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Abstract. Most climate models do not reproduce the 1979-2014 increase in Antarctic sea ice cover. This was a contributing
factor in successive Intergovernmental Panel on Climate Change (IPCC) reports allocating low confidence to model
projections of sea ice over the 21st century. We show that recent rapid declines bring observed sea ice area trends into line
with the models. This implies that projections of substantial future Antarctic sea ice loss may be more reliable than

previously thought, with substantial implications for the evolution of the Southern Hemisphere climate.

1 Introduction

The early years of the twenty-first century revealed a puzzling conundrum in Antarctic sea ice (Turner and Comiso, 2017,
National Academies of Sciences and Medicine, 2017). Observations of Antarctic sea ice extent (SIE) showed a small
increase during the satellite era (which began in late 1978), with annual mean values reaching a maximum in 2014, but most
climate models simulated SIE declines over the same period. Various studies examined possible reasons for this discrepancy
(Turner and Comiso, 2017). Specifically, the community discussed whether it could be explained by internal variability
masking the anthropogenic forced signal in observations (Gagné et al., 2015; Rosenblum and Eisenman, 2017; Roach et al.,
2020) and the extent to which it revealed model deficiencies in sea ice processes (Fox-Kemper, 2021). Others suggested that
trends in sea ice, particularly SIE, may not be a robust metric of model performance, particularly when the observational
time series is too short to separate internal variability from anthropogenic forcing (Notz, 2014). Even so, the poorly
understood discrepancy has been a contributing factor in a widespread lack of confidence in projections of 21 century
Antarctic sea ice decline, and consequently in many aspects of projected climate change around Antarctica which are
underpinned by projections of substantial sea ice decline (Bracegirdle et al., 2015; Bracegirdle et al., 2018)

Recently, Antarctic sea ice has exhibited a starkly different pattern of behaviour. Following the pre-2015 era of slightly

increasing ice extent, rapid ice loss beginning in early 2015 culminated in a dramatic drop in spring 2016-17 (Turner et al.,
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2017). This led to several years of record low SIE, which has been framed as a ‘new sea ice state’ (Purich and Doddridge,
2023). This situation shows no sign of abating, with further declines since 2021 leading to monthly-mean SIE records being
broken in all but two months of 2023 so far (Siegert et al., 2023). The initial decline showed strong linkages to patterns of
intrinsic atmospheric variability (Turner et al., 2017; Schlosser et al., 2018; Zhang et al., 2022) which have high internal
variability on short (sub-annual) timescales. However, growing evidence of the contribution of warming in the subsurface
ocean (Zhang et al., 2022; Purich and Doddridge, 2023), and the magnitude and spatial homogeneity of the sea ice
reductions since 2016/17, point to more sustained declines.

In light of this sea ice loss, we re-consider whether trends simulated by the current generation of climate models, from the
Coupled Model Intercomparison Project Phase 6 (CMIP6; (Eyring et al., 2016)) dataset, are consistent with observations.
Whilst previous studies have considered trends to 2013 based on CMIP5 models (Rosenblum and Eisenman, 2017) and to
2018 based on CMIP6 (Roach et al., 2020), we might expect the situation to have changed for two reasons. First, being able
to assess trends in longer timeseries (due to the longer observational record) potentially reduces the impact of short-term
internal variability on trend calculations (Notz, 2014). Second, and more specifically, these data now include the recent years
of observed rapid decline of sea ice, impacting long-term trends.

2. Data and Methods
2.1 Sea lce Metric

Sea ice cover is calculated as either sea ice extent, SIE (the total area of all gridboxes where sea ice concentration SIC
exceeds a 15% threshold), or sea ice area, SIA (the sum of gridbox areas multiplied by gridbox SIC). SIA has larger
observational uncertainties, as it is more sensitive to differences in SIC. However, SIE is a non-linear measure and so can
give misleading results when comparing models and observations or when calculating trends (Notz, 2014). Therefore, in
contrast to some previous assessments but following community precedent (Roach et al., 2020), we assess SIA. SIA and SIE

have similar trends (Figure B1).

2.2 Model Data

CMIP6 monthly SIA is obtained from the University of Hamburg (UHH) CMIP6 Sea Ice Area directory

(https://www.cen.uni-hamburg.de/en/icdc/data/cryosphere/cmip6-sea-ice-area.html, accessed 2023-08-17) and aggregated

into weighted annual means. This is supplemented by SIA for the two NorESM models, which are not available in the UHH
dataset due to a bug in an earlier version of NorESM released SIA data. We merge historical simulations ending in
December 2014 with the ssp585 forcing scenario run for 2015 to 2023. ssp585 indicates a global average radiative forcing of
8.5 W m? by 2100 (O'neill et al., 2016). This is a high-emissions forcing scenario; however, emissions scenarios have little

bearing on model spread for the time period considered here. The resulting historical-ssp585 merger constitutes 188
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ensemble members from 39 models (Table Al), each contributing between 1 and 57 members of an initial condition
ensemble. Since only four models contain more than six members, we use a maximum of six members from each model to
avoid weighting the results too heavily to models with large ensembles, leading to using 98 members from 39 models. The

sensitivity of our results to this treatment of model ensembles and to the emission scenario is discussed in Appendix C.

2.3 Observational data

For an estimate of observed sea ice cover, NSIDC Sea Ice Index v3.0 SIA (Fetterer, 2017) is used, available from January
1979-September 2023. We investigate the role of observational uncertainty by also using other observational estimates for
1979-2019 from the UHH SIA dataset (Dorr, 2021). Data for missing months (December 1987-January 1988 for the Sea Ice
Index v3.0) are infilled by interpolating between the same month in the previous and following year (Rosenblum and
Eisenman, 2017). To allow analysis of 2023, we create synthetic extensions of the data for October-December 2023, by
linearly decaying the anomaly from the 2017-2022 mean to zero by January 2024. A conservative alternative, of decaying
instead to the high-valued 2008-2016 mean by January 2024, has negligible impact on the p-values shown in Fig. 1c, so our
analysis is robust to this assumption.

2.4 Trend evaluation methodology

Our evaluation methodology is an extension of that previously used for CMIP5 (Rosenblum and Eisenman, 2017). Linear
trends are calculated for all periods of at least 35 years overlapping with the satellite record (January 1979-September 2023)
using the OLS method of the python statsmodels.api package. We calculate the mean and standard deviation of the model
ensemble trends and use these to fit a Gaussian distribution, with cumulative distribution function F(X), to the distribution of
modelled trends. To estimate the probability that a trend at least as large as observed would occur in the climate model

population, the p-value for a one-tailed test is 1-F(X) where X is the observed trend.

3 Results

3.1 Trend evaluation

The recent decade of data has reduced the significant positive trend (Parkinson, 2019) in observed annual-mean and monthly
SIA to near-zero (Fig. 1a and 1b, red lines; Figure B1). For some months the trend since 1979 is now weakly negative, and
trends are insignificant in all months (Figure B1). Meanwhile, adding the further decade of data hardly changed the multi-
model mean trend at all (Fig. 1a and 1b, blue lines). The mean trend remains strongly negative, although a few simulations
have weakly positive trends. The simulated trends are less influenced by internal climate variability as more years are added,

and therefore the standard deviation of the modelled trends for a fixed start year of 1979 decreases over time.
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Figure 1 (a-b) Linear trends in annual mean SIA in satellite observations (red) and CMIP6 models (blue histogram) and Gaussian
fit to CMIP6 distribution (black) for the periods (a) 1979-2013 and (b) 1979-2022. The dashed vertical line indicates zero trend
and the blue line indicates the multi-model mean. (c) the probability of observing a trend at least as large as observed (a one-
tailed test) under the null hypothesis that observations are taken from the same population as the CMIP6 multi-model ensemble,
for varying end dates and either a fixed start date of 1979 as in panels a) and b) (crosses) or fixed trend length of 35 years (dots).
The 2023 estimate (grey) is based on a synthetic extension of the observed time series (Section 2.3).

In light of these findings, we test the null hypothesis that observed sea ice trends are consistent with trends simulated across
the CMIP6 multi-model ensemble, and consider how additional years of data affect the outcome of this test. We consider
trends calculated with both a fixed start date (1979) and fixed duration (35 years) to aid our interpretation. Until 2018, the
probability of a CMIP6 model trend matching or exceeding the observed trend is very low (p<0.05; Fig. 1c), so the null

hypothesis is rejected. This can be interpreted as saying that the models’ anthropogenic forced trend, as estimated by the




100

105

110

115

120

125

https://doi.org/10.5194/egusphere-2023-2881
Preprint. Discussion started: 18 December 2023 EG U h
© Author(s) 2023. CC BY 4.0 License. spnere

multi-model mean trend, is inconsistent with the observed trend, when allowing for modelled internal variability. Indeed,
sensitivity experiments in climate models have also implied that the forced trend in models is too strong (Schneider and
Deser, 2018). This test provides a clear result; the short time period of under forty years should allow for a generous range of

modelled trends, but this range still fails to accommodate the observations.

From 2015, the probability of CMIP6 trends matching or exceeding the observed trend starts to increase, as the ice loss
brings observations into line with the models (Figure 1c). However, if trends are calculated with a fixed 1979 start date,
progressively lengthening the trend under consideration decreases the modelled trend standard deviation while hardly
affecting the model mean trend (Figure C1). This makes it less likely the observed trends will fall within the distribution of
modelled trends. Only in 2022 does the recent rapid decline in observations counteract this effect and finally bring observed
trends into line with the models (null hypothesis not rejected at p=0.05; Figure 1c). In contrast, for ‘fixed duration’ trends,
the standard deviation of modelled trends remains large, while the observed trend more rapidly declines and becomes
negative due to the neglect of early low SIA years (Gagné et al., 2015; Schroeter et al., 2023) in addition to the inclusion of

the recent low SIA years. Therefore, the null hypothesis is no longer rejected at p=0.05 as early as 2019 under this method.

4 Discussion and Conclusions

The results above show that, firstly, there is a mismatch between observed and modelled trends for the earlier period up to
around 2018, as previously shown, suggesting that modelled anthropogenic trends are too strong relative to modelled
variability during that period. However, secondly, our results show that the persistent low Antarctic SIA of 2022 and 2023
brings observed trends into line with the ensemble of modelled trends, permitting the interpretation that modelled forced
trends and variability are realistic on 45-year timescales (the full length of the modern satellite record). This is an important
conclusion, since these longer timescales are of greatest relevance to centennial projections of climate change, and to the
attribution of anthropogenically forced change. Moreover, even trends on the shorter 35-year timescale fall within the model

ensemble for the five most recent 35-year periods (Fig. 1c).

The fact that these assessments of model skill changed after the addition of recent years could be explained in several ways.
Conceptually, for any time period there is a distribution of model trends and also a distribution of possible real trends that
could have occurred (depending upon the evolution of internal climate variability). Each observed trend is a single
realisation of the distribution of possible real trends. The observed trends with earlier end dates were outside the model trend
distribution. Now, the latest observed trends fall within with the distribution of modelled trends. In other words, the observed
trends previously lay within the region where the modelled and real trend distributions did not overlap, and now lie within
the region where they do.
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The modelled and real trend distributions will differ in their spread if the models have inaccurate variability, and in their
mean if the models have an inaccurate anthropogenic forced trend. Therefore, inaccurate variability, particularly on
multidecadal timescales, could explain the changing assessment of skill. Alternatively, it could be that the modelled
anthropogenic trends are too strong (Schneider and Deser, 2018), or emerge too early. For example, this is consistent with
the models under-estimating the ‘two-timescale’ response to stratospheric ozone forcing whereby increasing westerlies cause
a sea ice increase on ‘short’ timescales and decline on ‘long’ timescales (Ferreira et al., 2015; Kostov et al., 2017). The latest
observed ice decline may be finally revealing the influence of anthropogenic forcing, bringing the observations closer to the

models, which have long predicted this decline.

The importance of our results is in showing that we can no longer rule out climate model simulations of Antarctic sea ice
based on trends alone. There are many measures by which modelled sea ice may be assessed, including seasonal and
interannual variability (Zunz et al., 2013), spatial patterns, and physical processes (Holmes et al., 2019), but models no
longer fail the fundamental test of being able to simulate trends, at least over the 45-year modern satellite era. Future studies
can therefore move on to more detailed model assessments, including representation of the recent rapid decline itself. The
rapid declines are as yet short-lived, so an improved understanding of multi-decadal sea ice variability and its representation
in climate models is critical for further interpreting these results. Further, processes lacking from models, such as increasing
freshwater input from accelerating ice sheet melt (Swart et al., 2023), may provide further complications in the relative

evolution of modelled and observed sea ice over the 21% century.

Our results have broad ramifications for future assessments of CMIP6 outputs. First, revising our confidence in the climate
models has consequences for the attribution of historical climate changes. Secondly, we should now have some level of
greater confidence in the strong projected declines in Antarctic sea ice under anthropogenic forcing (Roach et al., 2020),
whereby ice becomes near-absent in summer (Holmes et al., 2022). This in turn will influence our understanding of the
future evolution of all aspects of the Southern Hemisphere climate - including Southern Ocean heat and carbon uptake,
circumpolar winds (Bracegirdle et al., 2018), and melting of the Antarctic Ice Sheet — and of marine ecosystem function; all

of which underpins decisions about the mitigation of future greenhouse gas emissions and about ecosystem management.
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Appendix A: CMIP6 models

EGUsphere\

1979-2013 1979-2023 1989-2023 N

MEAN MEAN MEAN N MEMBERS
MODEL TREND TREND TREND MEMBERS USED
ACCESS_CM2 -0.04944 -0.17256 -0.26519 1 1
ACCESS_ESM1 -0.15064 -0.09875 -0.10404 3 3
AWICM1 -0.40479 -0.47263 -0.41977 1 1
BCC_CSM2 0.19367 -0.44325 -0.80301 1 1
CAMS_CSM1 -0.06683 -0.09611 -0.22959 2 2
CESM2 -0.36938 -0.38158 -0.38781 3 3
CESM2_WACCM -0.47352 -0.44688 -0.44569 3 3
CIESM -0.25127 -0.26142 -0.26097 1 1
CMCC_CM2_SR5 -0.35578 -0.33006 -0.3281 1 1
CMCC_ESM2 -0.29702 -0.24735 -0.25416 1 1
CNRM_CM6 -0.36236 -0.37923 -0.37553 6 6
CNRM_CM6_1_HR -0.44265 -0.58323 -0.95026 1 1
CANESM5 -0.38605 -0.35623 -0.37311 19 6
E3SM_1 1 -0.32336 -0.35954 -0.42247 1 1
ECEARTH3 -0.26721 -0.22236 -0.23598 57 6
ECEARTH3_CC -0.23065 -0.12555 -0.14672 1 1
ECEARTH3_VEG -0.14929 -0.19563 -0.27552 5 5
ECEARTH3_VEG_LR | -0.32488 -0.27959 -0.29294 1 1
FGOALS_F3L -0.12234 -0.15916 -0.10923 1 1
FGOALS_G3 -0.27949 -0.2264 -0.13548 4 4
FIO_ESM -0.31626 -0.34199 -0.33857 3 3
GFDL_CM4 -0.2228 -0.19287 -0.15889 1 1
GFDL_ESM4 -0.0388 -0.11107 -0.07462 1 1
GISS_E2_1 G -0.13518 0.007827 0.062373 1 1
HADGEM3_GC31_LL | -0.5135 -0.60736 -0.67449 3 3
HADGEM3_GC31_MM | -0.31207 -0.31269 -0.36247 4 4
INM_CM4_8 -0.19266 -0.21018 -0.22783 1 1
INM_CM5_0 -0.23805 -0.23203 -0.2004 1 1
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IPSL_CMS6A_LR -0.36316 -0.38448 -0.41388 6 6
KIOST_ESM -0.25891 -0.2145 -0.15571 1 1
MIROC6 -0.01415 -0.01507 -0.00588 3 3
MIROC_ES2L -0.07167 -0.08444 -0.10766 8 6
MPI_ESM1_2 HR -0.27659 -0.27352 -0.35618 2 2
MPI_ESM1 2 LR -0.10824 -0.07766 0.018626 30 6
MRI_ESM2 -0.3255 -0.3771 -0.43644 1 1
NESM3 -0.20193 -0.28303 -0.37379 2 2
NORESM2_LM -0.09616 -0.08174 -0.10233 1 1
NORESM2_MM -0.0136 -0.0771 -0.04084 1 1
UKESM1_0_LL -0.72078 -0.66572 -0.65195 5 5

160 Table Al: The models available for the study, the number of ensemble members available and the number used, and the
ensemble mean trend (across the ensemble members used only) for the period specified. NorESM values were calculated by
the authors from SIC data; all other values were obtained from the CMIP6 SIA Directory made available by the University

of Hamburg and methods are fully detailed there.
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Appendix B: Monthly trends
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170 Table B2: Observed sea ice trends in individual months for (squares) 1979-2014, (crosses) full 45-year trend 1979-present,
and (circles) 35-year trend to present. ‘Present’ indicates 2023 for January to September and 2022 for October to December;
trends ending in 2022 are in a lighter colour for distinction. 1979-present trends are highlighted in shades of red as this
period is the focus of the paper. a) Sea Ice Area, b) Sea Ice Extent. 5th-95th percentile uncertainties are indicated by vertical
lines. Data are from the Sea Ice Index (see Methods).
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Appendix C: Sensitivity Tests
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Figure C1: Contributions to the p-value shown in Figure 1c). a) observed trend; Sea Ice Index in black as in main text, other
datasets as indicated. b) mean of modelled trends, c) standard deviation of modelled trends, d) p-value (as main text Figure 1

180 but with alternative observational estimates (Dorr, 2021)).
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Sensitivity to Observational Dataset

Observational uncertainty in SIA is particularly high prior to winter 1987 (not shown) due to missing SIC data. Trends in the
other datasets, in particular OSI-SAF (Figure C1, green), are in general more strongly positive than those in the Sea Ice
Index (Figure Cla). Therefore, for the ‘1979 start date’ trends, these might exhibit consistency with model-simulated trends
at later end dates than 2022 (Figure C1d, crosses); note that all datasets already display consistency for the 35-year trends
ending in 2019 onwards (Figure C1d, dots).

Sensitivity to treatment of CMIP6 models

We also tested the sensitivity of our conclusions to our treatment of CMIP6 models. First, by including all ensemble
members (instead of a maximum of six per model), we largely add simulations from models with weak negative average
trends (Table Al) and so increase consistency with observations (not shown). However, the evolution with end year of the
model-observation comparison (Fig. 1c) and the broad timings of threshold crossings are unchanged. Second, we tested
sensitivity to using the weaker forcing scenario ssp245 instead of ssp585 for the extension of modelled trends after 2014.
The effect of forcing scenario is small early in the 21% century (Hawkins and Sutton, 2012), so that any difference arising is
due to internal variability or structural differences between the models with simulations available. For the overlapping subset
of 147 model-realisation combinations, ssp245 has marginally stronger trends and so is slightly less consistent with
observations. In contrast, using the full ssp245 ensemble (with all available members) means including a larger ensemble of
MIROCS than in the overlapping subset or in the ssp585 ensemble; MIROC6 implausibly has virtually no sea ice year-round
(Shu et al., 2020) and therefore zero trends (Holmes et al., 2022) leading to weaker mean trends and slightly greater
consistency with observations. In summary, these effects are small, and so our conclusions are robust to these sensitivity

tests.

Code Availability

The code for calculating trends, performing the evaluation and preparing figures is available from the corresponding author
on request.

Data Availability

Sea Ice Area from the CMIP6 models is available from the University of Hamburg (UHH) CMIP6 Sea Ice Area directory
(https://www.cen.uni-hamburg.de/en/icdc/data/cryosphere/cmip6-sea-ice-area.html, accessed 2023-08-17). The NSIDC Sea

Ice Index v3.0 SIA (Fetterer, 2017) is available from https://nsidc.org/arcticseaicenews/sea-ice-tools/. Other observational
estimates of sea ice area (Dorr, 2021) are available from https://doi.org/10.25592/uhhfdm.8559.
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