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Abstract
Through analysis of remotely-sensed sea surface temperature (SST) and sea ice concentra-
tion data we investigate the impact of the Southern Annular Mode (SAM) on sea ice extent
around Antarctica. We show that positive SAM anomalies in the austral summer produce
anomalously cold SSTs that persist and lead to anomalous ice growth in the following au-
tumn, while negative SAM anomalies lead to a reduction in sea ice extent during autumn.
The imprint of SAM appears to be seasonal: SST and ice extent anomalies do not persist
from one year to the next, rather the system resets itself each winter. Our analysis shows the
recent record minimum in Antarctic sea ice extent is likely associated with the strongly nega-
tive SAM during the 2016/17 austral summer.

1 Introduction

The Southern Annular Mode (SAM) is the dominant mode of variability in the extra-
tropical Southern Hemisphere [Gong and Wang, 1999; Thompson and Wallace, 2000]. The
SAM is the leading empirical orthogonal function in a number of variables: geopotential
height; surface temperature; surface pressure; and zonal winds [Thompson and Wallace,
2000]. Positive SAM anomalies are associated with a strengthening and a poleward shift
of the midlatitude westerlies over the Southern Ocean [Thompson and Wallace, 2000]. The
observational record shows a statistically significant increase in SAM over the most recent
decades [Marshall, 2003]. There is a seasonal bias to this increase; the effect is largest in the
austral summer (December, January, and February). This seasonality is likely linked to the
depletion of stratospheric ozone over Antarctica [Polvani et al., 2011]. The seasonal SAM
index from 1970 is shown in figure 1 a) along with the trend line for the summertime SAM.

The anomalous westerly winds over the Southern Ocean associated with SAM pertur-
bations lead to anomalies in the sea surface temperature (SST). These temperature anomalies
are largely caused by additional Ekman transport in the upper ocean [Ferreira et al., 2015;
Purich et al., 2016], but atmospheric feedbacks also play an important role [Seviour et al.,
2016, 2017]. The anomalous Ekman transports converge or diverge at approximately 55 S
for positive and negative SAM anomalies respectively [Kostov et al., 2016]. During posi-
tive SAM anomalies, the upper ocean south of the convergence is cooled by the transport of
cold water northwards; north of the convergence the SST is warmed. The anomalous January
winds associated with a +1σ summertime SAM are shown in figure 1 b).

Recent reviews have clearly articulated the complexity of the ocean-ice-atmosphere
system in the Southern Hemisphere, and demonstrated that a detailed understanding of this
complex system does not yet exist [Hobbs et al., 2016; Jones et al., 2016]. Large-scale ob-
servation of Southern Hemisphere sea ice has only been possible since the advent of the
satellite era at the end of the 1970s. During this time there has been a statistically significant
increase in sea ice extent, dominated by the positive trend in the Western Ross Sea [Hobbs
et al., 2016]. It has been suggested that the substantial internal variability in the observa-
tional record will mask the forced response for several decades [Goosse et al., 2009; Jones
et al., 2016]. As well as substantial interannual variability, the Southern Ocean undergoes
an extensive seasonal cycle: each year approximately 15 million square kilometers of ice
forms and subsequently melts. The climatology and variability of sea ice in the Southern
Ocean are shown in figure 1 c).

The regional response of sea ice to the SAM has been explored, with some studies
showing clear patterns of regionality in sea ice anomalies associated with SAM perturbations
[Liu et al., 2004; Simpkins et al., 2012]. Other studies have suggested that local winds, which
may not be related to the SAM, are more important [Holland and Kwok, 2012]. The difficul-
ties associated with using an annular mode to explain hemispheric sea ice extent changes are
exemplified by the record sea ice extents in 2012, 2013, and 2014, which exhibited marked
differences in the locations of the sea ice anomalies [Reid and Massom, 2015]. Kohyama and
Hartmann [2016] explore correlations between modes of atmospheric variability, including
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Figure 1. The Southern Annular Mode (SAM) and sea ice. a) the observational record of the SAM in each
season from 1970 and the trend line for DJF SAM [Marshall, 2003], b) the zonal wind anomaly in January
associated with a +1σ DJF SAM from ERA-Interim reanalysis winds [Dee et al., 2011] (colors) along with
the 15% sea ice concentration contour during the months of minimum (February) and maximum (September)
sea ice extent from satellite data [Reynolds et al., 2002], and c) the seasonal cycle in sea ice extent, defined
as the area covered by ice with a concentration of at least 15%, with individual years shown in gray and the
climatology in black [Fetterer et al., 2016].

the SAM, and variations in sea ice. They find some evidence of the SAM affecting Antarc-
tic sea ice in the Indian Ocean sector during May, June, and July, but conclude that sea ice
extent is not well explained by the contemporaneous SAM index.

The equilibrium response of sea ice extent to changes in the SAM has been studied us-
ing coupled general circulation models, which suggest that an increase in the SAM will lead
to a decrease in sea ice extent [Sigmond and Fyfe, 2010, 2013]. The link between SAM and
SIE is complicated by the observational record, which shows several decades of increasing
SAM [Marshall, 2003] concurrent with an increase in sea ice extent [Zwally et al., 2002].
However, there have been multiple years of record sea ice extent in the past decade [Reid and
Massom, 2015], during which there has been no appreciable trend in the SAM [Jones et al.,
2016]. Multiple studies have found no evidence of a link between the long term trends in
SAM and SIE [Kohyama and Hartmann, 2016; Lefebvre et al., 2004; Simpkins et al., 2012].
Ferreira et al. [2015] propose a two timescale response as a solution to this dichotomy; over
“short” timescales an increase in SAM drives an increase in sea ice extent by cooling the
sea surface, while eventual upwelling of warmer circumpolar deep water leads to a decrease
in sea ice extent over longer timescales [Ferreira et al., 2015; Holland et al., 2016; Kostov
et al., 2016].

In this paper we use composites and regression analysis to explore the seasonal re-
sponse of the Southern Ocean to SAM anomalies during the austral summer. Despite the
difficulties described previously, and the complexity of the system, we show a robust sig-
nal consistent with a simple, physically motivated mechanism. The paper is structured as
follows. First we explore the SST response to SAM anomalies, then we calculate the effect
on sea ice concentration. Following this we examine the changes in sea ice extent driven by
summertime SAM anomalies. In the final section we discuss several individual years and
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show that this mechanism likely contributed to the negative sea ice extent anomaly observed
in early 2017.

2 Response to summertime SAM anomalies

We consider the seasonal impact of SAM anomalies by examining the response of the
Southern Ocean using a range of observational data products. These products are: an obser-
vational SAM index that begins in 1957 [Marshall, 2003], satellite derived sea surface tem-
peratures and sea ice concentration from December 1981 onwards [Reynolds et al., 2002],
and sea ice extent for the Southern Hemisphere from October 1978 [Fetterer et al., 2016].
The seasonal impact of SAM on sea surface temperature and sea ice is assessed using com-
posites and linear regression.

The summertime SAM time series, defined as the average SAM value during Decem-
ber, January and February, is detrended by performing a linear regression and subtracting the
linear fit from the data. This gives a time series with a mean of zero and no linear slope. Fol-
lowing Marshall [2003] the year associated with each summertime SAM is the year in which
the December occurred. The SST and sea ice concentration data are detrended at each grid
point using the same method. The SIE time series is also detrended by removing the linear fit
from the data.

The positive SAM composites are constructed by combining years following detrended
summertime SAMs larger than 1, while the negative composites combine all years following
detrended summertime SAMs less than -1. The negative SAM SST and sea ice concentration
composites contain data from 9 years (1983, 1985, 1987, 1992, 2001, 2004, 2006, 2010, and
2017) and the positive composites contain data from 10 years (1982, 1989, 1994, 1995, 1999,
2000, 2002, 2008, 2012, and 2015). Because the sea ice extent record is longer than the other
data sets, it begins in late 1978, the sea ice extent composites each contain an additional year;
the negative SAM sea ice extent composite contains data from 1980, and the positive SAM
composite contains data from 1981. We also analyze sea ice extent with a regression analy-
sis, in which we regress the detrended summertime SAM time series against the detrended
monthly sea ice extent data for each calendar month. Thus, the regression slope for each
month describes the change in sea ice extent expected from a unit change in the detrended
summertime SAM.

In the supplementary information we present the results of several additional analyses:
composite analysis of the raw SST and sea ice concentration data, and regression analysis
applied to both raw and detrended SST and sea ice concentration data. This ensures that our
results are not due to any long-term covariability between the variables.

2.1 Sea surface temperature response to summertime SAM

We use the SST composites constructed from the detrended dataset to examine the
effect of the summertime SAM on SST around Antarctica. In the supplementary informa-
tion we show results from a composite analysis using the raw datasets as well as a regression
analysis applied to both the raw and detrended datasets.

Positive SAM anomalies during the austral summer months of December, January,
and February (DJF) are associated with anomalously strong westerly winds. These wind
anomalies cause a cooling of the sea surface surrounding Antarctica and warming farther
north largely driven by anomalous meridional Ekman transports [Ferreira et al., 2015; Kos-
tov et al., 2016; Purich et al., 2016]. Assuming that the thickness of the Ekman layer is equal
to or smaller than the depth of the mixed layer, we expect the temporal evolution of the zonal
mean SST anomaly, 〈SST〉

′ , to be given by
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∂〈SST〉
′

∂t
=

τ
′

x

ρ0 f h
∂〈SST〉
∂y

− λ〈SST〉
′

(1)

where 〈SST〉
′ is the anomaly in zonal mean sea surface temperature, τ′x is the anomalous

zonal wind forcing, ρ0 is the reference density, f is the Coriolis parameter, h is the mixed
layer depth, ∂〈SST〉/∂y is the meridional derivative of the zonally averaged climatological
sea surface temperature, and 1/λ is the relaxation timescale associated with damping of SST
anomalies. In the absence of damping, the magnitude of the expected response is propor-
tional to the meridional SST gradient, and inversely proportional to the mixed layer depth.
We use equation (1) as a simple model to understand the temporal evolution of these SST
anomalies.

Maps of the SST anomalies from our composite analysis can be seen in figure 2 a) and
b). The temporal evolution of these SST anomalies can be more clearly studied by calcu-
lating the mean SST anomaly between 50 S and 70 S from our detrended composites and
examining its variation with time. This allows us to examine the magnitude of the initial per-
turbation and the decay time scale of the induced temperature anomalies. The integrated SST
anomalies are shown in figure 3 a) as a function of time (note that the negative SAM com-
posite has been multiplied by -1 to aid comparisons between the composites). The integrated
SST anomalies differ at a statistically significant level in January (p ≈ 0.017), February (p
≈ 0.0012), March (p ≈ 0.019), and April (p ≈ 0.023). After May (p ≈ 0.057) the difference
between the composites is not statistically significant using Welch’s unequal variances t-test.
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Figure 2. Maps of sea surface temperate and sea ice concentration changes in response to DJF SAM
anomalies, calculated as the positive composite minus the negative composite, divided by two. SST anomalies
in February (a) and May (b), and sea ice concentration anomalies in February (c) and May (d). The colors
show the anomalies while the contours show the climatology. The SST contours are at 0.5±1.0, 2.0,...◦C with
the negative contours dashed, while the sea ice concentration contours are at 10%, 30%, 50%, 70%, and 90%.

SST anomalies are damped by both atmospheric and oceanic processes. The damp-
ing timescale for SST anomalies depends on their latitude and horizontal extent, as well as
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Figure 3. Integrated response of sea surface temperature and sea ice to DJF SAM anomalies. a) mean
temperature anomaly between 50 S and 70 S for the positive and negative SAM composites, b) evolution of
SIE anomaly from the composites, and c) computed using regression analysis. In a), the SST values from
the negative SAM composite have been multiplied by -1 to make comparisons easier and the black curve
shows an exponential decay with a timescale of three months. The sea ice extent composites, shown in b), are
significantly different in May (p< 0.05), while the regression analysis, shown in c), suggests that the effect is
significant in both April and May (p < 0.05).

the season [Hausmann et al., 2016]. Of the oceanic processes, the most important is the en-
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trainment of fluid from below the mixed layer as the mixed layer deepens; hence the seasonal
dependency in the damping timescale. Consistent with previous studies that have estimated
a damping timescale of 3-6 months for large-scale temperature anomalies in the Southern
Ocean during the austral autumn [Ciasto and Thompson, 2008; Hausmann et al., 2016], we
find a damping timescale of approximately 2.5 - 3 months (see supplementary information).
This suggests that SST anomalies may persist for long enough to affect the seasonal cycle of
sea ice growth.

2.2 Sea ice response to summertime SAM anomalies

We expect the SAM induced SST anomalies to cause changes in the sea ice concen-
tration, with warmer SSTs reducing ice cover and colder SSTs promoting ice. Our analysis
shows that autumns following positive DJF SAM anomalies tend to have more sea ice, while
autumns following negative DJF SAM anomalies generally have less sea ice. The sea ice
concentration changes computed from the detrended composites are shown in figure 2 c) and
d).

Changes to the sea ice extent, which is calculated as the area covered by sea ice with
a concentration of at least 15%, depend not only on changes in concentration, but also on
the background state. If there are large areas of ice near this threshold, then small changes
in concentration can lead to large changes in extent. Conversely, if the area of sea ice near
the 15% cut-off is small, then the change in sea ice extent will also be small. The large year-
to-year variation in the spatial distribution of sea ice has complicated previous attempts to
explain the impact of SAM anomalies on sea ice extent [Reid and Massom, 2015]. Here we
sidestep this issue by focusing on the zonally integrated response of sea ice to SAM anoma-
lies, rather than the regional response.

Following DJF SAM anomalies we find a signal in sea ice extent that persists for many
months, as shown in figure 3 b) and c). In figure 3 b) the shaded regions show the standard
error of the mean, given by the standard deviation of the composite divided by the square
root of the number of composite members (11 for positive SAM, 9 for negative SAM). The
difference between the two composites is statistically significant in May (p ≈ 0.043). In fig-
ure 3 c) the error estimate, σ, is computed as the uncertainty in the regression slope for each
month. The regression slope is statistically distinguishable from zero in April (p ≈ 0.039)
and May (p ≈ 0.038). The results in figure 3 b) and c) show that following positive SAM
anomalies sea ice extent is increased relative to the climatology, while negative SAM anoma-
lies cause a decrease in sea ice extent. The magnitude of this perturbation reaches a maxi-
mum in April and May, before decreasing. The fading of these signals over winter is consis-
tent with the assertion that the long-term impact of SAM on sea ice extent is due to subsur-
face dynamics [Ferreira et al., 2015]. Our finding that the system resets over winter is also
consistent with previous work analyzing the timing of the onset of freezing and thawing in
the Southern Ocean [Stammerjohn et al., 2012].

3 Individual years

Figure 4 shows detrended sea ice extent anomalies for all years following a detrended
DJF SAM greater than 1 or less than -1. Despite the large amount of variability, there is a
clear trend for years following positive SAMs to have more ice, and years following negative
SAMs to have less ice, especially during April and May. In particular, the largest positive
sea ice extent anomalies occurred following large positive SAM anomalies. The sea ice ex-
tent curves for four individual years have been labeled. These years correspond to the most
extreme January sea ice extent anomalies. The SAM values are as expected: positive for the
positive sea ice extent anomalies, and negative for the negative sea ice extent anomalies.

The detrended summertime SAM in 2016/17 was a remarkable -3.4, resulting in anoma-
lously cold SSTs across the Southern Ocean. Based on our regression analysis, we expect
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Figure 4. The temporal evolution of detrended sea ice extent anomaly for years following detrended DJF
SAM values greater than 1 or less than -1. The two years with very positive sea ice extent anomalies are 2015,
following a DJF SAM of 2.4, and 2008, following a DJF SAM of 2.1. The most negative January anomaly is
2017, following a DJF SAM of -3.4, and 2006, following a DJF SAM of -3.0.

this to cause a sea ice extent anomaly of just over -0.3×106 km2 in March. The observed
anomaly is closer to -1.5×106 km2 which means our mechanism cannot fully explain the
observed anomaly. In addition to the negative DJF SAM, the SAM was strongly negative
in November 2016. It is likely that this negative November SAM also contributed to the ob-
served record low sea ice extent through the same mechanism we have discussed for the DJF
SAM. Our study suggests that the impact of the negative DJF SAM will likely dissipate by
August as the mixed layer deepens, mixing away the cold SST imprint of the SAM: note how
the curves in figure 4 converge by October. Therefore we expect the SIE anomaly to decrease
as we approach the maximum ice extent in September.

4 Conclusions

We have used observational data to investigate the impact of DJF SAM anomalies on
sea surface temperature and sea ice extent during the following year. Our analysis of SST
anomalies corroborates earlier results suggesting that the damping timescale for hemispheric
SST anomalies near Antarctica is between three and six months [Ciasto and Thompson,
2008; Hausmann et al., 2016], and suggests that it may be closer to three months. Consistent
with previous studies we find that anomalies in the SST lead to anomalies in sea ice concen-
tration [Fan et al., 2014].

We find that the seasonal response of sea ice extent to DJF SAM anomalies is consis-
tent regardless of whether we use regression or composites to analyze the data. The signal is
also present in both the raw and the detrended datasets. This provides strong evidence that
our results are due to seasonal effects and not long-term covariability between the SAM and
sea ice extent. Positive SAM anomalies lead to anomalously cold SST around Antarctica,
and an expansion of sea ice. Negative SAM anomalies produce the opposite response, with
warmer SST around Antarctica and a reduction in sea ice extent. In both cases the magnitude
of the sea ice extent anomaly reaches a maximum in the autumn and decays by the end of
winter. This finding suggests that the current sea ice extent anomaly will decrease in magni-
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tude as the ice growth season continues. The relationship between the summertime SAM and
sea ice extent has implications for the seasonal prediction of sea ice extent in future years.
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