important to account for internal
variability uncertainty in models with only a single member. We do this by computing a probability distribution
function of 47‐year SIE trends using a 500‐year pre‐industrial control simulation, from which we estimate a 95%
confidence interval. Figure 3a shows a scatterplot of September Antarctic SIE trends over 1979–2025 versus
ocean model grid spacing. We find that there is no clear relationship between SIE trends and ocean grid spacing
across the high‐resolution model hierarchies. The eddy‐resolving and eddy‐permitting ocean models, CESM‐HR

Figure 2. (a) September Pan‐Antarctic SIE time series for the GFDL model hierarchy (colors) and NSIDC observations
(black). The thin lines are ensemble members and the solid lines are ensemble means; (b) September Pan‐Antarctic SIE
trends computed between 1979 and different end years from 2010 to 2100. The GFDL model hierarchy is plotted in colors
and NSIDC observations are plotted in black. Panels (c, d) show the same as (a, b) but for the NCAR model resolution
hierarchy. The nominal oceanic and atmospheric resolutions are indicated in parentheses in the legend.
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and CM4X‐p125, do not show evidence of a delayed SIE decline. This differs from the main finding of Rackow
et al. (2022), who documented a delayed decline in a high‐resolution configuration with 14 km Southern Ocean
grid spacing. We also observe large contributions of internal variability to SIE trends over 1979–2025,
demonstrating the need for multiple model realizations in order to robustly attribute simulated trend differences to
structural model differences.

While the high‐resolution GFDL and NCAR model hierarchies are each constructed using common components,
individual models within a given hierarchy differ in configuration choices, such as ocean mesoscale and sub-
mesoscale eddy parameterizations. This implies that comparisons made across a given hierarchy confound
resolution‐based effects with structural model differences, precluding definitive conclusions about the direct
impact of resolution. These confounding effects are a generic challenge for studies that compare high and low
resolution counterpart models, since low‐ocean resolution models rely upon eddy parameterizations to achieve
credible climate simulations.

Figure 3b shows SIE trends versus atmospheric model grid spacing. Overall, there is no clear relationship between
these two quantities across the model hierarchies. We do, however, find some notable relationships between trend
variability and atmospheric grid spacing. In particular, within the GFDL model hierarchy, SIE trend variability
tends to systematically increase as the atmospheric grid spacing increases. This is the case across the three SPEAR
models, which are a “clean” hierarchy in which only the atmospheric resolution changes, as well as across the full
group of GFDL models (see Figure S3 in Supporting Information S1). The 100 km atmosphere models in
particular display large amplitude multi‐decadal SIE variability, which leads to significantly more variability in
47‐year SIE trends than their higher‐atmosphere resolution counterparts (Figure S3 in Supporting Informa-
tion S1). Interestingly, the NCAR models show the opposite relationship: CESM‐HR with its high‐resolution
atmosphere has more trend variability than CESM‐LR. Since both ocean and atmosphere resolution differ be-
tween the CESM HR and LR models, these differences in trend variability cannot be cleanly attributed to at-
mospheric resolution. However, the NCAR models clearly demonstrate that the GFDL‐based finding that low‐
resolution atmospheres have more SIE trend variability is not generic across other models. We return to the
physical drivers of this trend variability in the discussion section.

5. Discussion and Conclusions
In this work, we have investigated the question: Do high‐resolution climate models improve simulated Antarctic
sea ice trends? Across the high‐resolution models considered here, we have found no detectable improvements
associated with resolution. In particular, we found that there is no clear relationship between Antarctic SIE trends
and horizontal ocean and atmosphere resolution across high‐resolution hierarchies of GFDL and NCAR models,
as well as across CMIP3, CMIP5, and CMIP6 models. This is the case for both the 1979–2025 satellite period and
the remainder of the 21st century. Our findings differ from Rackow et al. (2022), who found a delayed SIE decline

Figure 3. Relationship between ocean and atmosphere model grid spacing and September Antarctic SIE trends over
1979–2025 across the GFDL and NCARmodel hierarchies. Circle markers indicate ensemble members and squares indicate
the ensemble mean. For models with three or fewer members, 47‐year trend uncertainty is estimated using a PI control
simulation and the error bars indicate a 95% confidence interval. CMIP model ensemble members are shown in gray markers.
For CMIP models with 3 or more members, their ensemble mean is plotted as a gray square.
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in a high‐resolution ocean model, suggesting that the relationship between Antarctic sea ice trends and ocean
resolution is likely model‐dependent, and is also likely obscured by internal climate variability.

A key finding of this work is that internal variability makes large contributions to Antarctic SIE trends over the
period 1979–2025, and that spurious relationships to model resolution could be identified if only single model
realizations were considered. We find that the models capable of capturing observed SIE trends with particular
ensemble members are those that exhibit large amplitude multi‐decadal Southern Ocean climate variability. This
is the case with CESM‐HR, SPEAR_LO, and SPEAR_MED. We also expect that ESM4.1 and CM4.0 would
exhibit trend agreement for certain realizations, if additional ensemble members were available. Other models,
specifically CM4X‐p125, CM4X‐p25, SPEAR_HI, and CESM_LR, have smaller amplitude trend variability
(Figure S3 in Supporting Information S1) and do not have members that agree with observed trends. Given that
large amplitude multi‐decadal SIE variability appears to be a necessary condition for capturing observed SIE
trends, a crucial question is: Is this variability realistic?

The unifying simulation feature that drives multi‐decadal variability across these models is Southern Ocean deep
convective variability associated with open‐ocean polynyas in the Weddell or Ross Seas (Beadling et al., 2022;
Chang et al., 2020; Chen et al., 2026; Diao et al., 2022; Dunne et al., 2020; Ford & Rose, 2026; Held et al., 2019;
Tesdal et al., 2023; Zhang et al., 2019, 2021). This deep convective variability is directly linked to SIE variability
via a charge‐discharge mechanism, in which an oceanic subsurface reservoir slowly accumulates heat over
multiple decades (the charge phase) until the water column convectively destabilizes, leading to deeper mixed
layers, increased vertical mixing of subsurface heat, and increased basal sea ice melt (the discharge phase). This
unifying feature is also present in recent work by Zapponini et al. (2026). Using a high‐resolution AWI model that
is eddy‐permitting over the Antarctic Circumpolar Current, they found that their high‐resolution configuration
exhibited large multi‐decadal SIE variability that was not present in a low‐resolution counterpart. They showed
that this variability is associated with Weddell Sea polynya variability, and leads to a stable SIE cover over the
satellite period followed by an abrupt decline around 2030.

While open‐ocean Weddell Sea polynyas have been observed in the mid‐1970s (Carsey, 1980) and 2016–17
(Campbell et al., 2019), the polynya events simulated by models may be too large; however, uncertainties in
current ice‐core‐based polynya reconstructions preclude precise statements on this point (Goosse et al., 2021). We
also note that while some model ensemble members capture near‐zero Pan‐Antarctic SIE trends (e.g., CESM‐HR
members 6, 7, 10 and SPEAR_LO members 7, 10, 18, and 19), these members do not have the correct spatial
patterns of SIC trends (see Figures S4–S6 in Supporting Information S1). Specifically, these members have large
SIC trend features in the Weddell and Ross Seas, which are not present in observations, suggesting that they are
getting the “right answer for the wrong reasons.”

While this study has not identified a clear connection between ocean and atmosphere resolution and Antarctic SIE
trends, future work on this topic is needed, especially multi‐model assessments of eddy‐resolving simulations in
the Southern Ocean. A persistent challenge is that studies at frontier resolutions can often only afford to run a
single ensemble member and a relatively short control integration (e.g., Kang et al., 2026). This work emphasizes
that single‐member studies are inherently limited in their ability to quantify structural model differences and
resolution‐dependent climate signals, and that ensembles should be prioritized whenever computationally
feasible.
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