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Abstract A number of physically based hypotheses have been proposed to explain the surprising
expansion of Antarctic sea ice area (SIA) over the satellite era (1979 to 2015). Here, we use a fully coupled
state-of-the-art global climate model to show that internal variability alone can produce such multidecadal
periods of Antarctic SIA expansion even as atmospheric CO, increases at observed rates and the planet
warms. When our model is started from a relatively warm Southern Ocean state, Antarctic SIA sometimes
(in one of three ensemble members) expands over multidecadal time scales at a rate comparable to that
over the satellite era. SIA expansion occurs concurrently with rising atmospheric CO, and warming global
surface temperatures, and SIA trends by region and sector resemble those over the satellite era. Our results
suggest that internal variability over long time scales in the Southern Ocean region may suffice to explain
Antarctic SIA expansion over the satellite era.

1. Introduction

As rising atmospheric CO, warms the planet, polar sea ice is expected to retreat as global surface tempera-
tures increase. This expected outcome has been observed in the Arctic, where sea ice has declined rapidly
(in both area and volume) over the last 40 years (Stroeve et al., 2012). In the Antarctic, on the other hand,
sea ice area (SIA) has been expanding at the modest, but statistically significant, rate of 0.2 million km? per
decade over much of the observational era (Jones et al., 2016; Parkinson & Cavalieri, 2012; Simmonds, 2015).
This observed increase in Antarctic SIA—in defiance of expectations given the rise in radiative forcing from
increased atmospheric CO,—has triggered a flurry of research activity to identify a plausible mechanism
for such a paradoxical phenomenon.

Several hypotheses have been proposed to explain this paradox. Stratospheric ozone loss over the Antarc-
tic was initially posited to drive SIA expansion by strengthening of the surface westerlies over the Southern
Ocean (Turner et al., 2009); later modeling work, however, showed that stratospheric ozone loss causes
SIA decline, not expansion, by augmenting poleward heat convergence by upwelling and oceanic eddies
(Bitz & Polvani, 2012; Sigmond & Fyfe, 2010; Solomon et al., 2015). Others posited that increased freshwater
input over the Southern Ocean (caused by increased ice shelf melt, for example) could instigate SIA expan-
sion by stabilizing the water column (Bintanja et al., 2013); follow-up studies, however, demonstrated that
the amount of freshwater input required for such water column stabilization is at least an order of magni-
tude greater than that estimated to arise from hydrological cycle amplification and ice shelf melt over the
observational period (Pauling et al., 2016; Swart and Fyfe, 2013).

Because such mechanistic hypotheses do not appear viable, an appealing alternative is to attribute observed
Antarctic SIA expansion to internal variability in the Earth system. Long preindustrial control integrations of
many state-of-the-art global climate models (GCMs) contain multiple multidecadal time periods over which
Antarctic SIA expands at a rate comparable to that in the observations, suggesting that such observed SIA
expansion could arise through internal variability (Polvani & Smith, 2013). However, analyses of historical
(1850 to 2005) runs from Phase 5 of the Climate Model Intercomparison Project show that multidecadal
Antarctic SIA expansion occurs only rarely during the past few decades (Zunz et al., 2013) and even the few
model runs that simulate expanding SIA do not correctly reproduce the seasonal spatial patterns of sea ice
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trends found in the observations (Turner et al., 2015). Furthermore, one of the largest single model initial
condition historical ensembles, the 40-member Community Earth System Model (CESM1) Large Ensemble,
did not produce a single member with expanding Antarctic SIA over the observational period (Kay et al.,
2015; Rosenblum & Eisenman, 2017).

While initial condition ensembles might be expected to sample the full range of shorter time scale internal
variability in a GCM, variability over longer time scales may plausibly be undersampled, particularly in
models that display ocean-driven multidecadal fluctuations in the SH (see, e.g., Martin et al., 2013). Recently,
Zhang et al. (2019) proposed that such oceanic variability may provide a reasonable explanation for observed
Antarctic SIA expansion. They found that when subjected to historical forcings, the fate of Antarctic STA
over the observational period in their GCM depended sensitively on the initial state of the ocean from which
the run was initialized: Model runs that were initialized from ocean states with weak or average Southern
Ocean convection experienced Antarctic SIA decline (as would be expected with increasing radiative forcing
over the historical period), while model runs that were initialized from ocean states with strong Southern
Ocean convection experienced vigorous Antarctic SIA expansion. Seasonal and spatial trends in Antarctic
SIA from the latter runs resembled those seen in the observational era.

While the hypothesis of Zhang et al. (2019) is compelling, their GCM runs were initiated from extreme
Southern Ocean convective states, with overturning in the oceanic Deep Cell in the range of 3 to 20 Sv in
their ensemble members. Regardless of whether such variability in Southern Ocean convection is realistic,
indirect assessments of Antarctic SIA prior to the observational era hint at a decline in SIA over the earlier
part of the twentieth century (Fan et al., 2014), and possibly a minimum (de la Mare, 1997), suggesting that
SIA expansion over the observational era may have occurred as SIA rebounded from a climatologically low
state. The question then arises as to whether models with less extreme patterns of ocean variability (than
the one used by Zhang et al., 2019) are capable of producing Antarctic SIA expansion concurrent with rising
radiative forcing from increasing atmospheric CO, if they are simply started from a climate state in which
sea ice is low.

In this study, we provide one such example. We use the fully coupled CESM1, a state-of-the-art GCM, to
demonstrate that internal variability can drive Antarctic SIA expansion, even as atmospheric CO, rises and
global surface temperatures increase. In a three-member ensemble initiated from a warm Southern Ocean
state and subjected to rising atmospheric CO,, we find that Antarctic SIA expands over a multidecadal
time period in one out of three members. We show that internal variability in total Antarctic SIA, and over
individual sectors, is very substantial, notwithstanding identically rising radiative forcing in all three ensem-
ble members. Our results suggest that internal variability in the coupled atmosphere-ocean-ice system can
overwhelm the forced response to increasing atmospheric CO, at present-day rates. They provide further
evidence that internal variability is the most parsimonious explanation for Antarctic SIA expansion over the
observational period.

2. Methods

We employed the fully coupled CESM1 (Hurrell et al., 2013) with the CAMS5 atmosphere (Neale et al., 2012),
fully dynamic CICE4 sea ice (Hunke and Lipscomb, 2008), the POP2 ocean (Danabasoglu et al., 2012) with
parameterized subgrid ocean eddies (Gent and McWilliams, 1992), and CLM4 land (Oleson et al., 2010).
All model components were nominally at 1° spatial resolution and were configured identically to those
employed in the CESM1 Large Ensemble project (Kay et al., 2015).

Years 800 to 2000 of the CESM1 Large Ensemble Control run (hereafter LE Control; Kay et al., 2015, atmo-
spheric CO, was fixed at 284.7 ppm) was used to assess the range of internal variability characteristic of
the model preindustrial climate and to identify ocean states that preceded periods of prolonged Antarctic
SIA expansion. We used linear regression to identify 40-year periods when (annual mean) Antarctic SIA
expanded more rapidly than the rate estimated for the observational era (0.2 million km? per decade over
1979 to 2015).

To select the initial state for our CO,-ramping three-member ensemble (hereafter “CO2Ramp”), we identi-
fied a point in the CESM1 LE Control that most closely matched the following criteria: Antarctic SIA was
at a local minimum and at a near-global minimum (at least 1.5 standard deviations below its climatological
value), qualitatively similar to the inferred SIA minimum prior to the satellite era (Fan et al., 2014); from
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Figure 1. Internal variability over 1,200 years of the CESM1 Large Ensemble Control (LEControl): (a) annual mean
Antarctic SIA (10 km?); (b) annual mean Southern Ocean SST (from 45° S to 60° S; K); and (c) and annual global
mean surface temperature (GMST; K). Thin gray lines show the annual mean time series, with 2 standard deviations
above and below the mean indicated (dotted gray). Thick lines show the 10-year low-pass filtered time series (filtered
using a ten-year Lanczos filter with 11 weights; see Duchon, 1979), with five 40-year time periods over which Antarctic
SIA expands at a rate greater than that in observations (1979-2015) drawn in red. Highlighted blue areas indicate
30-year periods during which Antarctic SIA and Southern Ocean SSTs trends are in the same sense (i.e., increasing SIA
and decreasing SSTs), but trends in GMST are in the opposite sense (see text). The year from which CO2Ramp
ensemble members are branched, 1190, is indicated in all panels (green vertical line).

that point, Antarctic SIA expanded for 40 years at a rate greater than its expansion over the observational
era; and restart files were available at that point. The year 1190 closely satisfied all three criteria, and three
CO2Ramp ensemble members were branched from this initial state (with small perturbations to the atmo-
spheric initial state using the CAMS5 “pertlim” parameter) and run for 40 years. In each CO2Ramp member,
atmospheric CO, was increased by 0.6%/year, approximately equal to the linear rate of CO, increase over
Years 1985 to 2000 (Mauna Loa Observatory data, NOAA ESRL; Tans and Keeling, 2019).

We compared SIA evolution in our CO2Ramp runs to observations of Antarctic SIA from 1979 to 2018,
collected through passive microwave satellite retrieval and processed through NASA Team and bootstrap
algorithms (the merged GSFC NASA Team/Bootstrap monthly sea ice concentration dataset; Cavalieri et al.,
1996, updated yearly, accessed Jan 2019). Global mean surface temperature (GMST) over the same time
period was obtained from the NASA GISS Land-Ocean Temperature Index (LOTI; GISTEMP Team, 2016
Dataset accessed 2019-01-15; Hansen et al., 2010).

3. Antarctic Sea Ice Variability in the CESM1 LE Control

In the CESM1 LE Control, Antarctic SIA exhibits significant interannual fluctuations (Figure 1a, gray lines).
The standard deviation of the annual mean SIA is approximately 0.5 million km? (for a 2.0 million km? 2
standard deviation envelope; see dotted horizontal lines in Figure 1a). That such variability spans a range
of time scales is evident in the 10-year low-pass filtered time series (Figure 1a, thick lines), which reveals
several multidecadal to centennial time periods over which Antarctic SIA expands and contracts.

Over these 1,200 years of the CESM1 LE Control integration, we find five 40-year periods over which Antarc-
tic SIA expands at a (linear) rate that exceeds that in the observations (0.2 million km? per decade from
1979 to 2015), an average of one 40-year period every 240 years (Figure 1a, red segments). As Antarctic SIA
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Figure 2. Ocean temperature anomaly (colors; K) when Antarctic SIA is low in the CESM1 LE Control: (a) at Year 1189 (with the 27.2¢ isopycnal surface; thick
purple contour) and (b) regressed on the Antarctic SIA, shown at two standard deviations below the climatological mean (the correlations for the regression are
shown as green contours at r = [—0.6, —0.3, 0.3]). Annual mean temperatures (black contours) are shown in both panels. Sea ice extent (the mean latitude of
the 0.15 ice fraction contour) in DJF (dark blue) and JJA (cyan) is shown (a) at Year 1189 in the CESM1 LE Control and (b) regressed on SIA in the CESM1 LE
Control at two standard deviations below the climatological mean.

expands, Southern Ocean SSTs concurrently cool (cf. Figures 1a and 1b, red segments). The close relation-
ship between Southern Ocean SSTs and Antarctic SIA is evident in the strong correlation between their
filtered time series (r = —0.86).

Whereas Southern Ocean SSTs and Antarctic SIA evolve together, GMST only co-evolves with Antarctic SIA
some of the time (r = —0.57 for the filtered time series; Figure 1c). That Antarctic SIA and GMST need not
necessarily evolve together is evident in the two 30-year periods highlighted (Figure 1, light blue shading):
While Antarctic SIA is expanding and Southern Ocean SSTs are cooling during both periods, GMST is either
rising (first period ca. Year 1300), or holding steady (second period ca. Year 1550). The former is qualitatively
similar to the observations from 1979 to 2015, when Antarctic SIA expanded with cooling Southern Ocean
SSTs, but GMST rose steadily (Cavalieri et al., 1996, updated yearly; GISTEMP Team, 2016, Dataset accessed
2019-01-15).

The simplest explanation for multidecadal Antarctic sea ice variability in the CESM1 LE Control is ther-
mal coupling between the atmosphere, ocean mixed layer, and sea ice, similar to that described by Bitz
et al. (1996): Long time scales emerge in this coupled system as the sea ice and ocean mixed layer integrate
high-frequency atmospheric noise. Variability in the surface westerly winds, often referred to as the South-
ern Annular Mode, also drives decadal variability in Antarctic SIA in the CESM1 (Holland et al., 2017).
Variability in the ocean circulation can arise from (and amplify) low-frequency variability due to thermal
coupling butis not necessary to initiate it (see, e.g., Barsugli & Battisti, 1998). That variability in Antarctic STA
in the CESM1 can be understood to arise primarily from the thermal coupling in the atmosphere-ocean-ice
system, rather than variability in the ocean circulation, is further supported by the very weak interannual
variability in Southern Ocean deep convection in the CESM1 (Behrens et al., 2016).

Indeed, significant Southern Ocean temperature anomalies always accompany Antarctic SIA extrema. To
demonstrate this, we examine the Year 1189 in the CESM1 LE Control (Figure 1, green line), which pre-
cedes a multidecadal period of vigorous SIA expansion (a SIA increase of nearly 1 million km? from Years
1189 to 1228). In that year, Antarctic SIA is roughly 1.5 standard deviations (0.7 million km?) below its cli-
matological mean value, and Southern Ocean SSTs are 1.5 standard deviations (0.2 K) warmer. Warm ocean
temperature anomalies extend well below the surface, with the top 200 m of the Southern Ocean (up to
40° S) at least 0.15 K warmer than climatology (Figure 2a). Warm anomalies are greatest near 60° S, and
warming extends to 800-m depth into the ocean interior ~50° S as temperature anomalies are readily trans-
ported downwards by subgrid scale eddies along sloping isopycnals (Figure 2a; 27.2¢ isopycnal contour
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shown for reference, purple line). Cool anomalies are also evident at depths below these warm anomalies.
Inspection of the 20-year period prior to Year 1189, when Antarctic SIA was declining toward its Year 1189
minimum, shows that these warm upper ocean temperature anomalies, and the accompanying cool ocean
interior temperature anomalies, evolve concurrently with SIA: Warm surface anomalies appear and amplify
as sea ice retreats in the years preceding 1189, while cold surface anomalies (characterizing previous peri-
ods with extensive SIA) are transported into the ocean interior by the general circulation (see Figure S1 in
the supporting information).

When ocean temperatures are regressed on Antarctic SIA and are evaluated when SIA is 2 standard devi-
ations below its mean value, a very similar pattern of ocean temperature anomalies emerges to that found
at Year 1189 (Figure 2b): warm anomalies in the upper Southern Ocean and extending to depth =50° S
and cold anomalies in the interior below. The strongest correlations between Antarctic SIA and ocean
temperatures are found near the Southern Ocean surface (above 400 m, and poleward of 40° S), though sta-
tistically significant relationships extend below 2000-m depth at some latitudes (Figure 2b, green contours).
Neither salinity nor density have statistically significant relationships with Antarctic SIA (see Figures S2
and S3), further suggesting that Antarctic SIA variability in the CESM1 can be understood as arising pri-
marily through thermal coupling between the atmosphere, sea ice, and ocean mixed layer. This contrasts
with the model employed by Zhang et al. (2019), in which Antarctic SIA variability was generated in the
preindustrial climate by order-of-magnitude, multidecadal fluctuations in the strength of Southern Ocean
deep convection.

4. Antarctic SIA Expansion in the CESM1 CO2Ramp Ensemble

We now examine how Antarctic SIA evolves in the CO2Ramp ensemble, where the CESM1 is restarted
from the warm Southern Ocean state found at Year 1189 of the CESM1 LE Control and where atmospheric
CO, is increased monotonically at historical rates (see section 2 for details). As seen in Figure 3a, in the
first year, Antarctic SIA in all CO2Ramp Ensemble Members (CO2Ramp EM1, EM2, and EM3) is at least 1
standard deviation below CESM1 LE Control climatological values (three blue lines at green vertical line).
Antarctic SIA subsequently recovers rapidly in CO2Ramp EM1 and EM2, rising above its CESM1 LE Control
climatological value within 5 years (Figure 3a, dotted and dash-dotted blue lines). Following this initial rapid
recovery, Antarctic SIA first stabilizes and then slowly begins to decline in both CO2Ramp EM1 and EM2,
presumably in response to rising radiative forcing with CO, ramping.

In contrast to the rapid recovery of Antarctic SIA in CO2Ramp EM1 and EM2, SIA slowly expands for a
period of 27 years in CO2Ramp EM3, at a rate only slightly greater than that in the CESM1 LE Control
(0.25 million km? per decade in CO2Ramp EM3 vs. 0.21 million km? per decade in the CESM1 LE Control
from Years 1190 to 1229; Figure 3a, compare solid blue and gray lines; dashed blue and gray lines show
the respective best fit lines). The rate of Antarctic SIA expansion in CO2Ramp EM3 also exceeds the rate
of SIA expansion in the observations (from 1979 to 2015, when the trend was positive; Figure 3b), though
the trend in the observations lasts longer by about one decade (37 years in the observations vs. 27 years in
the CO2Ramp EM3). Concomitant with Antarctic SIA expansion in CO2Ramp EM3, GMST increases at a
rate of 0.15 K/decade, similar to the 0.17 K/decade rate of GMST increase in the observations (Figure 3c).
Table 1 summarizes these periods of Antarctic SIA expansion in the CESM1 LE Control, CO2Ramp EM3,
and observations. We are well aware that direct comparison between CO2Ramp EM3 and observations must
be done with caution, as the observed evolution of sea ice and temperature may be caused, in part, by other
natural and anthropogenic forcings that are not included in our CO2Ramp runs. Nonetheless, to the degree
that CO, is the largest driver of climate change, it is not inappropriate to compare our CORamp runs with
the observations.

Following this relatively long period of expansion, Antarctic SIA in CO2Ramp EM3 declines over the final
decade of the run to terminate 2 standard deviations below climatological SIA in the CESM1 LE Control
(Figures 3a and 3b). This decline is suggestive of the decline in Antarctic SIA in the most recent observational
period (2016 to 2018; Figure 3b), though the length of the satellite record is too short to determine whether
observed SIA has dropped below its preindustrial climatological mean as it has in CO2Ramp EM3. In both
CO2Ramp EM3 and recent observations, the rapid decline in Antarctic SIA might be attributable to rising
radiative forcing overwhelming internal variability or may represent further Antarctic SIA fluctuations with
internal variability. That Antarctic SIA has dipped more than 2 standard deviations below the climatological
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Figure 3. Antarctic ice area and GMST evolution in the CO2Ramp ensemble members: (a) Antarctic ice area in all 3 CO2Ramp ensemble members (blue lines;
solid blue line is ensemble member 3, with best fit line over Years 0 to 26 shown in dashed blue) and in the CESM1 LE Control (gray; best fit line over Years 1190
to 1229 shown in dashed gray; vertical green line denotes the year from which all CO2Ramp ensemble members were branched); (b) Antarctic SIA anomaly in
CO2Ramp EM3 (blue; best fit line over years 0 to 26 in dashed blue) and in the observational record (red; best fit line over 1979 to 2015 in dashed red); (c) GMST
anomaly in CO2Ramp EM3 (blue; best fit line over Years 0 to 39 in dashed blue) and in observations (red; best fit line over Years 1979 to 2018 in dashed red).
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Table 1
Comparison of Multidecadal Periods of SIA Expansion in the CESM1 LE Control, CESM1 CO2Ramp Ensemble Member 3,
and the Observations (Years 1979 to 2015)

Rate of CO, Increase AA SIA Trend Period of SIA Increase GMST Trend
(%/year) (10° km?/decade) (years) (K/decade)

CESM1 LE Control

Yrs 1190 - 1229 None 0.25 40 —0.03
CESM1 CO2Ramp

Ensemble Member 3 0.6 0.29 27 0.15
Observations,

Yrs 1979 - 2015 0.6 0.20 37 0.17

Note. Rate of CO, increase, trend in Antarctic sea ice area (AA SIA), length of time during which SIA expanded, and
trend in global mean surface temperature (GMST).

mean in only two out of three CO2Ramp ensemble members (Figure 3a, between Years 35 and 40) suggests
that internal variability continues to play a large role in Antarctic sea ice variability in the CESM1 even after
atmospheric CO, has been rising for several decades.

Inspection of the spatial pattern of Antarctic sea ice trends in the three CO2Ramp ensemble members
(Figure 4) highlights how significantly internal variability impacts Antarctic SIA evolution, even with ris-
ing radiative forcing and increasing GMST. While each of the three CO2Ramp ensemble members is forced
identically with rising atmospheric CO,, each displays a very different spatial pattern of trends in Antarctic
SIA (over the first 27 years of the integration; Figures 4a-4c) with distinct seasonality (Figures 4e-4g, 4i-4k,
4m-4o, and 4q-4s). This internal variability in the CO2Ramp ensemble suggests that there are few robust
spatial patterns of SIA expansion or decline that characterize the Antarctic sea ice response to increased
radiative forcing over a timespan of a few decades and that differing trends in different sectors mostly arise
through internal variability in the CESM1.

Surprisingly, we find that the spatial pattern of annual mean SIA trends in the observations closely resembles
the spatial pattern in CO2Ramp EM3 (cf. Figures 4c and 4d). This is particularly evident in DJF (Figures
4g and 4h) and MAM (Figures 4k and 41), where SIA expands around much of the Antarctic continent but
declines in the Amundsen and Bellinghausen Seas in both the observations and CO2Ramp EM3. In JJA, SIA
expands more robustly about the Antarctic continent in CO2Ramp EM3 than in the observations, but both
exhibit a decline in SIA near the West Antarctic peninsula (Figures 40 and 4p). Because such regional trends
in SIA are not common to all three CO2Ramp ensemble members, though all experience the same radiative
forcing, these modeled trends must be due to internal variability. By extension, we deduce that observed
regional trends in Antarctic SIA need not be a robust forced response to rising atmospheric greenhouse gases
but may simply arise from internal variability in the coupled climate system.

5. Discussion

This study demonstrates that Antarctic SIA can expand concurrently with rising GMSTs and, most impor-
tantly, with increasing radiative forcing from atmospheric CO,. We have shown that internal variability,
particularly that associated with the ocean state, can play a key role in determining the transient evolution of
Antarctic SIA under these conditions: multidecadal Antarctic SIA expansion, similar to that over the obser-
vational period (1979 to 2015) occurred in one of three ensemble members when the CESM1 evolved from a
warm Southern Ocean state, notwithstanding coincident rising radiative forcing and warming GMSTs. This
result stands in contrast with the evolution of Antarctic SIA in the 40-member CESM1 Large Ensemble, in
which all members were started from the same (nearly climatological) ocean state and not a single mem-
ber experienced Antarctic SIA expansion over the observational period and beyond. Our results imply that
a GCM ensemble started from a single ocean initial state may undersample the model's internal variabil-
ity, as shown by Hawkins et al. (2015) with an intermediate complexity Earth system model. Furthermore,
our findings also imply that accurate ocean initialization is likely necessary for probabilistic prediction of
Antarctic SIA evolution over interannual to multidecadal time scales. Of course, the results we present here
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Figure 4. Regional trends in Antarctic SIA (% per decade) in the three CESM1 CO2Ramp ensemble members (Years 0 to 26) and in observations (1979 to 2015):
(a-d) in the annual mean, (e-h) December-January-February (DJF), (i-1) March-April-May (MAM), (m-p) June-July-August (JJA), and (q-t)
September-October-November (SON) for CO2Ramp ensemble member 1 (EM1; a, e, i, m, and q), CO2Ramp ensemble member 2 (EM2; b, f, j, n, and 1),
CO2Ramp ensemble member 3 (EM3; c, g, k, 0, and s), and observations (d, h, 1, p, and t). In all panels, the 15% sea ice fraction contour is indicated (black line).

are only suggestive, and further work with larger GCM ensembles, started from a variety of Southern Ocean
states, will be necessary to carefully quantify how oceanic variability impacts Antarctic sea ice evolution.

Our results further build upon those of Zhang et al. (2019), who also demonstrated that the ocean state deter-
mines the evolution of Antarctic SIA in a GCM. Our results, however, imply that more modest variations in
ocean state may produce Antarctic SIA expansion concomitant with rising atmospheric CO,, and extrema
in Southern Ocean convection are not necessary; indeed, warm Southern Ocean conditions were sufficient
to trigger subsequent Antarctic SIA expansion in our three-member ensemble. Furthermore, the seasonal
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spatial patterns of SIA trends noted by Zhang et al. (2019), found to be similar to SIA trends over the obser-
vational period, were associated with changes in Southern Ocean deep convection in their model intrinsic to
the preindustrial state as the strength of Southern Ocean deep convection fluctuated. In contrast, our results
suggest that these seasonal spatial patterns of SIA trends need not be intrinsic to the preindustrial climate
(see Figure S4) but can arise spontaneously in some ensemble members by mere chance.

Even in the face of a changing climate, characteristics of the Antarctic itself may render its climate state
more likely to be driven by internal variability than that of other regions. The Antarctic is characterized by
substantial internal variability (see, e.g., Mayewski et al., 2004), low climate sensitivity relative to the Arctic
(Singh et al., 2018), and delayed surface warming (Armour et al., 2016). Furthermore, radiative forcing from
greenhouse gases over the observational period has only increased gradually over the last several decades.
In combination, this confluence of low sensitivity, delayed surface warming, high internal variability, and
slowly ramping radiative forcing point to internal variability playing an outsized role in the transient climate
response over the Antarctic. Equivalently, the time of emergence of the climate change signal is expected
to be substantially longer over the Antarctic than over regions with higher sensitivity and less internal
variability (Hawkins and Sutton, 2012).

Overall, our work further supports the hypothesis that Antarctic SIA expansion over the observational period
(1979 to 2015) was largely driven by internal variability, and coincident processes like ice shelf melt and
stratospheric ozone depletion are not necessary to produce the observed trends. However, we must empha-
size that our experiments are not meant to explain, quantitatively, the observed trends in Antarctic sea ice
from 1979 to 2015, as these experiments were not conceived to be a realistic simulation of Antarctic cli-
mate over that time period. First, our experiments were evolved from a preindustrial climate state, not the
climate state of the late 1970s. Furthermore, our experiments were forced uniquely with increasing atmo-
spheric CO,, and they do not include the formation of the ozone hole, which has been shown to be an
important driver of Antarctic sea ice loss (Sigmond & Fyfe, 2010; Bitz & Polvani, 2012; Solomon et al., 2015).
As such, further and more realistic experiments will be necessary to determine whether these additional
factors significantly alter the findings we report here.

While transient Antarctic SIA expansion concurrent with rising atmospheric CO, and warming global tem-
peratures is consistent with internal variability in the coupled Earth system, our work also suggests that
Antarctic SIA will eventually decline in response to ramping radiative forcing. The recent abrupt decline
in Antarctic SIA (2016 to present) may have been triggered by internal variability (Stuecker et al., 2017;
Meehl et al., 2019) but may also signal that we have entered such a period of forced sea ice retreat. Be that
as it may, the potential impact of internal variability on future Antarctic sea ice evolution should still not be
underestimated.

References

Armour, K., Marshall, J., Scott, J., Donohoe, A., & Newsom, E. (2016). Southern Ocean warming delayed by circumpolar upwelling and
equatorward transport. Nature Geoscience, 9, 549-554.

Barsugli, J., & Battisti, D. (1998). The basic effects of atmosphere-ocean thermal coupling on midlatitude variability. Journal of the
Atmospheric Sciences, 55(4), 477-493.

Behrens, E., Rickard, G., Morgenstern, O., Martin, T., Osprey, A., & Joshi, M. (2016). Southern Ocean deep convection in global climate
models: A driver for variability of subpolar gyres and Drake Passage transport on decadal timescales. Journal of Geophysical Research:
Oceans, 121, 3905-3925. https://doi.org/10.1002/2015JC011286

Bintanja, R., van Oldenborgh, G., Drijfhout, S. S., Wouters, B., & Katsman, C. (2013). Important role for ocean warming and increased
ice-shelf melt in Antarctic sea ice expansion. Nature Geoscience, 6, 376-379.

Bitz, C., Battisti, D., Moritz, R., & Beesley, J. (1996). Low-frequency variability in the Arctic atmosphere, sea ice, and upper-ocean climate
system. Journal of Climate, 9(2), 394-408.

Bitz, C., & Polvani, L. (2012). Antarctic climate response to stratospheric ozone depletion in a fine resolution ocean climate model.
Geophysical Research Letters, 39, L20705. https://doi.org/10.1029/2012GL053393

Cavalieri, D., Parkinson, C., Gloersen, P., & Zwally, H. (1996, updated yearly). Sea ice concentrations from Nimbus-7 SMMR and DMSP
SSM/I-SSMIS passive microwave data, version 1, NASA National Snow and Ice Data Center Distributed Archive Center.

Danabasoglu, G., Bates, S., Briegleb, B., Jayne, S., Jochum, M., Large, W,, et al. (2012). The CCSM4 ocean component. Journal of Climate,
25,1361-1389.

Duchon, C. (1979). Lanczos filtering in one and two dimensions. Journal of Applied Meteorology, 18(8), 1016-1022.

Fan, T., Deser, C., & Schneider, D. (2014). Recent Antarctic sea ice trends in the context of Southern Ocean surface climate variations since
1950. Geophysical Research Letters, 41, 2419-2426. https://doi.org/10.1002/2014GL059239

Gent, P.,, & McWilliams, J. (1992). Isopycnal mixing in ocean circulation models. Journal of Physical Oceanography, 20, 150-155.

GISTEMP Team, (2016)GISS surface temperature analysis (GISTEMP), NASA Goddard Institute for Space Studies.

Hansen, J., Ruedy, R., Sato, M., & Lo, K. (2010). Global surface temperature change. Reviews in Geophysics, 48, RG4004. https://doi.org/10.
1029/2010RG000345

SINGH ET AL.

14,770


https://doi.org/10.1002/2015JC011286
https://doi.org/10.1029/2012GL053393
https://doi.org/10.1002/2014GL059239
https://doi.org/10.1029/2010RG000345
https://doi.org/10.1029/2010RG000345
https://doi.org/10.5281/zenodo.2595605
https://doi.org/10.5281/zenodo.2595605

~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2019GL083758

Hawkins, E., Smith, R., Gregory, J., & Stainforth, D. (2015). Irreducible uncertaintly in near-term climate projections. Climate Dynamics,
46(11-12), 3807-3819.

Hawkins, E., & Sutton, R. (2012). Time of emergence of climate signals. Geophysical Research Letters, 39, L01702. https://doi.org/10.1029/
2011GL050087

Holland, M., Landrum, L., Kostov, Y., & Marshall, J. (2017). Sensitivity of Antarctic sea ice to the Southern Annular Mode in coupled
climate models. Climate Dynamics, 49, 1813-1831.

Hunke, E., and W. Lipscomb (2008), CICE: the Los Alamos sea ice model, documentation and software, version 4.0, Tech. Rep.
LA-CC-06-012, Los Alamos National Laboratory.

Hurrell, I, Holland, M., Gent, P., Ghan, S., Kay, J., Kushner, P., et al. (2013). The Community Earth System Model: A framework for
collaborative research. Bulletin of the American Meteorological Society, 94, 1339-1360.

Jones, J., Gille, S., Goosse, H., Abram, N., Canziani, P., Charman, D., et al. (2016). Assessing recent trends in high-latitude Southern
Hemisphere surface climate. Nature Climate Change, 6, 917-926.

Kay, I., Deser, C., Phillips, A., Mai, A., Hannay, C., Strand, G., et al. (2015). The Community Earth System Model (CESM) Large Ensemble
project: A community resource for studying climate change in the presence of internal climate variability. Bulletin of the American
Meteorological Society, 96, 1333-1349.

de la Mare, W. (1997). Abrupt mid-twentieth-century decline in Antarctic sea-ice extent from whaling records. Nature, 389, 57-60.

Martin, T., Park, W., & Latif, M. (2013). Multi-centennial variability controlled by Southern Ocean convection in the Kiel Climate Model.
Climate Dynamics, 40, 2005-2022.

Mayewski, P., Maasch, K., White, J., Steig, E., Meyerson, E., Goodwin, L, et al. (2004). A 700 year record of Southern Hemisphere
extratropical climate variability. Annals of Glaciology, 39, 127-132.

Meehl, G., Arblaster, J., Chung, C., Holland, M., DuVivier, A., Thompson, L., et al. (2019). Sustained ocean changes contributed to sudden
Antarctic sea ice retreat in late 2016. Nature Communications, 10(1), 14. https://doi.org/10.1038/s41467-018-07865-9

Neale, R., C.-C. Chen, A. Gettelman, P. Lauritzen, S. Park, D. Williamson, et al.nd Microscale Meteorology (2012), Description of NCAR
Community Atmosphere Model (CAM 5.0), NCAR Technical Note TN-486+STR, NCAR.

Oleson, K., D. Lawrence, G. Bonan, M. Flanner, E. Kluzek, P. Lawrence, et al.nd et al. (2010), Technical description of version 4.0 of the
Community Land Model (CLM), Tech. Rep. TN-478+STR, National Center for Atmospheric Research.

Parkinson, C., & Cavalieri, D. (2012). Antarctic sea ice variability and trends, 1979-2010. The Cryosphere, 6, 871-880.

Pauling, A., Bitz, C., Smith, I., & Langhorne, P. (2016). The response of the Southern Ocean and Antarctic sea ice to freshwater from ice
shelves in an Earth System Model. Journal of Climate, 29, 1655-1672.

Polvani, L., & Smith, K. (2013). Can natural variability explain observed Antarctic sea ice trends? new modeling evidence from CMIP5.
Geophysical Research Letters, 40, 3195-3199. https://doi.org/10.1002/grl.50578

Rosenblum, E., & Eisenman, I. (2017). Sea ice trends in models only accurate in runs with biased global warming. Journal of Climate, 30,
6265-6278.

Sigmond, M., & Fyfe, J. (2010). Has the ozone hole contributed to increased Antarctic sea ice extent. Geophysical Research Letters, 37,
L18502. https://doi.org/10.1029/2010GL044301

Simmonds, I. (2015). Comparing and contrasting the behavior of Arctic and Antarctic sea ice over the 35 year period 1979-2013. Annals of
Glaciology, 56(69), 18-28.

Singh, H., Garuba, O., & Rasch, P. (2018). How asymmetries between Arctic and Antarctic climate sensitivity are modified by the ocean.
Geophysical Research Letters, 45, 13,031-13,040. https://doi.org/10.1029/2018 GL079023

Solomon, A., Polvani, L., Smith, K., & Abernathy, R. (2015). The impact of ozone depleting substances on the circulation, temperature,
and salinity of the Southern Ocean: An attribution study with CESM1(WACCM). Geophysical Research Letters, 42, 5547-5555. https://
doi.org/10.1002/2015GL064744

Stroeve, J., Serreze, M., Holland, M., Kay, J., Malani, J., & Barrett, A. (2012). The Arctic’s rapidly shrinking sea ice cover: A research
synthesis. Climatic Change, 110, 1005-1027.

Stuecker, M., Bitz, C., & Armour, K. (2017). Conditions leading to the unprecedented low Antarctic sea ice extent during the 2016 austral
spring season. Geophysical Research Letters, 44, 9008-9019. https://doi.org/10.1002/2017GL074691

Swart, N., & Fyfe, J. (2013). The influence of recent Antarctic ice sheet retreat on simulated sea ice area trends. Geophysical Research Letters,
40, 4328-4332. https://doi.org/10.1002/grl.50820

Tans, P., and R. Keeling (2019), Global trends in atmospheric CO,, NOAA Earth System Research Laboratory.

Turner, J., Comiso, J., Marshall, G., Lachlan-Cope, T., Bracegirdle, T., Maksym, T., et al. (2009). Non-annular atmospheric circulation
change induced by stratospheric ozone depletion and its role in the recent increase in Antarctic sea ice extent. Geophysical Research
Letters, 36, L08502. https://doi.org/10.1029/2009GL037524

Turner, J., Hosking, J., Bracegirdle, T., Marshall, G., & Phillips, T. (2015). Recent changes in Antarctic sea ice. Philosophical Transactions
of the Royal Society A, 373, 20140163.

Zhang, L., Delworth, T., Cooke, W., & Yang, X. (2019). Natural variability of Southern Ocean convection as a driver of observed climate
trends. Nature Climate Change, 9(1), 59.

Zunz, V., Goosse, H., & Massonnet, F. (2013). How does internal variability influence the ability of CMIP5 models to reproduce the recent
trend in Southern Ocean sea ice extent? The Cryosphere, 7, 451-468.

SINGH ET AL.

14,771


https://doi.org/10.1029/2011GL050087
https://doi.org/10.1029/2011GL050087
https://doi.org/10.1038/s41467-018-07865-9
https://doi.org/10.1002/grl.50578
https://doi.org/10.1029/2010GL044301
https://doi.org/10.1029/2018GL079023
https://doi.org/10.1002/2015GL064744
https://doi.org/10.1002/2015GL064744
https://doi.org/10.1002/2017GL074691
https://doi.org/10.1002/grl.50820
https://doi.org/10.1029/2009GL037524

	Abstract


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


