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Abstract Annual net accumulation (An) from the Bruce Plateau (BP) ice core retrieved from the Antarctic
Peninsula exhibits a notable relationship with sea ice extent (SIE) in the Bellingshausen Sea. Over the satellite
era, both BP An and Bellingshausen SIE are influenced by large-scale climatic factors such as the Amundsen
Sea Low, Southern Annular Mode, and Southern Oscillation. In addition to the direct response of BP An to
Bellingshausen SIE (e.g., more open water as a moisture source), these large-scale climate phenomena also
link the BP and the Bellingshausen Sea indirectly such that they exhibit similar responses (e.g., northerly wind
anomalies advect warm, moist air to the Antarctic Peninsula and neighboring Bellingshausen Sea, which
reduces SIE and increases An). Comparison with a time series of fast ice at South Orkney Islands reveals a
relationship between BP An and sea ice in the northern Weddell Sea that is relatively consistent over the
twentieth century, except when it is modulated by atmospheric wave patterns described by the Trans-Polar
Index. The trend of increasing accumulation on the Bruce Plateau since ~1970 agrees with other climate
records and reconstructions in the region and suggests that the current rate of sea ice loss in the
Bellingshausen Sea is unrivaled in the twentieth century.

1. Introduction

Sea ice plays several extremely important roles in the climate system. Among them, it serves as a barrier
between the ocean and the atmosphere, thereby reducing the exchange of heat, mass, and momentum,
and it is a crucial component of the ice-albedo feedback system, wherein it greatly impacts the amount of
solar radiation absorbed at the surface through its reflection of most of the incident solar radiation
[Parkinson, 2004]. The formation and decay of sea ice also influence the salinity and density of the ocean,
which in turn impact ocean waves and currents. Biologically, oceanic productivity is modulated by the loca-
tion of the sea ice margin, andmany life forms, from the bottom to the top of the polar ecosystem food chain,
depend on sea ice as a part of their habitats [Ainley et al., 2003; Post et al., 2013]. Low-level baroclinicity,
created by the thermal contrast between sea ice and open water, can also influence the regional tracks of
cyclones [Kvamstø et al., 2004].

Arctic sea ice has been rapidly declining in the past several decades, while Antarctic sea ice trends have been
lower in magnitude and, overall, in the opposite direction. Since November 1978, when the long-term
multichannel passive-microwave satellite record of sea ice began, sea ice around the Antarctic continent
has increased by about 5–8%. The positive trend exists for all 12months, although there are noticeable
temporal and regional variations [Parkinson and Cavalieri, 2012]. The strongest positive trend comes from
changes in the Ross Sea, while the Bellingshausen/Amundsen Seas have experienced a marked decline
in sea ice extent [Parkinson and Cavalieri, 2012]. This asymmetry in the ice extent trends in the Ross
versus Bellingshausen/Amundsen Seas has been attributed at least in part to changes in meridional winds
associated with sea level pressure (SLP) anomalies in the Amundsen Sea region [Lefebvre et al., 2004;
Stammerjohn et al., 2008; Holland and Kwok, 2012].

The Amundsen Sea Low (ASL) is a climatological low-pressure system induced by the unique orography of
Antarctica [Baines and Fraedrich, 1989; Lachlan-Cope et al., 2001] and roughly defines the location of the
climatological storm track [Fogt et al., 2012]. Variability in the ASL has a large influence on the climate
of the Antarctic Peninsula (AP) by substantially controlling cyclone strength and frequency as well as warm
air advection from the north [Turner et al., 2013; Raphael et al., 2016]. Fogt and Wovrosh [2015] found
recent deepening trends in the ASL that are explained primarily by tropical sea surface temperatures
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and radiative forcing. The deepening of the ASL coincides with intense warming on the AP [Turner et al.,
2005] and the collapse of ice shelves along the peninsula [Scambos et al., 2004]. Projections of the ASL
anticipate a further deepening [Zheng et al., 2013; Hosking et al., 2016] and a poleward shift [Hosking
et al., 2016] accompanied by a positive trend in the Southern Annular Mode (SAM) [Shindell and
Schmidt, 2004].

The strength of the ASL depends on several factors, including large-scale climatic oscillations like SAM and
tropical forcing from the El Niño–Southern Oscillation (ENSO) [Kwok and Comiso, 2002; Lachlan-Cope and
Connolley, 2006; Fogt et al., 2012; Clem and Fogt, 2013; Turner et al., 2013]. SAM, defined as the pressure gra-
dient between the southern middle and high latitudes, is a primary control on Antarctic climate [Gong and
Wang, 1999; Thompson andWallace, 2000]. A positive phase of SAM is associated with lower-pressure anoma-
lies over the Antarctic continent, stronger circumpolar westerlies, and a deepening ASL. A negative SAM is the
reversal of this pattern, with higher-pressure anomalies over the continent, weaker westerlies, and a weaker
ASL. In recent decades, the overall trend for the SAM has been positive [Thompson and Solomon, 2002;
Marshall, 2003; Thompson et al., 2011], and modeling studies project this trend to continue through the
21st century under enhanced greenhouse gas forcing [Fyfe et al., 1999; Kushner et al., 2001; Cai et al., 2003;
Shindell and Schmidt, 2004].

The El Niño concept originated from variations in tropical Pacific Ocean temperatures, but considerable
work during the twentieth century established that these regional ocean temperature variations are tied
closely to regional atmospheric pressure variations (i.e., Southern Oscillation) and to climate variations
over much larger areas. Now it is recognized that ENSO entails far-reaching effects around the globe,
including Antarctica [Turner, 2004; Fogt and Bromwich, 2006; Stammerjohn et al., 2008; Clem and Fogt,
2013, 2015]. During La Niña events (the cold counterpart to the warm central and eastern tropical
Pacific during El Niño events), the South Pacific Convergence Zone (SPCZ) shifts southwestward, establish-
ing a connection between the tropical Pacific and southern high latitudes [Vincent, 1994; Chen et al.,
1996], in particular, the AP [Clem and Fogt, 2015; Goodwin et al., 2016]. During El Niño events, the SPCZ
shifts northward toward the equator, and tropical convection is directed toward South America [Eichler
and Gottschalck, 2013].

The coupling of SAM and ENSO modulates the response to these phenomena in the high latitudes, as it can
amplify or dampen their respective impacts. Their in-phase coupling (e.g., positive SAM/La Niña and negative
SAM/El Niño) tends to amplify their influence on the Antarctic [Gong et al., 2010, 2013; Fogt et al., 2011; Ding
et al., 2012]. When out-of-phase (e.g., positive SAM/El Niño and negative SAM/La Niña), SAM appears to mod-
ulate the tropical influence over the high-latitude climate, but there are many uncertainties, and these SAM
and ENSO interactions remain an area of active research [Fogt and Bromwich, 2006; L’Heureux and Thompson,
2006; Fogt et al., 2011; Clem and Fogt, 2013; Goodwin et al., 2016]. Nevertheless, the combination of the SAM
and ENSO, and their associated impacts on the ASL and storm tracks, influences temperature and precipita-
tion near the AP, thereby ultimately affecting both sea ice in that region and accumulation on the Bruce
Plateau (Figure 1).

Several recent studies indicate that the SAM’s influence on the climate of Antarctica is nonstationary [Silvestri
and Vera, 2009; Marshall et al., 2013; Goodwin et al., 2016]. Their results suggest limitations on the ability to
reconstruct variability in the climate system based on short calibration periods. The most reliable and
complete records of sea ice extent are available from satellites dating back to the 1970s, although their short
duration inhibits the examination of multidecadal variability and the stationarity of recently discerned rela-
tionships. To explore the dynamics between large-scale teleconnections and sea ice extent, longer records
are necessary. With that in mind, an ice core from the AP is investigated to determine how well it captures
regional sea ice extent and the feasibility of using ice core-derived sea ice reconstructions to elucidate the
changing influences of large-scale circulation patterns.

Local sea ice reconstructions have been generated previously using ice cores from around the Antarctic con-
tinent. Given their marine source, methanesulphonic acid (MSA) and sea salt components are primarily used
in these reconstructions [Abram et al., 2013]. Results suggest that sea salt and sea ice extent are related on
glacial/interglacial time scales [Wolff et al., 2006; Röthlisberger et al., 2010] but less so interannually [Abram
et al., 2013] and that MSA can serve as a reasonable proxy for interannual sea ice variability, especially for
coastal sites where transport processes do not dominate [Abram et al., 2013].
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Curran et al. [2003] used the MSA record from the LawDome ice core from coastal East Antarctica to suggest a
decline in regional sea ice extent (for the 80°–140°E sector) since the 1950s. However, the relationship
between MSA and sea ice extent varies greatly depending on the region of Antarctica studied [Abram
et al., 2007, 2013]. For example, in the Weddell Sea, the offshore southerly winds associated with (and
perhaps causing) extensive sea ice reduce the transport of MSA to core sites along the southern coast
[Abram et al., 2007]. In contrast, in the Bellingshausen Sea, enhanced sea ice extent, and subsequent algae
blooms along the margins, leads to increased MSA in three cores (i.e., James Ross Island, Dyer Plateau, and
Beethoven Peninsula) along the AP [Abram et al., 2010].

Dixon et al. [2005] divided sulfate records from the International Trans-Antarctic Scientific Expedition (ITASE)
cores in West Antarctica into sea salt and excess/biogenic sulfate components. They found higher sea salt
sulfate associated with more extensive sea ice, which they linked to the development of frost flowers. On
the other hand, the excess/biogenic sulfate component was associated with reduced sea ice extent in the
Amundsen/Bellingshausen Sea region, since sea ice cover can inhibit dimethylsulfide emissions from
biological activity.

Küttel et al. [2012] found that the relationship between stable water isotopes (δ18O and δD) in a suite of ITASE
cores from West Antarctica and sea ice in the Amundsen Sea was linked to the influence of the ASL on
meridional flow. Similarly, Thomas et al. [2013] determined that hydrogen isotopes (δD) from the West
Antarctic Ferrigno ice core are related to the maximum sea ice extent in the Amundsen/Bellingshausen
Sea region due to the influence of meridional winds.

In this study, an ice core from the western AP is tested for its potential to reconstruct sea ice conditions off the
western coast of the AP. We show that for this particular ice core, accumulation, rather than the other vari-
ables used in the aforementioned studies, is most strongly related to sea ice extent in the Bellingshausen
Sea. Although sea ice extent can directly influence precipitation via moisture source availability, it is also
probable that large-scale climate patterns are the primary drivers of both sea ice extent and accumulation.
Hence, despite the nonstationary responses to these large-scale drivers over multidecadal time scales, the
sea ice extent and land-based snow accumulation are expected to exhibit a consistent pattern of changes.

2. Data

The 448.12m Bruce Plateau (BP) ice core was drilled to bedrock in 2010 from the Antarctic Peninsula (66.03°S;
64.07°W; 1975.5 m above sea level). The site experiences virtually no melting, and only three very thin
(<3mm) melt layers were observed in the entire core. Borehole temperatures reveal that the average tem-
perature for the most recent year is �14.78°C (measured at 15m), the minimum temperature of �15.8°C

Figure 1. Map of the Antarctic Peninsula region.
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occurs at 173m, and the ice is frozen to the bed with a basal temperature estimated to be �10.2°C
[Zagorodnov et al., 2012].

The core was cut into discrete samples and concentrations of MSA, and other ionic species were measured by
ion chromatography (Dionex ICS-3000) in a Class 100 Clean Room. Seasonally varying concentrations of MSA
due to biogenic activity [Curran and Jones, 2000; Curran et al., 2003], complemented by gross beta radioactivity
[Pourchet et al., 1983] (Figure S1 in the supporting information), allow for a precise annual time scale with an
uncertainty of less than one year from 1900 to 2009 [Goodwin et al., 2016]. Annual delineations are marked
by summer MSA maxima that may vary slightly in timing during the summer months such that each annual
layer roughly corresponds to a calendar year. This slight timing uncertainty, along with postdepositional
effects such as compaction, wind scouring, erosion, and evaporation/sublimation, could introduce modest
errors when reconstructing the annual net accumulation (An). In addition, MSA has been shown in some
instances to migrate with depth such that MSA deposited in summer eventually migrates to the winter layer
below [Pasteur and Mulvaney, 2000; Thomas and Abram, 2016]. The first evidence of very modest MSA migra-
tion in the BP core occurs at ~380m representing snowdeposited in ~1567 Common Era, well below the refer-
ence period for this study. MSAmigration is clearly evident at 395m (Figure S2 in the supporting information).

The BP site experiences a remarkably high rate of accumulation (annual average from 1900 to 2009 is
1.84m water equivalent), which greatly minimizes dating errors resulting from postdepositional effects.
To account for thinning and compaction, the Dansgaard and Johnsen [1969] model, a modified version
of the Nye [1963] model, was used to reconstruct the original thicknesses of the annual layers using a strain
rate transition depth estimated by MacGregor et al. [2012] (see further discussion in the supporting informa-
tion). The high accumulation rate is in large part explained by the fact that the west coast of the AP is fre-
quently inundated with maritime air flow from the Bellingshausen Sea. Thus, the sea ice extent in the
Bellingshausen Sea should produce some signal in the BP ice core, as it provides a major control over
the primary moisture source.

Sea ice extents in the Bellingshausen Sea were determined from satellite passive-microwave data from the
scanning multichannel microwave radiometer (SMMR) on NASA’s Nimbus 7 satellite and the Special Sensor
Microwave Imager (SSMI) and SSMI/Sounder (SSMIS) on satellites of the Department of Defense’s Defense
Meteorological Satellite Program. The SMMR instrument was launched in late October 1978 and provided a
record of sea ice observations until mid-August 1987. The first SSMI was launched in June 1987, and the series
of SSMI/SSMIS measurements continues. Microwave observations allow the determination of the distribution
and extent of the sea ice cover year-round, irrespective of day versus night conditions and largely irrespective
of cloud-free versus cloudy conditions. SMMR provided an every-other-day record, and the SSMI and SSMIS
instruments have provided a daily record since mid-1987. The SMMR, SSMI, and SSMIS data are mapped onto
approximately 25 km×25 km grid cells. For each ocean grid cell, the ice concentration, defined as the percent
areal coverage of sea ice in the grid cell, is calculated. Ice extent is then calculated as the sum of the areas of all
grid cells (in the region of interest, in this case the Bellingshausen Sea) with a calculated ice concentration of at
least 15% [Parkinson and Cavalieri, 2012]. For these calculations, we used the Antarctic Peninsula and, north of
the Peninsula, longitude 60°Was the eastern boundary of the Bellingshausen Sea, latitude 55°S as the northern
boundary, longitude 99°W as the western boundary, and the Antarctic continent as the southern boundary.

The Amundsen Sea Low (ASL) characteristics were obtained from the European Centre for Medium-Range
Weather Forecasts Interim Reanalysis (ERA-Interim) for the region bounded by latitudes 60 and 80°S and
longitudes 170 and 298°E [Hosking et al., 2016]. These data include the average SLP over the entire sector,
the central pressure of the ASL, and the location (latitude and longitude) of the lowest central pressure.
The annual SAM index (1957–2009) is calculated from monthly SAM values of the SLP gradient between
the middle and high latitudes using station pressure observations [Marshall, 2003]. The Southern
Oscillation Index (SOI), the atmospheric component of the ENSO, is calculated as the difference in SLP
between Tahiti and Darwin [Ropelewski and Jones, 1987; Allan et al., 1991; Können et al., 1998]. The Trans-
Polar Index (TPI) [Pittock, 1980, 1984; Jones et al., 1999] is calculated from the normalized pressure difference
between Hobart, Australia (43°S; 147°E) and Stanley, Falkland Islands (52°S; 58°W) and highlights oscillations
in the troughing and/or ridging between New Zealand and South America known as wave number 1. The TPI
data were detrended to account for external forcing such as the increasing SAM trend due to stratospheric
ozone loss and increased greenhouse gases. Gridded meteorological data were acquired from the National
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Center for Environmental Prediction/National Center for Atmospheric Research reanalysis for 1979–2012,
updated from Kalnay et al. [1996].

The duration and dates of formation and breakout of sea ice in the northwest Weddell Sea from 1903 to 2008
were obtained from an observational sea ice record from the South Orkney fast-ice (SOFI) series [Murphy et al.,
1995, 2014], providing a far longer record than is possible with the satellite data alone. The South Orkney
observations were manual until 1994 and have beenmaintained thereafter with an automatic camera system
[Murphy et al., 2014].

3. Results

Correlations between annual Bellingshausen Sea sea ice extent (Bellingshausen SIE) and the annual data for
several variables from the BP ice core, including An, stable water isotopes, and major anion and cation fluxes,
are computed for the period 1979–2009. All correlations account for autocorrelation using random phase
testing described by Ebisuzaki [1997]. Significant (>95%) negative correlations are obtained for several of
the variables, including sea salt components (Na+, Cl�, and SO4

2�; r≈�0.46 for each variable) and isotopes
(δ18O and δD; r≈�0.55 for both variables). Surprisingly, MSA is only weakly correlated (r=0.21; p=0.271) to
Bellingshausen SIE on the annual time scale. One possibility for the low correlation is that a portion of the
MSA reaching Bruce Plateau may originate from other marine sources, such as the Weddell Sea or the
Drake Passage between the peninsula and South America. The MSA precursor, dimethylsulfide, originates
from biological activity within the sea ice margin and is also subject to transport and oxidation processes that
influence its deposition over the drill site [Thomas and Abram, 2016]. The strongest correlation is between
Bellingshausen SIE and An (r=�0.67; p< 0.001; Figure 2). Over the satellite era, both Bellingshausen SIE
and BP An show significant (>99%) decreasing and increasing trends, respectively. These trends explain
~25% of the variance; however, the correlation coefficient between the detrended variables is still highly
significant (r=�0.56; p=0.005).

Correlations between annual BP An and seasonal Bellingshausen SIE (Table 1) are strongest in autumn
(April-May-June (AMJ): r=�0.695; p< 0.001) and winter (July-August-September (JAS): r=�0.58; p= 0.002),
when sea ice is growing and at maximum extent, respectively. Correlations between the BP annual fluxes
of anions and cations and seasonal Bellingshausen SIE are also strongest in austral autumn and winter, which
is not unexpected as these anions and cations are deposited primarily by wet deposition and the flux
calculation is dependent on accumulation. Thus, the moderate correlations among the BP chemical species
and Bellingshausen SIE are considered to be primarily artifacts of their covariability with accumulation. Linear
regression was used to model the relationships between BP An and various constituents and to remove the
influence of An on the anions and cations, and the subsequent residuals were correlated with Bellingshausen
SIE. For all the residual variables from which An has been linearly removed, the significance of correlations
with Bellingshausen SIE falls well below the 95% confidence level.

Although SIE and accumulation can be directly related through the availability of moisture from open water,
it is hypothesized here that the sea ice extent and accumulation also have a shared response to larger-scale
climate drivers. This inference applies to the broad-scale picture, not to individual events; for example, the
large 1997/1998 El Niño event was associated with greatly reduced BP An in 1997 but had much less effect
on Bellingshausen SIE (Figure 2).

To investigate some of the large-scale climatic influences on Bellingshausen SIE and BP An, composites of sea
level pressure (SLP) were generated to determine the SLP difference between the 5 years with the most
extensive and the 5 years with the least extensive sea ice coverage and between the five lowest and five
highest An years (Figure 3). Given the strong correlation between Bellingshausen SIE and BP An, the compo-
sites share similar years and seasons when SIE is high and An is low, and vice versa. These SLP composites
reveal a discernibly strong influence of the ASL on both SIE and An. As expected, higher SLP in the
Amundsen/Bellingshausen Sea region, and hence a weaker ASL, is associated with enhanced sea ice extent
and reduced BP An. A stronger ASL, and its accompanying cyclonic flow, would advect warm, moist air from
the north toward the AP thereby reducing sea ice extent and increasing BP An.

Hosking et al. [2016] generated several ASL variables from ERA-Interim including ASL sector pressure, ASL
central pressure, and the longitude and latitude of the central pressure. Central pressure of the ASL and
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average pressure over the ASL sector (60–80°S; 170–298°E) are inherently related, but Bellingshausen SIE
responds most strongly to the sector-wide SLP. The relationship between the ASL sector pressure and the
Bellingshausen SIE (Figure 4) is strongest on the annual time scale (r= 0.646; p< 0.001). Seasonally, the rela-
tionship is strongest in autumn (AMJ) and winter (JAS) (r= 0.488; p=0.03 for both seasons) and weakest in
summer (January-February-March (JFM): r= 0.340; p=0.126). The ASL sector pressure has a similar influence
on BP An (Table 1), with the strongest relationship on the annual scale (r=�0.58; p=0.003). The correlations
between seasonal ASL sector pressures and annual BP An (Table 1) are highest for autumn (AMJ: r=�0.48;
p=0.006) and spring (October-November-December (OND): r=�0.41; p= 0.014), which are the transitional
time periods for sea ice extent. No significant correlations were observed between the location of the ASL
and either BP An or Bellingshausen SIE, suggesting that the climate of this region is more heavily influenced
by the depth of the ASL than by its exact position.

The depth of the ASL depends on numerous factors, including large-scale climatic oscillations like SAM and
ENSO [Kwok and Comiso, 2002; Fogt et al., 2012; Clem and Fogt, 2013; Turner et al., 2013]. The SLP composites
in Figure 3 reflect not only the influence of the ASL on AP climate but also the pressure differences between
the high and midlatitudes, a signature of SAM. Figure 5 reveals the statistically significant negative
relationships between Bellingshausen SIE and both SAM (Figure 5a) and SOI (Figure 5b). A positive SAM
and positive SOI (La Niña event) serve to deepen the ASL, which increases the advection of warm, moist
air from the north to the Bellingshausen Sea and the AP. This warm, moist air advection tends to decrease
sea ice extent and increase accumulation at the BP site. On the annual time scale, the relationship of
Bellingshausen SIE with SOI is slightly stronger than that with SAM (Figure 5). The two lowest ice extent
years (1989 and 2008) coincide with strong La Niña events. Fogt and Bromwich [2006] noted decadal variabil-
ity in the response of geopotential height fields over the Amundsen/Bellingshausen Seas to both SAM and
SOI, specifically a stronger response in the 1990s versus the 1980s. Clem and Fogt [2013] argue that
the weaker response in the 1980s is a statistical artifact of the strong 1988/89 La Niña event, the effects of
which were dampened by a concurrent negative SAM. However, Clem and Fogt [2013] focused primarily

on austral spring. In this study,
where BP An is constrained to annual
resolution, we find the following
annually averaged conditions dur-
ing the 1988/1989 La Niña event:
very low Bellingshausen SIE, high
1989 BP An, a positive SOI, a negative
1988 SAM, and a positive 1989 SAM
(Figures 2 and 5).

Goodwin et al. [2016] provide exten-
sive detail on the relationships

Figure 2. Time series of Bellingshausen SIE (black) and BP An (blue; axis inverted).

Table 1. Correlation Coefficients Between Annual BP An and Annual and
Seasonal Antarctic Climate Variablesa

BP An ANN JFM AMJ JAS OND

Bellingshausen SIE �0.67* �0.42 �0.69* �0.58* �0.37
ASL sector pressure �0.58* �0.21 �0.48* �0.31 �0.41
SAM 0.57* 0.23 0.37 0.21 0.42
SOI 0.45 0.24 0.35 0.34 0.38

aBold and asterisks indicate 95% and 99% significance levels, respec-
tively. ANN = Annual; JFM = January-February-March; AMJ = April-May-
June; JAS = July-August-September; and OND=October-November-
December.
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between BP An and both SAM and SOI. They determined that the strong positive correlation between SAM
and BP An observed during the satellite era (Table 1) is only robust since the mid-1970s, prior to which the
relationship is negative. They attribute this shift to multidecadal climate variability stemming from the

Figure 4. Time series of ASL sector-wide sea level pressure (blue) and Bellingshausen Sea SIE (black), both presented as
annual averages.

Figure 3. Composites showing the annual and seasonal SLP (hPa) differences between (a) the five most extensive and the five least extensive SIE years or seasons in
the Bellingshausen Sea and (b) the five lowest and five highest BP An years. Numbers of shared years (out of 10) among SIE and An composites are as follows: ANN (4),
JFM (5), AMJ (6), JAS (5), and OND (2).
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tropical Pacific. The interactions between SAM and SOI confirm the need for caution when attempting
longer-term reconstructions with relatively short calibration periods. Thus, to determine whether the rela-
tionship between BP An and Bellingshausen SIE is robust, longer records of sea ice are needed for calibration.
Fortunately, the fast ice observations from the South Orkney Islands (SOFI) provide continuous dates of sea
ice formation and breakout, and hence duration, for most of the twentieth century and into the 21st century
(1903–2008) [Murphy et al., 1995, 2014]. The South Orkney Islands are located in the northern Weddell Sea
(Figure 1), to the northeast of the Antarctic Peninsula. It is uncertain a priori whether the SOFI series is related
to either the Bellingshausen SIE or the BP An; however, the timing of SOFI is related to sea ice concentration
over much of the northern Weddell Sea and is related to atmospheric circulation west of the Antarctic
Peninsula [Murphy et al., 2014].

Regression analysis of BP An onto surface zonal winds suggests that both the BP and SOFI sites are influenced
by the circumpolar westerlies (Figure 6a). The influence of the zonal winds on BP An resembles SAM. Murphy
et al. [2014] similarly found that the influence of both spring (September-October-November) zonal wind and
SLP fields on SOFI breakout date also resembles SAM. Sea surface temperatures (SSTs) in both the
Bellingshausen Sea and northwestern Weddell Sea are positively correlated with BP An (Figure 6b), suggest-
ing that these regions behave similarly when large-scale forcing influences BP An. Despite their geographical
differences, the relationships discussed above strongly support the existence of a connection between BP An
and the SOFI series, likely because both are modulated by similar large-scale forcings.

BP An is slightly more strongly correlated with the duration of the sea ice season at South Orkney than with
the formation and breakout dates, although the magnitudes of the three correlations are similar and statis-
tically significant (>99%; Figure 7). The slightly higher correlation with the duration likely stems from the fact
that the duration is more representative of an annual signal, whereas the timings of formation and breakout
are more dependent on autumn and spring, respectively. The correlations between BP An and breakout date
and duration are negative, indicating that greater accumulation is associated with an earlier breakout date
and a shorter sea ice season. The annually contemporaneous formation date and BP Anwere not significantly
correlated. However, there is a significant positive correlation when BP An leads by 1 year (Figure 7), suggest-
ing that the autumn formation date is partially affected by the conditions of the previous year (e.g., higher

Figure 5. Time series of annual Bellingshausen SIE (black) with (a) SAM (red) and (b) SOI (red). The SAM and SOI axes
are inverted.
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(lower) An on the BP site is followed by a(n) later (earlier) SOFI formation date). This is supported by evidence
from Murphy et al. [2014] suggesting that SOFI formation is related to some preconditioning of SSTs.
Furthermore, with regard to SLP patterns, SOFI breakout date appears to be influenced by the SAM, while

Figure 7. Time series of BP An (black) with (a) SOFI duration (green) for the same year, (b) SOFI breakout (red) for the same
year, and (c) SOFI formation (blue) for the following year. Duration and breakout axes are inverted.

Figure 6. Regression of BP An on annual (a) 1000 hPa zonal winds and (b) SSTs for 1979–2009. BP and South Orkney sites
are indicated (inverted triangles).
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the formation date appears more strongly connected to SLP anomalies in the South Atlantic [Murphy
et al., 2014].

The relationships between BP An and the three SOFI time series are statistically significant over the twentieth
century (Figure 7), but more importantly, the relationships are relatively robust in that the sign of the correla-
tions is fairly persistent through much of the period (Figure 8a). For the BP site, running correlations reveal
that SOFI formation and BP An are positively correlated for most of the twentieth century, with the exception
of the 1970s. The sign of the relationships between An and both SOFI breakout and duration is negative
through almost the entire period, although the magnitude varies and is especially low in the 10 years
surrounding 1930 and during the 1970s (Figure 8a).

During the 1970s, SAM was predominantly in a negative phase, which results in a weakening of the circum-
polar westerlies. As the westerlies likely establish the connection between the western AP and the northwes-
tern Weddell Sea, the negative SAM in the 1970s may explain the weakening of the relationship between BP
An and both SOFI breakout and duration. However, little agreement exists among SAM reconstructions prior
to the midtwentieth century and especially in the 1930s [Abram et al., 2014; Goodwin et al., 2016]. Abram et al.
[2014] explore some of the differences in the development of these SAM reconstructions, such as detrending
and the location of stations or proxies utilized. Goodwin et al. [2016] discuss how two SAM reconstructions by
Fogt et al. [2009] and Abram et al. [2014] relate to the TPI over the twentieth century and reflect the circum-
polar and regional nature of SAM, respectively. In this study, we find a strong correlation between the TPI and
the correlation between BP An and SOFI duration (Figure 8b; r=�0.679; p< 0.001). When the TPI is positive,
as during the 1930s and early 1970s, the correlation between BP An and SOFI duration weakens considerably
(Figure 8b). As the TPI measures the pressure difference between Hobart, Australia, and Stanley, Falkland
Islands, a positive value could reflect high pressure at Hobart and/or low pressure at Stanley. The positive
TPI in the 1930s resulted from anomalous pressure at both sites, while in the 1970s the positive TPI was pri-
marily due to anomalously low pressure at Stanley [Pittock, 1980, 1984; Jones et al., 1999]. Lower pressure over
the Falkland Islands suggests more northerly to northeasterly flow over the South Orkney Islands to their
southeast, opposing or weakening the typical westerly flow. Northerly flow over this region shortens the
SOFI duration, while weaker westerly flow would affect the AP as well, likely reducing BP An. With SOFI dura-
tion and BP An both decreasing, this would weaken or eliminate the negative relationship that exists between
BP An and SOFI duration during much of the study period (Figure 7). During the brief excursions in the 1930s

Figure 8. (a) Eleven year running correlations between BP An and SOFI breakout (red), duration (green), and formation
(lag 1 year; blue). Dashed line represents 95% significance (r =�0.603) determined using a two-tailed t test for simplicity.
(b) Eleven year running means of the detrended TPI (black; axis inverted) and the strength (R2) of the relationship between
BP An and SOFI duration (green).
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and 1970s when the connection between BP An and SOFI is weakened under positive TPI conditions, BP An is
likely more reflective of local sources rather than the regional sources that dominate under positive SAM
conditions and the associated strong westerly flow.

With the exception of the weaker relationships observed in the 1930s and 1970s, the running correlations
between BP An and the SOFI duration are relatively consistent (r~�0.5) through much of the twentieth
century (Figure 8a). Ice core-derived MSA records from around the Weddell Sea, and their subsequent sea
ice reconstructions, are not continuously related to the SOFI series and exhibit a sustained, multidecadal shift
in the sign of their relationship from ~1945 to ~1975 [Abram et al., 2007]. As mentioned previously, BP An
exhibits a similar multidecadal shift in the sign of its relationship with SAM. The relationship between BP
An and SAM is positive for the recent few decades back to the mid-1970s when the relationship abruptly
becomes negative. Prior to the mid-1940s, the relationship is again positive [Goodwin et al., 2016]. The
SOFI breakout dates show a similar reversal in the sign of its relationship with SAM over the same general
time period [Murphy et al., 2014]. Thus, despite the temporally varying influence of SAM at these sites, the
accumulation and sea ice exhibit similar responses. This suggests the potential for BP An to provide a reason-
ably realistic reconstruction of annual sea ice extent for the Bellingshausen Sea, since the intricacies and
complex interactions among large-scale climate oscillations will similarly influence both the accumulation
and sea ice records.

Recent trends in accumulation across Antarctica derived from remote sensing, atmospheric modeling, and
ice core-derived reconstructions vary markedly from region to region [Thomas et al., 2015]. An exception is
in the Antarctic Peninsula where accumulation has been increasing over the twentieth century with a marked
increase in the 1970s, particularly along the west coast as recorded in the BP core and the Gomez core
[Thomas et al., 2008]. The trend is less discernible in the 1988 James Ross Island core on the northeastern
tip of the peninsula [Miles et al., 2008] and is indiscernible in the centrally located Dyer Plateau core that only
extends to 1990 [Thompson et al., 1994] (Figure S3, in the supporting information). Over the first 40 years of
the twentieth century, BP An was relatively stable, followed by a period of increased variability and then by
a prominent upward trend after 1969 (Figure 7). BP An is negatively correlated to SOFI duration, which has
decreased overall during the twentieth century due to later formation and earlier breakout (Figure 7)
[Murphy et al., 2014]. Other ice core-derived sea ice proxies show similar patterns to BP An [Abram et al.,
2010; Thomas et al., 2013; Thomas and Abram, 2016]. MSA records from three cores along the AP reveal
a decreasing trend after the midcentury that coincides with reduced winter Bellingshausen SIE [Abram
et al., 2010]. On the opposing side of the Antarctic dipole, sea ice extent has been increasing over the
Ross Sea, and MSA records from the Ferrigno ice core in West Antarctica reveal that the most recent
(mid-1990s) increasing trend is unique for the past few centuries [Thomas and Abram, 2016]. Deuterium
in the Ferrigno ice core shows an increasing trend in the twentieth century that reflects the observed
temperature increase over the AP region as well as the reduction in September sea ice concentration
[Thomas et al., 2013], although the authors ultimately found that these trends were not unprecedented
in the context of their longer record [Thomas et al., 2013]. Nevertheless, the four highest years of accumu-
lation on the BP occur since 2000, and steep trends, similar to those after 1950, do not occur earlier in the
record [Goodwin, 2013]. This suggests that the current rate of sea ice loss in the Bellingshausen Sea is
unique for the post-1900 period.

4. Discussion and Conclusions

Contemporary climate changes are well documented, and there is concern that the rates of change in the
coming decades and centuries may exceed the rate at which humans will be able to adapt comfortably.
The complexity of the climate system arises frommany natural physical, chemical, and biological connections
among the atmosphere, oceans, ice, and land, and the climate system is now also subject to a variety of
anthropogenic forcings. Our most geographically complete picture of the detailed interactions within
Earth’s climate system is now derived from satellite-borne sensors, but such records extend back three to five
decades at best. Prediction of future changes requires understanding the preanthropogenic nature of these
complex interactions upon which modern forcings are superimposed. Proxy records preserved in many
different natural recording systems offer the potential for unique insights to Earth’s complex climate system
although correctly interpreting these proxy records is often challenging.
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Ice cores provide extremely valuable information of different temporal extent and resolution, but such
records are geographically sparse and present a range of problems in dating and interpreting the data.
The goal of this paper is to determine whether the Bruce Plateau ice core record can facilitate an extension
of the satellite-derived record of SIE for the Bellingshausen Sea. Given the natural complexity of the climate
system, it is not surprising that a perfect predictor with a one-to-one correspondence to SIE was not identi-
fied; however, some interesting and statistically significant relationships do emerge.

Sea ice extent in the Bellingshausen Sea is found to be related to BP An (r=�0.672; p< 0.001; Figure 2) during
the multichannel passive-microwave satellite era (post-1978), suggesting that sea ice and An are directly
and/or indirectly linked. Among the numerous variables measured in the BP ice core, An, rather than marine
originating chemical species such as Na+, MSA, and stable water isotopes, is most strongly related to SIE. The
lack of a relationship between the chemical species and SIE suggests that direct forcing is limited and that BP
An and SIE are indirectly linked through their responses to larger-scale forcings.

Both BP An and Bellingshausen SIE respond to changes in the strength of the ASL (Table 1 and Figure 4),
which governs the meridional flow over this region. A stronger ASL advects warm air from the north to the
AP region such that BP An increases and Bellingshausen SIE decreases. Similarly, a weaker ASL reduces the
flow of warm, northerly air to the AP region such that BP An decreases and Bellingshausen SIE expands.
The ASL is influenced by large-scale oscillations, particularly SAM and ENSO. Cold ENSO events (i.e., La
Niñas) shift the SPCZ to the southwest, deepen the ASL, and hence increase accumulation over the AP and
decrease Bellingshausen SIE. Similarly, a positive SAM strengthens the circumpolar westerlies, deepens the
ASL, and thereby also increases accumulation over the AP and decreases Bellingshausen SIE. Thus, the com-
plex interactions between SAM and ENSO, and their resultant influence on the ASL, play a large role in driving
the amount of BP An and Bellingshausen SIE. Trends over the multichannel passive-microwave satellite era
(post-1978) show an increasingly positive SAM accompanied by higher BP An and reduced Bellingshausen
SIE. However, Goodwin et al. [2016] demonstrated that prior to 1979, the relationship between SAM and BP
An was quite different and exhibited multidecadal variability. Hence, we considered it important to include
in our study a much longer sea ice record than the satellites provide.

The observational fast ice record from the South Orkney Islands includes annual observations of formation,
breakout, and duration of sea ice near these islands in the northwestern Weddell Sea for much of the twen-
tieth century. Comparisons suggest that BP An and the SOFI series are linked such that higher BP An is asso-
ciated with earlier breakout and shorter sea ice duration (Figure 7). Also, higher BP An is associated with
delayed formation of sea ice in the following year, suggesting that the autumn formation date is partially
affected by preconditioning from the previous year (e.g., higher (lower) BP An is followed by later (earlier)
SOFI formation). The sign of these relationships is relatively consistent for the twentieth century although
the magnitude shows multidecadal variations (Figure 8). Most notably, in the 1930s and 1970s, the relation-
ship between BP An and both SOFI breakout and duration weakens considerably (Figure 8). These weakened
conditions appear due to atmospheric wave patterns associated with the TPI (Figure 8b) and primarily lower
pressure over the Falkland Islands region. Anomalous northerly flow over the South Orkney Islands asso-
ciated with lower pressure over the Falkland Islands disrupts the usual westerly flow and hence the connec-
tion between BP An and SOFI duration. During these periods with disrupted westerlies, however, a close
relationship between BP An and Bellingshausen SIE is likely to be maintained as both are situated west of
the Drake Passage and are in close proximity.

Given the many complicated interactions within the Earth’s climate system (including in this case the nonsta-
tionary relationship between BP An and SAM) [Goodwin et al., 2016], proxy indicators of climate variables are
never perfect, and here the complications are compounded by the facts that (1) the link between BP accumu-
lation and Bellingshausen SIE is indirect and (2) the indirect link changes with larger-scale conditions. On the
positive side, the fact that the relationship between BP An and SOFI does not exhibit the same multidecadal
sign reversals as the relationship between BP An and SAM [Goodwin et al., 2016] suggests that when the nat-
ure of the relationship between BP An and SAM reverses, the relationship between Bellingshausen SIE and
SAM exhibits a similar reversal. Since BP An and Bellingshausen SIE likely exhibit congruent responses to dif-
ferent large-scale forcings, it is reasonable to hypothesize a temporal consistency in their relationship.
Accordingly, despite the complications, we conclude that the BP An record could conceivably serve as a rea-
sonable proxy for Bellingshausen SIE prior to the satellite record. With that in mind, we also note that the
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sharp increasing trend observed in BP An after 1970 and the accompanying reduction in Bellingshausen Sea
SIE appear to be unique in the twentieth century, as similar trends in BP An of this magnitude do not occur
earlier in the twentieth century.
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