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Abstract: Sea ice fraction (SIF) over the Ross/Amundsen/Bellingshausen Sea (RAB) are investigated
using the Modern-Era Retrospective Analysis for Research and Application, Version 2 (MERRA-2)
focusing on the differences in time-lagged response to ENSO between the late 20th (1980-2000, L20)
and the early 21st century (2001-2021, E21). Findings suggest that the typical Antarctic response to
ENSO is influenced by changes in ENSO type/intensity, highlighting the need for caution when
investigating the Antarctic teleconnection. Time-lagged regressions onto the mature phase of El
Nifio reveal that the SIF decrease and SST increase over the RAB is relatively weaker in E21 and
most pronounced at 0-4 months lag. Conversely, the SIF in L20 continues to decline and reaches its
peak at two-season lag (5-7 month). Tropospheric wind, pressure, and wave activity in response to
El Nifo in L20 show a zonally oriented high-/low-pressure areas with two-season lag, enhancing
the poleward flow that plays a key role in sea ice melt in the RAB, while this pattern in E21 is insig-
nificant at the same lag. This study suggests that stronger (weaker) and more eastern (central) Pacific
ENSOs on average in L20 (E21) are associated with this decadal change in the SIF response to ENSO.
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1. Introduction

Teleconnection in the Antarctic as a remote response to ENSO

The El Nifio-Southern Oscillation (ENSO) has a significant impact on Antarctic cli-
mate variability, particularly on interannual sea ice variations across the Ross, Amundsen,
Bellingshausen (referred to as RAB for the three Seas) and Weddell Sea [1-8]. This influ-
ence is attributed to a large-scale teleconnection called the Pacific South American (PSA)
pattern [9-15], which is considered the strongest Antarctic teleconnection to ENSO on an
interannual time scale [4, 11, 16-18]. The PSA pattern is generated by tropical Pacific sea
surface temperature (SST) anomalies developed by the ENSO effect, acting as a heat
source that generates Rossby wave propagation across the Southern Ocean (SO), spanning
the Antarctic region [19-25]. The subtropical jet acts as a waveguide for this Rossby wave
train to link the tropical ENSO forcing to high latitude atmospheric processes [18, 20]. The
circulation and pressure systems associated with the PSA result in opposite sea ice anom-
alies between the RAB and the Weddell Sea [13, 15, 18, 26], creating the Antarctic dipole
(AD) structure: sea ice decrease (increase) over the RAB (Weddell) during El Nifio, and
the opposite during La Nina.

Impact of ENSO type and intensity change on the Antarctic teleconnection
Earlier investigations based on late 20th-century data suggest that the impact of the
PSA pattern on sea ice anomalies across the RAB and Weddell Sea persists 3-4 seasons
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after the mature phase of ENSO [18]. Due to the limited number of ENSO samples avail-
able from that period, it raises questions about the robustness of the conclusion when con-
sidering the longer-term changes (e.g., decadal time scale) in the dominant types and in-
tensities of ENSO. Climate change may also alter the spatiotemporal evolution of the PSA
and AD teleconnections to ENSO [27-29]. Recent studies indicate that the properties of
ENSO have been evolving over the recent past decades [30, 31]. For instance, Yu et al., Yeo
and Kim, and Zhang et al. [31-33] identify more occurrence of the EP type ENSO during
the late 20th century (L20), while CP type ENSO events have become more prevalent in
the early 21st century (E21). Furthermore, studies have observed significant decadal
changes in the horizontal distribution of Rossby wave propagation towards the Southern
Ocean over the past several decades [26, 32]. This has implications for the way ENSQO in-
fluences the climate patterns in the Antarctic region.

Previous research highlighted that the variability of Antarctic sea ice responses may
depend on the type of El Nino, specifically distinguishing between eastern Pacific (EP)
and central Pacific (CP) El Nifio events [34, 35]. Zhang et al. [33] reveals that EP El Nifio
events generate tropical heat sources that excite a Rossby wave train propagating in a
different direction compared to CP El Nifio events. Chen et al. [36] also found that this
Rossby wave train during CP El Nifo is weak and westward-shifted, relative to EP El
Nifo. As a result, the circulation patterns and locations of sea ice retreat or advance across
the RAB and Weddell Sea differ between EP and CP El Nifio events, with the sea ice melt
region approximately 20° east of that seen in CP El Nifo [33]. Yu et al. [31] concludes that,
while the EP ENSO can excite only the PSA, the CP ENSO can excite both the Southern
Annular Mode (SAM) [37, 38] and PSA, with frequent in-phase relationship of those two
modes and strengthened AD pattern. It's worth noting, however, that these conclusions
from Yu et al. [31] and Zhang et al. [33] were drawn specifically for the Austral spring
period (September to November) during ENSO development years. The characteristics of
wave propagation and sea ice response may vary in different seasons and during different
ENSO phases, such as developing and decaying phases. In Song et al. [39], the CP ENSO
is shown to change the regional Pacific Ferrel cells of Southern Hemisphere more effi-
ciently, leading to a prolonged duration of the AD pattern compared to the scenario with
EP ENSO. However, Dou and Zhang [26] proposed that, when focusing on the austral
cold season that follows ENSO maturity, the correlation between the AD pattern and
ENSO gets weaker in recent decades, particularly during periods of more frequent CP
ENSO occurrences. Likewise, the conclusions drawn on the relationship between the
ENSO type and the Antarctic sea ice appear to be varied among earlier studies.

Not only the type of ENSO, but also the intensity of ENSO seems to have undergone
decadal change over the last four decades. However, there has been very limited research
on the Antarctic teleconnection variation between two decadal-scale periods with differ-
ent ENSO intensities, in contrast to the extensive investigation into the impact of two dis-
tinct ENSO types. Our examination in Section 3.3 indicates that, on average, ENSO is less
intense in the E21 period than in the L20 period by more than 30% based on the amplitude
of the Nino3.4 SST anomaly. We anticipate that this decadal difference in ENSO intensity
also influences the teleconnection between the tropical Pacific and Antarctica, resulting in
distinct changes in atmospheric circulation, AD pattern, and the response of sea ice.

Motivation and expected contribution of this study to the Antarctic climate science

This study is motivated by the existing unresolved questions surrounding the way
sea surface temperature (SST)/sea ice respond to changing ENSO over the last four dec-
ades. Notably, the long-term alteration in the AD pattern in conjunction with the ENSO
variations has still to be more thoroughly investigated, considering both the type and in-
tensity shifts in ENSO. Our study proposes that this decadal shift in the AD pattern con-
tributes to an increase in the amplitude of annual mean sea ice anomaly with time in the
Antarctica as we elucidate in Section 3.1. There is also a need for further demonstration
regarding the specific time-lag at which sea ice anomalies over the RAB and Weddell Sea
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reach their peak in response to different nature of ENSO events. This study primarily fo- 99
cuses on how the matured phase of ENSO influences Antarctic climate over the subse- 100
quent three seasons within two different periods: L20 and E21. We expect that advance in 101
understanding of these responses and the role of different atmospheric variables involved 102
would help to gain a more complete picture of the relationship between ENSO and Ant- 103
arctic sea ice response. 104
The paper is organized as follows. Section 2 introduces observation data, reanalysis 105
products, and methodology utilized in this study. Section 3 explores the decadal change 106
in the response of sea ice and SST to the changing ENSO in the last four decades. Section 107
4 provides discussion about the cause of this decadal change in ENSO and sea ice re- 108
sponse. It also outlines the research plans for the future. Section 5 then presents the con- 109

cluding remarks. 110
Table 1. List of abbreviation used in this study 111
RAB | Ross/Amundsen/Bellingshausen SO | Southern Ocean
SIF | Seaice fraction EP | Eastern Pacific
PSA | Pacific South American CP | Central Pacific
SAM | Southern Annular Mode L20 | Late 20th century
AD | Antarctic Dipole E21 | Early 21st century
112
2. Data and Method 113
2.1. Data 114

Observation and reanalysis data are used over the period from January 1980 to No- 115
vember 2022 in this study. The observed SST is obtained from the Merged Hadley- 116
NOAA/OI SST [40]. Monthly Nifio3.4 SST anomaly time series provided by NOAA Cli- 117
mate Prediction Center (CPC) is used as an ENSO index to compute the moving correla- 118
tions between the ENSO and SST over the RAB. Reanalysis variables for analysis are ob- 119
tained from the Modern-Era Retrospective analysis for Research and Applications, Ver- 120
sion 2 (MERRA-2) [41]. The variables used are upper-tropospheric geopotential height, 121
temperature, zonal and meridional wind at 300 hPa, vertical wind at each pressure level 122
from 1000 hPa to 100 hPa, and sea level pressure (SLP) [42], near-surface wind at2 m level 123
[43], and sea ice fraction [44]. While there are acknowledged limitations in reanalysis sea 124
ice, the MERRA-2 model effectively portrays various surface hydrological processes such 125
as surface albedo, meltwater runoff, snow dynamics, and refreezing. Additionally, the 126
MERRA-2 model bases its sea ice concentration boundary conditions on presently acces- 127
sible high-resolution daily products [41]. Furthermore, this study finds that the atmos- 128
pheric circulation and teleconnection align more accurately with MERRA-2 sea ice dy- 129
namics, indicating a better dynamic balance. To validate the MERRA-2 sea ice data, certain 130
findings such as interannual time series (Figure 1a in Section 3.1) and regressed patterns 131
derived from the MERRA-2 sea ice (Figure 5 in Section 3.4) were confirmed using sea ice 132
extent from the National Snow and Ice Data Center (NSIDC) [45] and another reanalysis 133
sea ice from the fifth generation ECMWF atmospheric reanalysis (ERA5) [46] employed 134
in previous studies [47] (see appendix Figures 1 and 2). 135

2.2. Method 136
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To better understand the temporal changes and their casual relationships among sea 137
ice, SST, lower- and upper-level circulation, and wave activity fluxes in response to trop- 138
ical ENSO forcing, we employ time-lagged moving correlation and regression as the pri- 139
mary approaches. 140

First, the SST and SIF time series are detrended using the least square estimate to 141
eliminate any trend-related influence on correlations. Moving correlations are then calcu- 142
lated between SIFs in the RAB and the Weddell Sea area over 1980-2021 period applying 143
a sliding window spanning 21 years to clearly represent the significant decadal change in 144
SIF relationship between those two regions. Time-lagged moving correlations are also cal- 145
culated between Nino3.4 SST at ENSO maturity (averaged for December, January, and 146
February) and RAB SST/SIF in subsequent months to illustrate the changes in their time- 147
lagged relationship from the L20 to E21 periods. The Pearson correlation method is em- 148
ployed to compute these correlations. To determine the significance of the results, a critical =~ 149
value of the correlation at 95% confidence is calculated based on the t-test with N-2 de- 150
grees of freedom, where N represents the sample size. 151

Second, the anomaly time series of sea ice, SST, lower- and upper-level circulation, 152
and wave activity fluxes (WAF) are regressed at each grid point, with time-lags up to 11 153
months, against the mature phase of ENSO represented by Nifio 3.4 SST anomaly in the 154
boreal winter. This regression is also applied to vertical wind anomalies over the cen- 155
tral/eastern Pacific sector from 1000hPa to 100hPa levels to reveal their vertical structure, 156
such as the Hadley/Ferrell cell from the tropics through the Antarctic connected with the 157
boreal winter ENSO. The significance of the regressed anomalies is tested using a two- 158
tailed t-test. 159

The purpose of calculating WAF vectors is to assess how large-scale waves propagate 160
spatially toward Antarctica in response to the ENSO. The WAF is an useful tool for pre- 161
senting a snapshot of stationary or migratory quasi-geostrophic wave propagation and 162
also helps inferring the origin of the waves [48]. Following Plumb [49], the expression for 163

the stationary WAF is as follows 164
2 _ 1 6(U,¢,)
2wsing 04
1 a(u'o")
F, = pcos —u'v’ 165
S p ¢ + 2wasin2¢ 04
2w sin 1 o(T' @'
P [U’T’ _ : ( )
S 2wasin2¢p 04

166

where the variables (u, v), p, T, and @ represent the zonal and meridional wind, pressure, 167
temperature, and geopotential height, respectively, and where A and ¢ represent longi- 168
tude and latitude. The constant @ corresponds to the Earth’s rotation rate 169
(=7.292 x 105 rad s7!), and a is the radius of the earth. The prime symbol denotes the devi- 170
ation from the zonal mean at each latitude and height for each month. 171
Furthermore, the Rossby wave source (RWS) [50] is calculated to distinctly pinpoint 172

the origin of the wave. The linearized form of RWS derived from the quasi-geostrophic 173
vorticity equation is 174
RWS ==V, -V{+ -G+ OV Vy=¢V-V, =V, -V 175

where the climatological mean is indicated by the overbar, while the anomaly calculated 176
from regression is represented by the prime symbol. On the right side of the equation, the 177
first and fourth terms are related to vorticity advection, while the second and third terms 178
are connected to the creation of wave vorticity through the divergence of the divergent 179
wind, which is also known as vorticity stretching. Further detailed description of the RWS 180
is available in Sardeshmukh and Hoskins [50]. Our calculation establishes that the tropical 181
Pacific SST anomaly associated with ENSO occurrence serves as the primary source area 182
for these waves propagating to the RAB, particularly during the mature phase of ENSO 183
and the following boreal spring, as detailed in Section 4.2. 184
185



Atmosphere 2023, 14, x FOR PEER REVIEW 5 of 23

3. Results 186
3.1. Decadal change in the Antarctic Dipole (AD) pattern 187

The interannual variations of Antarctic sea ice over the last four decades is found to 188
undergo notable changes from a negative correlation between the RAB and the Weddell 189
Sea in L20 to a positive correlation in E21 in association with the weakening of the AD 190
pattern. The time series of the annual mean sea ice extent across the entire Antarctic in 191
Figure 1a shows a slight upward trend (indicating an increase in sea ice) until ~2015, fol- 192
lowed by a decline. This mirrors a downward SST trend until ~2015, and a subsequent rise ~ 193
over Antarctica as discussed in earlier study [51]. More interestingly, the time series shows 194
a growing amplitude of interannual variation over time. It raises interesting questions on 195
whether this phenomenon is linked to the weakening of the AD pattern in the E21 period. 196
In contrast to the L20 period, where the AD pattern generates organized opposing sea ice 197
anomalies between RAB and Weddell Sea (Figure 1b), resulting in minimal averaged 198
anomalies over these two seas, the E21 period lacks this opposing structure between the 199
two regions (Figure 1b). Instead, the E21 period often displays sea ice anomalies with the = 200
same sign across the region, contributing to a relatively higher amplitude of sea ice anom- 201
aly as depicted in Figure 1a. Notably, the interannual variation of sea ice in Figure 1bis 202
largely in phase with the variation in Figure 1a during the E21 period, highlighting that 203
the variability of Antarctic sea ice is substantially influenced by the sea ice in the RAB and 204
Weddell Sea regions. Our analysis reveals that approximately 73% of the year-to-year var- 205
iation in Antarctic sea ice during the E21 period can be attributed to the sea ice in the RAB 206
and Weddell Sea, as indicated by the standard deviation. A moving correlation of sea ice 207
fraction between these two areas applying a 21-year sliding window in Figure 1c reveals 208
a significant change in sign from negative to positive demonstrating a marked weakening 209
of the AD pattern in the E21 period. This dramatic shift towards a positive correlation 210
quite differs from the traditional perception of the connection between the sea ice anomaly 211
in the RAB and Weddell Sea. This holds significance as it challenges the established un- 212
derstanding that the AD pattern, a prominent teleconnection pattern crucial for under- 213
standing sea ice anomalies, may not consistently and significantly account for the varia- 214
tions in sea ice in this region. This could be attributed to the changing influence of factor 215
such as ENSO that governs the variability of the AD, as the shift in ENSO type/intensity 216
from the L20 to E21 and associated atmospheric and sea ice change will be examined in 217
detail in this study. 218
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Annual Sea ice anomalies and moving correlation
a) Sea ice extent [million km?®] (entire Southern Hemisphere)

1980 1985 1090 1995 2000 2005 2010 2015 2020
b) Sea ice fraction [%] in RAB (blue) and Weddell Sea (red)
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Figure 1. a) Time series of annual mean NSIDC sea ice extent anomaly (million km?) averaged over 220
the entire Southern Hemisphere. b) Time series of MERRA-2 sea ice fraction anomaly (%) for the 221
Ross-Amundsen-Bellingshausen (RAB) Sea denoted by blue line and for the Weddell Sea denoted =~ 222
by red line. c) Moving correlations between the sea ice fraction from RAB and Weddell Sea shown 223
in b). 21-year sliding window is applied to calculate the moving correlations. A significant change 224
in correlation is evident when comparing the 20th century (with a negative correlation) to the 21st 225
century (exhibiting a positive correlation). According to a t-test with N-2 degrees of freedom (where 226
N equals 21), the critical correlation value at a 95% confidence level is approximately +0.43. 227

The regression analysis of annual mean SST and 2-meter wind onto the SIF over the 228
RAB and Weddell Sea in Figure 2 showcases distinct SST patterns in the two periods: op- 229
posing (same) anomalies over RAB and Weddell during the L20 (E21), reflecting a robust 230
(diminished) AD structure. Interestingly, the SST pattern in the tropical Pacific resembles 231
the distribution associated with ENSO. The pattern elucidates a decrease (increase) in SST = 232
with a concurrent rise (decline) in sea ice over RAB (Weddell) Sea during La Nifia, and 233
the reverse pattern during El Nifo [18, 26]. This ENSO-related distribution is evidently 234
prevalent in the L20 (Figures 2a,c), but considerably weaker in the E21 period (Figures 235
2b,d). Wind patterns at 2-meter level show equatorward flow over Ross and Amundsen 236
regions and poleward flow over Bellingshausen and Weddell Sea during La Nifia, with 237
the opposite flow during El Nifio. Based on the findings in Figures 1 and 2, we suggest 238
that this substantial weakening of the AD pattern may be associated with the decadal- 239
scale change in ENSO type and intensity, potentially inducing differing forms of sea ice 240
response. Our subsequent focus involves an in-depth examination of atmospheric, SST, 241
and sea ice responses to decadal change in ENSQO, incorporating time-lagged responses = 242
and their decadal-scale changes. 243
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SST and circulation at 2 meter level regressed onto Sea ice fraction
a) Regression onto RAB SIF, 1980-2000 90N ¢) Regression onto Weddell SIF, 1980—2000
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Figure 2. Annual mean anomalies of sea surface temperature (shaded) and horizontal wind vectors 245
at 2-meter level [m s] regressed onto the sea ice fraction over the Ross-Amundsen-Bellingshausen 246
(RAB) Sea (left panel) and over the Weddell Sea (right panel). Upper panel (a,c) represents the result 247
for the late 20th century (L20, 1980-2000) period, while lower panel (b,d) is the result for the early = 248
21st century (E21, 2001-2021) period that has overall weaker regressed anomalies than the L20 pe- 249
riod. Yellow stippled areas indicate that the anomalies are statistically significant at 95% confidence 250
levels. 251

3.2. Decadal change in the relationship between the RAB SST/sea ice and ENSO 252

Time-lagged relationship between the mature phase of ENSO and RAB SST/sea ice 253
in subsequent seasons is found to be more robust during the L20, with the ENSO influence = 254
persisting over a longer span, compared to the E21 period. To investigate the evolution of 255
the connection between the mature phase of El Nifio (specifically, boreal winter Nifio3.4 256
SST) and the SST/sea ice over the RAB Sea across subsequent seasons, we employ time- 257
lagged moving correlations over the last four decades, utilizing a sliding window span- 258
ning 21 years. Results are plotted for relatively shorter time lags of 1 to 4 months (denoted 259
by red lines) and longer lags of 5 to 7 months (denoted by blue lines) in Figure 3. The 260
results for 1-4 month lag interval reveal a consistent trend: during the L20 period, the SSTs 261
exhibit strong correlations, characterized by correlation coefficients ranging from 0.5 to 262
0.8 (as depicted in Figure 3a). In contrast, this correlation in the E21 diminishes notably to 263
0.3 (depicted in Figure 3a). This substantial alteration in correlation, indicative of a deca- 264
dal shift, is discernible across all considered time lags (ranging from 1 to 7 months). 265
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Moving lag-correlations (red: 1-4 month lag, blue: 5-7 month lag)
0 a) Nino3.4 SST vs. SST in RAB nb) Nino3.4 SST vs, Sea ice fraction in RAB
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Figure 3. Time-lagged moving correlations over 1980-2021 period applying a sliding window span- 267
ning 21 years. The left panel (a) shows the correlations between the Nifo3.4 SST and SST over the 268
Ross-Amundsen-Bellingshausen (RAB) Sea while the SST over the RAB is switched to sea ice frac- 269
tion in the right panel (b). Results are plotted in red lines for time lags of 1 to 4 months and blue 270
lines for time lags of 5 to 7 months. The critical correlation value at a 95% confidence level, based on 271
a t-test with N-2 degrees of freedom (where N equals 21), is approximately +0.43. Positive relation- 272
ship between the two SSTs in the left panel and negative relationship between the Nifio3.4 SST and 273
sea ice fraction in RAB is stronger in the late 20th century. Amplitude of correlations are also larger 274
for longer time lag in the late 20th century, while that feature is not evident in the early 21st century. 275

Comparison in correlations between shorter lags (red lines) and longer lags (blue 276
lines) indicates that until the sliding window centered around 1998, the correlations are 277
notably stronger for longer lags, while that feature is no longer observable in the E21 pe- 278
riod. This stronger correlation for longer lags in the L20 period is similarly apparent for 279
sea ice, as depicted in Figure 3b. The negative correlation, denoting a decrease in sea ice 280
during El Nifo, is more pronounced for longer lags, and this strong connection to ENSO 281
over extended lags is particularly evident during the L20 period. This divergence between 282
the two lag intervals seems to indicate a more enduring and potent ENSO impact, associ- 283
ated with greater ENSO intensity during the L20 period (please refer to Table 2 and the 284
next section for a comparison of ENSO intensity). Overall, Figure 3 underscores a more 285
robust association between RAB SST/sea ice and ENSQO, with the ENSO influence persist- 286
ing over a longer span during the L20 period in contrast to the E21 period. 287

Table 2. List of ENSO years in the order of the amplitude of Nifio 3.4 SST anomaly during mature 288
phase for El Nifio (second row) and La Nifia (third row). ENSO years in the 20th century areinbold 289
phase. 290

ENSO years in the order of the amplitude of Nifio 3.4 SST anomaly
El Nifio 2015, 1997, 1982, 1991, 2009, 1986, 1994, 2002, 1987, 2018, 2004, 2006, 2014, 2019
1988, 1999, 2007, 1998, 2010, 2020, 2021, 1984, 1995, 2011, 2005, 2008, 2017, 1983,
2000, 2016

La Nifa

3.3. Difference in the type and intensity of ENSO between the L20 and E21 291

Animportant question is why there is a significant decadal change in this correlation. 292
In association with the possible role of ENSO in this correlation change, it is found that 293
there is a notable change in type and intensity of ENSO from the L20 to E21 period. For 294
example, the observational data on SST anomalies in the equatorial Pacific indicates that = 295
the EP type ENSO events are relatively more frequent during the L20 compared to the E21 296
[31-33]. The composite analysis of SST anomalies during ENSO events in Figure 4 clearly 297
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a) El Nino in 1980-2000

demonstrates that in the L20 period, the SST anomaly distribution extends prominently
to the eastern equatorial Pacific, resembling the EP type ENSO pattern (Figures 4a,b). Con-
versely, the maximum amplitude of the SST anomaly in the E21 period is found in the
central equatorial Pacific with a less pronounced extension towards the far eastern Pacific
for both ENSO warm and cold events, similar to the CP type ENSO pattern (Figures 4c,d).
Comparison in the SST variance between L20 and E21 period over Nifio3 (150°W-90°W,
5°5-5°N) region to indicate decadal change in the EP type ENSO activity reveals 1.53 dur-
ing L20 and 0.84 during E21. SST variance in the Nifio4 (160°E-150°W, 5°5-5°N) region
that represents the CP type ENSO activity is 0.67 in L20 and 0.79 in E21. These SST vari-
ances clearly indicate more active EP type ENSO during L20 whereas the CP type ENSO
during E21.

The intensity of the ENSO, as indicated by the amplitude of the boreal winter Nifio3.4
SST anomaly, is shown to be ~34% larger for El Nifio (L20: 1.59°C vs. E21: 1.19° C) and
~53% larger for La Nina (L20: -1.31°C vs. E21: -0.85°C) in the L20, pointing to a higher
frequency of strong ENSO events than in the E21. The interannual variability of the boreal
winter Nifo3.4 SST is also found to be larger in the L20, measuring 1.18, compared to 0.89
in the E21. Table 2 shows that out of a total 6 El Nifio events that occurred in the L20, 5 of
them are classified as stronger events, while the events in the E21 tend to be weaker, with
an exception for the events in 2009 and 2015. In the case of La Nifia events (the third row
in Table 2), more weaker events were observed in the E21, along with three of the top four
strongest events from the L20 period. The shift in ENSO type and intensity over decades
holds great significance. It's crucial because the weakening of the AD in the E21 and the
alteration in the sea ice pattern in the RAB and Weddell Sea are associated with this deca-
dal shift in ENSQO, as their connection is illustrated in Figure 2.

Composites of the detrended SST with respect to the ENSO phase
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Figure 4. Composite of the detrended SST anomaly with respect to El Nifio (upper panel, a and c)
and La Nina (lower panel, b and d). The left panel (a,b) represents the result for the late 20th century
while the right panel (c,d) is the result for the early 21st century period. The amplitude of anomaly
in the tropical Pacific (ENSO occurrence region) is clearly larger for the late 20th century. Green
stippled areas indicate that the anomalies are statistically significant at 95% confidence levels.
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3.4. Lagged responses of the SST and sea ice to the mature phase of ENSO 328

Considering that the ENSO exhibits different characteristics in terms of type and in- 329
tensity between the two analyzed periods, we explore whether the remote response of 330
SST, sea ice, and circulation anomalies over the Antarctic region to tropical ENSO forcing 331
also displays notable dissimilarities during these periods. Stronger connection of SST and 332
sea ice with the ENSO, with ENSO impact on SST/sea ice persisting longer in subsequent 333
months, is found during the L20 period. To identify meaningful decadal differences, we 334
examine the regressed distributions. Figure 5 illustrates time-lagged regressed maps of 335
the SST and sea ice fraction in response to the boreal winter Nifio3.4 SST anomaly. Our 336
primary focus is on the impact of ENSO maturity on the SST and sea ice variation in the 337
subsequent three seasons, as previously noted in Section 1. 338

SIF & SST regressed onto Nino3.4 SST
¢) 1 season lag e) 2 season lag g_) 3 season lag

oS

f) 2 season lag h) 3 season lag

.QUD ‘:’\JL

1 2 4 6 8 10 339

Figure 5. Distribution of SST (green contoured) and sea ice fraction (shaded) anomaly regressed 340
onto the boreal winter Nino3.4 SST (averaged for December, January, and February). Each panel 341
from the left to the right represents the regressed distributions considering 0, 1, 2, and 3 season lag. 342
Results for the late 20th century are shown on the upper panel (a,c,e and g) while the lower panel 343
(b,d,f and h) corresponds to the result for the early 21st century. The regressed anomaly over the 344
Ross-Amundsen-Bellingshausen Sea reaches the maximum at 2 season lag in the late 20th century, 345
while the amplitude gets weak at the same lag in the early 21st century. Black stippled areas indicate 346
that the anomalies are statistically significant at 95% confidence levels. 347

The time evolution of the regressed patterns indicates a dominant sea ice decrease in 348
the RAB Sea regions and an increase in the Weddell Sea from simultaneous to 2-season 349
lag for both the L20 and E21 periods, representing a realistic typical PSA response to 350
ENSO found in many earlier studies [4, 11, 16-18] (Figures 5a-f). This lagged response is 351
still evident at the 3-season lag in the L20 (Figure 5g), but is not in the E21 period (Figure 352
5h). AD structure also persists through the 3-season lag in the L20, while the weakening 353
of the AD pattern is seen with negative sign of anomalies over both the RAB and Weddell 354
Sea starting at the 2-season lag in the E21 (Figures 5e-h). Another noteworthy difference 355
in the sea ice distribution between the two periods is that the most substantial reduction 356



Atmosphere 2023, 14, x FOR PEER REVIEW 11 of 23

qug 0-4 (b

lue), 5-7 (red), 8-11 (green)
i : N

in sea ice in the RAB Sea occurs at a 1-season lag (i.e., MAM) in the E21 period (Figure 5d).
On the other hand, the L20 period continues to display a remarkable sea ice decrease,
reaching its peak at a 2-season lag (i.e., JJA) (Figure 5e), suggesting that the impact of
ENSO endures for a longer duration compared to the E21 period. Additionally, the area
of the most significant sea ice reduction shifts eastward, closer to the Bellingshausen Sea,
in the E21 period (Figures 5d,e). This indicates that the primary path of atmospheric wave
propagation as a teleconnection to ENSO may differ between the L20 and E21 periods.

The regressed SST anomaly displayed in Figure 5 illustrates an increase (decrease) in
SST in the RAB Sea region off the Antarctic coast due to the impact of El Nifio (La Nifia).
This characteristic is evident in both periods (contours in Figure 5) and is closely related
to the distribution of sea ice anomalies: sea ice tends to decrease (increase) in response to
positive (negative) SST anomalies. However, a notably different feature in SST anomalies
between the two periods is that the magnitude of the anomaly is larger in the RAB Sea
during the L20, indicating a higher potential for causing more substantial sea ice melt
(recovery) in response to El Nifio (La Nifia) compared to the E21 period. This distinction
is evident as the contour line of the positive 0.2 anomaly is positioned closer to the Ant-
arctic coast in the L20, while the same contour line is situated much farther from Antarc-
tica in the E21.

Figure 6 clarifies that the response of sea ice to ENSO maturity is more pronounced
and lasts longer over the RAB during the L20 period. The analysis involves counting the
number of grid points for each sea ice fraction anomaly and time lag (ranging from 0 to
11 months) over the longitudes encompassing the RAB and Weddell Sea. Figure 6 clearly
reveals that the largest sea ice decrease (mainly contributed by negative anomalies in the
RAB Sea) occurs at a 5-7 month lag (indicated by red lines in Figure 6a). The magnitude
of the negative anomaly on the x-axis indicates a SIF reduction greater than 10%. How-
ever, in the E21 period, the sea ice decrease appears to be strongest at shorter time-lags (0-
4 months, blue lines), and most grid points exhibit an amplitude not exceeding 10% (Fig-
ure 6b). The distinctions between the two periods suggest a more pronounced impact of
El Nifio on reducing SIF over the RAB during the L20. On the other hand, the sea ice
increase in response to El Nifio (primarily found in the Weddell Sea) does not necessarily
display the largest amplitude at a 5-7 month lag during the L20. In both periods, the most
significant sea ice increase occurs at shorter time-lags (0-4 months).
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Figure 6. The number of grid points (y-axis) with respect to the regressed sea ice fraction (SIF) anom-
aly values (%, x-axis) distributed over the longitudes encompassing the Ross, Amundsen, Bellings-
hausen, and Weddell Sea. The regression is conducted onto the boreal winter Nifi03.4 SST. Different
colored lines (blue, red, and green) illustrate the outcomes for regressions at lags of 0-4 months, 5-7
months, and 8-11 months. In the left panel, the focus is on the late 20th century, while the right panel
pertains to the early 21st century. The most significant decrease in SIF occurs at a lag of 5-7 months
(indicated by the red lines) during the late 20th century (left panel).
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4. Discussion

In this section, we discuss the possible reason for the decadal change in the sea ice
response to ENSO, with a specific emphasis on the influence of circulation and pressure
in both the lower and upper troposphere.

4.1. Lagged responses of the lower atmosphere to the mature phase of ENSO

Meridional component of the wind at lower atmosphere is found to behave quite
differently in response to ENSO between the L20 and E21 period. To provide a detailed
interpretation for the difference in the sea ice response over the RAB Sea region between
the two periods, we examine the near-surface wind fields, considering their time-lagged
response to the boreal winter Nifio3.4 SST. Our focus is particularly on the meridional
component of the 2-meter level wind to find out the evolution of equatorward/poleward
wind flow, which can influence the RAB Sea by bringing colder or warmer air. The re-
gressed 2-meter level meridional wind in Figure 7 reveals that during the L20 period, the
poleward wind develops and reaches its maximum at approximately 150°W and 2-season
lag (Figure 7e). This maximum poleward wind anomaly at these longitudes correlates well
with the peak in sea ice decrease observed at a 5-7 month lag in the Ross and Amundsen
Sea region. On the other hand, in the E21 period, the maximum poleward wind anomaly
is located east of 120°W at a 1-season lag (Figure 7d), which is physically consistent with
the largest sea ice decrease in this longitude, as shown in Figure 5. Zhang et al [33] also
highlighted the significance of the meridional wind anomaly as a key factor in determin-
ing sea ice anomalies within this region.

Meridional wind at 2m level & SLP regressed onto Nino3.4 SST
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c) 1 season lag e) 2 season lag g) 3 season lag

0 60B 1208 wo 1200 60N 0 0 60 120E 180 wm\' 60N 0 0 60E 120E 180 120N at’m 00 G6OE 120E 180 120W 60N O
0. b) lag=0, 2001 3021

d) 1 season lag

f) 2 season lag h) 3 season lag

-1

0 60E 120E 180 120W 6OW O O GOE 120E 180 120W 6OW
[ —— | i I N w——

--llF'l T “--l--;l .‘"l---h- 4
) 60 120E 180 120W 60N 0 0 60E l&ﬂ! 180 120 60N O

-08 =04 =02 =01 0.1 0.2 0.4 0.8 0.8 1

Figure 7. Same as Figure 5 but for regressed anomalies of 2-meter level meridional flow (shaded)
and sea level pressure (contoured). Time-lagged response lasts longer and the meridional flow over
the Ross-Amundsen-Bellingshausen Sea reaches the maximum in the late 20th century (e), while the
lagged response gets weak at the same lag in the early 21st century (f).

A more detailed depiction of the time evolution of the meridional wind anomaly re-
gressed onto El Nifio maturity is shown on a monthly time scale in Figure 8. It is apparent
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that during the L20 period, the poleward wind at 150-120°W reaches its maximum at a 5-
7 month lag, suggesting the inflow of warmer air towards the Ross and Amundsen Sea
region (Figure 8a). On the contrary, in the E21 period, the strongest poleward wind anom-
aly occurs at a 0-4 month lag at 135-105°W (Figure 8b), which aligns with the largest sea
ice decrease found at these longitudes, as shown in Figure 5. Furthermore, the presence
of equatorward wind anomalies blowing from the Antarctic land is seen at various time
lags (indicated by red shading over 80-90°S). This equatorward near-surface wind carries
colder Antarctic air, which might act as a katabatic wind that transports dense and cold
air from the elevated Antarctic inland icesheet to the coastal area [52, 53], counteracting
the sea ice decrease over the RAB Sea caused by the impact of El Nifo.

Regressed V2m as a function of time lag
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Figure 8. Shaded: Latitude (x-axis)-time_lag (y-axis) cross-section of the 2-meter level meridional
wind anomalies regressed onto the boreal winter Nifio3.4 SST. X-axis denotes the latitude from 90°S
to 45°S and y-axis denotes the time lag ranging from 0 to 11 month. The left panel represents the
result for the late 20th century while the right panel is the result for the early 21st century period.
Longitudinal width for averaging the meridional winds is 150°-120°W that covers the Ross and
Amundsen Sea for the late 20th century (left) and 135°-105°W that covers the Amundsen and Bel-
lingshausen Sea for the early 21st century (right). Green stippled areas indicate that the anomalies
are statistically significant at 95% confidence levels. Time series: Regressed sea ice fraction anomaly
over the Ross and Amundsen Sea (left) and the Amundsen and Bellingshausen Sea (right), respec-
tively, as a function of time lag from 0 to 11 month. X-axis denotes the regressed anomaly in per-
centage. The contrast is evident: during the late 20th century (left), the prevailing negative wind
anomaly (poleward northly flow depicted by blue shading) is most pronounced at lags of 5-7
months, resulting in the greatest reduction in sea ice at those lags. Conversely, in the early 21st
century (right), the most robust poleward northerly flow is seen at lags of 0-4 months, aligning with
the highest sea ice reduction at those lags.

4.2. Lagged responses of the upper troposphere and wave activity to the mature phase of ENSO

To discuss if the time evolution of the near-surface meridional wind over the RAB
Sea is linked to the development of upper-level circulation as a teleconnection response
to ENSO, we examine the 300hPa level wind and geopotential height anomalies regressed
onto the boreal winter Nifo 3.4 SST. Figures in this section clearly explain that upper-level
wind and WAF in response to ENSO is more pronounced in the L20, with their lagged
response lasting longer than the E21 period. To present their spatio-temporal evolution
more precisely, the results are shown with respect to monthly time lag in Figure 9. In both
L20 (left) and E21 (right) periods, a clear anticyclonic (i.e., counterclockwise) circulation
cell, accompanied by an increase in geopotential height, is seen in the central-eastern part
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of the tropical Pacific as a response to El Nifio maturity (Figures 9a-1) [54]. This circulation
cell remains active up to a 4-5 month lag, although it gradually weakens over time. How-
ever, while the positive anomaly in geopotential height continues in the tropical Pacific
up to a 7 month lag in the L20 (Figure 9n), it is no longer evident after a 5 month lag in the
E21 (Figures 9p-1, v-x), indicating a relatively stronger tropical ENSO forcing in the L20.
In the extratropical region, a pattern of concatenated positive and negative geopotential
height anomalies, along with corresponding circulation cells, suggests a wave train origi-
nating from the tropical Pacific [19-25]. The distribution of wave activity flux shown in
Figure 10 further clarifies that the circulation/height distributions depicted in Figure 9
represent large-scale wave propagation from the tropical Pacific to the extratropics. Con-
tours that represent the Rossby wave source in Figure 10 exhibit clearly that the tropical
Pacific is a wave source more dominantly at lags of 0 and 1 season (Figures 10a-d). This
wave train extends to the subpolar region, spanning the RAB and Weddell Sea. The ar-
rangement of wave flux vectors and height anomalies in these regions in Figure 10a (L20
case) bears a resemblance to the pattern observed during an EP El Nifio event, and the
pattern shown in Figure 10b (E21 case) mirrors the pattern observed during a CP El Nifio
event, aligning with the findings of Zhang et al. [33].

Height & UV at 300hPa regressed onto DJF Nino3.4 SST
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Figure 9. Distributions of 300 hPa level wind (vector) and geopotential height (shaded) anomalies
regressed onto the boreal winter Nifio3.4 SST. Time-lagged regression of the wind and geopotential
height is conducted considering time lags of 0 to 11 month onto the boreal winter Nifi03.4 SST. The
first and the third column from the left represent the results for the late 20th century, and the results
for the early 21st century are shown in the second and the fourth column. The northwest-southeast
oriented regressed anomalies in the Pacific at lags of 0-3 months, followed by zonally oriented
high/low pressure anomalies remaining active at lags of 5-7 months, is dominant in the 20th century,
while the regressed anomalies weaken earlier and are no longer evident after a 5 month lag in the
21st century.
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Figure 9. Continued.

Although both periods exhibit a similar spatial structure, there are some distinctions
in the specific positions of geopotential height and circulation anomalies between the two
periods. The circulation cell, geopotential height, and wave propagation path at 0-4 month
lag during the L20 tend to be oriented northwest-southeast, resulting in the formation of
a widespread anticyclonic circulation cell over the RAB Sea, and a cyclonic circulation
over the Weddell Sea along the wave propagation path (Figures 9a-c, g-h, Figures 10a,c).
However, the wave propagation path in the E21 appears to be more zonally oriented (Fig-
ures 9d-f, j-k, Figures 10b,d) at 0-4 month lag, and the anticyclonic circulation tends to be
smaller in size than in the L20 over the Amundsen Sea, extending towards the Bellings-
hausen Sea (Figures 9jk). This notable difference between the two periods leads to
warmer air flowing into the Ross and the western side of the Amundsen Sea region during
the L20. Conversely, the position of the warmer air inflow in the E21 shifts to the east,
resulting in the area of sea ice decrease being located east of that observed in the L20, as
demonstrated in Figure 5.
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Figure 10. Distribution of 300 hPa geopotential height (shaded) and wave activity flux vectors re-
gressed onto the boreal winter Nifio3.4 SST. In each set of panels, moving from left to right, the
depicted distributions are the regressed distributions considering time lags of 0, 1, 2, and 3 seasons.
The upper panel displays results for the late 20th century, while the lower panel exhibits results for
the early 21st century. Yellow contour lines denote the wave source region in the tropical Pacific
based on the Rossby wave source calculation. A prevailing northwest-southeast aligned Rossby
wave train is prominent at lags of 0 and 1 season during the 20th century (upper-panel, a and c),
followed by wave flux vectors aligned more zonally at a lag of 2 seasons (e), while the wave train is
notably insignificant at that lag in the 21st century (lower panel, f).

Another significant disparity in the upper-tropospheric structure between the two
periods lies in the persistence of circulation cells, corresponding height anomalies and
wave propagation activity across the RAB and Weddell Sea at longer time lags (approxi-
mately 5-8 months) in the L20 (Figures 9i, m-o, Figure 10e). In contrast, these anomalies
substantially diminish in the E21 (Figures 91, p-r, Figure 10f) in line with the earlier weak-
ening of the ENSO signal in the tropics. This decadal difference may be reflected as the
weakened Antarctic circumglobal wave in the E21 found in Lu et al. [55]. During the L20
period, the position of the circulation cells changes to a zonal orientation over the SO at 5-
8 month lag (Figures 91, m-0), as the strong connection with the tropical ENSO forcing at
shorter time-lags gradually weakens. This shift favors a more robust meridional inflow
from low-latitudes to high-latitudes at the longitudes of the Ross and Amundsen Sea, re-
sulting in the most pronounced sea ice decrease during this time lag.

In summary, the circulation and pressure fields, and wave activity flux vectors dis-
cussed in sections 4.1 and 4.2 make it evident that the sea ice decrease over the RAB, peak-
ing two seasons after El Nifio matures, is attributed to the increased meridional poleward
flow resulting from well-structured high/low pressure systems in zonal direction and ac-
companying wave activity across the RAB during that time lag. This distinct pattern is
apparently significant in the L20, connected well with the L20’s ENSO, but the significance
of this pattern diminishes in the E21, indicating a weaker role of ENSO that occurred in
the E21.
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Figure 11. Latitude-height cross-section of the vertical pressure velocity at each pressure level re- 535
gressed onto the boreal winter Nino3.4 SST. Longitudinal width for averaging is 180°-90°W that 536
encompasses the central to eastern Pacific. The left panel is the result for time lag of 0 to 2 seasons 537
in the late 20th century while the right panel represents the result for the early 21st century period. 538
Green stippled areas indicate that the anomalies are statistically significant at 95% confidence levels. 539
Vertical circulation cells spanning from the tropical Pacific to Antarctica is well-structured during 540
the late 20th century (left), while the vertical structure is less well-organized in the early 21st cen- 541
tury. 542

4.3. Lagged responses of the Hadley/Ferrell cell in the Pacific sector to the mature phase of ENSO 543

A more pronounced extra-tropical reaction to ENSO in the L20 is also detected 544
throughout the entire vertical extent of the troposphere regarding the vertical circulation 545
patterns of the Hadley and Ferrell cells over the Pacific region. The latitude-height cross- 546
section of vertical pressure velocity displayed in Figure 11, focusing on time lags of 0 to 2 547
seasons, illustrates the well-structured vertical air circulation cells spanning from the trop- 548
ical Pacific region to Antarctica during the L20 period (Figures 11a-c). In contrast, this 549
arrangement is not as clearly established during the E21 period (Figures 11d-f). The 550
strength of the vertical motion associated with the Hadley cell is notably greater in the 551
L20, indicating a more potent influence from ENSO compared to the E21. This distinction = 552
enables a more robust and enduring extratropical response that significantly impacts the 553

sea ice over the RAB region in the L20 period. 554
555
4.4. Discussion about the cause of decadal changes in ENSO type and intensity 556

Although this study provides valuable insights, there are several other significant 557
questions that require further discussion. For instance, the relative contribution of ENSO 558
type and intensity to changes in the response of the Antarctic sea ice needs investigation. 559
However, accurately distinguishing the impact of changing ENSO type and intensity us- 560
ing limited ENSO observations poses a challenge. One viable approach to achieve this 561
separation involves conducting model experiments, integrating various ENSO conditions 562
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(such as EP, CP, strong, and weak ENSO) into the model to examine the remote response 563
in the Antarctic region to each condition. This methodology represents a key aspect of our 564
forthcoming study, elaborated upon in the subsequent Section 4.5. 565

Cause of decadal changes in ENSO is also a critical question that needs to be an- 566
swered. Earlier studies have indicated that ENSO variability tends to diminish during the 567
positive phase of the Atlantic Multi-decadal Oscillation (AMO), and strengthen during its = 568
negative phase [56-58]. The AMO index is primarily in negative phase in the L20 and has 569
shifted to a positive phase since then [59]. This decadal transition in the AMO aligns well 570
with the decadal shift in ENSO intensity observed in our study, moving from a strong 571
ENSO to a weak one. In terms of the underlying dynamics, Kang et al. [56] identified that 572
the westward shift and weakening of the ENSO zonal wind stress anomalies in the equa- 573
torial central Pacific during the positive phase of the AMO contribute to the reduction in 574
ENSO amplitude. This alteration in pattern is also connected with more frequent occur- 575
rence of CP El Nifio. Expanding on this pattern shift, Chung and Li [58] illustrate a shift 576
in the equatorial Pacific around 1988/99, characterized by strengthened trades and cooling 577
over the eastern Pacific, providing a more favorable condition for CP El Nifio occurrences 578

in the E21 period. 579
580
4.5. Potential model experiments in the upcoming research 581

The majority of the conclusions drawn in this study are based on observational evi- 582
dence. To strengthen these findings, it would be valuable to conduct model experiments 583
to explore the complex relationship between ENSO and Antarctic sea ice. The next study 584
will primarily focus on a series of model experiments, utilizing both a simple dry version 585
of the atmospheric general circulation model applied in Zhang et al., Lim et al., and Kim 586
et al. [33, 60, 61] and the state-of-the-art global coupled model. While the former offers 587
valuable insights into the response of large-scale extratropical waves to tropical heat forc- 588
ing, it has limitations when it comes to fully understanding the sea ice response. Experi- 589
ments using the latter model, which can involve year-long simulations with a model 5%
forced by different types and intensities of ENSO, would be beneficial in capturing the 591
corresponding sea ice response as a function of monthly time lags. Performing idealized 592
runs by prescribing tropical Pacific SST and incorporating different intensities and types 593
of ENSO could provide valuable insights. This approach would allow us to assess the 594
sensitivity of the Antarctic teleconnection and sea ice response to individual changes in 595
ENSO intensity and type. One thing we need to acknowledge is a potential deficiency of 59
the model in representing observed response to different ENSO characteristics. Prelimi- 597
nary tests have indicated that the model bias affects the Antarctic remote response to 598
ENSO and slightly underestimates the observed variations in responses to different ENSO 599
characteristics (not shown). Therefore, while model experiments can support observa- 600

tional evidence, they require careful consideration. 601
602
5. Conclusions 603

In this study, we examined the time-lagged response of the Sea Ice Fraction (SIF) 604
interannual anomalies over the RAB Sea in relation to the evolving ENSO over the last 605
four decades. Regarding the decadal differences of ENSO, the composite of Nifio 3.4 SST 606
anomalies for ENSO events is shown to be ~34% larger in amplitude for El Nifio (and ~53% 607
larger for La Nifia) in the L20 period compared to the E21 period. It is also observed that 608
EP type ENSO events tend to occur more frequently in the L20, while CP type ENSO is 609
more dominant in the E21. 610

Higher time-lagged correlations between ENSO and SST over the RAB Sea in the L20, 611
than in the E21, indicates that the stronger ENSO events during the L20 period providea 612
better explanation for the SST variations over the RAB compared to the E21 period. Due 613
to this difference in ENSO intensity, the response of SIF decrease and SST increase over 614
the Ross and Amundsen Sea regions to El Nifio is most prominent at shorter time-lags 615
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(e.g., 0-4 months) and weakens in E21, whereas the sea ice continues to decline during 616
L20, reaching its peak at a two-season lag (e.g., 5-7 months). 617

Furthermore, the lagged response of the atmospheric circulation to ENSO shows a 618
decadal distinction in the teleconnection and wave propagation patterns. The regressed 619
maps consistently indicate an earlier weakening of the tropical-Antarctic remote telecon- 620
nection and a weaker AD pattern in the E21, suggesting a potential association between 621
this decadal change in the AD and the decadal change in ENSO intensity. The wave prop- 622
agation pattern during the L20 period generates a zonally oriented system of high- and 623
low-pressure areas approximately two seasons after El Nifio maturity, which helps to 624
strengthen the poleward meridional flow. This flow plays a key role in enhancing the sea 625
ice melt in the RAB Sea with a lag of two seasons. However, in the E21, this wave propa- 626
gation is no longer evident at the same time lag, and the region of sea ice melt is deter- 627
mined by the circulation, which shifts eastward from the pattern seen in the L20. 628

It is important to mention that the eastward shift of the region of decreasing sea ice 629
in the E21 seems contradictory to Zhang et al. [33]'s conclusion, which suggests a west- 630
ward shift of the sea ice melt region by about 20° during CP El Nifio. However, Zhang et 631
al. [33]'s conclusion was specific to the Austral spring (September to November) during 632
El Nifio development years, whereas our study focuses on sea ice changes from June to 633
August, which corresponds to the peak response after El Nifio maturity [26]. This implies 634
that the connection between El Nifio and sea ice in the RAB Sea region can vary depending 635
on the season and the phase of El Nifio [26, 33]. 636
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Appendix A 651

Annual sea ice anomalies in the Antarctic
NSIDC sea ice extent (black) and MERRA—2 sea ice fraction (blue)
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Figure Al. Time series of annual mean NSIDC sea ice extent anomaly (million km?) (black) and 653
MERRA-2 sea ice fraction anomaly (blue) averaged over the entire Southern Hemisphere. 654
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Figure A2. Distribution of ERA5 sea ice fraction (shaded) anomaly regressed onto the boreal winter
Nifio3.4 SST. Each panel from the left to the right represents the regressed distributions for 0, 1, 2,
and 3 season lag. Results for the late 20th century are shown on the upper panel while the lower
panel corresponds to the result for the early 21st century.
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