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Abstract

Convection associated with the leading mode of subseasonal variability of the tropical
atmosphere, the Madden—Julian Oscillation (MJO), can excite Rossby wave trains that
extend well into the extratropics and allow the MJO to modulate many components of
the Earth system. To improve our understanding of teleconnections between the MJO
and Antarctic sea ice, composite anomalies of daily change in sea ice concentration (ASIC)
from 1989 to 2019 were binned by phase 0-20 days after an active MJO and compared
to anomalies of surface air temperature, the meridional component of surface wind, and
sea-level pressure. In May, ASIC anomalies were strongest in the Indian Ocean (IO) sector,
16 days after phase 8. There, a wavenumber-three pattern in sea-level pressure anomalies
associated with the MJO resulted in anomalously poleward winds and warmer tempera-
tures over the central and eastern IO that were collocated with anomalously negative ASIC.
Furthermore, anomalously equatorward winds and colder temperatures in the western IO
were collocated with anomalously positive ASIC. In July, ASIC anomalies were strongest in
the Weddell Sea (WS) sector nine days after an active MJO in phase 2. There, a wavenumber-
three pattern in sea-level pressure anomalies resulted in anomalously poleward winds
and warmer temperatures over the western and central WS that were collocated with
negative ASIC anomalies; anomalously equatorward winds and colder temperatures over
the eastern WS were collocated with positive ASIC anomalies. In September, the largest
ASIC anomalies were observed in the IO and WS sectors six days after an active MJO in
phase 8. No meaningful modulation of sea ice anomalies was found after an active MJO in
November or January. These results extend our understanding of teleconnections between
the MJO and Antarctic sea ice on the subseasonal time scale.

Keywords: subseasonal variability; sea ice; Antarctica; tropical to high latitude teleconnections

1. Introduction

Antarctic sea ice responds to forces from multiple sources, including wind stress
and surface air temperature (SAT) [1-6], precipitation [7-10], ocean temperature [11-14],
ocean circulation [15,16], surface ocean waves [17,18], and air-sea feedbacks [19,20]. Of
these, wind and SAT are thought to be among the most important drivers of sea ice
variability [4,21-24]. Antarctic sea ice growth and decay are most focused in the marginal ice
zone around the continent [25,26]. In this circumpolar zone, which can be many hundreds
of kilometers wide, sea ice concentration (SIC) can range from 15 to 80% [27]. Here, the
meridional component of surface winds can drive either ice formation or decline [28,29],
often via heat transfer [30]. When surface winds are equatorward, they typically advect
colder, drier air from the continent that tends to promote sea ice formation, and when they
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are poleward, they typically advect relatively warmer, moist air from lower latitudes that
tends to promote sea ice decline [31]. These winds and temperatures are known to vary
across wide time scales, from hours to centuries [6,32-36], but comparatively less is known
about their variability on the subseasonal (30-60 day) time scale or how they affect sea ice
on that scale.

The leading mode of tropical atmospheric variability on the subseasonal time scale is
the Madden-Julian Oscillation (MJO) [37,38]. The MJO is an approximately wavenumber-
one equatorial oscillation characterized by a broad zone of enhanced convective activity and
ascent that progresses eastward, flanked on either side by suppressed convective activity
and descent [39-41]. MJO convection tends to be strongest in the Eastern Hemisphere [42],
while the anomalous ascent and descent tend to circumnavigate the equator on subseasonal
time scales [43,44]. One of the consequential features of the oscillation is its generation of
Rossby waves that propagate poleward in both hemispheres [45,46], allowing the MJO to
interact significantly with almost every component of the Earth system [34,47,48]. This
teleconnection process can be complicated by wave breaking and nonlinear extratropical
responses [34,49,50], yet in the Northern Hemisphere, sea ice has been observed to respond
to both wind and temperature anomalies driven by the MJO [51,52]. Less is known about
possible MJO modulation of Antarctic sea ice, partly because less is known about MJO
teleconnections, in general, in the Southern Hemisphere [53].

Much of the work to date on the variability of Antarctic sea ice has focused on the
monthly, seasonal, and interannual time scales [54-61], which is perhaps not surprising
given that the most pronounced variability of Antarctic sea ice occurs as it completes its
annual cycle [62]. On that time scale, at its September maximum, Antarctic sea ice covers
approximately 18-19 million km?, but it reduces to one-sixth of that area in February [63]
in an uneven cycle of formation and decline in the marginal ice zone [28,64] driven by
seasonal variability in temperature and wind.

Despite evidence that Antarctic temperatures and winds are modulated subseasonally
by the MJO [65-69], our understanding of the MJO’s modulation of Antarctic sea ice is
incomplete. One of the first to investigate the MJO-Antarctic sea ice relationship [70] found
links between sea ice concentration and subseasonal variability of 500 hPa geopotential
height during two periods: when sea ice was growing (May—June) and when it was near
its maximum extent (August-October). They found that anomalies in 500 hPa height
tend to lead the sea ice by approximately five days, but concluded that changes in sea ice
were largely the result of internal Antarctic variability and not forcing from the tropical
M]JO. More recently, subseasonal variability of Antarctic sea ice extent (SIE) was found
to be most coherent with variability of atmospheric geopotential height in the 2040-day
time frame [71], but that relationship was thought to be more associated with the Pacific—
South American pattern than the tropical MJO. Only recently has stronger evidence of
a link between the MJO and Antarctic sea ice begun to emerge. For example, ref. [72]
partially connected the record low SIE in December 2016 to the MJO, noting that MJO
convection over the tropical Indian and western Pacific Oceans weakened a wavenumber-
three circulation over Antarctica that reduced SIE in the Indian Ocean, Ross Sea, and
Bellingshausen and Amundsen (B&A) Seas sectors (see Figure 1 for sector definitions).
Ref. [73] found that when MJO convection is over the Indian Ocean (phase 2), SIE increases
over the Mawson-Dumont d’Urville Seas and decreases over the Ross Sea, while when
MJO convection is over the Maritime Continent (phase 4), SIE increases in the Ross and
Weddell Seas and decreases in the Antarctic Peninsula. They attributed these changes in
SIE to temperature advection due to anomalous meridional winds driven by a response to
Rossby wave propagation into the Southern Hemisphere during the Austral winter.
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Figure 1. Sea ice sectors in the Southern Hemisphere, following [74].

Even with these findings, there remain gaps in our understanding of subseasonal
modulation of Antarctic sea ice by the MJO, particularly regarding possible regionality
and temporal variability. This uncertainty was highlighted by [29], who found—somewhat
in contrast with earlier results—that the greatest MJO-linked variability in sea ice was
in the spring ice-melt season, mostly in the Weddell Sea. In our study, we build upon
and extend previous work on subseasonal modulation of Antarctic sea ice by the MJO
in two key ways. First, we consider anomalous daily change in gridded SIC (instead of
basin-averaged SIE) over a range of daily time lags, from 0 to 20 days after an active MJO;
and second, we consider daily changes in SIC and the corresponding atmospheric wind
and temperature forces separated in the five Antarctic sectors defined by [74] (the Indian
Ocean sector (20-90° E), the western Pacific Ocean sector (90-160° E), the Ross Sea sector
(160° E-130° W), the Bellingshausen and Amundsen Seas (B&A) sector (130-60° W), and
the Weddell Sea sector (60° W—20° E) [54,74,75]; see Figure 1). The remainder of this article
is as follows: data and methods are presented in the next section, followed by results in
Section 3, discussion in Section 4, and Conclusions in Section 5.

2. Data and Methods

The analyses in this study are based on three publicly available datasets. First, the
daily change in Antarctic SIC was calculated using the National Snow and Ice Data Center
(NSIDC) sea ice index version 3 [76]. These data are derived from passive microwave
measurements taken by polar-orbiting satellites and represent the fraction (from 0.0 to 1.0)
of a pixel covered in ice [77]; they are available on a 25 km x 25 km grid at daily temporal
resolution. SIC was analyzed over the years 1989-2019, starting in 1989 due to missing data
in the record from 1979 to 1988 and ending in 2019 to avoid inhomogeneities associated
with the recent rapid decline in Antarctic sea ice starting in 2020 [13,78]. Daily change in
SIC (ASIC) was calculated at each grid point using the following:

ASIC = SIC(dayn) — SIC(dayy 1)

where SIC(dayy) is the daily SIC for day n and SIC(dayy,_1) is the concentration for
the previous day. Anomalous ASIC for each grid point was calculated by subtracting
the 30-day running mean. Extreme changes in ASIC were defined as values at least
two standard deviations from the mean SIC for the respective month. To test the statistical
significance of extreme changes in ASIC, a two-tailed, unequal variance, independent
two-sample t-test (a Welch’s t-test) was performed at every grid point for every MJO
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phase, following [51]. Anomalies statistically significant at the 95th percentile (with a
p-value < 0.05) were retained.

Second, MJO phase and amplitude were defined using the daily real-time multivariate
MJO (RMM) index [79]. The RMM index categorizes the MJO in one of eight phases, each
corresponding to the broad location of an MJO-enhanced equatorial convective signal. The
index is created by projecting anomalies of outgoing longwave radiation and zonal 850 and
200 hPa winds between 15° N and 15° S onto the two leading principal components (RMM1
and RMM2) from an empirical orthogonal analysis [80]. It describes up to 30% of the
subseasonal variability of the tropical atmosphere [79,81] while capturing the quasi-cyclic
MJO eastward progression, from phase 1 to 8 and back to phase 1 again [44,82]. Daily
ASIC anomalies were binned by phase of the active MJO, and an active MJO was defined
as one with an amplitude ([RMM12 + RMM22]%) greater than 1.0. Anomalies of ASIC
were examined 0-20 days after an active MJO to allow for time lags associated with the
variability of Rossby wave forcing from the tropical source region [83].

Third, the relationship between the atmospheric environment and Antarctic sea ice
was examined via daily anomalies of the 10 m meridional wind component (v-wind),
2 m surface air temperature (SAT), and mean sea-level pressure (MSLP) from the ERA5
reanalysis [84] from 1989 to 2019. Daily anomalies of the v-wind, SAT, and MSLP at grid
spacing of 0.25° x 0.25° at 0000 UTC were calculated using the method described above for
sea ice, and those anomalies were then binned by phase at 0-20-day time lags after an active
MJO. The anomalies were tested for statistical significance using a Welch’s t-test similar to
the ASIC anomalies. The strength of the agreement between the anomalies of v-wind, SAT,
and ASIC by MJO phase, sector, and time lag was quantified in Pearson product-moment
correlation coefficients. Correlation coefficients (r) were calculated between ASIC and v-
wind and SAT anomalies at every grid point in each sector for each MJO phase and month
after projecting the v-wind and SAT reanalysis data from the ERA5 grid onto the ASIC
grid. The correlations were used to determine in which phase, sector, and time lag the MJO
modulation was strongest. In this study, we define correlation strength as follows: strong

lrl > 0.6, moderate 0.3 > |r| > 0.6, and weak |r| < 0.3, following [85]. It is important to

note that due to the large number of paired gridded observations (1 > 500) used to calculate
the correlations in each sector, correlation coefficients larger than 0.146 are statistically
significant beyond 99.9% (p < 0.001).

3. Results
3.1. Annual Cycle of Antarctic Sea Ice

There is a pronounced annual cycle in the extent of total Antarctic sea ice [59], with a
maximum in total SIE in September and a minimum in total SIE in February. The tendency
is for sea ice growth in May and July, while November and January are dominated by ice
decline. In September, both ice growth and decline are present, and sea ice extent is at
a minimum in February—-March. In this study, potential MJO modulation of sea ice was
investigated in all months of the year. Results from five months (May, July, September,
November, and January) are presented here because they represent the annual cycle and
feature a marginal ice zone sufficiently broad to respond to force from the MJO on the
synoptic and larger scales [86,87]. The marginal ice zone is located close to the continent
in May (Figure 2a), extends equatorward into the Southern Ocean in July, September, and
November (Figure 2b—d), and then retreats again to a position close to the continent in
January (Figure 2e). The magnitude of average daily ASIC is larger in May and November
and smaller in September, and in September, on average, sea ice concentrations decline in
the B&A Sea and western Weddell Sea sectors and increase in the eastern Weddell Sea and
Indian Ocean sectors (Figure 2c). As will be shown below, the Indian Ocean and Weddell
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Sea sectors particularly stand out as having the most frequent and largest correlations
between sea ice and wind and temperature. This is perhaps because the marginal ice
zone is widest over the Indian Ocean and Weddell Sea sectors from May and November
(Figure 2a—c), and also because the mean daily ASIC is largest in those two sectors during
the year. From February to March, the mean ASIC is close to zero, and the marginal ice
zone is confined to areas adjacent to the continent (not shown).
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Figure 2. Average daily ASIC (in units of concentration) from 1989 to 2019, for (a) May, (b) July,
(c) September, (d) November, and (e) January. The SIC is derived from the NASA National Snow and
Ice Data Center sea ice index version 3 [76]. Sector names are given in Figure 1.

3.2. The MJO and Antarctic Sea Ice
3.2.1. Identifying MJO Phases and Time Lags with the Strongest Relationship

Correlation coefficients between ASIC and two atmospheric variables, the meridional
component of the 10 m wind (v-wind) and 2 m temperature (SAT), were calculated for all
months. As discussed earlier, results for five months (May, July, September, November, and



Glacies 2025, 2, 16

6 of 18

January) are presented here as representative of the period April-January. Positive correla-
tions between ASIC and v-wind anomalies indicate a relationship where either anomalous
equatorward surface wind is co-located with positive ASIC anomalies or anomalous pole-
ward surface wind is co-located with negative ASIC anomalies. Negative correlations
between ASIC and surface temperature anomalies indicate either anomalously cold air
co-located with positive ASIC anomalies or anomalously warm air co-located with negative
ASIC anomalies. Note that in those Figures, both the size and shading of the circles indicate
the magnitude of the field correlations between anomalous temperature and ASIC. For
clarity, only positive correlations between ASIC and v-wind and negative correlations
between ASIC and surface temperature are displayed. It is important to note that for some
phases and time lags, one—but not both—of either temperature or wind is moderately
or strongly correlated with SIC. However, here we constrain our analysis to highlight the
sector, phase, and time lag with the strongest correlation between ASIC and both v-wind
and SAT in each month.

3.2.2. MJO Modulation of Sea Ice in May

In May, the strongest relationships between anomalous daily change in Antarctic
sea ice and anomalies of both meridional wind and surface air temperatures are in the
Indian Ocean sector 16 days after an active MJO in phase 8. There, correlation coefficients
between ASIC and meridional wind and surface air temperature were +0.62 (p < 0.001)
and —0.50 (p < 0.001), respectively, (Figure 3a). Negative daily ASIC anomalies (as low as
—0.10) are found between 30° and 90° E in the marginal ice zone in the Indian Ocean sector
(Figure 4a), 16 days after active MJO phase 8. These statistically significant (beyond 95%;
p < 0.05) sea ice anomalies are collocated with negative anomalies of surface wind (as low as
—1.5 standard anomalies; Figure 4b) and positive anomalies of temperature (as high
as +1.0 standard anomalies). Moreover, the strongest anomalously negative meridional
winds (Figure 4b) and anomalously positive surface temperatures (Figure 4c) are located
in the transition region between the positive MSLP anomaly center at 90° E and the
negative anomaly center at 30° E (Figure 4d), both of which are statistically significant
beyond 97.5% (p < 0.025). Physically, this result means that 16 days after an active MJO
in phase 8, anomalous sea ice decline in the central and eastern Indian ocean sectors
between 30° and 90° E is co-located with (and supported by) regions of anomalously
poleward winds (Figure 4b) and above-normal temperatures (Figure 4c). In addition,
in the western portion of the Indian Ocean sector, between 20° and 30° E, positive ASIC
anomalies (up to +0.08; Figure 4a) are collocated with colder temperatures and equatorward-
directed winds (Figure 4b,c). At day 16, MSLP anomalies form a wavenumber-three pattern
around the continent (Figure 4d), with two areas of anomalous high pressure centered
around 20° W and 90° E and an area of anomalous low pressure centered between them
at 30° E. This MSLP wave pattern appears similar to the response in Antarctic circulation
to MJO convection in the tropical Western Hemisphere (phase 8) found by [68]. Because
the anomalous surface winds and resulting anomalous surface temperatures are likely a
gradient response to these MJO-driven pressure anomalies, e.g., ref. [88], the collocation
of sea ice anomalies with anomalies of meridional wind and temperature suggests MJO
modulation of sea ice in the Indian Ocean sector in May, approximately two weeks after
active phase 8.
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MJO phase

Figure 3. Time-lagged correlations between anomalous daily ASIC and anomalous 10 m meridional
wind (shading) and 2 m air temperature (filled circles) by sector and MJO phase for the month of
May. The color scheme applies to both temperature and wind. Furthermore, the size of the circles
qualitatively indicates the magnitude of correlation between sea ice and temperature. The gray box
indicates the phase and time lag selected for further analysis in Figure 4, in this case over the Indian
Ocean sector, 16 days after MJO phase 8.

(b) v-wind (c) 2-m temperature (d) MSLP

o o

Figure 4. (a) Anomalous daily ASIC (in concentration); (b) average 10 m wind (vector) and anomalous
meridional component (shading) (both in m s™1); (c) anomalous 2 m temperature (in °C); and
(d) anomalous mean sea-level pressure (in hPa), in May, 16 days after an active MJO phase 8. The
Indian Ocean sector is highlighted and corresponds to the gray box in Figure 3. All ASIC anomalies
are statistically significant at the 95th percentile or above. Stippling in panels (b—d) indicates the
significance of wind, temperature, and pressure, respectively, at the 95th percentile. The number of
active MJO days in the composite is given by n.

It is important to note that while the strongest correlations between anomalies in sea
ice and both v-wind and SAT during the month of May occur 16 days after active MJO phase
8, these maxima in correlations do not appear instantaneously but rather build slowly from
day +9, reaching their peak on day +16 and then decaying slowly to day +20 (Figure 3a).
Similar, although weaker, correlations are also observed in adjacent phases (5-7). This
anomaly pattern, where the signal is present over multiple time lags and in adjacent phases,
is typical of the quasi-cyclic modulation of the extratropics by the MJO [34,89]. Finally, it is
important to note that in May, sea ice anomalies in other sectors are moderately correlated
with anomalies of one, but not both, of the two surface variables (e.g., with v-wind but
not temperature). For example, in the Western Pacific Ocean sector, 10-12 days after active
MJO phases 1 and 2, ASIC is moderately correlated with meridional wind (correlation
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coefficients as high as +0.50; p < 0.001) but only weakly correlated with SAT (correlation
coefficients around —0.10; p = 0.025) (Figure 3b). Similarly, 8-12 days after an active MJO
phase 8, ASIC in the B&A Seas is moderately correlated with SAT (—0.40; p < 0.001) but
not with v-wind (r near zero) (Figure 3d). Other regional agreement between SIC and
the v-wind (but not SAT) is seen in the western Ross Sea 13-15 days after active MJO
phases 3-5 (Figure 3c).

3.2.3. MJO Modulation of Sea Ice in July

In July, the strongest relationships between anomalous daily change in Antarctic sea
ice and anomalies of both meridional wind and surface air temperatures are in the Wed-
dell Sea sector nine days after an active MJO in phase 2 (Figure 5e). There, correlation
coefficients between ASIC and meridional wind and surface air temperature were +0.59
and —0.63, respectively (p < 0.001 for both). Statistically significant positive and negative
ASIC anomalies are observed in the Weddell Sea, with negative ASIC anomalies as large
as —0.05 in the western part of the sector (60° W-5° W) and positive ASIC anomalies as
large as +0.15 in the eastern part of the sector (5° W-20° E) (Figure 6a). The negative sea ice
anomalies in the western Weddell Sea are collocated with statistically significant negative
anomalies of meridional surface wind (as low as —1.5 standard anomalies in the western
part of the sector; Figure 6b) and statistically significant positive anomalies of surface air
temperature (as high as +2.5 standard anomalies near 50° W; Figure 6¢). The positive sea
ice anomalies in the eastern Weddell Sea are collocated with statistically significant positive
anomalies of meridional surface wind (as high as +2.5 standard anomalies; Figure 6b)
and statistically significant negative anomalies of surface air temperature (as low as
—3.0 standard anomalies; Figure 6¢c). The strongest anomalies in v-winds and SAT are
located between statistically significant centers of anomalous sea-level pressure (Figure 6d):
warm temperatures and poleward (northerly) surface winds in the positive-to-negative
MSLP transition between 130° W and 30° W and cold temperatures and equatorward
(southerly) surface winds in the negative-to-positive MSLP transition between 30° W and

60° E.
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Figure 5. As in Figure 3, but for July. The gray box indicates the phase and time lag selected for
further analysis in Figure 6, in this case over the Weddell Sea sector, nine days after MJO phase 2.
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(a) ASIC

(b) v-wind (c) 2-m temperature (d) MSLP

Figure 6. As in Figure 4, but for July, 9 days after an active MJO phase 2. The Weddell Sea sector is
highlighted and corresponds to the gray box in Figure 5.

Physically, this result means that nine days after an active MJO in phase 2, anomalous
sea ice decline in the marginal ice zone in the western and central Weddell Sea is co-
located with (and supported by) anomalously poleward surface winds and above-normal
temperatures, and anomalous sea ice growth in the eastern Weddell Sea is collocated with
anonymously equatorward surface winds and below-normal temperatures. Moreover,
nine days after MJO phase 2, a wavenumber-three pattern in MSLP anomalies is observed
around Antarctica (Figure 6d), similar to what was seen in May after an active MJO phase 8
(Figure 4d) but with the anomalous pressure centers shifted about 30° counterclockwise
(compare Figures 4d and 6d). This anomalous sea-level pressure pattern likely drives
a gradient response in the anomalous surface flow and temperatures that support the
observed anomalous changes in sea ice concentration in July.

Finally, it is important to note that in July, just as in May, correlations between sea ice
and atmospheric circulation and temperature anomalies in the Weddell Sea build from days
+6 to +9 and decay from days +10 to +14 after phase 2, indicative of the quasi-cyclic MJO.
Moreover, sea ice anomalies in other sectors are moderately correlated with anomalies
of one, but not both, of the two atmospheric surface variables. For example, in the B&A
Seas sector 8-10 days after an active MJO phase 3, ASIC is moderately correlated with the
v-wind but has near-zero correlations with SAT (Figure 5d). Similarly, in the Indian Ocean
sector 15-17 days after an active MJO in phases 4-6 (Figure 5a), sea ice change is moderately
correlated with surface air temperature but has near-zero correlation with meridional wind.

3.2.4. MJO Modulation of Sea Ice in September

In September, the strongest relationships between anomalous daily change in Antarctic
sea ice and anomalies of both meridional wind and surface air temperatures are in the
(adjoining) Indian Ocean and Weddell Sea sectors six days after an active MJO in phase 8
(Figure 7a,e). There, correlation coefficients between ASIC and meridional wind and surface
air temperature were +0.43 and —0.38, respectively (p < 0.001 for both), in the Indian Ocean
sector and +0.55 and —0.49, respectively (p < 0.001 for both), in the Weddell Sea sector. Both
positive and negative ASIC anomalies—statistically significant beyond the 95th percentile
(p < 0.05)—are observed in both sectors (Figure 8a). Negative sea ice anomalies in the
eastern Indian Ocean sector (70-90° E) are as large as —0.07, and in the central Weddell
Sea sector (30° W-0°), they are as large as —0.15. Both of these areas of anomalous sea
ice decline are collocated with statistically significant negative anomalies of meridional
wind (standard anomalies as low as —1.5; Figure 8b) and statistically significant positive
anomalies of surface air temperature (standard anomalies as high as +1.2; Figure 8c).
Positive anomalies in sea ice concentration are as large as +0.05 in the western Indian
Ocean sector (55-40° W) and as large as +0.15 in the western and central Weddell Sea
sector (20-60° E) (Figure 8a). These areas of anomalous sea ice growth are collocated with
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statistically significant positive anomalies of meridional wind (standard anomalies as high
as +2.0 in the western Indian Ocean sector; Figure 8b) and statistically significant negative
anomalies of surface air temperature (standard anomalies as low as —2.5 in the western
Indian Ocean and central Weddell Sea sectors; Figure 8c).
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Figure 7. As in Figure 3, but for September. The two gray boxes indicate the phase and time lag
selected for further analysis in Figure 8, in this case over the Indian Ocean and Weddell Sea sectors,
six days after MJO phase 8.

(b) v-wind (c) 2-m temperature (d) MSLP

[

Figure 8. As in Figure 4, but for September, six days after an active MJO phase 8. The Indian Ocean
and Weddell Sea sectors are highlighted and correspond to the gray boxes in Figure 7.

As in May and July, the strongest anomalies in v-winds and SAT in September are sit-
uated between statistically significant centers of anomalous sea-level pressure arrayed in a
wavenumber-three pattern (Figure 8d): the two regions of anomalously warm temperatures
and poleward (northerly) surface winds are located between the anomalous high pressure
centered near 110° W and anomalous low pressure near 40° W and between the anomalous
high near 10° E and the low near 60° E. Similarly, the two regions of anomalously cold tem-
peratures and equatorward (southerly) surface winds are located between the anomalous
low near 40° W and the high near 10° E, and between the anomalous low near 60° E and
a high near 90° E. Physically, this result means that sea-level pressure anomalies six days
after an active MJO in phase 8 drive meridional wind and surface temperature anomalies
in the Indian Ocean and Weddell Sea sectors that lead to anomalous sea ice growth in the
western Weddell Sea and western and central Indian Ocean sectors and anomalous sea ice
declines in the central and eastern Weddell Sea and eastern Indian Ocean sectors.
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It is important to note that while the strongest correlations in September between sea
ice anomalies and meridional wind and surface air temperature occur in the Indian Ocean
and Weddell Sea sectors six days after an active MJO phase 8, other moderate correlations
between ASIC and both meridional wind and surface air temperature are found in the
Ross Sea sectors two to eight days after phases 14, in the Western Pacific sector they are
10-16 days after phases 1-3, and in the B&A Sea sector they are 16-20 days after phases
1-3 (Figure 7). Those two correlations, however, are not as large as the correlations in the
Indian Ocean and Weddell Sea sectors six days after phase 8.

3.2.5. MJO Modulation of Sea Ice in November and January

While moderate-to-strong relationships between anomalous concentrations of Antarc-
tic sea ice and anomalies of both meridional wind and surface air temperature were found
by MJO phase during May, July, and September, no such relationships were found in
November (Figure 9) or January (Figure 10). For example, in November, while anoma-
lies of ASIC are moderately correlated with SAT in the Ross Sea sector 1-3 days after an
active MJO in phases 6-8 (Figure 9c), anomalies of ASIC are only weakly correlated with
meridional wind during those phases at those time lags. Moreover, as noted by [34], time
lags of 1-3 days are not typically indicative of an extratropical response to the MJO, as the
Rossby wave trains extending from the tropical MJO convection do not tend to modulate
the extratropical circulation immediately after the active MJO. Similarly, only weak correla-
tions between ASIC and both meridional winds and surface air temperatures are found
in November in other sectors, phases, and time lags (Figure 9). In January, correlations
between ASIC and meridional wind and surface temperatures are even smaller than in
November (Figure 10), revealing that in no sector was there at least a moderate correlation
between sea ice and the atmosphere in the 20 days after an active MJO. This finding of
only weak correlations between sea ice anomalies and anomalies of meridional wind and
surface air temperature in both November and January agrees with previous work noting
that MJO modulation of Antarctic sea ice tends to be strongest in the months of sea ice
growth (May—-August) and maximum coverage (September) [29,72,73].
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Figure 9. As in Figure 3, but for November.



Glacies 2025, 2, 16

12 0f 18

lag (days)

(a) Indian Ocean (b) W. Pacific Ocean (c) Ross Sea (d) B & A Sea (e) Weddell Sea
i 0@ @ 5 © @ o e e o
+ o 0@ 2] o o ® o o
H o0 o o - ® o oo om!?
L D o © e © 00 O°mM;g
r D ® o o ® o e 090
- P © o o o - o o ® ® ©° 0.6
- ® © e © o0 o T ® ®© © ° 0.4
H . o o o - © 0 00
+ F o o o 1 o o 102 g
r r o o0 O o 0 ] 0 a
3 H oo o © 00 o =
® o [} o O o0 e -02 8
e 0 r @ o o o o o o
© o r o o o0 ®@ © 0o 0 @ 00
L H o o o @ © 0o o000 o0 ofos
H H ° °o@® @ o ©® 0o
s . o oo ! co0o ol
® © O r ©) ® r o o - o ®© © o -1
® 0 © o © (©) o o T o ® 0 o
B o @ @ L 1 'S 1 1 ! Q 1 1 1 1 1 [0} e Il ! D@ + L ! Q@ @ L
1.2 3 4 6 7 8 1.2 3 4 5 6 7 8 12 3 4 5 6 7 8 1.2 3 4 5 6 7 8 1.2 3 4 5 6 7 8

MIJO phase

Figure 10. As in Figure 3, but for January.

4. Discussion

The variability of Antarctic sea ice in response to the Madden-Julian Oscillation
appears to follow the following physical pathway: (1) tropical MJO convection acts as a
Rossby wave source into the extratropics; (2) Rossby waves extending into the extratropics
modulate sea-level pressures around Antarctica; (3) a gradient response to those sea-level
pressure anomalies adjusts surface wind and air temperatures; and (4) surface wind and
air temperature anomalies, in turn, modulate sea ice in the marginal ice zone around
Antarctica. Of this physical pathway by which the MJO can modulate Antarctic sea ice,
steps (1)—(3) were confirmed in earlier studies, and step (4) was explored here.

Our results suggest that the strongest modulation of Antarctic sea ice by the MJO
occurs over the Indian Ocean and Weddell Sea sectors from May to September, when sea
ice coverage in the marginal ice zone in those sectors around Antarctica is the largest. The
most important time lags vary by month, phase, and sector, with MJO modulation of sea
ice appearing strongest in May in the Indian Ocean sector 16 days after an active MJO in
phase 8, strongest in July in the Weddell Sea sector nine days after an active MJO in phase 2,
and strongest in September in the Indian Ocean and Weddell Sea sectors six days after an
active MJO in phase 8. No strong signal for MJO modulation of Antarctic sea ice was found
in November or January, perhaps because of lower sea ice concentrations in those months
(Figure 2d,e).

This study builds on and extends previous work on subseasonal modulation of Antarc-
tic sea ice by the MJO in several key ways. For example, ref. [72] noted that MJO convection
over the tropical Indian and Western Pacific Oceans (phases 2-7) excites a wavenumber-
three circulation pattern around Antarctica that reduces sea ice in the Indian Ocean, Ross
Sea, and B&A Seas sectors. We found a similar wavenumber-three pattern in sea-level
pressure anomalies with the strongest modulation of sea ice by the MJO in the Indian
Ocean sector after phase 2. Ref. [73] noted that MJO convection over the tropical Indian
Ocean (phase 2) promotes cyclonic and anticyclonic circulations at 500 hPa that drive sea
ice growth in the Western Pacific Ocean sector and sea ice decline in the B&A Seas sector.
Ref. [73] also found that MJO convection over the Maritime Continent (phase 4) promotes
500 hPa circulations that drive ice growth in the Ross and B&A Seas sectors and ice decline
in the Weddell Sea sector. Our results agree with those two studies in part, as we found
sea ice modulation after MJO phase 2 in the Weddell Sea sector but not in either the Ross
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or B&A sectors or after MJO phase 4. Furthermore, our results showing MJO modulation
of sea ice in September are similar to [29], who found subseasonal modulation of sea ice
by the MJO in the spring and in the Weddell Sea. Our results showing MJO modulation
of sea ice in May agree with [90], who found subseasonal variability of sea ice in the fall.
Finally, we considered time lags for up to 20 days after the active MJO, building on [73],
who examined them up to day +15, and [72], who did not explicitly examine time-lagged
sea ice anomalies.

Our methodology of evaluating the MJO modulation of Antarctic sea ice by comparing
anomalies of daily change in sea ice concentration with anomalies of surface winds and
temperatures via field correlations seems to be most successful in detecting modulation in
months when the marginal ice zone is spatially expansive. Thus, in the late summer and
early fall months of February—March, the overall limited extent of the marginal ice zone
resulted in near-zero correlations between anomalous change in sea ice and both meridional
wind and SAT in all sectors and at days 0-20 after all eight MJO phases. However, it is
unclear if the low correlations are indicative of the absence of MJO modulation of sea ice in
those months or a consequence of the methodology. The lack of a clear signal in November
and January may be due as much to the spatial confinement of the marginal ice zone as to a
lack of MJO signal.

5. Conclusions

In this study, we examined the variability of Antarctic sea ice by phase of the Madden-
Julian Oscillation over five sectors surrounding Antarctica. We compared anomalous daily
change in sea ice concentration (ASIC) and anomalies of two atmospheric variables known
to be related to sea ice variability and sensitive to the MJO: meridional surface wind and
surface air temperature [4,21-23]. Time-lagged correlations between daily anomalies of
ASIC, v-winds, and SAT highlighted the sectors and phases with the strongest relationships
with the MJO. Sea ice in the Indian Ocean and Weddell Sea sectors was found to have
the variability most strongly linked to the MJO, and phases 2 and 8 were found to be the
most important phases. In May, relationships between anomalous daily change in sea ice
concentration and anomalies in SAT and v-wind were strongest over the Indian Ocean
sector 16 days after MJO phase 8. In response to the MJO, a wavenumber-three pattern in
MSLP anomalies developed over Antarctica, resulting in anomalously northerly surface
winds and warmer temperatures over the central and eastern portions of the Indian Ocean
sector and anomalous southerly winds and colder temperatures over the western portion
of the sector. These atmospheric anomalies support anomalous sea ice decline in the central
and eastern Indian Ocean sector and anomalous sea ice growth in the western Indian Ocean
sector. In July, the strongest relationships between the atmosphere and Antarctic sea ice
were found in the Weddell Sea sector nine days after MJO phase 2, with anomalous sea
ice decline in the western and central portions of the sector and anomalous sea ice growth
in the eastern portion of the sector. In September, the strongest relationships between
the atmosphere and Antarctic sea ice were observed in the Indian Ocean and Weddell
Sea sectors six days after MJO phase 8, with anomalous sea ice decline in the central and
eastern Weddell Sea and eastern Indian Ocean sector, and anomalous sea ice growth in
the western Weddell Sea and western and central Indian Ocean sector. No moderate or
strong correlations were found in November or January between anomalies of sea ice and
M]JO-driven anomalies of both SAT and meridional wind, in agreement with earlier studies.

Our results suggest connections between Antarctic sea ice, the atmosphere, and the
MJO on the subseasonal time scale from fall through winter. Additional work could further
clarify the relationship. For example, future studies may explore the connections between
the MJO modulation of Antarctic sea ice and other large-scale features of the Antarctic
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climate system, including atmospheric blocking [91], atmospheric rivers [92,93], and the
Antarctic Oscillation [69]. Since the MJO has been found to produce blocking-like patterns
in Antarctic circulation [67,68] and modulate the Southern Annular Mode [66], future
work is needed to better understand these complex relationships, including the potential
for constructive or destructive interference with internal variability of Antarctic sea ice
(e.g., [70]) or longer-period oscillations, such as the El Nifio-Southern Oscillation [94], as
those were not explicitly considered here. Indeed, the anomalies here represent the com-
posite MJO signal superimposed on this background variability, including the Southern
Annular Mode [95]. Ref. [72] suggested that the sudden loss of sea ice in 2016, potentially
associated with the MJO, could have weakened the polar stratospheric vortex, potentially
resulting in feedback from the stratosphere to the Antarctic cryosphere and sea ice. That
feedback was beyond the scope of this work, and future work could consider these interac-
tions. The results here are based on the widely used RMM index of [79], but other MJO
indices—including those with different filters and based on velocity potential or outgoing
longwave radiation—could capture additional signal beyond the RMM. Additionally, an
ice budget analysis could identify the relative contributions of temperature and wind to
sea ice change. Finally, our analysis focused on 1989-2019 to avoid the abrupt decline in
annual sea ice extent over Antarctica beginning in 2020 [60,96,97], and future work could
examine the MJO modulation of sea ice in the context of those abrupt changes.
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