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Abstract Antarctic sea ice, a key component of the Southern Hemisphere climate system, is influenced by
several large-scale modes of the atmospheric circulation. Antarctic sea ice variability is spatially heterogeneous,
and links between the atmospheric circulation modes and the sea ice variability are unclear. Using the observed
sea ice concentration data, this research isolates distinct regions of sea ice variability around Antarctica and
determines the advance and retreat periods for each of them. The latter are then statistically linked with the
observed geopotential height data to determine the atmospheric circulation pattern associatedwith the variability
in the sea ice for each period and region. The results clarify which circulation mechanism is of primary importance
to sea ice variability during critical periods of the ice lifecycle in the different regions around Antarctica and have
potential for making estimates of past sea ice extent using the observed geopotential height data.

1. Introduction

Sea ice variability around Antarctica is spatially heterogeneous. Studies to date have indicated that this
heterogeneity is most likely because of the varying influences of the surface wind [e.g., Holland and Kwok,
2012; Simpkins et al., 2012], the dynamic and thermodynamic processes in the ice pack [Holland et al., 2005],
the interaction with the Southern Ocean [Hall and Visbeck, 2002; Swart and Fyfe, 2013; Holland et al., 2005],
and the modification of the hydrological cycle [Liu and Curry, 2010]. Several large-scale atmospheric
circulation mechanisms have been shown to influence Antarctic sea ice extent, among them are the
southern annular mode (SAM) [e.g., Hall and Visbeck, 2002; Simpkins et al., 2012; Kwok and Comiso, 2002;
Lefebvre et al., 2004], the zonal wave 3 (ZW3) [Raphael, 2007], the semiannual oscillation [van den Broeke,
2000], and the El Niño–Southern Oscillation (ENSO) [Turner, 2004; Yuan, 2004; Stammerjohn et al., 2008]. While
these studies have contributed to our basic understanding of how ocean, atmosphere, and sea ice interact,
the details that are necessary for a fuller understanding remain unclear. We are unable to establish
clear links between the observed changes in sea ice and the atmospheric circulation patterns that we
understand must influence sea ice variability [e.g., Simpkins et al., 2012; Sigmond and Fyfe, 2010]. Here we
argue that this is partly due to the use of the total sea ice extent (SIE) instead of the SIE in separate regions
and partly because most previous studies examined the response of the ice to atmospheric circulation
with reference to seasons defined by the atmosphere’s seasonal cycle, rather than the sea ice’s. In particular,
most analyses use traditional seasons, e.g., December-January-February and June-July-August, while for sea
ice, the key seasons are the periods of advance and retreat [Renwick et al., 2012; Stammerjohn et al., 2008],
which do not exactly coincide with the atmospheric seasons. As a result, while we understand that the sea ice
responds to the atmospheric circulation, the degree and timing of that response are still unclear.

Clarification is needed especially if we are to understand the impact of the changing large-scale atmospheric
circulation on the sea ice. Studies show that over the latter part of the 20th century, the SAM has become
more positive [Marshall, 2003], ZW3 also exhibits a trend toward higher amplitudes [Raphael, 2004, 2007], and
the ASL has deepened [Turner et al., 2013]. Given what we know about sea ice-atmosphere relationships,
there must be a response in the sea ice. The large-scale atmospheric circulation influences wind speed and
direction, and these have dynamic and thermodynamic impacts on sea ice. Northerly (southerly) winds
reduce (increase) SIE through their influence on vertical and meridional energy fluxes as well as sea ice
motion and as a result on SIE [e.g., Holland and Kwok, 2012]. The ice-atmosphere relationship is immediate
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(fast response) as well as lagged. The fast response could be due to both the dynamic effect of the
atmosphere on the ice (advection) as well as thermodynamic—the meridional transport of heat as well as
the vertical energy flux exchanges. The lagged response would occur through atmospheric preconditioning
of the ocean (warming/cooling), which would later on affect ice growth/decay. Determination of those
aspects of the ice-atmosphere relationship requires a detailed look at the local scale patterns of variability
within the ice pack. It also requires that the inquiry of the atmospheric effect on sea ice be done at critical
periods in the lifecycle of the ice, e.g., the times when ice is advancing and retreating.

In this study we use the variability in the SIE to determine which atmospheric circulation mechanism is
responsible for some significant component of that variability. We determine first the spatial and temporal
variability in the sea ice field and use this variability to define sectors where the sea ice varies coherently. We
determine the periods of advance and retreat of the ice in each of these sectors patterned on the work done
by Stammerjohn et al. [2008, 2012], aggregated to a monthly scale. Earlier work by Harangozo [2004] also
shows that Antarctic SIE depended on the degree and timing of ice advance versus ice retreat. This step is
important because as the Stammerjohn et al.’s [2008, 2012] characterization of the sea ice changes in the Ross
Sea show, the positive trend there is closely associated with the combined effect of earlier advance and later
retreat of ice; the duration of sea ice is longer. In the Bellingshausen Sea, the negative trend in sea ice extent
there is closely associated with the combined effect of the later advance and earlier retreat of the ice; the
duration of ice is shorter. We also correlate the SIE in these sectors during their periods of advance and retreat
with the geopotential height field, a proxy for the atmospheric circulation. It is possible from the resulting
correlation patterns to determine which atmospheric circulation mechanisms are more important than
others for the different significant periods in the sea ice cycle.

In this paper we define the regions of ice variability and justify the definitions by examining their spectral
signatures and their annual cycles, and we also give an example of the utility of this approach to understanding
the ice-atmosphere interaction in the Southern Hemisphere using the outcome of the correlations at lag zero.

2. Data and Method

The data used in this analysis are the ERA-Interim monthly averaged 500mb geopotential height from 1979
to 2012 [Dee et al., 2011]; the monthly Goddard-merged passive microwave sea ice concentrations (SICs),
available from the National Snow and Ice Data Center [Meier et al., 2013]; and the Special Sensor Microwave
Imager (SSMI) daily sea ice fraction climatology created and described by Comiso [2000]. The SICs are used to
define the sea ice sectors. The data were interpolated from their native 25 km×25 km equal-area grid onto a
1° × 1° latitude/longitude grid. From the new grid, the SIE was calculated as the total area per degree
longitude bounded by the coast and the 15% sea ice concentration isoline. The monthly SIE anomaly was
calculated and its standard deviation plotted as a function of longitude (Figure 1). Also calculated and plotted
as a function of longitude on Figure 1 is the decorrelation length scale of the SIE, where the decorrelation
length scale was estimated as the distance at which the spatial autocorrelation drops below the 0.01
significance level. The longitudes, where there are clear minima in the decorrelation length scale, are taken
to represent boundaries between sectors with differing sea ice regimes. Minima in the standard deviation
were used to refine these boundaries. For example, there is not a clear decorrelation length minimum
between the Ross-Amundsen and Amundsen-Bellingshausen sectors, but there is an extended minimum
in the standard deviation. This broad minimum is taken to represent the Amundsen-Bellingshausen sector.
The process yielded the five sectors shown in Figure 1. To test that the sectors represent distinct regions of
variability, the zero-lag correlation between integrated SIEs for each sector, with SIE at each longitude,
was calculated. For each sector, the correlation was very low outside its boundaries. We note the clear
separation between the Ross-Amundsen sector and the Amundsen-Bellingshausen sector (Figure S1 in the
supporting information).

The SSMI daily climatology gives the average daily sea ice fraction spatially around Antarctica and is used to
calculate the average annual cycle of sea ice in each sector (Figure 2a). The periods of ice advance and retreat
are determined by eye from these annual cycles and aggregated to monthly intervals. The lack of precision,
implicit in the initial determination by eye, is reduced by the aggregation to monthly intervals.

The advance period used for all the sectors began in March and except for King Hakon VII, ended in August.
For the Hakon VII sector, it ended in September. The retreat period for all the sectors, except King Hakon VII,
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began in October and ended in February. For King Hakon VII, the retreat period began in November and
ended in February. The linear trend was removed from the sea ice, and the 500mb geopotential height field
during the advance and retreat periods for each sector and the detrended values were correlated with each
other. The pattern of correlation obtained in this way is used as a proxy for the atmospheric circulation
pattern that is the key to the variability of the sea ice as it advances or retreats.

3. Results
3.1. Antarctic Sea Ice Sectors

Figure 1 shows the standard deviation and the decorrelation length scales of the monthly SIE anomaly
by longitude. There are five clearly delineated regions of variability (black dashed lines). Boundaries used
commonly in earlier work [e.g., Parkinson and Cavalieri, 2012, Figure 2] are defined geographically, and in
some instances by reference to the oceans to the north, such that there is an implicit understanding that
sea ice regions are defined by the ocean and land boundaries. The sectors defined here by SIE decorrelation
length scale and variance are similar to previous sector definitions (blue dashed lines in Figure 1), but with
some important differences. The most obvious difference is the emergence of King Hakon VII Sea as an
independent sector of sea ice variability. Normally, it is treated as part of the Weddell Sea or as part of
East Antarctica. Additionally, the Ross-Amundsen Sea sector is larger in the current definition. The boundary
between East Antarctica and the Ross-Amundsen sector (grey shaded region in Figure 1) is a region of
uncertainty. The examination of the decorrelation time scale for the individual months (Figure S2 in the
supporting information) shows that this boundary is mobile especially between the months of October
and January, suggesting some smaller spatial scale “regime change” in that region. The ice-atmosphere
relationship for East Antarctica during ice retreat is sensitive to this subregional variability; therefore, in
our analysis, we use 135°E as the sector boundary during the ice retreat season.

3.2. The Annual Cycles and Spectral Signatures of Sea Ice Sectors

The averaged daily annual cycles of each sector are shown in Figure 2a. In none of the sectors does the
ice exhibit an extended minimum period, but ice in East Antarctica begins advancing earliest, followed
quickly by ice in the Weddell and Ross-Amundsen sectors. Advance in the King Hakon VII region and the
Amundsen-Bellingshausen sectors (ABS) starts latest. The Weddell and King Hakon VII sectors achieve the
highest average maximum ice fraction, but the Weddell reaches this maximum earlier, and it lasts longer.

Figure 1. Standard deviation of sea ice extent anomalies by longitude (black) and decorrelation length scales (red).
New sea ice boundaries (dashed black lines); traditional boundaries [Parkinson and Cavalieri, 2012] (dashed blue lines).
The grey shaded region is a zone where the new sea ice boundary between East Antarctica and the Ross-Amundsen
sector is uncertain.
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Indeed, ice in the King Hakon VII sector achieves maximum later than all of the other sectors and after the
Weddell sea ice has begun to retreat. Hobbs and Raphael [2010] showed that King Hakon VII sea ice cover
is influenced by zonal ice transport from the Weddell Sea, and the continuation of ice growth in the King
Hakon VII sector might be due to eastward drift of ice from the Weddell Sea into the King Hakon VII sector.

Differences among climatologies of the sea ice regions support the idea that they should be examined
separately. In particular at the daily scale, there are distinct differences in the timing of advance and retreat
and the length of time that they remain at maximum extent that may underlie the differences in variability

Figure 2. (a) Annual cycle of each sea ice region based on the SSMI average daily sea ice fraction. (b–f ) Spectra and
significance bands of the Weddell Sea, Amundsen-Bellingshausen Sea, Ross-Amundsen, East Antarctica, and King
Hakon VII regions, respectively. On each plot are the calculated spectrum (black), the red noise curve (green), and
the upper and lower confidence bounds (red and blue). Parts of the spectrum that lie at and above the red line are
statistically significant.
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that the regions exhibit. This view of the annual cycles has the potential for revealingmuch about the way sea
ice varies in each sector and is the basis of a strong argument for examining each sector individually.

The spectra of the SIE in each sector are also grossly similar while exhibiting distinct differences (Figures 2b–2f).
Three time scales of variability are clear, and they are not shared by all the sectors. They all display a significant
variance at interannual time scales. The SIE in the Ross-Amundsen sector shows a significant variance at
8–10years, the decadal time scale. Interestingly, East Antarctica also has strong variance at the decadal time scale.
This data set is perhaps too short—34years—to place confidence in this decadal scale variability, but it is
worth pointing out that the decadal peak in variance appears in only two sectors. Wavelet analysis (not shown)
indicates that there is strong but not significant power at this time scale across the whole time series of the data
for both regions. Decadal scale variability suggests that there is some oceanic influence, either locally (i.e., the
Southern Ocean) or teleconnected to the Atlantic [Li et al., 2014; Simpkins et al., 2014]. These spectral signatures
suggest that the Ross-Amundsen Sea and East Antarctica are regions to look for the influence of the ocean on
those time scales. Along with the interannual variability, SIE in the ABS shows significant variability at 4 years.
This region is known to be influenced by ENSO [e.g., Yuan, 2004], which varies on timescales of 2–7years,
overlapping with the 4 year peak seen in the ABS. Other potential contributors to sea ice variability are the
AtlanticMultidecadal Oscillation (AMO) [Enfield et al., 2001] and the Pacific Decadal Oscillation (PDO) [Mantua et al.,
1997]. Indices of the AMO and the PDOwere correlated at lag zero with the SIE in each region during advance and
retreat periods. The results show that the PDO is significantly negatively correlated at the 95% confidence level
(r=�0.43) with the SIE in the King Hakon VII sector during ice advance and with the SIE in the Ross-Amundsen
sector during ice retreat (r=�0.43).

3.3. Sea Ice and the Large-Scale Circulation

Here we discuss only the linear relationships between the SIE and the atmospheric circulation at lag zero.
Lead/lag relationships and responses that are not related to the atmospheric circulation (e.g., ocean
feedback), while important are beyond the scope of this paper. First, for comparative purposes, we show the
correlation between the total integrated SIE and the geopotential height at 500 hPa. During advance, the
overall pattern (Figure 3a) is SAM-like with significant negative correlations over the continent as well as the
southeast Pacific. During the retreat, the total SIE appears related largely to the geopotential height over the
Ross Sea in the region influenced by the Amundsen Sea Low (ASL). When considered by sector, the SIE
appears to respond preferentially to different large-scale atmospheric circulationmechanisms (Figures 3c–3l).
During advance, the Weddell Sea (Figure 3c) is negatively correlated with geopotential height in a region
over the southern Atlantic, while the ABS (Figure 3e) is positively correlated with geopotential height over the
Ross Sea. Both of these regions of significant correlation are embedded in a weaker pattern of the correlation
reminiscent of ZW3 (Figure S4 in the supporting information), corresponding to a trough (the Weddell) and a
ridge (the ABS) in the ZW3 circulation pattern. The relationship described by this negative correlation
indicates that a larger SIE is observed in the Weddell Sea when this trough deepens and in the ABS when the
ridge is higher. The trough influences the direction of flow of the wind promoting southerly, colder airflow off
the continent. A similar effect is noted for the ridge, when it is pronounced it promotes cold southerly flow
over the ABS. The influence of the wind could be both thermodynamic and dynamic. We do not analyze the
relative importance of those effects here. However, colder air would steepen the vertical temperature
gradient and thereby increase the ocean-atmosphere energy flux and consequently the formation of ice. The
mechanical effect of the winds would push ice northward, increasing the SIE. Antarctic SIE is greatest in the
Weddell and pushes farthest north over the South Atlantic, so the influence of this trough is important
climatologically. Note that ice advance in both sectors coincides with the period when ZW3 is growing to its
highest amplitude [Raphael, 2004].

During ice advance (and retreat), the Ross-Amundsen sector (Figures 3g and 3h) is negatively correlated to
geopotential height in an extensive region over the southern ocean in the West Antarctic. The region of
significant correlation extends over West Antarctica and part of the western Peninsula. During retreat, it
expands, and the center shifts north and west to lie over the Ross Sea. This pattern is suggestive of the
ASL, and its movement is also very like that of the seasonal longitudinal shift of the ASL as described by
[Turner et al., 2013]. In this sector, both the depth of the ASL and its location are important to SIE. Circulation
around the Low promotes southerly flow on its western side and northerly flow on the eastern side. During
advance when the Low is shifted toward the Peninsula and over the West Antarctic ice sheet, strong

Geophysical Research Letters 10.1002/2014GL060365

RAPHAEL AND HOBBS ©2014. American Geophysical Union. All Rights Reserved. 5041



southerly flow promotes ice growth and advance over the Ross Sea. During retreat when the low is shifted
toward the northwest, the flow acquires a northerly component, restricting sea ice growth and expansion.

During advance and retreat, the pattern of correlation for East Antarctica (Figures 3i and 3j) suggests that the
positive SAM is the key atmospheric circulation mechanism. A positive SAM is defined by lower geopotential
heights over the Antarctic region [e.g., Thompson and Wallace, 2000;Marshall, 2003]. The negative correlation
indicates that as geopotential heights decrease, the ice advances. It is possible that the ice advance is
promoted by increased Ekman drift associated with the stronger westerly flow that exists when the SAM
is positive as proposed by Hall and Visbeck [2002]. The major difference between advance and retreat is
that the pattern is much more extensive, pushing well north, during advance. It contracts southward during
retreat. While the role of Ekman drift may be similar in both periods, during advance, there is an expansion
of the sea ice region influenced by the cold continental air, so a thermodynamic response, as has been
described above, for the ABS would prevail. During retreat, the southward contraction implies that this
cold air would be held over the continent, a process recently discussed by Abram et al. [2014]. The dominance
of the SAM in this sector is not unexpected, since this is a region where the storm track and eddy-driven
jet are strong [e.g., Codron, 2005; Karoly, 1990].

Figure 3. Correlation of sea ice extent with the geopotential height field at 500 hPa during the (a, c, e, g, i, and k) advance and (b, d, f, h, j, and l) retreat periods of
each region. The projection of Figure 3d has been expanded to show the tropical connection discussed in the text. The blue isolines are the significant positive
correlations. The red isolines are the significant negative correlations.
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During advance, the SIE in the King Hakon VII sector is negatively correlated with lower geopotential heights
in the immediate region and positively correlated with geopotential heights over the southeast Atlantic.
Together, these patterns suggest southwesterly flow off the continent (and the Weddell Sea) with
consequent ice growth and advance. During retreat, the SIE in the King Hakon VII sector is still negatively
correlated to geopotential heights within its sector, but the region of significant positive correlation now lies
over the Weddell Sea.

The pattern of correlation of SIE in the Weddell sector with the geopotential height field (Figure 3d)
resembles the SAM with a strong nonannular component over the southeastern Pacific Ocean. The sign of
the correlation is positive, suggesting that the SAM is negative, and as the SAM becomes more negative,
airflow over the Weddell Sea becomes more northerly. This promotes the advection of relatively warm air
over the Weddell with resulting ice loss. It will also limit the northward movement of the ice, pushing it
instead toward the continent and, consequently, reducing extent. Interestingly, Fogt et al. [2012] find that
the nonannular component of the SAM is strongest in winter and spring. Spring marks the start of the retreat
period for Weddell Sea ice. The SAM tends to bemore zonal in summer and fall, whichmay be why it does not
appear to influence ice advance in the Weddell.

For the ABS during retreat, there is a strong tropical connection (Figure 3f). The pattern of correlation strongly
resembles the second empirical orthogonal function in the geopotential height field (Figure S3 in the
supporting information), also referred to as the Pacific South American (PSA) pattern [Mo and Higgins, 1998]
This suggests the influence of ENSO, whose strongest influence in the Southern Hemisphere occurs during
the southern spring [Jin and Kirtman, 2010] and is known to have a strong negative impact on ice in the ABS
[Yuan, 2004; Turner, 2004] and whose influence is also suggested in the ABS variance spectrum (Figure 2c).

4. Discussion and Summary

Based on the observation that sea ice variability is heterogeneous around Antarctica, this research used sea
ice spatial autocorrelation and variability to define distinct sea ice regions. These regions, while exhibiting
similar annual cycles in SIE, vary in their times of advance and retreat as well as in overall SIE. They also have
different spectral signatures, exhibiting interannual frequencies of varying strengths. However, the ABS
region is the only one that varies on an ENSO time scale, while the Ross-Amundsen and East Antarctica
sectors exhibit variation on the decadal time scale. We note that the data set is too short to resolve cleanly
decadal variability. However, these findings support the argument that each sea ice region should be
examined separately rather than as an integrated whole.

The total integrated SIE appears to respond only to the SAM during ice advance and to the circulation over
the Ross Sea during retreat. However, SIE in the regions defined by the sea ice variability appears to respond
preferentially to different large-scale atmospheric circulation mechanisms. For comparison, the atmospheric
circulation patterns corresponding to the SAM, ZW3, and the PSA (ENSO) are included in the
supporting information.

The SAM is the key circulation mechanism influencing the Weddell Sea during the retreat of the ice and East
Antarctica during both its advance and retreat. However, for theWeddell Sea, it is the nonannular component
of the SAM that is significant, while for East Antarctica, the seasonal contraction and expansion of the
symmetric circulation associated with the SAM appear important.

The Weddell Sea and ABS appear influenced by a weak ZW3 during their ice advance. This is the period
that ZW3 is growing in amplitude; therefore, the relationship described by the correlations although weak is
physically sound. The Ross-Amundsen SIE responds to the ASL during the advance and retreat of ice. In this
case, the depth of the Low at its center as well as its location are both important. Ice retreat in the ABS has a
strong tropical Pacific teleconnection. The timing of that link, the southern spring and summer, coincides
with the timing of the influence of ENSO. The presence of a significant spectral peak at 4 years in the time
series of sea ice extent for that region as well as studies that demonstrate such a link allow us to say that
the tropical influence is ENSO driven.

This study marks the first to link specific large-scale atmospheric circulation patterns with variability in the
sea ice during times that are critically important to sea ice variability and using the spatial variability in sea ice
as a diagnostic tool. We note that Renwick et al. [2012] considered ice seasons at the intraseasonal time
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scaleand focused on the Pacific. Lefebvre and Goosse [2008] regressed the sea ice extent with the atmosphere
(for September) but obtained a very complex pattern that did not correspond with any of the known modes
of atmospheric variability. They concluded that each sector should be examined separately, a conclusion that
is well supported by the initial outcome of this study.

These results have implications for both current and future understanding of Antarctic sea ice variability as
moderated by the large-scale atmospheric circulation. The effect of the latter on wind direction and strength
depends on the amplitudes of the circulation patterns as well as their location, underscoring the complexity
of the relationship. As the circulation patterns change in response to climate change, their effect on Antarctic
sea ice will also change. Recent studies have focused in particular on the response of the SAM to changes in
ozone and greenhouse gas concentrations and to its subsequent influence on the sea ice. Most modeling
studies suggest that the changing SAM appears not to influence SIE [e.g., Landrum et al., 2012]. This is not
surprising since these studies have used the total ice extent as well as atmospheric seasons to derive their
relationships. The work presented here suggests that the influence of the SAM should appear in the East
Antarctic during ice advance and retreat and in the Weddell Sea during ice retreat. Using the total ice extent
disguises the response. Further, this research also suggests why the simulated changes in the amplitude of
the SAM do not appear to have any effect on the changes in the sea ice in the Ross Sea and ABS.

Looking at ice-atmosphere relationships from the perspective of the ice has yielded useful information leading to
better understanding of the influence of the large-scale atmospheric circulation on Antarctic sea ice. Ongoing
work is now examining the ice-atmosphere relationships defined here using the atmospheric indices calculated
over the sea ice advance and retreat periods to quantify their contribution to the SIE. This can potentially give us an
idea of how Antarctic sea ice varied before the satellite era as well as how it might vary in the future.
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