
1.  Introduction
Antarctic sea ice is an important component of the global climate system, modulating global circulation 
through changes to heat and moisture fluxes (Grotzner et al., 1996; Rind et al., 1995; Walsh, 1983), surface 
albedo (Curry et al., 1995), and production of deep ocean waters (Ferrari et al., 2014; Jacobs, 2004). Changes 
in sea ice distribution therefore have far-reaching consequences, and are critically important to understand 
in the context of broader earth-atmosphere system change. However, coupled sea-ice-climate models are 
currently unable to replicate current sea ice trends and variability in the Southern Ocean, predicting a neg-
ative trend where observations show a positive one (e.g., Comiso & Nishio, 2008; Polvani & Smith, 2013; 
Turner et al., 2013) highlighting the limitations in our understanding of the processes that drive sea ice 
change.

Several studies have suggested that climate variability and tropical teleconnections such as those associ-
ated with El Niño Southern Oscillation (ENSO) may play a role in determining recent sea ice variability 
and trends (e.g., Meehl et al., 2016; Purich et al., 2016; Raphael & Hobbs, 2014; Simmonds & Jacka, 1995; 
Simpkins et al., 2012; Yuan & Li, 2008). ENSO is a pattern of large-scale atmospheric and oceanic variability 
manifesting most prominently in a dipole in tropical Pacific SST anomalies and the perturbation of tropical 
convection. Changes in the tropical atmospheric circulation then propagate further into the global circula-
tion, driving variability in precipitation (e.g., Barlow et al., 2001; Dai & Wigley, 2000; Ropelewski & Halp-
ert, 1986), air temperatures (e.g., Power et al., 1999; Pozo-Vazquez et al., 2001; Smith & Sardeshmukh, 2000), 
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resulted in more. Our findings highlight the importance of tropical variability in driving changes in 
Antarctic sea ice.
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local winds (e.g., Romero-Centeno et al., 2003), and storm activity (e.g., Camargo & Sobel, 2005; Wang & 
Chan, 2002).

The influence of ENSO extends to Antarctica, affecting regional circulation (e.g., Bromwich et al., 2004; 
Harangozo, 2004; Schneider et al., 2012; Turner, 2004), air temperature (e.g., Q. H. Ding et al., 2011; Q. Ding 
& Steig, 2013; Kwok & Comiso, 2002), and precipitation (e.g., Bromwich et al., 2000; Cullather et al., 1996; 
Genthon & Cosme, 2003; Noone et al., 1999). The influence of ENSO is shown to affect sea ice formation, 
melt, and transport, leading to some covariability between ENSO and sea ice concentration (Kwok & Com-
iso, 2002; Liu et al., 2002; Renwick, 2002; Yuan, 2004). This signal has been identified in sea ice around 
West Antarctica, most prominently in the Ross, Bellingshausen, Amundsen, and Weddell Seas (e.g., Kwok 
et al., 2016; Simmonds & Jacka, 1995; Simpkins et al., 2012; Yuan & Li, 2008).

In East Antarctica, an ENSO signal has been identified in other components of the climate and cryosphere, 
including ice sheet accumulation (Boening et al., 2012), precipitation (Schlosser et al., 2010), air tempera-
ture (Schneider et al., 2012; Welhouse et al., 2016) and landfast ice (Aoki, 2017). Raphael and Hobbs (2014) 
and Stammerjohn et al. (2008) examined the broad links between climate variability and the sea ice advance 
and retreat cycle, which included sea ice averaged across East Antarctica. However, there has been little di-
rect research into the role that ENSO and other large-scale modes of climate variability play in influencing 
sea ice concentration (SIC) around East Antarctica.

Our research aim was to bridge this gap by investigating the role of ENSO in influencing the past 4 decades 
of sea ice variability around East Antarctica. We approached this by correlating the satellite sea ice record 
with atmospheric reanalysis data over 1979–2018 and the Niño 3.4 ENSO index, and with composite anal-
ysis of atmospheric circulation during periods of high and low SIC. Our study focused on the region south 
of 50°S and between 10°E and 70°E, encompassing part of Dronning Maud Land (DML) and Enderby Land 
(Figure 1a).

2.  Methods
2.1.  Data

ENSO activity over the period 1979–2018 was examined using the ESRL/NOAA Niño 3.4 index (https://psl.
noaa.gov/gcos_wgsp/Timeseries/Nino34/), which is an average of sea surface temperature (SST) anomalies 
in the region 5°N−5°S, 170°W−120°W. The index uses monthly average temperature anomalies sourced 
from the National Oceanic and Atmospheric Administration (NOAA), calculated using the HadISST1 SST 
data set (Rayner et al., 2003) with a 1981–2010 climatological base period.

This study used the latest iteration of reanalysis from the European Center for Medium-Range Weather 
Forecasts (ECMWF), ERA 5 (Copernicus Climate Change Service (C3S), 2017), spanning the period from 
1979 to 2018. ERA 5 is an updated version of ERA-Interim, widely regarded as the most reliable representa-
tion of the climate for the Antarctic region (Bracegirdle & Marshall, 2012). The variables examined were 
SST, 2 m air temperature (T2M), 500 hPa geopotential height (H500), and the vertically integrated horizon-
tal rate of northward heat transport (NthHF), all as monthly means. As with any model product these data 
are not without uncertainties, but ERA5 has been shown to perform well for Antarctica, with a smaller bias 
relative to observations than many other reanalysis products (Gossart et al., 2019; Jones & Lister, 2015), and 
the coverage is substantially better than the sparse observational records that are available in the Antarctic.

Sea ice variability in this study was determined using monthly mean sea ice concentration obtained from 
the Met Office Hadley Center Sea Ice and SST data set (HadISST.2.2.0.0; Titchner & Rayner, 2014), compris-
ing sea ice concentration (SIC) on a 1° × 1° latitude-longitude grid. HadISST2 SIC is derived from satellite 
observations, and is one of a few complete observation-derived records of sea ice for the period from 1979 to 
present (National Center for Atmospheric Research Staff (Eds), 2019). In this study we used area-averaged 
SIC, though initial analysis suggested that it would also be possible to use the parameters of sea ice area 
(SIA) or sea ice extent (SIE), as they were perfectly (SIA) or highly (SIE) correlated with the averaged SIC, 
and showed no significant difference when correlated with ERA5 reanalysis climate fields.

Sea ice motion data were obtained from the National Snow and Ice Data Center (NSIDC), using the Polar 
Pathfinder Daily 25 km EASE-Grid Sea Ice Motion Vectors (Version 4) data set (Tschudi et al., 2019). Daily 
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average sea ice motion vectors were transferred from the original 25 km EASE Grid onto the same 1° × 1° 
latitude-longitude grid used for the reanalysis and sea ice concentration data.

The date range for all data used in this study were 1979–2018, which marks the modern satellite era, 
where gridded sea ice concentration data is available and reanalysis products are reliable (Bracegirdle & 
Marshall, 2012).

2.2.  Data Analysis

For the initial correlation analysis, gridded SIC was area-weighted and then averaged over latitudes south 
of 50°S, and in 10° sliding sectors of longitude between 0°E and 180°E around the coast of East Antarctica. 
Each sea ice sector was correlated with the Niño 3.4 index. Areas of interest were identified from this initial 
analysis, and SIC in the sectors between 10°E and 70°E (Dronning Maud Land/Enderby Land) was aver-
aged and correlated against gridded H500, T2M, and SST. Each of these climate variables, along with NthHF 
and sea ice motion anomalies, were also correlated with the Niño 3.4 index. For wind and sea ice motion, 
both the U and V component of each variable were individually correlated with average SIC and the Niño 
3.4 index and then plotted together as vectors, which captured the general sea ice motion/wind direction 
associated with SIC and Niño 3.4 anomalies.

Statistical significance of correlations was determined using a two-tailed Student’s T-test, chosen due to the 
normal distribution of the data, with a significance level of 5% used throughout the study. SIC, H500, T2M, 
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Figure 1.  (a) Map of the study area including key locations discussed, and with the Dronning Maud Land/Enderby 
Land sector of interest (south of 50°S and between 10°E and 70°E) shaded in gray. Blue dashed line encloses the 
broader East Antarctic sea ice area examined.
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SST, and NthHF anomalies were calculated from a 1981–2010 climatological base period, removing the 
seasonal cycle. Seasonal averages were calculated according to austral autumn (March-April-May), winter 
(June-July-August), spring (September-October-November), and summer (December-January-February). 
The year for each summer mean was the December year. Anomaly composites examined average H500, 
T2M, SST, NthHF, and sea ice motion anomalies from periods when SIC in the Dronning Maud Land sector 
was in its upper and lower quartile (30 months for each seasonal composite), to examine nonlinearity in the 
response of sea ice to variability in each of these climate variables.

3.  Results
Correlation analysis showed that the most significant association between the Niño 3.4 index and SIC 
around East Antarctica occurred in the region of Dronning Maud Land and Enderby Land between 10°E 
and 70°E (Figure 2). In this region, Niño 3.4 and both summer (DJF) and autumn (MAM) SIC were moder-
ately and negatively correlated (on average r = −0.25 in DJF and r = −0.38 in MAM, p < 0.05). The corre-
lation was strongest in autumn, reaching a peak of −0.38 at around 55°E (Figure 2). Other weak but statis-
tically significant correlations between Niño 3.4 and SIC occurred in isolated regions along the rest of the 
East Antarctic coastline; positive correlations with SIC around 80°E–95°E (autumn), 95°E–110°E (spring), 
and 145°E–155°E (summer), and a negative correlation from 110°E to 130°E (summer).

In the region around DML where sea ice was significantly correlated with ENSO, the sea ice zone demon-
strated substantial seasonal and interannual variability. Figure 3 shows average seasonal SIC in the region 
between 0 and 90°E over the period 1979–2018. Sea ice concentration around the Dronning Maud Land/
Enderby Land region was highest and most spatially extensive in JJA and SON (Figures 3c and 3d), when 
SIC was > 0.8 from the coastline to ∼60°S and > 0.15 (the commonly used threshold of sea ice presence/
absence) to 55°S in some places. In contrast, sea ice concentrations were greater than 0.15 in MAM and DJF 
only in a narrow band around the coastline, extending northward by 1 or 2° (Figures 3b and 3e). SIC in the 
DML region also demonstrated substantial interannual variability, as shown in Figure 3a. Interannual var-
iability was strongest in JJA and SON. The strongest positive (0.09) and negative (−0.07) SIC anomalies oc-
curred in SON, in 2011 and 1997 respectively. In MAM and DJF (the seasons in which SIC was most strongly 
correlated to ENSO), interannual variability was more subdued, with the highest SIC anomaly occurring in 
2011 (0.05) and the lowest in 1987 (−0.02).
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Figure 2.  Correlation between Niño 3.4 index and average seasonal sea ice concentration in latitudes south of 50°S, 
and in 10° sliding sectors of longitude (each data point marks the start of a sector) between 0 and 180°E around the 
coast of East Antarctica over 1979–2018. Horizontal black lines mark statistical significance at the 5% level.
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SIC in DML was also significantly correlated with aspects of both local-scale climate around DML, and 
larger-scale Southern Hemisphere circulation. SIC in DML was inversely correlated with localized T2M and 
SST in all seasons (Figures 4 and 5), and positively correlated with a pattern of H500 consistent with anom-
alously southerly airflow over DML in all seasons but DJF. This pattern consisted of a positive correlation 
with H500 to the west of the DML region, and an inverse correlation with H500 to the east (Figure 4). All 
correlations were strongest and most extensive in MAM (maximum correlation magnitudes of r = −0.7,0.3, 
and −0.6 for T2M, H500 and SST, respectively).

At a broader scale, Figures 4 and 5 also show the presence of a second center of negative correlation be-
tween DML SIC and SST or T2M in all seasons (though strongest in autumn), centered on the opposite side 
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Figure 3.  (a) Timeseries of seasonal HadlSST sea ice concentration anomaly averaged over the Dronning Maud Land/
Enderby Land sector of interest (south of 50°S and between 10 and 70°E) for the 40-year period 1979–2018; and (b–e) 
average seasonal HadlSST sea ice concentration around the coast of Dronning Maud Land and Enderby Land, for the 
same time period, and where the seasons are MAM (b), JJA (c), SON (d), and DJF (e). DJF, summer; MAM, autumn.
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of the continent to DML in the Amundsen Sea region (reaching r = 0.5 for SST and T2M). There was also 
a significant correlation between SIC in Dronning Maud Land and a distinct wave train in the H500 field 
(Figures 4a and 4b), linking DML to the Amundsen Sea during autumn and winter. This consisted of a posi-
tive correlation around 0°E (reaching r = 0.4), a negative correlation in the Amundsen Sea region (reaching 
r = −0.3), and a positive correlation north of the Ross Sea region (reaching r = 0.3). In areas where DML 
SIC was positively correlated with a pattern of H500 that would be conducive to equatorward air flow (i.e., 
high pressure to the west, low pressure to the east), SIC was also inversely correlated with air temperature 
(Figure 4), and vice versa. Figure 4 also shows evidence of a Southern Annular Mode (SAM)-like pattern 
in the H500 fields in JJA and most prominently in DJF, where SIC is inversely correlated to H500 over the 
continent, and positively correlated to H500 around the continent.

In addition to the correlations in the Southern Ocean, Figure 5 also showed a moderate inverse correlation 
between autumn and summer SIC in Dronning Maud Land and SST in the equatorial Pacific Ocean. The 
correlation was strongest and most spatially extensive in summer (r = −0.47), extending across the equa-
torial Pacific Ocean just south of the equator, from 180°E to the coast of South America (Figure 5). In SON 
and JJA there was only a weak negative correlation with equatorial Pacific SST covering a much smaller 
region than in autumn and summer (Figures 5b and 5c).

Anomaly composites of SST during periods when sea ice concentration was in the upper or lower quartile 
again showed links to the equatorial Pacific Ocean (Figure 6), though also revealed a degree of asymmetry 
in this relationship. When sea ice was particularly low in DML during autumn and summer, SST in the 
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Figure 4.  Correlation between SIC averaged around Dronning Maud Land (10°E − 70°E, south of 50°S, area outlined 
in black) with T2M (shading) and H500 (contour lines, where solid lines show positive correlation coefficients, dash-dot 
lines show negative, and dashed line indicates zero contour, all with contour intervals of 0.1) during MAM (a), JJA (b), 
SON (c), DJF (d). All T2M correlations shown are significant at the 5% level. SIC, sea ice concentration; T2M, 2 m air 
temperature.
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equatorial Pacific Ocean and off the coast of equatorial South America showed a positive anomaly of up to 
0.6°C (Figures 6b and 6h). While this relationship was fairly symmetrical during DJF, it was markedly asym-
metrical during MAM, with SST anomalies much weaker (between 0.1°C and 0.4°C) when SIC was in the 
upper quartile compared to the lower quartile. Figure 6 additionally showed stronger SST anomalies in all 
seasons in the DML and Amundsen/Bellingshausen sea regions when DML SIC was in the upper quartile 
compared to the lower quartile.

In Figures 7a and 6a, the anomaly composites of H500 during periods of higher than usual autumn SIC 
in DML showed the same wave train as is visible in the correlations in Figure 4 (namely a high pressure 
anomaly northeast of the Weddell Sea, a low pressure anomaly in the Amundsen Sea, and a high pressure 
anomaly north of the Ross Sea), but the composites of low SIC do so only to a much weaker extent (Fig-
ures 7e and 6b). These patterns were accompanied by anomalously high T2M over DML and over the Ross 
Sea (+2°C) when SIC was low, and smaller negative anomalies in T2M (<−1.0°C) in the Amundsen Sea, 
along with in DML itself (−2.5°C) when SIC is high. In DJF (Figures 7d and 7h), there were no substantial 
T2M anomalies when SIC was particularly high or low.

To more closely examine the mechanisms by which SIC in DML is affected by large-scale climate varia-
bility, average northward heat flux and average sea ice motion during periods when sea ice in DML was in 
the upper and lower quartiles of concentration were also examined. Figures 8a–8d shows a strong positive 
northward heat flux anomaly (i.e., increased northward transport of heat) in the western half of the DML 
study area when SIC in DML was particularly high, in all seasons but DJF (reaching 4 × 109 W m−1 in JJA 
and SON, and 2.5 × 109 W m−1 in MAM). When SIC in DML was particularly low, however, the reverse 
of this pattern was not reflected to the same magnitude. Smaller negative northward heat flux anomalies 
(−2.5 × 109 W m−1 in MAM and SON, and −2 × 109 W m−1 in JJA) were present in all seasons but DJF 
(Figures 8e–8h), though in JJA the anomalies were present in the eastern half of the DML study area rather 
than the west.

Sea ice motion anomalies during periods of both high and low SIC were strongest in the western half of 
the DML study area, between 10°E and 40°E (Figure 9). When SIC in DML was particularly high, sea ice 
motion in this zone exhibited a consistent eastward anomaly, particularly toward the outer edge of the sea 
ice (Figures 9a, 9c, 9g, and 9e). This pattern was most prominent in JJA and SON. WhenSIC in DML was 
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Figure 5.  Correlation between SIC around Dronning Maud Land (10°E −70°E, south of 50°S, area outlined in black) and SST during MAM (a), JJA (b), SON 
(c), DJF (d). All correlations shown are significant at the 5% level. SIC, sea ice concentration; SST, SST.
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particularly low, ice motion anomalies were weaker, and showed greater variability in the direction of mo-
tion (Figures 9b, 9d, 9f, and 9h). The exception to this was in DJF, where sea ice motion was anomalously 
westward when SIC was low, in contrast to the anomalous eastward motion when SIC was high.

In a more direct examination of the role that ENSO plays in determining SIC in DML, Figures 10–12 show 
the correlation between ENSO and various aspects of the regional circulation and climate around DML. 
Many of the patterns evident in these figures are the same as those seen in the associations between DML 
SIC and climate variability, particularly in the H500, SST, and T2M fields (Figures 5 and 4). In both MAM 
and DJF, when ENSO and SIC were most strongly linked, ENSO variability was correlated with positive 
T2m (Figures 10a and 10d, correlation reaching r = 0.47) and SST (Figures 11a and 11d, correlation reach-
ing r = 0.49) anomalies centered between 20°E and 50°E, and stretching from the coastline to 50°S. These 
correlations were either much weaker or not visible during JJA (Figures 10b and 11b) and SON (Figures 10c 
and 11c), when ENSO was not significantly correlated with SIC.

In MAM ENSO was also correlated with anomalously negative H500 over the coastline to the west of DML 
(centered on 0°E) with an accompanying positive anomaly in northerly winds when regressed against 
the Niño 3.4 index and negative correlation with northward heat flux on the eastern side of this system, 
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Figure 6.  Anomaly composite mean for the upper (High SIC; a,c,e,g) and lower (Low SIC; b,d,f,h) quartiles of SIC around Dronning Maud Land (10°E − 70°E, 
south of 50°S, area outlined in black) over 1979–2018. Shading is SST anomalies (°C). Contour lines show 500 hPa geopotential height anomalies (m) at 50 m 
intervals. Solid contours are positive anomalies, dash-dot contours are negative. SIC, sea ice concentration.
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extending across DML (Figures 11a and 12a). In DJF this low-pressure correlation was centered again over 
the meridian but further north than MAM, coupled with a positive correlation with H500 over the conti-
nent (Figures 11d). This was accompanied by increased zonal winds over the DML sea ice zone (Figure 12 
south of 55°S) when regressed against the Niño 3.4 index, more northeasterly between 30°E and 60°E, and 
more southeasterly in all other longitudes, along with significant anomalous northwestward sea ice motion 
off the coast of DML (Figure 10d). In JJA and SON, when ENSO and SIC were not significantly correlated, 
ENSO was associated with much weaker patterns of H500 (Figures 11b and 11c) that did not match those 
that were correlated with DML SIC (Figures 4b and 4c).
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Figure 7.  Anomaly composite mean for the upper (High SIC; a,b,c,d) and lower (Low SIC; e,f,g,h) quartiles of SIC 
around Dronning Maud Land (10°E−70°E, south of 50°S, area outlined in black) over 1979–2018. Shading is 2 m air 
temperature anomalies (°C). Solid contours are positive 500 hPa geopotential height anomalies (m) at 50 m intervals, 
dash-dot contours are negative. SIC, sea ice concentration.

Figure 8.  Anomaly composite mean vertical integral of the northward heat flux (W m−1) for the upper (High SIC; 
a,b,c,d) and lower (Low SIC; e,f,g,h) quartiles of SIC averaged around Dronning Maud Land (10°E−70°E, south of 50°S, 
area outlined in black) over 1979–2018. SIC, sea ice concentration.
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4.  Discussion
Our results show a clear statistical link between ENSO and SIC around the coast of DML and provide new 
insight into the role of climate variability in determining SIC in East Antarctica. There was a significant 
correlation between the Niño 3.4 index and sea ice concentration between 10°E and 70°E in summer and 
autumn, where SIC increases during a negative ENSO phase, and decreases during a positive one. Analy-
ses of SST, T2M, and H500 fields, as discussed below, illustrate the mechanisms by which this link occurs. 
While past studies (e.g., Aoki, 2017; Boening et al., 2012; Noone et al., 1999) have found evidence of an 
ENSO signal in other aspects of the DML ice-ocean-atmosphere system, our findings extend this to include 
sea ice concentration, suggesting that the influence of ENSO on Antarctic sea ice is more geographically 
extensive than previously reported.

We suggest that ENSO exerts an influence over SIC in Dronning Maud Land through similar mechanisms 
as the well-established link between ENSO and sea ice in West Antarctica (e.g., in the Ross and Amund-
sen Seas). The West Antarctic link is driven by the perturbation of large-scale atmospheric circulation by 
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Figure 9.  Anomaly composite mean sea ice motion (m h−1) vectors for the upper (High SIC; a,c,e,g) and lower (Low 
SIC; b,d,f,h) quartiles of SIC averaged around Dronning Maud Land (10°E−70°E, south of 50°S). Reference arrow 
shows a rate of 0.7 m h−1.
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tropical Pacific SST anomalies, and the development of a southward-propagating wave train which results 
in low or high pressure anomalies in the Amundsen Sea region during a La Niña or El Ninõ respectively, 
and vice versa in the Weddell Sea (Kwok & Comiso, 2002; Liu et al., 2002; Yuan, 2004). These circulation 
changes affect local heat fluxes and advection in these regions (e.g., the Antarctic Peninsula, Amundsen/
Bellingshausen Seas, and the Ross Sea), in turn influencing SIC.

We find that SIC in Dronning Maud Land was significantly correlated to SST in the Niño 3.4 region of the 
eastern tropical Pacific Ocean (Figures 5a–5c), and similarly to a wave train in the H500 field that extends 
into the south Pacific sector of the Southern Ocean, and then eastward around Antarctica (Figure 4). These 
patterns were also clearly visible within the SST and H500 anomalies when SIC in DML was particularly 
high, and to some extent when it was particularly low (Figures 6a, 6b, 6g, 6h, 7a, and 7e). The wave train 
appears similar to the Pacific South American pattern (PSA), a pattern of climate variability triggered by 
equatorial SST anomalies which is considered to be the dominant mechanism by which ENSO influences 
high southern latitude climates (Harangozo, 2004; Karoly, 1989; Mo & Higgins, 1998; Mo & Paegle, 2001).

The pattern in our H500 correlations (Figure 4) included a correlation with the Antarctic Dipole, a well-
known feature of geopotential height and sea ice anomalies in the Amundsen and Weddell Seas (Yua-
nand Martinson, 2000, 2001). The dipole is driven by the PSA/ENSO, and typically consists of a negative 
geopotential height anomaly in the Amundsen Sea (the Amundsen Sea Low) and a positive anomaly in 
the Weddell Sea during La Niña, and vice versa with El Niño (Kidson & Renwick, 2002; Renwick, 2002; 
Yuanand Martinson, 2000, 2001). These results support the findings of Aoki (2017) and Noone et al. (1999) 
who suggest that the Weddell Sea component of this wave train directly affects certain aspects of the DML 
climate are linked to ENSO variability. Its proximity just to the west of DML means anomalous high or low 
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Figure 10.  Correlation between the Niño 3.4 index and ERA 5 monthly average 2 m air temperature anomalies 
(colored shading), and regression of the NSIDC sea ice motion anomalies (vectors) against the Niño 3.4 index during 
MAM (a), JJA (b), SON (c), and DJF (d), across the Dronning Maud Land/Enderby Land region (0°E–90°E). Reference 
arrow shows a rate of 15 m d−1.
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pressure would alter local scale wind speeds and direction, in particular the north-south airflow across 
DML (Hirasawa et al., 2000; Noone et al., 1999; Welhouse et al., 2016). Low pressure in the Weddell Sea 
(El Niño) would increase poleward (northerly) airflow across DML, while high pressure (La Niña) would 
increase equatorward (southerly) flow. This theory is supported by the findings in Figure 11 which show 
that in MAM and DJF, the H500 wave train associated with ENSO includes a center of anomalous low pres-
sure over the meridian with the eastern limb extending over DML. Accompanying this in MAM, El Niño is 
associated with anomalous northerly airflow and lower than usual SIC in DML, while La Niña is associated 
with anomalous southerly airflow and increased SIC in DML (Figure 12).

Increased northerly airflow could be expected to drive changes in SIC through two different mechanisms. 
Thermodynamically, more northerly airflow would increase the advection of warm air from lower lati-
tudes, increasing air temperature and thus increasing the surface melt of existing sea ice or decreasing the 
formation of new ice. Dynamically, northerly air flow would decrease transport of sea ice from the south, 
increasing concentration close to the coastline, but reducing overall extent (Lefebvre & Goosse, 2005; Liu 
et al., 2004; Turner et al., 2009). Increased southerly airflow exerts the opposite influence on sea ice for ex-
ample, bringing cooler polar air over the region, and encouraging northward advection of new ice.

The covariance of the dynamic and thermodynamic impacts of meridional flow mean it is generally difficult 
to discern which of these mechanisms dominate. Figure 8 shows a strong association between meridional 
heat transport and SIC in Dronning Maud Land in all seasons but DJF, particularly when SIC is high. How-
ever, the links between SIC and sea ice motion in DML appeared to favor zonal transport over meridional 
transport. The association between SIC in the western side of DML and zonal sea ice motion in Figure 9, 
where westward transport is linked with higher SIC in all seasons, and eastward transport is additionally 
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Figure 11.  Correlation between the Niño 3.4 index and both ERA 5 monthly average SST anomalies (colored shading), 
and 500 hPa geopotential height anomalies (contour lines, where solid lines show positive correlation coefficients, 
dash-dot lines show negative, and dashed lines indicate zero contour, all with contour intervals of 0.1) during MAM (a), 
JJA (b), SON (c), and DJF (d), across the Dronning Maud Land/Enderby Land region (0°E–90°E). SST, SST.
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linked with low SIC in DJF, suggests that sea ice import from the east contributes to the sea ice pack in 
Dronning Maud Land. This finding supports those of Kimura and Wakatsuchi (2011), who identified that 
SIC in the western most part of Dronning Maud Land (0°E−30°E), is strongly contributed to by the east-
ward import of sea ice from the Weddell Sea.

In relation to ENSO, Figures  10–12 show that in MAM, ENSO is positively correlated with anomalous 
northerly winds, T2M, SST, and NthHF over the DML sea ice zone, and not substantially correlated with 
sea ice motion. This suggests that in MAM, the link between ENSO and SIC around DML is driven by the 
anomalous northward transport of heat over DML and subsequent T2M anomalies. As MAM encompasses 
the beginning of the sea ice growth season, these T2M anomalies would serve to either enhance (La Niña, 
negative T2M anomaly) or slow (El Niño, positive T2M anomaly) sea ice growth processes, driving anoma-
lously high (La Niña) or low (El Niño) SIC around DML.

In DJF, the processes connecting DML SIC to ENSO-associated circulation anomalies appear to be different. 
The positive correlation with anomalous H500 centered over the meridian is much further north in DJF 
than in MAM. This means that ENSO is correlated with easterly and southeasterly winds over the DML 
sea ice zone (Figure 11), as opposed to the northerly winds associated with ENSO in MAM, and is not 
significantly correlated with northward heat flux. However, in DJF ENSO remains strongly correlated with 
SST and T2M anomalies between the coastline and 55°S, and is associated with northward sea ice transport 
across the DML sea ice zone.

One possible explanation is that the increased zonal component of the wind flow associated with ENSO in 
DJF (increased easterly winds during an El Niño and increased westerly winds during a La Niña) results in 
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Figure 12.  Correlation between the Niño 3.4 index and ERA 5 vertically integrated average northward heat flux 
anomalies (colored shading), and regression of 10 m wind anomalies (vectors) against the Niño 3.4 index during MAM 
(a), JJA (b), SON (c), and DJF (d), across the Dronning Maud Land/Enderby Land region (0°E –90°E). Reference arrow 
shows a rate of 0.3 m s−1.
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anomalous Ekman flow (southward during El Niño, northward during La Niña), which acts to advect either 
warm water southward in an El Niño or cold water northward in a La Niña (Ferreira et al., 2015). As DJF 
is the Southern Hemisphere sea ice melt season, overall variability in SIC would be driven by variability in 
the amount of sea ice melt. Consequently, the warmer SST associated with an El Niño phase would then 
increase the rate of sea ice melt, and decrease sea ice concentration around DML. During a La Niña phase, 
the advection of cooler water northward would do the opposite, slowing the rate of sea ice melt and thus 
drive anomalously high SIC.

In addition, the positive correlation between ENSO and northeastward sea ice motion during DJF could be 
explained by the influence that sea ice concentration has on sea ice motion. Higher SIC means a more con-
solidated sea ice pack that is more resistant to wind- or ocean-forced advection (Kimura, 2004, Steele et al., 
1997). This could mean that the increased northward transport of sea ice during El Niño phases (southward 
transport during La Niña) that we see in Figure 10 may be a product of the anomalously low SIC (high SIC 
during La Niña) driven by the process described above.

In terms of the seasonality of the ENSO signal in DML, its prevalence in austral summer and autumn but 
not throughout the rest of the year is broadly consistent with the findings of e.g., Yuan (2004), Okumura 
and Deser (2010), and Pope et al. (2017). These studies identified that the teleconnection between ENSO 
and the Antarctic climate is at its strongest during summer (Okumura & Deser, 2010; Yuan, 2004) when 
ENSO activity peaks, before decaying further into winter. However, the impact of the teleconnection on sea 
ice has been suggested to be strongest in autumn, when sea ice is expanding (Pope et al., 2017; Yuan, 2004), 
explaining the strong correlation we see between DML SIC and ENSO in autumn.

One factor not investigated by this study was the covariance of ENSO with other modes of climate varia-
bility. The influence of ENSO on SIC in West Antarctica is known to work in tandem with the Southern 
Annular Mode (SAM), working to enhance or diminish the effects of ENSO depending on its phase (Fogt & 
Bromwich, 2006; L’Heureux & Thompson, 2006; Zhou & Yu, 2004). Results in Figure 4 showed evidence of 
a SAM-like pattern in the correlation between SIC and H500 geopotential height in JJA and DJF, suggesting 
some SAM influence around DML. Further research is needed to determine whether ENSO and SAM inter-
act in this region, and work similarly as in West Antarctica to influence SIC change.

5.  Conclusions
To our knowledge, our study identifies the first clear link between ENSO and SIC in East Antarctica in the 
Dronning Maud Land sector. Our results showed a strong negative linear correlation between satellite-de-
rived SIC and the Niño 3.4 index in austral summer and autumn persisting between 10°E and 70°E, around 
the coast of Dronning Maud Land and Enderby Land. Using ERA5 reanalysis, we found that within this 
same region SIC is strongly correlated with tropical Pacific SST, and with a wave train in SST and H500 bear-
ing similarity to the PSA-1 pattern, resulting in a strong correlation with H500 in the Weddell Sea. These 
results suggest that an atmospheric wave train triggered by ENSO SST anomalies in the Pacific alters North-
South flow over DML, driving changes to local scale heat fluxes and advection, and affecting the formation, 
melt, and transport of sea ice in the region.

These findings underscore the importance of atmospheric circulation in determining Antarctic SIC, and 
suggest that the influence of ENSO on SIC is more extensive than previously thought, extending into the 
East Antarctic region. Further research is needed to identify the precise mechanisms by which these links 
occur, and how this tropical-polar teleconnection may be affected by projected climate change.

Data Availability Statement
All data used in this study are freely available online. The HadISST.2.2.0.0 sea ice concentration data can be 
found at (https://www.metoffice.gov.uk/hadobs/hadisst/), NSIDC sea ice motion vectors at (https://nsidc.
org/data/nsidc-0116), ERA5 reanalysis at (https://cds.climate.copernicus.eu), and the Niño 3.4 index time-
series at (https://psl.noaa.gov/gcos_wgsp/Timeseries/Nino34/).
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