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Abstract. Expansion of Antarctic sea ice was observed over the pre-2014 satellite record, and most climate models are not able

to reliably simulate this expansion. Here, we explore the hypothesis that internal variability is enough to explain the expansion

by analyzing two ensembles of the Community Earth System Model version 1.3, which have ocean/ice model resolutions of

∼10 km (high-resolution; HR) and ∼100 km (low-resolution; LR). The HR configuration often simulates Antarctic sea ice

area (SIA) expansion in September of similar magnitude to observations, while LR rarely does. However, the zonal structure of5

the SIA expansion in HR has important discrepancies with observations, overemphasizing sea ice increases within the Weddell

Sea ice pack. In the rare cases when LR has multidecadal SIA expansion similar to observations, it appears to get the zonal

structure correct. Recovery from open-ocean deep convection explains the relative frequency of SIA expansion in HR, while

the SIA expansion in LR is associated with variability in the Amundsen Sea low and the Pacific–South American pattern. We

show that high-resolution modeling has the potential to help reconcile simulated Antarctic sea ice trends with observations, but10

the spatial patterns of the trends must be taken into consideration when assessing model performance.

1 Introduction

Satellite observations have shown that Antarctic sea ice increased from the beginning of the record in the late 1970s to about

2014, after which an ongoing rapid decline has been observed. The latest generation of climate models does not reliably capture

this pre-2014 expansion, instead generally showing decreases in sea ice (Roach et al., 2020; Shu et al., 2020). Some CMIP-15

class models are capable of simulating Antarctic sea ice expansion under CO2 forcing (Singh et al., 2019; Liu, 2025), but rarely

does the spatial pattern of the expansion resemble observations (Roach and Polvani, 2026).

There are two questions of interest to understanding this subject, which are related but could plausibly have different answers:

(1) why did Antarctic sea ice increase in observations up to 2014, and (2) why are models generally unable to simulate this

increase? Part of what makes this problem so difficult is that the answers to these two questions could be different combinations20

of various mechanisms, but a quantitative attribution using climate models would require that we have confidence in the models’

abilities to simulate those mechanisms. For the first question, the sea ice expansion may be entirely explainable as internal

variability, or there may be a significant forced component. For the second question, there may be deficiencies in modeled

internal variability, deficiencies in the forced response, or both.
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There are two popular hypotheses on the forced response side, and typically, they are taken as an answer to both questions.25

First, anthropogenic stratospheric ozone depletion has strengthened the Southern Hemisphere westerlies, forcing a cooling

response over the Southern Ocean (e.g., Purich et al., 2016a; Hartmann, 2022; Roach et al., 2023; Li et al., 2026; Wang et al.,

2026). To explain the model–observation discrepancy, this process would have to be simulated too weakly by CMIP-class mod-

els, or perhaps the models are too sensitive to the other forcings that end up masking this cooling. Second, anthropogenically-

forced increases in meltwater from the Antarctic Ice Sheet have increased the stratification of the Southern Ocean, inhibiting the30

upward mixing of warmer subsurface waters and resulting in a cooler surface Southern Ocean (e.g., Bintanja et al., 2013; Rye

et al., 2020; Dong et al., 2022; Schmidt et al., 2023). This would be an elegant solution to the discrepancy, since CMIP-class

models generally lack active ice sheets (see, e.g., the SOFIA initiative, Swart et al., 2023).

For the ozone depletion hypothesis, there are a few issues. While most models show a Southern Ocean cooling response to

ozone depletion on interannual timescales, they show a warming response on multidecadal timescales (Ferreira et al., 2015;35

Holland et al., 2017). Polvani et al. (2021) showed that Southern Annular Mode (SAM) variability only explains about 15%

of Antarctic sea ice variability on interannual timescales, making the relationship questionable to extrapolate to multidecadal

timescales, regardless of sign. Similarly, Simpkins et al. (2012) and Dong et al. (2023) demonstrated that the observed SAM

trend is not associated with a strong enough sea ice or Southern Ocean SST trend to explain observations. On top of this,

CMIP-class models generally capture the observed SAM trend (Holland et al., 2017; Bracegirdle et al., 2020; Dong et al.,40

2023), so the issue in models would need to be related to the ocean’s response to SAM, not the atmosphere’s response to ozone

depletion.

For the Antarctic meltwater hypothesis, various studies (referenced above) have demonstrated that an idealized freshwater

forcing of the Southern Ocean will cool its surface, but it appears that realistic amounts of freshwater are not enough to simulate

an observation-like expansion of the sea ice (Swart and Fyfe, 2013; Pauling et al., 2016). In addition, Zhu et al. (2026) have45

shown that a realistic meltwater forcing has a more complicated sea ice response, with increases and decreases in different

sectors.

On the internal variability side, the variability of interest could be remotely forced by the tropical Pacific, local to the

Southern Ocean, or related to the strength of the teleconnections between the two regions. Decadal-scale Pacific variability,

quantified by the interdecadal Pacific oscillation (IPO), has been linked to sea ice variability in the Pacific sector, with a cooler50

eastern Pacific (i.e., negative IPO) associated with increased sea ice in the Ross Sea (Meehl et al., 2016; Purich et al., 2016b;

Chung et al., 2022) and decreased sea ice in the Bellingshausen Sea (Purich et al., 2016b), also associated with a deepening

of the Amundsen Sea low (ASL). Like variability in the ASL, the Pacific–South American (PSA) pattern is another possible

source of Pacific-sector sea ice anomalies (Schneider et al., 2012; Irving and Simmonds, 2016; Kohyama and Hartmann, 2016).

There is some evidence that eddy-parametrizing ocean models underestimate the magnitude of multidecadal variability that55

the oceans help generate (Jüling et al., 2021). Underestimated multidecadal variability could be the convective type that is

found in some climate models (including the simulations studied here), or it could be stochastic variability associated with the

explicit simulation of mesoscale eddies in the ocean, as suggested by Latif and Keenlyside (2011) and Jüling et al. (2020). As

a result, standard-resolution modeling may not be sufficient for generating a realistic sample of Southern Ocean variability.
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Recently, Bushuk et al. (2026) showed that the relationship between model resolution and variability in Antarctic sea ice trends60

is unclear, so more work is needed to understand how model resolution affects internal variability at multidecadal timescales.

When climate models are used to examine the role of internal variability in Antarctic sea ice trends, it is sometimes assumed

that the modeled variability is generally correct (e.g., Chemke and Polvani, 2020), such that the model–observation discrepancy

can be attributed to an error in the forced response. However, there is substantial uncertainty in the relative importance of

internal variability and externally-forced change for observed Antarctic sea ice trends over multidecadal timescales. In the65

absence of a long, reliable observational record of the Southern Ocean, this kind of decomposition into forced and unforced

components would typically be done with climate models ensembles, but we know that models have systematic deficiencies

over the region (Wills et al., 2022), hence the uncertainty surrounding this problem.

The hypothesis directly addressed in this study is that internal variability can explain the pre-2014 expansion, but it may also

help explain part of the post-2014 retreat. There is some evidence for this involving the 2016–2017 Maud Rise polynyas—after70

the polynyas, the Southern Ocean transitioned into a state with a saltier surface layer (Silvano et al., 2025). This could mean that

we are now in a decadal-scale period of sea ice loss and greater mixing between the surface and subsurface Southern Ocean,

after which there could be a return to slow sea ice expansion. To be clear, this hypothesis does not imply that anthropogenic

forcing is unimportant over the Antarctic region. We would expect, as models have projected, that there is a slow decline in

Antarctic sea ice due to anthropogenic forcing, but on top of this decline, there may be internal variability of similar magnitude75

to the forced response, which many models are not able to simulate. With some recent work challenging the ozone depletion

hypothesis (Polvani et al., 2021; Dong et al., 2023) and uncertainty around models’ responses to realistic meltwater forcing

(Swart and Fyfe, 2013; Pauling et al., 2016; Zhu et al., 2026), we argue that the role of internal variability is worth investigating

in more detail.

In two climate model ensembles with different horizontal resolutions, we test whether internal variability can help explain the80

recent phase of Antarctic sea ice expansion. In Sect. 2, we describe the model and observational data and outline the statistical

methods we employ. In Sects. 3–5, we present our results and seek to answer the following question: how often do these

models produce multidecadal periods of Antarctic sea ice expansion, and when they do, how realistic are the corresponding

spatial patterns? In Sect. 6, we discuss mechanisms and implications, and we summarize and conclude in Sect. 7.

2 Data and methods85

2.1 Models

We analyze output from runs of the Community Earth System Model version 1.3 (CESM1.3 Meehl et al., 2019; Chang et al.,

2020) that were completed as part of the MESACLIP project (https://project.cgd.ucar.edu/projects/MESACLIP/). There are

two ensembles of the CESM1.3 run with different component resolutions. More details on the differences are provided by

Meehl et al. (2019) and Chang et al. (2020), but most relevant here are the ocean and sea ice components: the high-resolution90

(HR) configuration uses the Parallel Ocean Program version 2 (POP2) and Community Ice Code version 4 (CICE4) with a

0.1° (∼10 km) horizontal grid, while the low-resolution (LR) configuration uses the same components with a 1° (∼100 km)
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horizontal grid. The key difference between these configurations is that mesoscale ocean eddies are resolved in HR but must be

parametrized in LR. There are 10 ensemble members for HR and 22 for LR. Both configurations are run with historical forcing

from 1920–2005 and RCP 8.5 forcing from 2006–2100.95

HR is known to have strong multidecadal variability in deep convection in the Weddell Sea (Chang et al., 2020; Diao et al.,

2022; Ford and Rose, 2026), which we expected would dominate the Antarctic sea ice trends on the multidecadal timescales

we are considering. It is worth briefly discussing the realism of such a model. The observed open-ocean polynyas of 1974–

1976 (Carsey, 1980) and 2016–2017 (Campbell et al., 2019) were smaller than the typical size of polynyas produced by this

model, but HR is capable of occasionally simulating realistically-sized polynyas (see Fig. 1a from Diao et al., 2022). It is100

true that HR produces polynyas too often relative to observations, but the observational record over the Southern Ocean is too

short to rule out this type of variability with any confidence. Further, HR seems to be in the class of models that produces

open-ocean polynyas in the Weddell Sea for the correct reason: interactions with Maud Rise. In some other convecting models,

large open-ocean polynyas also occur in the Ross Sea (Mohrmann et al., 2021; Lu et al., 2026), which is unsupported by

observations.105

With these limitations in mind, we argue that it is still worth exploring the sea ice trends that result from HR. LR lacks

large open-ocean polynyas and the accompanying variability, yet we know large open-ocean polynyas are a feature of the real

climate system. To that end, we may think of these two CESM1.3 ensembles as extremes with respect to their ability to simulate

open-ocean polynyas, with reality likely being somewhere in between.

2.2 Observations110

We use three observational sea ice concentration (SIC) products, derived from satellite-based passive microwave sensors:

1. NOAA/NSIDC SIC Climate Data Record (CDR) version 6 (dataset G02202, Meier et al., 2026), which we refer to as

“NSIDC”

2. EUMETSAT Ocean and Sea Ice Satellite Application Facility (OSI SAF) SIC CDR, specifically datasets OSI-450-a1

(EUMETSAT OSI SAF, 2025) and OSI-430-a (EUMETSAT OSI SAF, 2022), which we refer to together as “OSI SAF”115

3. Hadley Centre Sea Ice and Sea Surface Temperature dataset version 1 (HadISST1, Rayner et al., 2003)

There is a discontinuity in HadISST1 between 2008 and 2009 due to a sensor change (Screen, 2011), which creates an arti-

ficially large trend. Since HadISST1 is similar in magnitude to the other two products (Fig. 1) and does not provide a useful

estimate of any trends including 2008–2009, we do not use HadISST1 for any trend analysis, keeping it only for climatologies.

The common period covered by the products is 1979–2024, and we choose the 29-year period 1986–2014 as the sea ice120

expansion phase of interest. In choosing this period, 2014 is a sensible end year, since the rapid decline started in 2015. With

no particular reason to insist on starting with 1979, we note that 1986 is the pre-2014 September sea ice area minimum in both

datasets (Fig. 4), so starting with 1986 produces a local maximum in the trend. Compared to starting with 1979, it is therefore

a stricter test of the hypothesis that internal variability can explain the trend.
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2.3 Sea ice metrics125

We primarily examine SIC and sea ice area (SIA), computed by multiplying grid cell areas by SIC (as a fraction), then summing

over area. When considering the zonal structure of the sea ice trends, we also compute SIA as a function of longitude, which

we call SIAλ for brevity. For the model data, which are on a 1° rectilinear grid, this is done by summing the product of grid cell

area and SIC over latitude, and for the observational data, which are on a polar stereographic grid, this is done by collecting

the SIC into 1° longitude bins and computing SIA within each bin. We choose SIA over sea ice extent (SIE) to facilitate direct130

comparison with recent model–observation assessments (e.g., Roach et al., 2020; Holmes et al., 2024; Roach and Polvani,

2026).

2.4 Trend analysis

We can decompose a trend β into parts resulting from external forcing (F) and internal variability (V):

β = βF +βV (1)135

Since we are interested in the trends associated with the internal variability of the models, we subtract out the trends in the

ensemble mean—an approximation of the forced component—from each ensemble member:

βi,V = βi −βi,F ≈ βi − β̄ (2)

where βi is the total trend for ensemble member i, βi,V is the part of the trend due to internal variability, βi,F is the part of the

trend due to external forcing, and β̄ is the total trend for the ensemble mean.140

This removal of the forced component is done for all 29-year trends: SIA, SIAλ, and SIC. All trends are computed using

ordinary least squares, and the standard error (SE) of observational SIA trends are corrected by a factor involving the lag-

1 autocorrelation following Santer et al. (2000). Power spectra are estimated using the multitaper (Prieto, 2022) and Welch’s

methods. As will be described in more detail later, we assess model–observation agreement between SIAλ trends by computing

the Pearson correlation coefficient over longitude.145

3 Climatologies

To provide context for the following sections, we first present the 1979–2024 SIA climatologies for the models and observations

in Fig. 1. The markers show the time-mean (and ensemble-mean for the models) SIA, and the error bars show the minimum

and maximum SIA over the same period (again, across all ensemble members for the models). LR is close to observations, with

the exception of most of the melt season (NDJF), where the sea ice does not melt fast enough in LR. HR has overall lower SIA150

than LR and observations, and it has a substantially larger range in the winter, where decade-long periods of deep convection

and open-ocean polynyas in the Weddell Sea bring the average SIA well below the observed range. The upper range of HR is

reasonable, which occurs during years without polynyas, so including only non-polynya years would produce better agreement

with observations (cf. Fig. 3 from Chang et al., 2020).

5

https://doi.org/10.5194/egusphere-2026-6178
Preprint. Discussion started: 16 October 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 1. 1979–2024 climatologies of Antarctic sea ice area (SIA) across observational products and two versions of the CESM1.3.

We focus hereafter on September and February, the months of maximum and minimum sea ice in both observations and155

models. The choice to examine only individual months is essential here because annual- and seasonal-mean trends risk con-

flating trends happening over different months. For example, an annual-mean trend will show trends within the interior region

of the annual-mean ice-covered area (e.g., see Fig. 1b from Liu, 2025). This could be interpreted as trends within the interior

winter sea ice, but, in fact, the contribution comes from trends at the sea ice edge during the grow and melt seasons. This

is particularly important for assessing a model like the HR CESM1.3, which does actually have trends in the sea ice interior160

during September.

In Figs. 2 and 3 we show the 1979–2024 average September and February SIC for the models and observations. The maps

for the models are averaged over all ensemble members. For our purposes, there are no meaningful differences among the three

observational products. In Fig. 2d, the impact of open-ocean polynyas is clear: the low SIC is centered around Maud Rise with

a secondary SIC minimum to the west in the central Weddell Sea. Further, the mean sea ice edge is at a higher latitude over165

the other sectors. This is the result of an overall warmer Southern Ocean, as the deep convection brings warmer waters to the

surface, which are then advected around the rest of the Southern Ocean. LR, in Fig. 2e, more closely resembles observations.

For the February maps in Fig. 3, there is barely any sea ice in HR, and LR overestimates the amount of sea ice in the Weddell

Sea away from the Antarctic Peninsula.

4 Variability and trends170

With the context from the climatologies, we show in Fig. 4 the timeseries of SIA for the models and observations. The solid

blue and green lines show the ensemble-mean SIA for HR and LR, and the shading around those lines show the ensemble
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Figure 2. Maps of September sea ice concentration (SIC) averaged over 1979–2024 across (a–c) observational products and (d, e) two

versions of the CESM1.3.

Figure 3. As in Fig. 2, but for February.
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Figure 4. Time series of (a) September and (b) February Antarctic sea ice area (SIA) in HR and LR CESM1.3 (1920–2100; historical and

RCP8.5 forcing) and two observational products (1979–2024) described in the text. The CESM1.3 ensemble means are plotted in the solid

lines, while the ensemble ranges are plotted in the blue and green envelopes. One ensemble member each is plotted for HR and LR in the

blue and green dashed lines, corresponding to the ensemble members plotted in Fig. 9e,f. For reference, the two gray vertical lines indicate

the period used to compute the observed trends (1986–2014).
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Figure 5. Spectral density estimates of 12-month running mean Antarctic sea ice area (SIA) in HR and LR CESM1.3 (1920–2024) and

two observational products (1978–2025). The CESM1.3 power spectra are estimated for each ensemble member, then averaged; they are

estimated with the multitaper method, while the observational power spectra are estimated with both the multitaper (black) and Welch’s

(gray) methods to check robustness.

range. From this we can see how the larger range of variability in the September SIA of HR evolves over time. Starting from

nearly the same initial conditions, the HR ensemble follows the same phase of multidecadal variability for about 30 years (i.e.,

1920–1950). Then after around 1950, the ensemble diverges into different phases and the ensemble-mean is mostly decreasing.175

LR has a greater range of variability than HR in February, certainly due to HR having so little February sea ice in the first place

(Fig. 3d).

One ensemble member each of HR and LR is indicated by the dashed lines in Fig. 4. Focusing on September, we can see

times when both configurations are capable of producing at least decade-long periods of Antarctic sea ice expansion. This

possibility has been noted before in a variety of models (e.g., Singh et al., 2019; Liu, 2025), but here we want to explore further180

how realistic these expansion periods are. For HR, as we will discuss later, these periods of expansion can be interpreted as a

recovery from relatively low sea ice associated with a period of Weddell Sea deep convection (Ford and Rose, 2026).

One way to assess the skill of these two CESM1.3 configurations is to examine the power spectra of the SIA time series.

Figure 5 shows the power spectral density for detrended Antarctic SIA in HR, LR, and observations, estimated using the

multitaper method (plus an additional estimation using Welch’s method for observations). We use 12-month running mean SIA185

for the spectral estimates in order to avoid the aliasing that would result from using individual months (Madden and Jones,

2001). Using anomalies would result in a spectral peak centered at 1 year due to multidecadal changes in the seasonality of the
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anomalies. An idealized sketch of what happens when anomalies are used for this type of time series is shown by Möller et al.

(2008) (their Fig. 8b).

Already from Fig. 4, it can be inferred that HR has greater power at multidecadal periods, and this is reflected in the spectra.190

It also shows that HR has lower power over the 2–5 year range. This appears to agree with Jüling et al. (2021), who found

a similar spectral shift in a different pair of high- and low-resolution CESM simulations for other variables, including sea

surface temperature and ocean heat content. Both configurations lack the spectral peak at 5–6 years which is present in the

observations. This 5–6-year variability can be seen clearly in the observational time series (Fig. 4) as the most prominent

timescale of variability outside of the long-term trends. It is important to note that, while LR appears to agree better with195

observations on the multidecadal side of the spectrum, the spectral density estimates for observations have a large amount of

uncertainty in that range, since the analyzed time series is only about 47 years long. It is shown for the sake of completeness,

but we cannot infer from it that LR has more observation-like multidecadal variability.

We now address the question posed in the introduction: if the kind of variability exhibited by the HR and LR CESM1.3

existed in nature, how often would we expect to see a multidecadal increase in Antarctic sea ice similar to that observed due200

to internal variability alone? To quantify this, we begin by computing all consecutive and overlapping 29-year trends in the

models’ Antarctic SIA over the period 1950–2014 for HR and 1930–2014 for LR for both September and February. Then, we

remove the corresponding ensemble-mean SIA trend for each 29-year window as an estimate of the forced response, leaving

us with an estimate of the SIA trend due to internal variability (Eq. 2). We exclude the first 30 years of HR because the

internal variability of the ensemble appears to be in phase and therefore the ensemble mean is a poor approximation of the205

forced component of the trend. The first 10 years of LR are excluded for the same reason, though the internal variability of the

ensemble is not visibly in phase.

We choose a wider range than the observed trend (1986–2014) because we are assessing the role of internal variability—

there is no reason to expect that variability in a free-running climate model is in phase with observations. Comparing models

and observations only over the same time window (1986–2014 here or more commonly in other studies ∼1979–2014) will210

result in undersampled spatial patterns of a model’s internal variability. For these CESM1.3 ensembles, we would only have

one sample each for September in LR and February in HR, two samples for February in LR, but zero for September in HR (the

open circles in Fig. 6). This is clearly not enough to do any statistical analysis of the spatial patterns of the trends. Using our

approach of considering all consecutive and overlapping trends, there are 370 HR trends and 1254 LR trends, many more than

typically analyzed when comparing only the same time window in large ensembles and CMIP ensembles. Histograms of these215

trends for September and February are shown in Figure 6. In addition, we plot the observed trends over 1986–2014 for both

NSIDC and OSI SAF with the SE of these trends as a measure of uncertainty.

Consider the September trends in Fig. 6a. Under the variability of HR, the observed trend would be completely ordinary

because of its greater variance and more uniform distribution. Despite only 8% of samples agreeing with observations, if we

reframe the question as asking what percent of the HR trends are at least as positive as the observed SE, then we would get 38%.220

Under the variability of LR, which has lower variance, the observed trend would be unusual but plausible (1.6–2.7 standard
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Figure 6. Histograms of all overlapping 29-year (a) September and (b) February Antarctic sea ice area (SIA) trends in HR and LR CESM1.3

within 1950–2014 (HR) or 1930–2014 (LR) associated with internal variability. The 1986–2014 observed trends are plotted as the dashed

and dotted black lines. The observational standard error (SE) is taken as the largest range between the two observational products’ SEs. In

both panels, the fractions of total samples (nt) that agree with observations (i.e., are within the observational SE; na) are shown for both HR

and LR as percentages. Below the histograms, the blue (HR) and green (LR) open circles show the modeled 1986–2014 trends associated

with internal variability.

deviations above the mean for the observed SE). For both model configurations, the February trends have similar distributions,

and because the trends tend to be smaller than in September, many more samples fall within the observational uncertainty.
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Figure 7. September sea ice area (SIA) trends as a function of longitude for (a) HR and (b) LR that are within the observed SIA trend

standard error shown in Fig. 6. Note the different vertical axis scale between the panels. The number of modeled trends (samples) plotted in

each panel is indicated by na. The darker blue/green solid lines indicate the average of the n samples, while the darker blue/green dashed

lines indicate the sample with the highest (“best”) correlation with observations over longitude.

5 Spatial patterns

In this section, we view sea ice trends in two ways: as a function of longitude (SIAλ) and as SIC maps. The observed September225

and February SIAλ trends are shown in the black dashed and dotted lines in Figs. 7 and 8. The main features in September

are expansion in the Ross and western Weddell Seas, and retreat in the Bellingshausen and eastern Weddell Seas. In February,

trends are more geographically limited by the strong seasonality of Antarctic sea ice, but the main pattern is expansion off the

east coast of the Antarctic Peninsula and a dipole around the Ross Sea. These trends are also shown as maps in Figs. 9 and 10.

For each sample within the observed SEs (see Fig. 6), the corresponding SIAλ trend is plotted in Figs. 7 and 8, and the mean of230
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Figure 8. As in Fig. 7, but for February.

all of the samples is plotted in the darker solid lines. The question the mean addresses is: on average, what is the model doing

when it appears to agree with observations in the hemisphere-wide trend?

Starting with Fig. 7a, which shows HR trends in September, we can see that most of the samples show large increases in

the Weddell Sea, while the trends elsewhere cover a mostly symmetric range of positive to negative. As Roach and Polvani

(2026) recently discussed, models in the CMIP6 ensemble that are able to simulate increases in SIA of the same magnitude235

as observations show unrealistic spatial patterns, often large regions within the ice pack of the Weddell and Ross Gyres. The

conclusion is similar here, with some important differences. It is true that HR overemphasizes the sea ice interior (Fig. 9c),

but it seems better than some other convecting models (compare Fig. 5 from Roach and Polvani, 2026), since it also shows

significant increases along the sea ice edge, similar to observations.

Now for LR in September, Fig. 7b shows overall lower and more realistic SIAλ trends. Most of the samples show an increase240

in the eastern Weddell Sea and Ross Sea, though there is some spread in the pattern. The mean LR SIAλ trend appears to agree

quite well with observations; it is just a bit weak in the Ross and Bellingshausen Seas. The zonally-constrained February trends
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Figure 9. Maps of September sea ice concentration (SIC) trends. (a, b) Observed SIC trends over 1986–2014. (c) HR and (d) LR SIC trends

averaged over all samples that agree with the observed sea ice area (SIA) trend (corresponding to Fig. 5 solid “mean” lines). (e) HR and (f)

LR SIC trends that best match the observed SIA trends over longitude (corresponding to Fig. 5 dashed “best” lines), with the corresponding

time spans and ensemble members are given in the panel titles. The number in the center of each map is the corresponding hemisphere-wide

SIA trend in units 106 km2 decade−1.

are partially captured by HR (Fig. 8a mean), mainly in the Weddell Sea. LR, on the other hand, tends to show evenly distributed

increases and decrease in all sectors, so the mean trend is small almost everywhere.

In all of these mean SIAλ trends, we are averaging over various types of internal variability. We now address a second245

question: are the models capable of simulating a sea ice trend that looks like observations, no matter how infrequently? The
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Figure 10. As in Fig. 9, but for February.

approach we take is to simply compute the correlation between each modeled SIAλ trend and the observed SIAλ trends,

taking the sample with the highest correlation as the “best” SIAλ trend. There are other metrics that could assess the spatial

patterns, but this approach has an important advantage. A pixel-by-pixel comparison of the models and observations—whether

correlation, root mean square error, or something else—would not work well because small differences in the location of the250

sea ice edge would substantially reduce the skill metric, even if the simulated zonal structures were otherwise reasonable. We

know that HR has overall lower sea ice (Fig. 2), so such a metric would always show low skill. Using the root mean square
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error for SIAλ gave the same best-fit samples except for HR in September, where it selected a sample with a generally less

realistic zonal pattern (not shown).

The trends resulting from this procedure (which are the same regardless of whether NSIDC or OSI SAF were used) are255

shown in Figs. 7 and 8 as the blue or green dashed lines, and the corresponding maps are presented in Figs. 9e,f and 10e,f. In

September, both HR and LR are able to produce trends with qualitatively correct zonal structures: increases in the Weddell and

Ross Seas and a decrease near the Antarctic Peninsula. Again, HR has SIC trends within the interior Weddell Sea that are not

present in observations (Fig. 9e), and the Atlantic–Indian sector has much more rapid sea ice expansion than observed. The LR

September map (Fig. 9f) looks quite similar to observations, though the Ross sector trend is too weak. In February, the best260

trends for HR and LR (Fig. 10e,f) both appear reasonable, but HR has better agreement in the Atlantic sector, while LR has

better agreement in the Pacific sector.

6 Discussion

6.1 Convective variability in the high-resolution model

It has been proposed that internal variability associated with deep convection may be responsible for (or at least contributes to)265

the observed Antarctic SIA expansion, particularly as a phase of recovery from the Weddell Sea polynyas of the 1970s (Zhang

et al., 2019). The coinciding of the 2016–2017 Maud Rise polynyas with the post-2014 SIA retreat keeps this hypothesis afloat

(e.g., Morioka et al., 2024). There is also some evidence for a drop in Antarctic SIA in the 1970s (Goosse et al., 2024), which

would be consistent with the hypothesis that the sea ice expansion period is a slow recovery from a period of open-ocean deep

convection.270

By comparing the mean and best maps in Fig. 9, we can begin to make some inferences about the nature of these trends. In

the HR mean SIC trend (Fig. 9c), we see the importance of Weddell Sea deep convection for permitting the sea ice expansion.

In the HR best SIC trend (Fig. 9e), we see that the location of sea ice expansion is shifted eastward, i.e., downstream. At the

same time, there is sea ice loss in the central Weddell Sea. From this spatial pattern and the corresponding SIA time series

(see the dashed blue line in Fig. 3), we can infer that this trend is the result of a period of recovery from Weddell Sea deep275

convection plus the beginning of a new phase of deep convection. It seems like this transition between the phases of variability

allows for sea ice loss around the Antarctic Peninsula. We may also infer that, even if this type of convective variability is

wholly responsible for the observed SIA expansion, it is still too strong in the model because the period of sea ice expansion

alone would have fallen outside of the SE of the observed trend on the high end. Another interpretation is that the timescale

of the convective variability may be too short in HR—a slower variability could result in a weaker trend that more closely280

resembles observations.
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Figure 11. September sea surface temperature (SST; shading) and sea level pressure (SLP; black contours in 1 hPa decade−1 intervals)

trends in (a) observations over 1986–2014 and (b) the LR CESM1.3 corresponding to the period (1940–1968) and ensemble member (11)

whose September sea ice trend pattern best matches observations (i.e., Fig. 9f). For observations, the NOAA Extended Reconstructed SST

V5 (ERSSTv5; Huang et al., 2017) and ERA5 (Hersbach et al., 2020) SLP are used. The ensemble-mean trends are subtracted from the LR

CESM1.3 trends to remove the forced component. The plus signs indicate the average September location of the Amundsen Sea low for the

periods over which the trends are computed.

6.2 Non-convective variability in the low-resolution model

For LR, the story is completely different. Comparing the mean and best LR SIC trends (Fig. 9d,f), we see a similar pattern.

The usual hypothesis is that the observed SIA increases are associated with local atmospheric variability (i.e., SAM, ASL, and

the PSA pattern), Pacific variability (i.e., ENSO and IPO), or their combined impacts (Meehl et al., 2016; Purich et al., 2016b;285

Chung et al., 2022). The results of Purich et al. (2016b) show that a transition from positive to negative IPO in a different

version of the CESM is associated with SIC increases in the Ross Sea and decreases in the Amundsen–Bellingshausen Sea—

qualitatively similar to the pattern shown in Fig. 9f but with lower magnitudes.

In Figure 11, we show trends in September SST and sea level pressure (SLP) associated with the observed SIA expansion

and the best-fit SIA expansion in LR. The SST trend in LR (Fig. 11b) does not suggest any notable shift in the IPO. In addition,290
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an IPO shift is likely not enough to explain the observed or modeled increases in the Atlantic–Indian sector. The SLP trend

in Figure 11b instead resembles a PSA-like pattern associated with propagating atmospheric Rossby waves (Mo and Higgins,

1998). Equivalently, we may interpret the SLP trend as a deepening of the ASL, which is consistent with the observed and

modeled decrease in eatern Pacific-sector sea ice loss (Turner et al., 2016). It is possible that similar atmospheric dynamics are

responsible for the sea ice expansion in the Atlantic–Indian sector, since the positive SLP trend over the Antarctic Peninsula295

(Fig. 11b) is associated with anomalous southerly winds over the Weddell Sea. It may also be that stochastic variability (i.e., red

noise associated with the thermal integration of weather) is a sufficient explanation for the sea ice expansion in the Atlantic–

Indian sector.

A somewhat similar PSA-like pattern is seen in the observed SLP trend (Fig. 11a), but the centers of action are shifted to

the east. This would be consistent with the fact that the negative sea ice trends also extend eastward into the western Weddell300

Sea in observations (Fig. 9a,b). It is important to note that the observed trends include the anthropogenically-forced response,

which includes the ozone-driven trend in the SAM, so we cannot make a clean comparison here. Still, we may speculate from

this that there are common processes responsible for some aspects of the sea ice expansion in LR and observations—namely,

some combination of decadal Pacific variability and extratropical atmospheric variability, the complexities of which we leave

for future study.305

6.3 Prospects for reconciling models and observations

For the OSI SAF and NSIDC sea ice products, the recovery from the large 1974–1976 Weddell Sea polynyas is excluded,

so unsurprisingly, we see no trend in September within the Weddell Sea. Without knowing with confidence how the sea ice

evolved over the decades preceding the Weddell Sea polynyas, we can only speculate about how realistic the HR trends are.

We venture that some of the Atlantic-sector expansion is associated with convective variability, but it is unlikely to be wholly310

responsible. In the context of Antarctic sea ice, the increase in resolution in the CESM1.3 is a double-edged sword—it allows

for reconciling SIA/SIE trends with observations at the expense of a worse climatology and overreliance on Weddell Sea deep

convection to produce those trends. Perhaps one way to improve model performance in this case is to figure out how to tune

the model such that some intermittent deep convection is permitted, just not as much as the HR CESM1.3 and similar models

produce. There is still the possibility that high-resolution modeling can help reconcile the observed and modeled sea ice trends315

without relying on oscillations in deep convection, but, at the moment, that work would need to be carried out with a different

set of models.

LR, which is a typical CMIP-class model, is capable of simulating the particular Antarctic sea ice trend pattern seen in

observations. Even if we consider the forced response of Antarctic sea ice to be approximately zero (i.e., by removing the

ensemble mean as the forced component), the magnitude of the observed expansion is still quite rare in LR. Reconciliation320

between models and observations could come from a greater magnitude of internal variability, or it could come from a strongly

negative local feedback process (e.g., cooling from meltwater).
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7 Summary and conclusions

In this work, we quantified a large set of Antarctic sea ice trends across two CESM1.3 ensembles with different horizontal

grid spacing and compared them to observations. We showed that it is not enough to only compare SIA/SIE time series. The325

frequent sea ice expansion in HR is due to variability in Weddell Sea deep convection, while the comparatively rarer sea

ice expansion in LR is associated with internal atmospheric variability—in particular, a PSA-like mode. The CMIP6 models

analyzed by Roach and Polvani (2026) that exhibit observation-like SIA expansion mostly align with the results of HR here,

but it would be useful to know if there are more models in the CMIP ensemble that behave more like LR.

In order to improve models, we need more detailed assessment of Antarctic climate trends, at least taking into consideration330

zonal structure. When assessing the role of internal variability in observed trends, we recommend taking advantage of the entire

simulation, not just the same modeled period as the observed trend. The exception is if a sufficiently large ensemble is used

that can capture a representative sample of the spatial patterns of internal variability, which is not the same as an ensemble

capturing a representative sample of global- or hemisphere-wide trends.

Ultimately, the challenge with the internal variability hypothesis is that we do not have confidence that models are able to335

sufficiently simulate the multidecadal variability of the Southern Ocean, which stems from the uncertainty in the observed

variability of the Southern Ocean. Both ensembles examined here capture some aspects of the observed pre-2014 sea ice

expansion, but neither ensemble satisfyingly captures all aspects. We are left to conclude that internal variability, as simulated

by LR, is able to explain the observed Antarctic sea ice expansion if we are willing to accept that we just happen to be on

an unusual path of internal variability. Alternatively, variability in Weddell Sea deep convection may play a non-negligible340

role in the Atlantic sector, leaving room for other modes of variability (e.g., IPO, SAM, and the PSA pattern) to explain the

Pacific-sector sea ice trends.

Appendix A: Apparent ensemble member synchronization

We show in Fig. A1 a curious aspect of the HR ensemble. The Antarctic SIA for all ensemble members is shown, with two

pairs highlighted in purple and orange. Each pair has multidecadal variability largely in the same phase, while the two pairs are345

roughly antiphased. This ensemble was produced by branching off from an initial simulation and applying small atmospheric

perturbations (Chang et al., 2025), which is done to generate a range of internal variability. The convective variability of the

Southern Ocean in this ensemble is mostly in phase at first, with a decadal decrease in SIA, followed by a spread in the rate of

SIA recovery (i.e., the purple lines are quicker to recover to a non-convecting state, while the orange lines take longer).

We speculate that this rate of SIA recovery sets up these pairs for their later phase of variability, but that does not explain350

why they appear to become better aligned over time. Assuming there are no reasons outside the model for this apparent

synchronization, it could be a coincidence, but 4 out of 10 ensemble members exhibiting this behavior seems unlikely. If it is

neither a mistake nor coincidence, it could have implications for decadal predictability in this model—knowing the phase of

variability near the start of the simulation has some skill in predicting the phase many decades later. This unusual aspect of the

HR ensemble was also mentioned recently by Bushuk et al. (2026), but for now, it remains unexplored.355
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Figure A1. 12-month running mean Antarctic sea ice area (SIA) for all HR ensembles members. The two pairs of ensemble members that

appear to be synchronized are shown in purple and orange.
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