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Abstract 17 

 The recent changes and record minimalows in Antarctic sea ice extent implore the need 18 

for longer estimates beyond the short satellite observation period commencing near 1979.  19 

However, Antarctic sea ice extent reconstructions since 1900 based on paleo records and those 20 

generated based on instrumental observations from the Southern Hemisphere midlatitudes are 21 

markedly different, especially prior to 1979.  Here, these reconstructions are examined with the 22 

goal of understanding the relative strengths and limitations of each reconstruction better so that 23 

researchers using the various datasets can interpret them appropriately. 24 

 Overall, it is found that the different spatial and temporal resolutions of each dataset play 25 

a secondary role to the inherent connections each reconstruction has with its underlyingimplied  26 

atmospheric circulation.  SeveralFive Southern Hemisphere pressure reconstructions spanning 27 

the 20th century are thus examined further.  There are different variability and trends poleward of 28 

60°S between paleoproxy-based and station-based 20th century pressure reconstructions which 29 

are connected to the disagreement between the Antarctic sea ice extent reconstructions examined 30 

here.  Importantly, sensitivity experimentsreconstructions based on only coral 31 

paleoclimatological records provide the best agreement between the early pressure 32 

reconstructions, suggesting a contributing role of tropical variability is present in the station-33 

based pressure (and therefore sea ice) reconstructions, while high latitude .  In contrast, ice core 34 

information strongly constrains paleo-based only reconstructions (of both pressure provide a 35 

local, high-latitude constraint that creates differences between the proxy-based and sea 36 

ice)station-based reconstructions near the Antarctic continentAntarctica.  Our results reveal the 37 

greatest consistencies and inconsistencies in available datasets and highlight the need to better 38 
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understand the relative roles of the tropics versus high latitudes in historical sea ice variability 39 

around Antarctica. 40 

   41 

1. Introduction 42 

The climate of Antarctica is very complex and highly variable in space and time, influenced 43 

by unique processes over the Southern Ocean, the surrounding sea ice, and the continent itself 44 

(Jones et al., 2016; Goyal et al., 2021; Raphael et al., 2016; Holland et al., 2022; Blanchard-45 

Wrigglesworth et al., 2021).  Although geographically remote from other continents in the 46 

Southern Hemisphere, it is also strongly modulated by large-scale patterns of climate variability, 47 

including teleconnections from the tropical oceans, in particular in West Antarctica (Li et al., 48 

2021; Lachlan-Cope and Connolley, 2006; Ding et al., 2011).  Some of the more pronounced and 49 

unique changes in Antarctic climate include a rapid acceleration and thinning of outlet glaciers in 50 

the Amundsen Sea embayment (near West Antarctica) (Rignot et al., 2019, 2013; Bamber et al., 51 

2009; Smith et al., 2020), a strengthening of the atmospheric circulation (in particular in austral 52 

summer) since 1980 linked to stratospheric ozone depletion (Polvani et al., 2011; Banerjee et al., 53 

2020), and record low total Antarctic sea ice extent set in 2017 (Turner et al., 2017), 2022 54 

(Turner et al., 2022; Wang et al., 2022), and 2023, following multiple decades of a slow 55 

equatorward growth in the sea ice edge from 1979-2016 (Parkinson, 2019; Hobbs et al., 56 

2016).(Jones et al., 2016; Goyal et al., 2021; Raphael et al., 2016; Holland et al., 2022; 57 

Blanchard-Wrigglesworth et al., 2021).  Although geographically remote from other continents 58 

in the Southern Hemisphere, it is also strongly modulated by large-scale patterns of climate 59 

variability, including teleconnections from the tropical oceans, in particular in West Antarctica 60 

(Li et al., 2021; Lachlan-Cope and Connolley, 2006; Ding et al., 2011).  Some of the more 61 
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pronounced and unique changes in Antarctic climate include a rapid acceleration and thinning of 62 

outlet glaciers in the Amundsen Sea embayment (near West Antarctica) (Rignot et al., 2019, 63 

2013; Bamber et al., 2009; Smith et al., 2020), a strengthening of the atmospheric circulation (in 64 

particular in austral summer) since 1980 linked to stratospheric ozone depletion (Polvani et al., 65 

2011; Banerjee et al., 2020), and record low total Antarctic sea ice extent set in 2017 (Turner et 66 

al., 2017), 2022 (Turner et al., 2022; Wang et al., 2022), and 2023, following multiple decades of 67 

a slow equatorward growth in the sea ice edge from 1979-2016 (Parkinson, 2019; Hobbs et al., 68 

2016).   69 

While the high degree of interannual variability makes it challenging to fully understand 70 

these processes and changes, knowledge of them is also compromised by the comparatively 71 

temporally short length of instrumental observations (Jones et al., 2016).  The majority of 72 

Antarctic meteorological measurements of temperature, pressure, and wind extend back until the 73 

International Geophysical Year (1957-1958), giving roughly only 60 years of continuous 74 

measurements for much of the continent (although most are not located in the interior of the ice 75 

sheet) (Turner et al., 2004, 2020).  The observational record for Antarctic sea ice is even shorter 76 

– beginning near 1978-1979 when modern satellites provided continuous measurements of the 77 

sea ice concentration surrounding the continent (Meier et al., 2021; Parkinson, 2019). 78 

Given the large year-to-year variability and the short observational records, other approaches 79 

must be employed in order to place the shorter records into a longer term context – a necessary 80 

step to better understand the potential uniqueness of ongoing changes across the continent and to 81 

provide more aid in deciphering possible mechanisms for these changes.  One common approach 82 

is to produce reconstructions of past climate prior to direct observational measurements.  For 83 

Antarctica, these reconstructions generally come in two main approaches. The first approach 84 
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relies on paleoclimate records such as proxies from ice cores (typically the water isotopic content 85 

or snow accumulation) or ocean sediments to provide estimates of climate back centuries to 86 

millennia (Thomas et al., 2019; Steig et al., 2013; Thomas et al., 2017; Stenni et al., 2017).  87 

These paleoclimate data can be used directly to provide reconstructions of past climate if there is 88 

a strong physical relationship between the paleoclimate data and some aspect of observed 89 

climate; they can also be assimilated with climate model simulations to provide a more spatially 90 

complete reconstruction of climate across Antarctica (Dalaiden et al., 2021a; O’Connor et al., 91 

2021, 2023).  The second approach is based on instrumental observations in regions away from 92 

Antarctica through statistical models connecting the Antarctic climate with the climate across the 93 

Southern Hemisphere (Fogt et al., 2016a, b, 2019, 2022a; Fogt and Connolly, 2021). Assuming 94 

these relationships are stationary in time (Clark and Fogt, 2019), this approach creates 95 

reconstructions throughout the length of other Southern Hemisphere climate observations based 96 

on the relationship during the period of their overlap with Antarctic climate observations. 97 

While the high degree of interannual variability makes it challenging to fully understand 98 

these processes and changes, knowledge of them is also compromised by the comparatively 99 

temporally short length of instrumental observations (Jones et al., 2016).  The majority of 100 

Antarctic meteorological measurements of temperature, pressure, and wind extend back until the 101 

International Geophysical Year (1957-1958), giving roughly only 60 years of continuous 102 

measurements for much of the continent (although most are not located in the interior of the ice 103 

sheet) (Turner et al., 2004, 2020).  The observational record for Antarctic sea ice is even shorter 104 

– beginning in late 1978 when modern satellites provided continuous measurements of the sea 105 

ice concentration surrounding the continent (Meier et al., 2021; Parkinson, 2019). 106 
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Given the large year-to-year variability and the short observational records in Antarctica, 107 

other approaches must be employed to gain a longer term context – a necessary step to better 108 

understand the potential uniqueness and possible mechanisms for these changes both now and 109 

into the future.  One common approach is to produce reconstructions of past climate prior to 110 

direct observational measurements.  For Antarctica, these reconstructions generally come in two 111 

main approaches. The first approach relies on paleoclimate records such as proxies from ice 112 

cores (typically the water isotopic content or snow accumulation) or ocean sediments to provide 113 

estimates of climate back centuries to millennia (Thomas et al., 2019; Steig et al., 2013; Thomas 114 

et al., 2017; Stenni et al., 2017).  These paleoclimate data can be used directly to provide 115 

reconstructions of past climate if there is a strong physical relationship between the paleoclimate 116 

data and some aspect of observed climate; they can also be assimilated with climate model 117 

simulations to provide a more spatially complete reconstruction of climate across Antarctica 118 

(Dalaiden et al., 2021a; O’Connor et al., 2021, 2023).  The second approach is based on 119 

instrumental observations in regions away from Antarctica through statistical models connecting 120 

the Antarctic climate with the climate across the Southern Hemisphere (Fogt et al., 2016a, b, 121 

2019, 2022a; Fogt and Connolly, 2021). Assuming these relationships are stationary in time 122 

(Clark and Fogt, 2019), this approach creates reconstructions throughout the length of other 123 

Southern Hemisphere climate observations (most dating back to early 20th century or before)  124 

based on the relationship during the period of their overlap with Antarctic climate observations. 125 

The proxy-based and instrumental-based approaches have different strengths and weaknesses. 126 

Paleo-based reconstructions can provide historical changes on longer timescales and in key 127 

regions distant from stations; however, they are often limited to annual resolution and are 128 

associated with uncertainties in the precise climate signals recorded. Station-based 129 
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reconstructions can produce sub-annual resolutions with direct observations of climate but are 130 

restricted temporally and spatially by station availability. Additionally, paleo-based 131 

reconstructions have the advantage to relyof relying on measures of Antarctic climate variability 132 

that are located closer to the Southern Ocean, whereas station-based reconstructions largely rely 133 

on data from the Southern Hemisphere midlatitudemid-latitude land masses.  These differences 134 

can lead to different estimates of Antarctic climate in the early 20th century (Fogt et al., 135 

2022b).(Fogt et al., 2022b).  In particular, one key area of differences suggested in earlier work 136 

between these various reconstructions was in the south Pacific and Atlantic Oceans stretching 137 

from the Ross Sea east to the Weddell Sea – regions of strong trends from observations (or 138 

reanalyses) in both sea ice concentration / extent and sea level pressure (Fig. 1).  Recently, Fogt 139 

et al. (2022b) discussed this area as a key region where further analysis is needed on the 140 

similarities and differences between the reconstructions to better understand their utility.  This 141 

paper will therefore extend the preliminary analysis of Fogt et al. (2022b) to provide further 142 

comparison between proxy-based and instrumental-based analyze differences in (primarily West 143 

Antarctic annual mean) sea ice reconstructions of 20th century Southern Hemisphere sea ice 144 

extent to better understand the origins of their discrepancies, with a particular focus on the role 145 

of the atmospheric circulation throughout the 20th century as a primary mechanism for these 146 

differences.    147 

  148 
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 150 

Figure 1. a) Annual mean sea ice concentration trends (% per decade) over 1979–2020.  The 151 
solid black lines denote the sea ice sector boundaries from Parkinson (2019), while the solid 152 
green lines represent the boundaries from Raphael and Hobbs (2014). The dark green dot marks 153 
the location of the ice edge approximated by the Thomas and Abram (2016) reconstruction.  b) 154 
Annual mean ERA5 surface pressure trends (hPa per decade).  In both plots, trends statistically 155 
different from zero at p<0.05 are stippled.   156 
  157 
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2. Data and Methods 158 

Table 1 provides further info on the various reconstructions compared in this paper, while 159 

Fig. 2 shows the locations of data used in three separate reconstructions.  For station-based 160 

reconstructions, we use the Fogt et al. (2022a) seasonal sea ice extent reconstructions and the 161 

Fogt and Connolly (2021) merged pressure reconstructions.  We also investigate three proxy-162 

based reconstructions for sea ice extent (one of which is spatially complete), and two spatially 163 

complete, proxy-based reconstructions for atmospheric pressure.  Table 1 provides further 164 

information on the reconstructions compared in this paper, while Fig. 2 shows the locations of 165 

data used in three separate reconstructions.   166 

2.1) Station and sea ice observations and station-based reconstructions 167 

Monthly mean atmospheric pressure and temperature observations across the Southern 168 

Hemisphere used in the Fogt et al. (2019) pressure and Fogt et al. (2022a) sea ice reconstruction 169 

(Fig. 2a) are primarily obtained from the University Corporation for Atmospheric Research 170 

(UCAR) Research Data Archive dataset ds570.0 171 

(https://rda.ucar.edu/datasets/ds570.0/#!description)./).  A few stations from this dataset have 172 

been patched and merged with nearby stations to provide the most complete and continuous 173 

observational record, following Fogt et al. (2022a).  Some other station data have been corrected 174 

independently, as discussed in Fogt et al. (2022a).  175 

  176 
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A few Antarctic pressure observations (Turner et al. 2014) are used to evaluate the pressure 177 

variability throughout the 20th century.  We combine the Byrd station (year round, 1957- 1970) 178 

with the automatic weather station (AWS) data to provide the longest possible estimate in West 179 

Antarctica.  The combination of the Byrd temperature record has been completed and analyzed 180 

in detail in earlier work (Bromwich et al. 2013), but the implications of the merged pressure 181 

record have not yet been investigated. Similarly, we use the longest Antarctic Peninsula station 182 

(Faraday/ Vernadsky, 1947-present) to represent conditions there.  In the southern Weddell Sea 183 

sector, we merge the pressure observations from the various locations of Halley station (1957- 184 

present), as these are less influenced than temperature measurements at each site that show 185 

discontinuities (King et al. ).  All of these stations are not included as predictor data in the Fogt 186 

et al. (2016, 2019) pressure reconstructions.  For the longest possible estimate, we also use 187 

observations from Orcadas stating in 1903 (Zazulie et al. 2003) - the observations from this 188 

station were directly included in the Fogt et al. (2019) spatial pressure reconstruction.  189 

We also make use of the South Orkney fast ice duration time series from Murphy et al. 190 

(1995, 2014) as a long-term observationally based estimate of historical sea ice conditions in the 191 

Weddell Sea.  This dataset was not used in any of the sea ice reconstructions evaluated here, so it 192 

serves as an independent dataset to compare historical sea ice variations in the Weddell Sea.   193 
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Table 1. Details on the various reconstruction datasets used in this study.  194 

Dataset and 
shortened 
name 

Type 
(station or 
paleo 
based) 

Variable(s) 
used in this 
study 

Data Used in 
Reconstruction 

Time 
Period 

Resolution 
(Temporal / 
Spatial) 

Fogt et al. 
(2022a) 
FOGT22_STAT 

Station Sea ice extent Station pressure and 
temperature, indices of 
climate variability (Fig. 2a) 

1905-
2020 

Seasonal, 5 
sectors (Fig. 2a) 
+ total sea ice 
extent 

Fogt and 
Connolly 
(2021) 
FC21_STAT 

Station Near surface 
pressure 

Fogt et al. (2019) 
reconstruction merged with 
NOAA 20CRv3 equatorward 
of 60°S 

1905-
2016 

Seasonal, 
global, 
interpolated to 
1°x1° 

Abram et al. 
(2010) 
AB10_PALEO 

Paleo Sea ice extent 3methanesulphonic acid 
content from three Antarctic 
Peninsula ice cores 

1900-
2004 

Winter (August- 
October), 70°W 
– 100°W 
(Bellingshausen 
Sea, Fig. 1a) 

Thomas and 
Abram (2016) 
TA16_PALEO 

Paleo Sea ice extent Coastal West Antarctica ice 
coremethanesulphonic acid 
content from an ice core 
located off the Amundsen 
Sea coast 

1702-
2010 

Annual, ice 
edge at 146°W 
(Fig. 1a) 

Dalaiden et al. 
(2021) 
DAL21_ASSIM 

Paleo data 
assimilation 
with climate 
model prior 
(fixed over 
time) 

Sea ice extent 
(derived from 
sea ice 
concentration); 
mean sea level 
pressure 

Ice core 𝛿!"O (uncalibrated) 
and surfacesnow 
accumulation; (uncalibrated); 
tree ring width data 
(calibrated against 
temperature and 
precipitation; Fig. 2b); used 
isotope-enableenabled 
CESM1 last millennium 
ensemble as a prior (natural 
variability) 

1800-
2000 

Sea ice extent: 
Annual, 5 
sectors as in 
Raphael and 
Hobbs (2014) 
and Fogt et al. 
(2022a) 
Pressure: 
annual, global, 
1°x1°  

O’Connor et al. 
(2021) 
OCON21_ASSI
M 

Paleo data 
assimilation 
with climate 
model prior 
(fixed over 
time) 

Mean sea level 
pressure 

Global ice core, tree ring, and 
coral / sclerosponges (Fig.all 
calibrated against 
temperature; tree-rings 
calibrated against 
temperature and 
precipitation; Fig. 2c); used 
CESM1 Pacific pacemaker 
ensemble (with external 
forcings) as a prior 

1900-
2005 

Annual, global, 
1°x1° 

O’Connor et al. 
(2023) 
OCON23_ASSI
M 

Paleo data 
assimilation 
with climate 
model prior 
(fixed over 
time) 

Mean sea level 
pressure from 
sensitivity 
experiments  

1one reconstruction using 
only ice core data (calibrated 
against temperature) and 
1one reconstruction using 
only coral data (calibrated 
against temperature) 

1900-
2005 

Annual, global, 
interpoatedinter
polated to 1°x1° 
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196 
Figure 2. Map of a) temperature and pressure observations used in the Fogt et al. (2022a) 197 
seasonal sea ice reconstructions (the same pressure stations were used in the Fogt et al. (2019) 198 
and Fogt and Connolly (2021) pressure reconstruction); b) proxy data locations used in the 199 
Dalaiden et al. (2021) pressure and sea ice reconstructions; c) proxy data locations used in the 200 
O’Connor et al. (2021, 2023) pressure reconstructions.  The Fogt et al. (2022a) seasonal sea ice 201 
reconstructions used only a subset of the available observations and also indices of atmospheric 202 
and oceanic variability in their reconstructions, depending on the sea ice sector being 203 
reconstructed (Table 1), depicted in a) (ABS= Amundsen-Bellingshausen Seas).  For b), the ice 204 
core locations are a combination of the 𝛿!"O and the surface accumulation measurements.  For 205 
c), the coral proxies also include sclerosponges.  Although the O’Connor et al. (2021, 2023) 206 
assimilated proxy data span the entire globe, only the data south of 30°N are shown as these have 207 
the strongest influence on the reconstruction near Antarctica. 208 
  209 
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Observed sea ice concentration, from which sea ice extent is calculated, is obtained from the 210 

Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR) and Defense Meteorological 211 

Satellite Program (DMSP) Special Sensor Microwave Imager - Special Sensor Microwave 212 

Imager/Sounder (SSM/I-SSMIS).  The Fogt et al. (2022a) sea ice extent reconstructionsWe 213 

specifically use the Climate Data Record (CDR) daily concentration fields from the National 214 

Oceanic and Atmospheric Administration / National Snow and Ice Data Center (NOAA/NSIDC) 215 

Climate Data Record of Passive Microwave Sea Ice Concentration, Version 4 216 

(https://nsidc.org/data/g02202) (Meier et al., 2021).  The CDR algorithm output combines 217 

of(Meier et al., 2021).  The CDR algorithm output combines ice concentration estimates from the 218 

National Aeronautics and Space Administration (NASA) Team algorithm and the NASA 219 

Bootstrap algorithm, and are available at a 25 km x 25 km polar stereographic grid.  Sea ice 220 

extent is calculated as the equatorward limit of thecumulative area bounded byof grid cells with 221 

at least 15% sea ice concentration isoline; monthly, seasonal, and annual means are calculated 222 

from the daily sea ice concentration data. Patching of a short temporal discontinuity of the sea 223 

ice observations between December 1987 and January 1988 was done as in Fogt et al. (2022a).  224 

Longitude bounds for the sea ice sectors used in this study follow Raphael and Hobbs (2014), 225 

Raphael and Hobbs (2014), specifically defined as: Amundsen-Bellingshausen Seas (250°-226 

290°E), Weddell Sea (290°-346°E), and the Ross-Amundsen Sea (162°-250°E); see Figs. 1 and 227 

2a for boundaries. 228 

2.2) Station-based reconstructions 229 

We use the best-fit reconstruction from the Fogt et al. (2022a) seasonal sea ice extent 230 

reconstructions, hereafter FOGT22_STAT, conducted separately for the Raphael and Hobbs 231 
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(2014) sectors as well as for the total extent as the station-based sea ice extent reconstruction.  To 232 

get the annual mean, the four seasons were averaged together each year.   233 

The seasonal spatially complete pressure reconstructions of Fogt et al. (2019) span the region 234 

poleward of 60°S at 100km resolution, and are a kriging interpolation of individual Antarctic 235 

station reconstructions from Fogt et al. (2016a,b).  The Fogt et al. (2019) seasonal Antarctic 236 

pressure reconstruction has been merged with the National Oceanic and Atmospheric 237 

Administration (NOAA) 20th century reanalysis version 3 data (Slivinski et al., 2019)(Slivinski 238 

et al., 2019) equatorward of 60°S, as discussed in Fogt and Connolly (2021), hereafter 239 

FC21_STAT, which we use for comparison in this study. We similarly average the F21_STAT 240 

over the four seasons to calculate the annual mean for comparison. 241 

2.23) Paleo-based reconstructions   242 

While there are a few ocean sediment -derived sea ice extent reconstructions near the 243 

Antarctic Peninsula relevant to this study, Thomas et al. (2019) note that the poorer temporal 244 

resolution and lack of calibration of most marine sediments create challenges when combining 245 

and comparing them to ice core -derived sea ice reconstructions.  We therefore employ two main 246 

ice core based reconstructions of sea ice extent, as in Fogt et al. (2022b): Abram et al. (2010) 247 

used a(2022b): Abram et al. (2010) , which ends in 2004 (Table 1), used three ice cores from the 248 

Antarctic Peninsula to reconstruct the winter sea ice extent from 70°W – 100°W, in the 249 

Bellingshausen Sea (outlined in Fig. 1a).  The Abram et al. (2010) reconstruction ends in 2004.  250 

Further west, Thomas and Abram (2016) provide a reconstruction with annual resolution of the 251 

sea ice extent in the Ross Sea (marked in Fig. 1a). Both Abram et al. (2010) and Thomas and 252 

Abram (2016)1a), hereafter AB10_PALEO.  Further west, Thomas and Abram (2016) provide a 253 

reconstruction, hereafter TA16_PALEO, with annual resolution of the sea ice extent in the Ross 254 
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Sea (marked in Fig. 1a). Both AB10_PALEO and TA16_PALEO reconstructed the sea ice extent 255 

based on the methanesulphonic acid (MSA) content – an indicator related to the algal blooms 256 

occurring during the ice break-up periods -  from different Antarctic ice cores by calibrating 257 

them against sea ice extent from satellite observations. 258 

As mentioned earlier, multiple ice core, tree-ring, and coral proxy records can be assimilated 259 

with Earth System Model simulations to provide annual mean gridded estimates of not only sea 260 

ice extent and concentration, but also atmospheric pressure.  We employ two such estimates of 261 

previous Antarctic climate in this study- those of Dalaiden et al. (2021) and O’Connor et al. 262 

(2021, 2023; no sea ice reconstruction), which both use proxy measurements but different data 263 

assimilation filters and different Earth System Model simulations as the data assimilation “prior” 264 

(the initial guess that is updated with proxy data) (Table 1). Although no sea ice nor atmospheric 265 

pressure observations are directly assimilated, the data assimilation relies on the covariance 266 

between assimilated observations and those variables given by the Earth System Model to 267 

reconstruct them (Widmann et al., 2010; Goosse et al., 2010; Hakim et al., 2016). The temporal 268 

variability thus only comes from proxy records, which are spatially interpolated during data 269 

assimilation. Therefore, the final reconstruction is dynamically consistent through all the 270 

reconstructed climate variables.  For Dalaiden et al. (2021) we use the sea ice concentration, 271 

extent, and sea level pressure datasets generated using the isotope-enabled Community Earth 272 

System Model version 1 (CESM1) last millennium ensemble as the prior (Brady et al., 2019), 273 

and based on Southern Hemisphere ice cores and tree rings (Fig. 2b). We further use the 274 

O’Connor et al. (2021) pressure dataset generated using the CESM1 tropical Pacific pacemaker 275 

ensemble of simulations (Schneider and Deser, 2018) as the data assimilation prior, as this 276 

ensemble best represents historical external forcing and Pacific variability relative to other 277 
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simulations (for more details see O’Connor et al., 2021). The O’Connor et al. (2021) dataset 278 

includes a global proxy database of ice cores, corals, and tree rings, synthesized by the 279 

PAGES2k working group (Fig. 2c) (PAGES2k Consortium et al., 2017), with additional snow 280 

accumulation records (Thomas et al., 2017).  The comparison between the Dalaiden et al. (2021) 281 

reconstruction and the O’Connor et al. (2021) reconstruction reveals the roles of different 282 

filtering methods, proxy databases, and climate model priors.  O’Connor et al. (2023) provide 283 

additional single-proxy reconstructions, using the same configuration as O’Connor et al. (2021), 284 

but based only on the assimilation of ice core or coral records.  The comparison between these 285 

sensitivity experiments with O’Connor et al. (2021) allows a better understanding of the possible 286 

role of certain proxy data on the resulting reconstruction. 287 

     288 

3. Results 289 

3.1) Comparison of Antarctic sea ice extent reconstructions 290 

As alluded to in the introduction and Fogt et al. 2.4) Reconstructions based on paleo data 291 

assimilation 292 

As mentioned earlier, multiple ice core, tree-ring, and coral proxy records can be assimilated 293 

within Earth System Model simulations to provide annual mean gridded estimates of not only sea 294 

ice extent and concentration, but also atmospheric pressure.  We employ two such estimates of 295 

previous Antarctic climate in this study- those of Dalaiden et al. (2021) and O’Connor et al. 296 

(2021, 2023; no sea ice reconstruction), which both use proxy measurements but different data 297 

assimilation filters and different Earth System Model simulations as the data assimilation “prior” 298 

(the initial guess that is updated with proxy data) (Table 1). Although no sea ice nor atmospheric 299 

pressure observations are directly assimilated, the data assimilation relies on the covariance 300 
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between the climate in the proxy locations  and sea ice concentration or sea-level pressure, based 301 

on covariance patterns in the data assimilation prior (Widmann et al., 2010; Goosse et al., 2010; 302 

Hakim et al., 2016). The temporal variability thus only comes from proxy records, which are 303 

spatially interpolated during data assimilation. Therefore, the final reconstruction is dynamically 304 

consistent through all the reconstructed climate variables.  For Dalaiden et al. (2021), hereafter 305 

DAL21_ASSIM, we use the sea ice concentration, extent, and sea level pressure datasets 306 

generated using the isotope-enabled Community Earth System Model version 1 (CESM1) last 307 

millennium ensemble as the prior (Brady et al., 2019), and based on Southern Hemisphere ice 308 

cores and tree rings (Fig. 2b). The sea ice extent from DAL21_ASSIM was calculated using the 309 

Raphael and Hobbs (2014) boundaries to compare with FOGT_STAT.  We further use the 310 

O’Connor et al. (2021) pressure dataset, hereafter OCON21_ASSIM, generated using the 311 

CESM1 tropical Pacific pacemaker ensemble of simulations (Schneider and Deser, 2018) as the 312 

data assimilation prior, as this ensemble best represents historical external forcing and Pacific 313 

variability relative to other simulations (for more details see O’Connor et al., 2021). The 314 

OCON21_ASSIM dataset includes a global proxy database of ice cores, corals, and tree rings, 315 

synthesized by the PAGES2k working group (Fig. 2c) (PAGES2k Consortium et al., 2017), with 316 

additional snow accumulation records (Thomas et al., 2017; as in Dalaiden et al., 2021). It is 317 

worth mentioning that the prior used in the DAL21_ASSIM and OCON21_ASSIM 318 

reconstructions is fixed over time (i.e., each reconstructed year is based on the same prior) but 319 

while the prior used in the OCON21_ASSIM reconstruction includes the anthropogenic forcing, 320 

the reconstruction of DAL21_ASSIM solely relies on the natural climate variability as in Hakim 321 

et al. (2016) and Steiger et al. (2018). Therefore, since the prior remains constant over time, the 322 

temporal variability of the reconstruction only arises from the proxies. The comparison between 323 
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the DAL21_ASSIM reconstruction and the OCON21_ASSIM reconstruction reveals the roles of 324 

different filtering methods, proxy databases, and atmospheric forcings used to form the climate 325 

model priors.  O’Connor et al. (2023), hereafter OCON23_ASSIM, provide additional single-326 

proxy reconstructions, using the same configuration as OCON21_ASSIM, but based only on the 327 

assimilation of ice core or coral records.  The comparison between these sensitivity experiments 328 

with OCON21_ASSIM allows a better understanding of the possible role of certain proxy data 329 

on the resulting reconstruction. 330 

     331 

3. Results 332 

3.1) Comparison of Antarctic sea ice extent reconstructions 333 

As alluded to in the introduction and Fogt et al. (2022a,b), there are substantial sea ice 334 

extent differences between the station-based sea ice extent FOGT_STAT reconstructions of Fogt 335 

et al. (2022a) and those based on paleo data, including from data assimilation-based 336 

reconstructions.  To investigate these differences further, the various time series of standardized 337 

(to place on same scale) annual-mean sea ice extent anomalies from the Ross-Amundsen Sea 338 

sector east to the Weddell Sea (see Fig. 1 for sector boundaries) are plotted in Fig. 3.  Not 339 

surprisingly, the correlations with observations (color-coded numbers at the Fogt et al. (2022a) 340 

reconstructions with the observed data (green number in uppertop right of each panel in Fig. 3) 341 

are the highest for the FOGT_STAT reconstructions (p<0.01), as these reconstructions were 342 

specifically statistically calibrated to provide the best match to the observations.  However, the 343 

correlations of the paleo-based reconstructions (including the Dalaiden et al. 344 

(2021)DAL21_ASSIM reconstruction which is not directly calibrated to sea ice observations) 345 

reconstructions are also uniformly positive, and the Thomas and Abram (2016) provides the 346 
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highest correlations of the paleo-based reconstructions in the Ross-Amundsen Seas (Fig. 3a, 347 

r=0.525, p<0.01), while the Dalaiden et al. (2021) estimates from their data assimilation-based 348 

reconstruction are the highest correlations nearer to the Antarctic Peninsula in the 349 

Bellingshausen-Amundsen (Fig. 3b, r=0.620, p<0.01) and Weddell Seas (Fig. 3c, r=0.445, 350 

p<0.01)..   351 

  352 
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354 
Figure 3.  Annual mean sea ice extent timeseries from various reconstructions approximately 355 
related to the Raphael and Hobbs (2014) sea ice boundaries in Fig. 1 for the a) Ross-Amundsen 356 
Seas; b) Bellingshausen-Amundsen Seas; c) Weddell Sea.  The Dalaiden et al. (2021) sectors 357 
have been adjusted to the Raphael and Hobbs (2014) boundaries.; paleo-based reconstructions 358 
are given in red and labeled separately for each panel.  The correlations with satellite 359 
observations (in black) during the period of overlap are given in the top of each panel, with the 360 
colors denoting the individual timeseries. as given in the legend.  At the bottom, correlations 361 
with the Dalaiden et al. (2021) and Fogt et al. (2022a) reconstructions are similarly provided.  In 362 
each case, after adjusting the sample size by the lag1 correlation as needed, correlations 363 
significantly different from zero at p<0.05 and p<0.01 are marked with * and **, respectively. 364 
 365 

  366 
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In contrast, however, the cross-correlations between the various sea ice extent 367 

reconstructions (text at bottom of each panel in Fig. 3) are much weaker overall (numbers at 368 

bottom of each plot), often falling below 0.30 (from 1905-2020, p<0.05), suggesting that).  The 369 

weak cross-correlations suggest the interannual variability in the Dalaiden et al. 370 

(2021)DAL21_ASSIM estimates from a climate model that assimilates paleo data and 371 

estimatesthose from ice cores directly (both ThomasTA16_PALEO and Abram (2016) and 372 

Abram et al. (2010))AB10_PALEO) differ substantially; part. Part of this difference could be 373 

from a larger number of ice cores included in the Dalaiden et al. (2021)DAL21_ASSIM 374 

reconstruction (Fig. 2b) than those of Abram et al. (2010) and Thomas and Abram (2016).  In, 375 

smoothing out the Bellingshausen-Amundsen sectornon-climatic noise (Fig. 3b), even though the 376 

Dalaiden et al. (2021) estimate shows a correlation of r=0.620 with observations (blue number, 377 

top of plot), the correlation of the Fogt et al. (2022a) data with the Dalaiden et al. (2021) 378 

estimate2b, Table 1).  There is only r=0.171 (p>0.05) during 1905-2000.  Since the Fogt et al. 379 

(2022a) data are strongly correlated r=0.933 (p<0.01) with observations after 1979, the low 380 

correlationslightly better agreement between these two estimates during 1905-2020 suggests they 381 

do not have similar interannual variability prior to 1979, as demonstrated in Fogt et al. (2022a,b).  382 

Of note, though, are a few cross-correlations that are near the same strength of the paleo-based 383 

estimates with observations, namely the Abram et al. (2010) correlation with the Dalaiden et al. 384 

(2021) estimates in the Bellingshausen-Amundsen Sea (Fig. 3b, r=0.305, p>0.05) and the Fogt et 385 

al. (2022) and Dalaiden et al. (2021) estimates in the Weddell Sea (Fig. the reconstructions in the 386 

Weddell Sea, particularly for the FOGT_STAT and DAL21_ASSIM estimates (Fig. 3c, r=0.532, 387 

p<0.01).  Even though there are some agreements, the overall linear trends in the data look 388 

notably different (to be addressed later), and there are sudden anomalies in each dataset that are 389 
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rarely replicated in others, including for the paleo-based reconstructions in the period of satellite 390 

observations.   391 

While it is straightforward to plot the timeseries together as in Fig. 3, understanding the 392 

differences between them , especially prior to 1979, is much more complex, as the various 393 

reconstructions were created inwith markedly distinct and incongruent methods (Table 1) and 394 

data (Fig. 2).  Further, while they are all representing sea ice extent in some fashion, the 395 

reconstruction resolutions (Table 1) also indicates they are representing it in many different ways 396 

as well (some as the ice edge latitude at a specific point, some as an area, and all with different2).  397 

First, the various temporal resolutions).  One important challenge is that the Fogt et al. (2022a) 398 

of each reconstruction may result in differences: the FOGT_STAT reconstructions were 399 

generated based on in Fig. 3 are averages of seasonal statistical relationships, producing 400 

reconstructions separately for the four meteorological seasons. These seasonal reconstructions 401 

were averaged together to give the annual mean values in Fig. 3 to compare with all the other 402 

paleo-based reconstructions that only have annual mean resolution (the exception being the 403 

MSA-based reconstruction of Abram et al. (2010) is for August-October, Table 1).  Nonetheless,, 404 

and even though the paleo-based reconstructions often represent the annual mean, they may be 405 

biased slightly to a particular time in the year affected primarily by the accumulation at the ice 406 

core site(s) from which the paleo-based reconstructions were generated.  To understand if the 407 

relationships improve seasonally, Fig. 4 investigates the reconstructions agreement for each 408 

sector (by column) and each season (rows). 409 

ComparedIn contrast to the annual mean data in Fig. 3, there are frequent negative 410 

correlations between the various datasets and the observations (again except for the Fogt et al. 411 

(2022a) reconstructions that were explicitly calibrated to the seasonal observations),numbers at 412 
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the top of each panel in Fig. 4) as well as between the paleo-based reconstructions and those 413 

from Fogt et al. (2022a) given by the FOGT_STAT (numbers at the bottom of each panel in Fig. 414 

4.).  For the Ross-Amundsen sector, the Thomas and Abram (2016)TA16_PALEO most closely 415 

aligns with the austral winter (JJA) and austral spring (SON) seasons, near the seasonal 416 

maximum sea ice extent.  The correlations with observations of the Thomas and Abram (2016) 417 

data exceed 0.56 (p<0.01) in these seasons, higher than the correlation of the annual mean in Fig. 418 

3 (r=0.525, p<0.02); despite the higher correlations with the observations, the correlations of 419 

Thomas and Abram (2016) and the seasonal Fogt et al. (2022a) reconstructions however are 420 

slightly lower than for the annual (r=0.345 for annual, max for SON is r=0.320, both p<0.05).  421 

As before, this suggests a reduction in the reconstruction cross correlations prior to satellite 422 

observations (i.e., before 1979).  The seasonal relationships of the Abram et al. (2010)The 423 

seasonal relationships of the AB10_PALEO reconstruction are a bit more nuanced: it has 424 

considerably higher correlations in MAM with observations in the Bellingshausen-Amundsen 425 

sector (r=0.526, p<0.01), but the weakest correlations in this season in the Weddell sector 426 

(r=0.10, p>0.05). 427 
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428 

For the DAL21_ASSIM reconstruction, the relationships with observations are weakest in austral 429 

summer (Fig. 4, top row) for all sectors, and generally the highest during the second half of the 430 

year (Fig. 4, bottom two rows).  Similarly, the correlations between the FOGT_STAT 431 

reconstruction and DAL21_ASSIM are typically highest in JJA. 432 

  433 
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434 
Figure 4.  As in Fig. 3, but with the seasonal mean observations and reconstructions of Fogt et 435 
al. (20222022a) with the annual mean paleo-based reconstructions.  The Thomas and Abram 436 
(2016) paleo-based reconstruction is used for the Ross-Amundsen sector (left column), while the 437 
Abram et al. (2010) reconstruction is used for the other two sectors. (middle and right columns).  438 
The correlations are color coded following the legend.  Correlations with observations are given 439 
at the top of each panel, and correlations with seasonally-varying Fogt et al. (2022a) 440 
reconstructions are given at the bottom of each panel.  441 
 442 

 443 

For the Dalaiden et al. (2021) estimates of sea ice from the data assimilation-based 444 

reconstruction, the relationships with observations are weakest in austral summer (top row) for 445 

all sectors, and generally the highest in austral winter and spring (bottom two rows).  446 

Interestingly, the correlations between the Fogt et al. (2022a) reconstruction and the estimates 447 
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from Dalaiden et al. (2021) are in typically highest in JJA, and even exceed the correlations of 448 

the paleo-based reconstructions with observations in the Weddel sector in this season (r=0.484, 449 

p<0.01), suggesting that there is some shared interannual variability in these datasets prior to 450 

1979 in the winter season. 451 

 452 

While the seasonal comparisons in Fig. 4 reveal that betterthe agreement between the 453 

various reconstructions is not uniform throughout the year, , the various spatial footprints of the 454 

reconstructions can be achieved apart from the annual mean representation, there are other 455 

factors that could lead toalso create differences in the reconstruction that would not be captured 456 

by individual portions of the seasonal cyclebetween the reconstructions.  In particular, while ice 457 

core-based reconstructions can provide information directly over the continent on longer 458 

timescales, their connections to Antarctic climate are geographically limited (Table 1), restricted 459 

to the prominent pathway of tracers from the ocean/ice boundary near the ice edge to their 460 

deposition at the ice core site (Thomas et al. 2019).  In contrast, both the Fogt et al. 461 

(2022a)FOGT_STAT and Dalaiden et al. (2021)DAL21_ASSIM reconstructions represent the 462 

cumulative sea ice area >15% in specific geographic boundaries (Figs. 1a and 2a).  To 463 

investigate the role the various spatial configurations may play in the differences between the 464 

reconstructions, each annual mean reconstruction was correlated through time with the full 465 

spatial field of annual mean sea ice concentration satellite observations (at each grid point 466 

separately); these correlations are plotted in Fig. 5, with correlations statistically different from 467 

zero at p<0.05 stippled.  In Fig. 5, the correlation of the observed sea ice extent series for each 468 

sector with the satellite sea ice concentration field is provided in the far left column for 469 

comparison of the maximum expected correlation pattern and magnitude.   470 
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473 
Figure 5. Correlations (1979-end of series) of annual mean sea ice extent timeseries with the 474 
observed annual mean sea ice concentration field, separated by the Raphael and Hobbs (2014) 475 
sectors, as in Fig. 3.  The solid lines (or marker for Thomas and Abram (2016) represent the 476 
longitudinal boundaries of the observations or reconstructions for each sector (Table 1).  In each 477 
row, correlations of the observed sea ice extent time series with the sea ice concentration are 478 
given for reference.  a) Ross-Amundsen Seas; b) BelingshausenBellingshausen-Amundsen Seas; 479 
c) Weddell Sea. 480 
 481 

In the Ross-Amundsen sector (Fig. 5, top row), the ThomasTA16_PALEO and Abram 482 

(2016) and Fogt et al. (2022a)FOGT_STAT reconstructions represent the observed pattern well, 483 

although as expected the region of positive correlations with the Thomas and Abram 484 
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(2016)TA16_PALEO is smaller and confined closer to the ice edge – their reconstruction is an 485 

estimate of the ice edge at a point in the Ross Sea (Fig. 1, Table 1).  While the Dalaiden et al. 486 

(2021)DAL21_ASSIM spatial correlation field is notably weaker, it is important to remember 487 

that unlike the other sea ice extent estimates examined here, this reconstruction was not 488 

calibrated in any way to sea ice, and was only extracted from the climate model simulations 489 

constrained by paleo data.to sea ice observations.  Nonetheless, it still maintains a similar spatial 490 

pattern of positive and negative correlations to the other datasets, suggesting that its geographic 491 

representation is broadly similar to other datasets. 492 

The Abram et al. (2010)AB10_PALEO reconstruction shows a much weaker pattern of 493 

correlations than the other estimates in the Bellingshausen-Amundsen and Weddell sectors 494 

(middle and bottom rows of Fig. 5), while the Dalaiden et al. (2021)DAL21_ASSIM estimates 495 

align much better with observations in these sectors.  The Abram et al. (2010)AB10_PALEO 496 

relationships with the sea ice concentrations only modestly improves seasonally (not shown).  497 

Together, this suggests that the spatial (and to a lesser extent, seasonal) limitation of the ice 498 

conditions represented by the Abram et al. (2010)AB10_PALEO reconstruction is an important 499 

contributing factor of its differences with the other sea ice extent estimates examined here.  From 500 

Fig. 5, the Abram et al. (2010)AB10_PALEO reconstruction has significant correlations at the 501 

far equatorward sea ice edge, stretching from the Bellingshausen Sea eastward across the 502 

Antarctic Peninsula to the Weddell Sea, different thanfrom the 70°W-100°W region originally 503 

suggested.  This different spatial relationship in the annual mean (compared to the originally 504 

published August – October) also explains why it has correlations with sea ice observations from 505 

both the Bellingshausen-Amundsen and Weddell sectors (Figs. 3-4), albeit much weaker than 506 

other reconstructions.  This spatial relationship is to be expected as it is only based on three 507 
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Antarctic Peninsula ice cores (Table 1), compared to the array of ice cores used in 508 

DAL21_ASSIM (Fig. 2b) 509 

The timeseries in Figs. 3-4 suggest that while there are notable differences in the interannual 510 

variability in the various reconstructions, there are also differences in longer-term changes and 511 

especially the trends through time.  Figure 6 investigates these discrepancies through the use of 512 

30-year running trends, similar to that done in Fogt et al. (2022b), but including the Weddell 513 

sector and other data sources.   514 
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516 
Figure 6. 30-year running trends (standard deviations per decade) of the annual mean sea ice 517 
extent timeseries in Fig. 3.  Individual 30-year trends that are statistically different from zero at 518 
p<0.05 are stippled.  For the Weddell Sea, the fast ice duration at the Orkney islands from 519 
Murphy et al. (1995) is also provided.  For the Bellingshausen-Amundsen Sea region, the ASL 520 
index from Dalaiden et al. (2021), defined as the annual mean 500 hPa geopotential heihtheight 521 
from 60°-75°S, 170°E – 70°W, is also shown.   Trends are only calculated if 25 years or more 522 
are available  in each 30-year window. 523 
 524 

One clear pattern in the satellite-observed trends discussed in the introduction and shown in 525 

Fig. 1a is the opposing nature of positive sea ice extent trends (equatorward movement of the ice 526 

edge) in the Ross Sea and negative sea ice extent trends in the Bellingshausen-Amundsen sector 527 

(Fig. 6).  As suggested in Fogt et al. (2022a) in their investigation of the total Antarctic sea ice 528 

extent trends and evident in Fig. 6, theseThese trends reverse and weaken after the 2016 sudden 529 
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decline, (Fig. 6; Fogt et al. 2022a), but still demonstrate opposite behavior, strongly tied to the 530 

atmospheric circulation around the Amundsen Sea low (Hosking et al., 2013; Raphael et al., 531 

2016; Holland and Kwok, 2012).(Hosking et al., 2013; Raphael et al., 2016; Holland and Kwok, 532 

2012).  While the various reconstructions capture the observed trends (including their statistical 533 

significance), there are marked differences in the signs of the trends prior to the satellite 534 

observations around 1979.  In particular, paleo-based sea ice extent estimates generally 535 

displayindicate that the observed trends are part of a long-term continuous trend of the same sign 536 

throughout much of the 20th century (i.e., that there are increases in the Ross Sea sector and 537 

decreases in the Bellingshausen Sea region throughout the 20th century);; this story is also 538 

consistent in the Weddell sector, as the paleo-based reconstructions only show statistically 539 

significant trends prior to 1979 that are the same sign as the observed trends after 1979.  In 540 

contrast, the Fogt et al. (2022a)FOGT_STAT reconstructions show a pronounced shift in the 541 

trend sign and magnitude through time.  The Fogt et al. (2022a)FOGT_STAT sea ice 542 

reconstruction trends are characterized with statistically significant positive trends in the middle 543 

20th century in the Bellingshausen-Amundsen sector (opposite the decreases after 1979 there), 544 

and statistically significant negative trends in the Ross Sea in the early 20th century, with a 545 

prolonged period of weaker negative trends throughout the 20th century, opposite to the strong 546 

positive trends in the satellite observations starting in 1979 (Fig. 6).  In the Weddell sector, 547 

where there is a better agreement between the Fogt et al. (2022a)FOGT_STAT and Dalaiden et 548 

al. (2021)DAL21_ASSIM estimates (Figs. 3-5), the trends align better through time.  Moreover, 549 

these trends and their temporal changes in both significance and sign are broadly aligned with 550 

the South Orkney fast ice duration dataset of Murphy et al. (1995),Murphy et al. (1995), with 551 
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positive trends in the first portion of the 20th century that change to negative trends through much 552 

of the middle 20th century, to weak trends during the satellite observation period. 553 

While the seasonal and spatial differences between the various reconstructions evaluated in 554 

Figs. 2-35 undoubtedly play a role (especially for the Abram et al. (2010)AB10_PALEO 555 

reconstruction), Fig. 56 suggests that changes in the underlying implied atmospheric circulation 556 

are also playing a role.  In observations (Fig. 1a), the differing sea ice extent trends in the 557 

Bellingshausen and Ross Seas are largely tied to the atmospheric circulation around the 558 

Amundsen Sea low and implied sea ice drift changes (Holland and Kwok, 2012; Holland, 559 

2014).(Holland and Kwok, 2012; Holland, 2014).  Although there are no long-term direct 560 

observations, the ASL index extracted from the pressure field in the proxy-basedDAL21_ASSIM 561 

reconstructions of Dalaiden et al. (2021) showshows changes through time that are nearly 562 

opposite the Fogt et al. (2022a)FOGT_STAT reconstructions for the Bellingshausen-Amundsen 563 

sector in the early and middle 20th centuries, potentially confirming that underlying atmospheric 564 

circulation changes are a dominant contribution to the different sea ice changes.  565 

While reconstruction uncertainty will always play a role in differences between various 566 

historical estimates, the comparisons of the various sea ice reconstructions thus far suggest that: 567 

a) the Abram et al. (2010)AB10_PALEO is primarily different from other reconstructions 568 

because of its different spatial footprint; b) the methodology used to create the reconstructions or 569 

their temporal resolution does not play a consistent role, as correlations between the proxy-based 570 

reconstructions as well as with the station-based reconstructions vary considerably; c) the 571 

atmospheric circulation associated with the sea ice reconstructions appears to be a dominant 572 

mechanism for differences between them. To investigate this further, the role of implied changes 573 
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in the atmospheric circulation underlying the proxy-based and station-based reconstructions is 574 

therefore the focus for the remainder of this paper.  575 

3.2) Connection to the atmospheric circulation changes and comparison of Antarctic sea level 576 

pressure reconstructions 577 

Since 20th century atmospheric reanalyses have been shown to have long-term artificial 578 

pressure trends throughout the early and middle 20th century (Schneider and Fogt, 2018; Fogt et 579 

al., 2020), our analysis of the relationship between sea ice extent and the atmospheric circulation 580 

is focused on other estimates of pressure.  In particular, for consistency we employ estimates of 581 

pressure from reconstructions generated using proxy data assimilation with various climate 582 

model priors and proxy datasets, including the Dalaiden et al. (2021) and O’Connor et al. 583 

(2021,2023) datasets (Table 1). For a station-based estimate, we also investigate the Fogt and 584 

Connolly (2021) dataset, which is a blend interpolated seasonal Antarctic station pressure 585 

reconstructions south of 60°S (Fogt et al., 2019, 2017), and the NOAA 20th century reanalysis 586 

version 3 equatorward of 60°S (Table 1).  Since the Antarctic station pressure reconstructions 587 

were generated using a similar statistical technique as the Fogt et al. (2022a) sea ice extent 588 

reconstructions, this allows for an evaluation of other estimates that are expected to provide 589 

similar temporal variability as the Fogt et al. (2022a) sea ice extent reconstructions. 590 

Since 20th century atmospheric reanalyses have been shown to have long-term artificial 591 

pressure trends throughout the early and middle 20th century (Schneider and Fogt, 2018; Fogt et 592 

al., 2020), our analysis of the relationship between sea ice extent and the atmospheric circulation 593 

is focused on other estimates.  In particular, we examine pressure reconstructions generated 594 

using proxy data assimilation with various climate model priors and proxy datasets, including the 595 
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DAL21_ASSIM and O’Connor et al. (2021, 2023) datasets (Table 1), as well as a station-based 596 

estimate, FC21_STAT,  597 

Figure 7 displays the correlations for the Weddell sector sea ice extent from Dalaiden et al. 598 

(2021) with the(top rows) DAL21_ASSIM  and (bottom rows) FOGT_STAT with three gridded 599 

pressure datasets in the top rows, and the Weddell sector sea ice extent reconstructions from Fogt 600 

et al. (2022a) with the same gridded datasets in the bottom rows.  The gridded pressure datasets 601 

are grouped by columns, and further broken into the pre-satellite sea ice observation period of 602 

1905-1978 (top rows of each section) and satellite-era sea ice observation period (1979-2000).  603 

Overall the patterns are quite similar in each of the panels, reflecting the broad similarities of the 604 

sea ice reconstructions in the Weddell sector (Figs. 3-5).  Here, the sea ice extent reconstructions 605 

show a strong positive correlation with pressure over the Antarctic continent that changes to 606 

negative correlations with pressure in the Pacific Ocean from the midlatitudes and equatorward, 607 

including South America.  For both the Dalaiden et al. (2021)DAL21_ASSIM and O’Connor et 608 

al. (2021)OCON21_ASSIM pressure datasets, regardless of the sea ice extent estimate (top or 609 

bottom half of Fig. 7), these relationships exist in a similar fashion throughout time, suggesting  610 
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611 

612 
Figure 7.  Annual mean correlations of (top half) Dalaiden et al. (2021) and (bottom half) Fogt 613 
et al. (2022a) sea ice extent correlations for the Weddell Sea with three 20th century spatially 614 
complete pressure reconstructions (columns).  In each half, the top row are for correlations in the 615 



 

42 

pre-satellite period, 1905-1978, and the bottom are for 1979-2000.  The pressure reconstructions 616 
are (left column) Dalaiden et al. (2021), (middle column) O’Connor et al. (2021), and (right 617 
column) Fogt and Connolly (2021). Correlations statistically different from zero at p<0.05 are 618 
stippled. 619 
 620 

the Weddell sea ice maintains a similar relationship with pressure across the entire Southern 621 

Hemisphere from data assimilation-based products with a fixed prior..  However, when 622 

comparing withfor the Fogt and Connolly (2021)FC21_STAT pressure dataset, the relationship 623 

betweenwith Weddell sea ice extent, regardless of the sea ice extent estimate (Dalaiden et al. 624 

(2021)DAL21_ASSIM or Fogt et al. (2022a))FOGT_STAT) shows a change in the relationship 625 

over Antarctica, flipping to a weakly negative (generally not statistically significant) 626 

correlationsign poleward of 60°S in the 1905-1978 (right column in Fig. 7).  While the trends in 627 

the Weddell sea ice extent change less dramatically through time than in the Ross, Amundsen, 628 

and Bellingshausen sectors (Fig. 6), there are still changes in the sea ice extent trends in the 629 

Weddell sector in the Fogt et al. (2022a)FOGT_STAT reconstruction, with perhaps too strongly 630 

positive sea ice extent trends at the end of the 20th century (compared to observations) juxtaposed 631 

by negative sea ice extent trends in the middle twentieth century (Fig. 6).  If the statistical 632 

relationship between the atmospheric circulation and sea ice extent changed in time (Fig. 7, right 633 

column), this could be linked (at least statistically, and perhaps incorrectly) to the changes in the 634 

sea ice extent trends displayed in the Fogt et al. (2022a) sea ice extentFOGT_STAT 635 

reconstructions, but not in the paleo-reconstructions (Fig. 6). 636 

Interestingly, when examining the correlation of sea ice extent reconstructions in the Ross-637 

Amundsen sector with (Fig. 8), this sea ice-pressure relationship across the various gridded 638 

historical pressure datasets (Fig. 8), this pattern is not fully maintained, and there are more 639 

differences in the spatial correlation patterns not only between the two sea ice extent estimates, 640 
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but also dependent on the variousapparent for the DAL21_ASSIM pressure datasets (columns in 641 

Fig. 8).dataset.  For the Dalaiden et al. (2021)DAL21_ASSIM sea ice extent estimate (Fig. 8, left 642 

column), the pressure relationships are maintained throughout time, and are even stronger in the 643 

1905-1978 period for the Dalaiden et al. (2021)DAL21_ASSIM pressure estimate.  As in the 644 

Weddell sector, the correlation pattern of the Dalaiden et al. (2021)DAL21_ASSIM sea ice 645 

extent estimate with the the Fogt and Connolly (2021)FC21_STAT pressure dataset in the Ross-646 

Amundsen sector again changes through time poleward of 60°S over the Antarctic continent, 647 

from overall weakly positive and insignificant correlations from 1905-1978 to statistically 648 

significant (p<0.05) negative correlations after 1979 (Fig. 8, top two rows of rightmost column).  649 

A notable exception however is off the coast of West Antarctica, in the vicinity of the Amundsen 650 

Sea low, where correlations remain significantly (p<0.05) negative throughout time, highlighting 651 

the key role of this feature for regional sea ice variability (Hosking et al., 2013; Raphael et al., 652 

2016). 653 

 654 
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655 
(Hosking et al., 2013; Raphael et al., 2016). However, for the FOGT_STATFigure 8.  As in Fig. 656 
7, but for the sea ice extent reconstructions for the Ross-Amundsen Seas sector. 657 
 658 

For the Fogt et al. (2022a) sea ice extent reconstructions (bottom two rows in Fig. 8), a 659 

different story emerges. The correlations, while of a generally similar sign, are weaker for all 660 

pressure datasets (columns in Fig. 8) in the 1905-1978 period compared to the 1979-2000 period.  661 

In particular, the statistically significant (p<0.05) negative correlations within the region of the 662 

Amundsen Sea low are maintained throughout time, especially in the Fogt and Connolly 663 

(2021)FC21_STAT pressure dataset (Fig. 8, right column, bottom two rows); these are reduced 664 

however when using the Dalaiden et al. (2021)DAL21_ASSIM pressure dataset with the Fogt et 665 

al. (2022a)FOGT_STAT sea ice extent reconstruction (Fig. 8, left column, bottom two rows). 666 

 667 

 668 
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669 
Figure 8.  As in Fig. 7, but for the sea ice extent reconstructions for the Ross-Amundsen Seas 670 
sector. 671 
 672 

Are changes in time of the sea ice – pressure relationship in time in the Weddell sector from 673 

Fig. 7 a real feature, or is this an artifact of the reconstructions (sea ice extent, pressure, or both) 674 

generated by their limitations?  While there are no direct spatially complete observations of sea 675 

ice or pressure throughout the full 20th century, the Weddell sector is one of the few places with 676 

longer historical observations of both pressure and sea ice conditions, afforded by the 677 

observations collected at Orcadas station (60.7°S, 44.7°W) since 1903 (Zazulie et al., 2010), and 678 

the fast-ice duration series around this island from Murphy et al., afforded by the observations 679 

collected at Orcadas station (60.7°S, 44.7°W) since 1903 (Zazulie et al., 2010), and sea ice 680 

conditions, represented by the fast-ice duration series around Orcadas from Murphy et al. (1995).  681 

The running correlations of these key observations with sea ice estimates are provided in Fig. 9 682 

as the only observation-based investigation into the possible reality of a time-varying sea ice / 683 
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pressure relationship within the Weddell seaSea.  In Fig. 9a, the annual mean Fogt et al. 684 

(2022a)FOGT_STAT Weddell sea ice extent reconstruction maintains a statistically significant 685 

(p<0.05) positive relationship throughout time with the South Orkney fast ice (SOFI) record 686 

(solid lines, Fig. 9a).  Given this, it is not surprising then that both the relationship between the 687 

Fogt et al. (2022a) Weddell sea ice extent reconstruction and theAlthough usually not 688 

statistically significant, both FOGT_STAT SOFI duration similarly change sign through time 689 

with the pressure at Orcadas station (dashed lines in Fig. 9a), potentially confirmingwhich is 690 

consistent with the spatialWeddell SIE-gridded pressure correlation change through time 691 

presented in the right column of Fig. 7.  While the Weddell sea ice extent estimate from Dalaiden 692 

et al. (2021)DAL21_ASSIM also is positively correlated through time with the SOFI duration 693 

(solid blue line, Fig. 9b, albeit only significant [p<0.05] for 30-year windows starting prior to 694 

1945in the early 20th century), the Orcadas observed pressure and Weddell sea ice extent 695 

estimate from Dalaiden et al. (2021) are weakly correlated (p>0.05), near zero through time 696 

(although still with some deviation in sign, but notDAL21_ASSIM have no statistically 697 

meaningful).significant correlations.  There is therefore much stronger support offor changes in 698 

the relationship of high latitude pressure and Weddell sea ice from the statistically-generated sea 699 

ice and pressure reconstructions than there is from the paleo-based reconstructions, consistent 700 

with Fig. 7.  701 

  702 
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703 
Figure 9.  30-year running correlations between pairs of the South Orkney Fast Ice (SOFI) 704 
duration from Murphy et al. (1995, 2014), various sea ice extent estimates, or Orcadas station 705 
mean sea level pressure.  Correlations significantly different from zero at p<0.05 are marked 706 
with a circle. 707 
 708 
 709 
3.3) Differences in atmospheric pressure reconstructions 710 
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The connections of the various sea ice reconstructions with the atmospheric circulation in 711 

Figs. 7-9 suggest, just like with the sea ice, that there are also differences in the underlying 712 

atmospheric circulation from the Fogt and Connolly (2021)FC21_STAT dataset and the 713 

Dalaiden et al. (2021) and O’Connor et al. (2021)DAL21_ASSIM and OCON21_ASSIM proxy-714 

data assimilation datasets.  While some of these differences were discussed in O’Connor et al. 715 

(2021), it is not clear how they may impact sea ice changes through time.  To understand these 716 

differences better and the role they may play in the differences in the sea ice reconstructions, 717 

correlations between the various annual mean gridded pressure datasets are provided in Fig. 10.  718 

To help pinpoint the sensitivity of the correlations to the paleo data assimilated into the climate 719 

model, the O’Connor et al. (2021) pressure reconstruction was expanded by separately 720 

examining reconstructions assimilating ice core and coral data only from O’Connor et al. (2023).  721 

We examine these separately to better isolate thein Table 1 are provided in Fig. 10.   722 

 723 
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  724 
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Figure 10. Correlations of annual mean pressure at each grid point between the various paleo-725 
based reconstructions with the Fogt and Connolly (2021) reconstruction. a) Dalaiden et al. 726 
(2021); b) O’Connor et al. (2021); c) O’Connor et al. (2023) ice core-based proxies only; d) 727 
O’Connor et al. (2023) coral-based proxies only.   The columns denote three time periods: 1905-728 
1956 (left column, prior to Antarctic data), 1957-2000 (middle column), and the full period of 729 
overlap 1905-2000 (right column).  Correlations statistically different from zero at p<0.05 are 730 
stippled.  All datasets were linearly detrended over the specific time period prior to calculating 731 
the correlations; further details on each dataset is provided in Table 1 and the proxy locations are 732 
given in Fig. 2.  733 
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rolePrior to the start of tropical paleo data constraints (from corals) and those primarily from 734 

Antarctica (from ice cores, Fig. 2c) on the comparison of thesemost Antarctic pressure 735 

reconstructions with the Fogt and Connolly (2021) data.  Inobservations, during the 1905-1956 736 

time period (left column, Fig. 10), there are similar correlation patterns between for the 737 

DAL21_ASSIM, OCON21_ASSIM, and the Dalaiden et al. (2021), O’Connor et al. (2021), and 738 

the O’Connor et al. (2023) OCON23_ASSIM (ice core only) datasets, suggesting that the ice 739 

core data provide a strong constraint to the pressure variability in the paleo-basedassimilation 740 

reconstructions near Antarctica, and that the inclusion of external forcing in the data assimilation 741 

prior (for the O’Connor et al. (2021, 2023) reconstructions) has minimal influence.  Meanwhile, 742 

there are positive and even statistically significant (p<0.05) correlations between the O’Connor 743 

et al. (2023OCON23_ASSIM (coral only) and Fogt and Connolly (2021)FC21_STAT datasets 744 

(Fig. 10d, left column) in the early period.  This suggests that tropical teleconnections, captured 745 

by the coral paleo data, play an important role in the interannual variability in the Fogt and 746 

Connolly (2021) dataset.  Given that the predictor data for the Fogt and Connolly (2021) dataset 747 

is confined to the Southern Hemisphere landmasses large distances away from Antarctica, it is 748 

not surprising that there is better agreement with the coral-only dataset of O’Connor et al. (2023) 749 

and Fogt and Connolly (2021) pressure dataset over Antarctica.  However, given the different 750 

pattern with the paleo-based datasets (left column, Fig. 10a-c), it is also clear that the local ice 751 

core variability over Antarctica is opposite that of the coral-based tropical variability (especially 752 

over East Antarctica, where tropical teleconnections to Antarctica are generally weaker; Li et al., 753 

2021), with the former dominating the overall reconstruction for the paleo-based datasets.  754 

Notably, during 1957-2000 the agreement improves from 1905-1956 for the full reconstructions 755 

(Fig. 10a-b, middle column, especially for the O’Connor et al. reconstructions) as well as the ice 756 
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core-only reconstruction from O’Connor et al. (2023, Fig. 10c, middle column), while the 757 

agreement weakens for the coral-only reconstruction (Fig. 10d, middle column).  This suggests 758 

the Fogt and Connolly (2021)FC21_STAT dataset.  However, it is also clear  the local ice core 759 

variability over Antarctica, which dominates the reconstructions in Figs. 10a-c,  is opposite to 760 

that of the coral-based tropical variability (Fig 10d,), especially over East Antarctica, where 761 

tropical teleconnections to Antarctica are generally weaker (Li et al., 2021).   762 

During 1957-2000, the agreement improves from 1905-1956 for all but the 763 

OCON23_ASSIM coral-only reconstructions (Fig. 10, middle column).  This suggests that the 764 

FC21_STAT dataset aligns more with tropical variability in the early 20th century, which 765 

dominates its response, but more with ice core related variability in the latter half of the 20th 766 

century, which dominates the paleo-baseddata assimilation reconstructions near Antarctica.  767 

Further, given the greater skill in the O’Connor et al. (2021, 2023) reconstructions relative to 768 

Dalaiden et al. (2021)DAL21_ASSIM in the later period, this also suggestsuggests that including 769 

external forcing in the climate model prior is important. 770 

Since there was some effect of seasonality on the relationship between the paleo-based and 771 

statistically based sea ice reconstructions in Fig. 4, we examine the correlations for each season 772 

(like with the Fogt et al. (2022a) sea ice reconstructions, the Fogt and Connolly (2021) pressure 773 

datasets were constructed seasonally, and annually averaged for Fig. 10, Table 1) in the 1905-774 

1956 period in Fig. 11.  However, forFor the pressure datasets, the change in seasonal skill in 775 

Fig. 11 is dampened compared to that for Antarctic sea ice extent in Fig. 4.  There are more 776 

correlations statistically significant (p<0.05) for the Dalaiden et al. (2021)DAL21_ASSIM 777 

dataset in DJF and SON, likely tied to when the skill of the Fogt and Connolly 778 

(2021)FC21_STAT dataset is the highest.  For the O’Connor et al. (2021,2023) datasets (Figs. 779 



 

53 

11b-d), the agreement is slightly better over the Ross Sea and West Antarctica in winter.  This 780 

improvement is due to contributions from both ice cores and corals, with the corals providing 781 

enhanced agreement off the coast and across East Antarctica (Figs. 10c11c,d).  The ice core-only 782 

reconstruction provides better agreement over West Antarctica in SON (Fig. 10d11d, right 783 

column).  Another interesting feature, worthy of further study, is the opposite 784 

agreementcorrelation in the Weddell Sea in MAM between the ice core-only reconstruction (Fig. 785 

10c11c, significantly [p<0.05] positively correlated) and the coral-only reconstruction (Fig. 786 

10d11d, significantly [p<0.05] negatively correlated); the significant positive correlations over 787 

the Weddell Sea onto the Antarctic continent in MAM are also seen in the Dalaiden et al. 788 

(2021)DAL21_ASSIM reconstruction, related to the ice core constraints (since this dataset does 789 

not assimilate coral proxies).   790 
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792 
Figure 11. As in Fig. 10, but for correlations of the annual mean pressure reconstructions with 793 
the seasonal mean reconstruction of Fogt and Connolly (2021) during 1905-1956.  The columns, 794 
from left to right, represent DJF, MAM, JJA, and SON, respectively. 795 
  796 
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To more completelyfurther evaluate these datasets, annual mean comparisons with select 797 

observations are conducted in Fig. 12 using the gridpointsgrid points nearest to the station 798 

locations (for reference, a map of the stations is provided in the legend of Fig. 12).  In the full 799 

period 1905-2000 (left column), correlations of the paleo-based datasets with the Fogt and 800 

Connolly (2021)FC21_STAT dataset are generally near zero, and only significant (here, p<0.01) 801 

over the West Antarctic continent at Byrd station. (Fig. 12a).  The correlations with the 802 

observations improve after 1945 (right column in Fig. 1112, near the start of data at Faraday), 803 

most now significant at p<0.01, are generally higher than with FC21_STAT, especially for the 804 

O’Connor et al. (2021)OCON21_ASSIM dataset.  The inclusion of more proxy data in the 805 

O’Connor et al. (2021)OCON21_ASSIM dataset (Fig. 2c) and the inclusion of an 806 

anthropogenically forced prior (Table 1) likely lead to overall better agreement with the 807 

observations than for the Dalaiden et al. (2021)DAL21_ASSIM dataset; however both of these 808 

paleo-basedassimilation datasets use a moderately coarse spatial resolution prior that may limit 809 

their comparison at a single point.  It is also important to note that while the Fogt and Connolly 810 

(2021)FC21_STAT correlations are overall higher than the paleo-basedother reconstructions, this 811 

dataset is calibrated directly to these observations, and for Orcadas, direct observations (and not 812 

a reconstruction) are used, hence why the correlations are strong in both time periods at this 813 

location, black correlation values at top of the figures in the bottom row of Fig. 12)..   814 

More striking than the change in correlation in Fig. 12 are the changes in the linear trends 815 
through time across the various datasets (given by the values at the bottom of each panel).  816 
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  817 

In the full time period (1905-2000, left column of Fig. 12), both the Dalaiden et al. (2021) and 818 

O’Connor et al. (2021) datasets show statistically significant (p<0.01) pressure decreases at Byrd 819 

and Halley stations (Figs. 12a,c), but statistically significant (p<0.01) pressure increases at 820 

Orcadas (Fig. 12d).  The Fogt and Connolly (2021) dataset, in strong contrast, shows significant 821 

(p<0.05) pressure increases at Byrd in both time periods (consistent with observations after 1957,  822 
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823 
Figure 12.  Timeseries of standardized pressure anomalies at various locations given in the map 824 
at the bottom right. (i.e., A = panel a).  The observations, mostly starting around 1957 (1903 for 825 
Orcadas, panel d), are shown in black.  For the left column, correlations given at the top of each 826 
panel are with the Fogt and Connolly (2021) dataset during 1905-2020, and trends at the bottom 827 
are calculated for the 1905-2020 period.  For the right column, the correlations are with the 828 
observations, and both correlations and trends are calculated during 1945-2020. In all panels, 829 
correlations and trends are color-coded based on the timeseries color in the legend, with values 830 
significantly different from zero at p<0.05 and p<0.01 are marked with * and **, respectively. 831 
  832 
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The changes in the linear trends through time across the various datasets (given by the color-833 

coded values at the bottom of each panel) are also noteworthy in Fig. 12.  In the full time period 834 

(1905-2000, left column of Fig.  835 

 836 

Fig.12), both the DAL21_ASSIM and OCON21_ASSIM datasets show statistically 837 

significant (p<0.01) pressure decreases at Byrd and Halley stations (Figs. 12a,c), but statistically 838 

significant (p<0.01) pressure increases at Orcadas (Fig. 12d).  The FC21_STAT dataset, in 839 

strong contrast, shows significant (p<0.05) pressure increases at Byrd in both time periods 840 

(consistent with observations after 1957, Fig. 12a), and only significant (p<0.01) pressure 841 

decreases at Halley station after 1945 (Fig. 12c, right column).  The much stronger and 842 

sometimes different signed trends in the paleo-basedassimilation pressure reconstructions 843 

compared to the Fogt and Connolly (2021)FC21_STAT dataset during 1905-2020, and even with 844 

most observations after 1945, are undoubtedly a strong contributor to the differences seen in the 845 

Antarctic sea ice extent reconstructions between the paleo-based and statistically based 846 

reconstructions; there are statistically significant differences in the underlying atmospheric 847 

circulation used to generate these reconstructions that connect to their differences in trends seen 848 

in Figs. 3 and 6. 849 

Both the Dalaiden et al. (2021) and O’Connor et al. (2021) studies focus on marked pressure 850 

decreases in the region of the Amundsen Sea low, which as discussed earlier, has a strong role in 851 

regional sea ice conditions examined in this study (Hosking et al., 2013; Raphael et al., 2016; 852 

Holland and Kwok, 2012).(Hosking et al., 2013; Raphael et al., 2016; Holland and Kwok, 2012).  853 

It is much more challenging to investigate the reality of these long term changes in this region, as 854 

there are no direct observations (the closest stations are represented by those in Fig. 12), and).  855 
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Further the Fogt and Connolly (2021)FC21_STAT dataset shows the lowest skill (compared to 856 

the ERA-Interim reanalysis) spatially in this region, (Fogt et al. 2019), consistent with the fact 857 

that even contemporary reanalyses show the greatest disparity (in terms of pressure correlations 858 

and trends) in this region as well (Fogt et al., 2018).(Fogt et al., 2018).  Given the disparities in 859 

trends seen from observation locations in Fig. 12, it is not surprising that the datasets also have 860 

dramatically different trends in this region, which have similar implications for differences in sea 861 

ice extent trends. To visualize this in perspective, a full spatial comparison across the Southern 862 

Hemisphere of the pressure trends in the various datasets in three time periods, along with 863 

available observations, is provided in Fig. 13 as a final comparison of these products13.  864 

First, for the period of Antarctic observations (1957-2000, middle column of Fig. 13), 865 

observations indicate statistically significant (boxes, p<0.05) pressure decreases only over 866 

coastal East Antarctica, with insignificant positive annual mean trends over the East Antarctic 867 

plateau at Vostok (78.5°S, 106.9°E, the only observation plotted in central East Antarctica in Fig. 868 

13,), consistent with ERA5 surface pressure trends during 1979-2022 in Fig. 1b)..  At Byrd 869 

station in central West  870 
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871 
Figure 13.  Linear near-surface annual mean pressure trends (hPa per decade) for 1905-1956 872 
(left column), 1957-2000 (middle column), and 1905-2000 (right column) for various datasets in 873 
each row a) Dalaiden et al. (2021); b) O’Connor et al. (2021) proxy reconstruction c) O’Connor 874 
et al. (2023) reconstruction with only ice core proxies; d) O’Connor et al. (2023) reconstruction 875 
with only coral proxies; e) Fogt and Connolly (2021) station-based reconstruction.  Trends from 876 
observation data, where available, are plotted using the same color scale on top of the gridded 877 
pressure trends.  Stippling indicates gridded pressure trends significantly different from zero at 878 
p<0.05, boxes indicate trends in observations significantly different from zero at p<0.05. 879 
 880 
 881 

Antarctica, statistically significant positive trends (annual mean) are observed (also seen in 882 

Fig. 12a).  The various datasets capture these patterns to differing degrees: paleo-based.  Paleo- 883 

data assimilation datasets generally only have statistically significant negative trends along the 884 

Antarctic coastline, consistent with the positive annual mean SAM trend (Fogt and Marshall, 885 

2020),(Fogt and Marshall, 2020), but only capture positive trends in the Antarctic interior in 886 

coral-only reconstruction (middle column Figs. 13a-d).  Indeed, the coral-only reconstruction has 887 

positive pressure trends everywhere over Antarctica except along the Antarctic Peninsula and 888 
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Weddell Sea (Fig. 13d, middle column), and therefore is the only dataset to miss the observed 889 

significant negative pressure trends along the East Antarctic coastline.  Meanwhile, the Fogt and 890 

Connolly (2021)FC21_STAT dataset incorrectly hasis the only one to have significant (p<0.05) 891 

negative, instead of the observed positive, pressure trends over the East Antarctic plateau, but it 892 

does capture a regional pressure increase in West Antarctica (Figs. 13e middle column, Fig. 12).  893 

The Dalaiden et al. (2021)DAL21_ASSIM dataset has a marked significant deepening of the 894 

Amundsen Sea low during 1957-2000 (Fig. 13a, middle column), which is largely driven by ice 895 

core paleo data (Fig. 2b), and thus reduced in the O’Connor et al. (2021)OCON21_ASSIM 896 

dataset by the inclusion of coral data (Figs. 13b-d; Fig. 2c).  This suggests that if the significant 897 

pressure increases over West Antarctica are correct, there is likelymight be a tropical signal, 898 

either internal or forced, to these positive trends (to be discussed in more detail later).  In the 899 

midlatitudes during 1957-2000, the coral-only reconstruction (Fig. 13d) captures the pattern seen 900 

in observations the best (the Fogt and Connolly (2021)FC21_STAT dataset is not independent of 901 

observations in these locations since it is merely the 20th century reanalysis north of 60°S, Table 902 

1).  It should be noted that there are large inconsistencies withbetween observations at Tahiti in 903 

the central tropical Pacific and the 20CRv3, as discussed in Fogt and Connolly 904 

(2021).FC21_STAT.  905 

For the early 20th century during  906 
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907 
Figure 13.  Linear near-surface annual mean pressure trends (hPa per decade) for 1905-1956,  908 
(left column), 1957-2000 (middle column), and 1905-2000 (right column) for various datasets in 909 
each row a) Dalaiden et al. (2021); b) O’Connor et al. (2021) proxy reconstruction c) O’Connor 910 
et al. (2023) reconstruction with only ice core proxies; d) O’Connor et al. (2023) reconstruction 911 
with only coral proxies; e) Fogt and Connolly (2021) station-based reconstruction.  Trends from 912 
observation data, where available, are plotted using the same color scale on top of the clear 913 
gridded pressure trends.  Stippling indicates gridded pressure trends significantly different from 914 
zero at p<0.05, boxes indicate trends in observations significantly different from zero at p<0.05 915 
  916 
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Figure 13 clearly demonstrates the difference in trends in 1905-1956 between the Fogt and 917 

Connolly (2021) FC21_STAT dataset and those of Dalaiden et al. (2021) and O’Connor et al 918 

(2021) is distinct.DAL21_ASSIM and OCON21_ASSIM.  Pressure trends over the Antarctic 919 

continent reverse in the Fogt and Connolly (2021) dataset,FC21_STAT dataset (significantly 920 

positive in early 20th century, Fig. 13e left column, significantly negative in late 20th century, 921 

Fig. 13e right column) while they remain insignificant in most paleo-basedassimilation datasets.  922 

It is interesting however that the coral-only reconstruction from O’Connor et al. (2023) 923 

OCON23_ASSIM (Fig. 13d) also produces statistically significant positive trends over 924 

Antarctica in all time periods, consistent with the Fogt and Connolly (2021)FC21_STAT dataset 925 

during 1905-1956, and aligning with the period when these two datasets agree the most (Figs. 926 

11-12). Notably, this coral-only dataset agrees the best with observations in the midlatitudesmid-927 

latitudes during 1905-1956 (Fig. 13d, left column), and is quite similar to the pattern in the early 928 

20th century from the full OCON21_ASSIM dataset in the midlatitudes (Fig. 13b, left column), 929 

suggesting a primary role of the coral records in constraining the solution in the midlatitudes.   930 

The larger sample size afforded by the full time period from 1905-2000 yields more 931 

statistically significant trends across the Southern Hemisphere in the paleo-baseddata 932 

assimilation datasets (Figs. 13a-d, right column) that are overall similar in structure to the trends 933 

in the paleo-based datasets during 1957-2000 Figs. 13a-d, middle column).  The coral-only 934 

dataset slightly produces better agreement with the midlatitude observations, capturing the 935 

significant negative trends over South Africa that are also hinted at by insignificant negative 936 

pressure trends at Perth in southwestern Australia. In comparing the paleo-based with the station-937 

based Fogt and Connolly (2021)FC21_STAT datasets, the biggest differences are the trends 938 

poleward of 60°S, which are insignificant except for pressure increases (p<0.05) over West 939 
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Antarctica in the Fogt and Connolly (2021)FC21_STAT dataset due to the cancellation of 940 

different trends in the early and late 20th century in this dataset (Fig. 13e).  Compared to the other 941 

sources of differences in the Antarctic sea ice reconstructions examined earlier, this connection 942 

to the implied changes (or lack thereof) in the atmospheric circulation in the 20th century are a 943 

dominant contributing factor to the differences in the linear trends among the Antarctic sea ice 944 

estimates seen in Fig. 2; this similar conclusion was reached in Fogt et al. (2022b) using a much 945 

more limited analysis. 946 

 947 

4. Discussion 948 

While this study largely focuses on causes for the differences between various sea ice and 949 

pressure reconstructions, it is important to note that there are broad similarities as well, 950 

especially in the Weddell sector where cross-correlations are strongest, even stronger in some 951 

seasons than in the annual mean.  Further, each of these datasets has their own limitations due to 952 

their methodology and assumptions made in their reconstruction procedure, and that every 953 

reconstruction is only an estimate and is not without error.  Nonetheless, the differences in the 954 

sea ice extent reconstruction trends (and to a lesser degree, the interannual variability) largely 955 

appear to hinge on whether or not there was a change in the atmospheric circulation in the high 956 

southern latitudes (poleward of 60°S) in the 20th century.   Paleo-basedassimilation 957 

reconstructions, constrained by ice core records over Antarctica, have similar pressure trends 958 

through time, which influence the proxy-based sea ice extent reconstructions.  In contrast, 959 

station-based reconstructions of both pressure and Antarctic sea ice extent show trends that 960 

change through time, which reduces their similarities with proxy-based reconstructions (for both 961 

sea ice extent and pressure) in the early 20th century.  Given that coral-only reconstructions from 962 



 

66 

O’Connor et al. (2023)OCON23_ASSIM agree better with the Fogt and Connolly 963 

(2021)FC21_STAT dataset in the early 20th century, there it is possible that if there was indeed a 964 

reversal of atmospheric circulation trends, that these hadthere was a tropical association to them.  965 

Nonetheless, the analysis here shows an important influence of the implied atmospheric 966 

circulation on Antarctic sea ice variations in both proxy-based and station-based sea ice extent 967 

reconstructions, consistent with findings from observations and models (Sun and Eisenman, 968 

2021; Blanchard-Wrigglesworth et al., 2021).(Sun and Eisenman, 2021; Blanchard-969 

Wrigglesworth et al., 2021). 970 

In looking more closely at the analysis presented here, the limited observational data always 971 

present a challenge.  In particular, in the vicinity of the Amundsen Sea low, Byrd station in West 972 

Antarctica (see map in Fig. 1112) is the only observational record spanning over 30 years in the 973 

150°-90°W sector poleward of 60°S (not including the South Pole).  While weather observations 974 

started at this station in 1957, it shut down for a period in the 1970s, and was replaced by an 975 

automatic weather station nearby.  While there has been considerable work done to patch the 976 

temperature record at this station (Bromwich et al., 2012), there could be measurement-specific 977 

errors that lead to theImportantly, this merged observation record shows statistically significant 978 

(p<0.05) annual mean pressure increases from 1957-2000, while the positive pressure trends at 979 

Vostok station in East Antarctica are not significant. While there has been considerable work 980 

done to patch the temperature record at this station (Bromwich et al., 2012), there could be 981 

measurement-specific errors that lead to the statistically significant positive trend at this station 982 

in the observational dataset that may at least partially explain the regional differences in pressure 983 

(across West Antarctica and extending northward into the Amundsen and Bellingshausen Seas) 984 

between the paleo-baseddata assimilation pressure datasets and those of Fogt and Connolly 985 
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(2021).FC21_STAT.  However, the AWS in the later portion of the record is at a slightly higher 986 

elevation than the station observations in the earlier part of the data, which would generate 987 

negative pressure trends based on unadjusted instrument elevation changes, opposite the positive 988 

annual mean trends seen here.  There is also a strong seasonal pattern to the positive pressure 989 

trends over West Antarctica, as shown in Fogt et al. (2018). Further work is needed to investigate 990 

the Byrd pressure data source, as well to employ historical data from ship logbooks and early 991 

expeditions (Edinburgh and Day, 2016; De La Mare, 2009; Fogt et al., 2020; Lorrey et al., 992 

2022)(Edinburgh and Day, 2016; de La Mare, 2009; Fogt et al., 2020; Lorrey et al., 2022) to 993 

better understand possible atmospheric circulation shifts in the high southern latitudes prior to 994 

1957. Additionally, each kind of observations (e.g., paleo or instrumental observations) has its 995 

own advantages and weaknesses. Combining these two sources of information could provide a 996 

more accurate reconstruction of historical surface climate changes. 997 

5. Conclusions 998 

The analysis presented in this paper has evaluated various sea ice extent reconstructions 999 

spanning the Ross Sea eastward to the Weddell sea, and pressure reconstructions across the 1000 

entire Southern Hemisphere to explain the differences between the sea ice extent reconstructions.  1001 

Overall, better agreement in the sea ice extent reconstructions was found in the Weddell sea, 1002 

despite possible changes in the relationship sea ice shares with the atmospheric pressure in this 1003 

region throughout the 20th century.  In the Ross and Bellingshausen seas, the agreement is 1004 

weaker, and appears to be more strongly tied to the atmospheric circulation.  For ice core based 1005 

reconstructions studied here, the Thomas and Abram (2016)TA16_PALEO reconstruction is 1006 

fairly consistent with other reconstructions in the Ross sea, while the differing spatial and 1007 

temporal representation of the Abram et al. (2010)AB10_PALEO reconstruction make it 1008 
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challenging to effectively compare to other datasets.  Overall, paleo-baseddata assimilation and 1009 

station-based pressure reconstructions give notably different trends from the Ross Sea east to the 1010 

Weddell Sea throughout the 20th century, especially in the vicinity of the Amundsen Sea low, a 1011 

semi-permanent pressure cell known to strongly modulate Antarctic sea ice in the Ross, 1012 

Amundsen, and Bellingshausen Seas (Hosking et al., 2013; Raphael et al., 2016).(Hosking et al., 1013 

2013; Raphael et al., 2016).  There is often better agreement in OCON21_ASSIM 1014 

reconstructions based solely on coral proxy data with the FC21_STAT reconstruction, especially 1015 

in the early 20th century.  This likely suggests that signals from the tropics, which may or may 1016 

not include external forcing, tropical variability governs the relationships within the 1017 

FC21_STAT, while reconstructions based on ice-cores provide a more local constraint to 1018 

reconstructions near the Antarctic continent. In the latter half of the 20th century, the warming 1019 

trend in the tropical Pacific can explain the pressure increases found in the coral-only 1020 

reconstructions in the South Pacific; however, it is unclear how to reconcile that with the 1021 

Amundsen Sea Low deepening found in the ice core-only reconstructions and all-proxy 1022 

reconstructions.  The relative contributions of the tropics, local internal variability, and external 1023 

forcing to historical trends remains highly uncertain and deserves further investigation, in 1024 

agreement with previous studies (e.g., Holland et al., 2022).  1025 

While this study has determined that many of the differences in the paleo-based and 1026 

statistically generated Antarctic sea ice extent reconstructions are tied primarily to their 1027 

connection to the underlying atmospheric circulation, it is not able to determine the validity of 1028 

changes in the atmospheric circulation in the early to mid 20th century.  Further data extraction 1029 

from ship logbooks (Lorrey et al., 2022),(Lorrey et al., 2022), new climate model simulations 1030 

assimilating both paleo data and observations, and isolated forcing simulations in coupled 1031 
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climate model simulations may help to understand this potential atmospheric circulation change.  1032 

Nonetheless, this study has helped to better understand the differences and relative strengths and 1033 

limitations of not only the Antarctic sea ice reconstructions examined here, but also several 1034 

pressure reconstructions.  It is thus hoped that future users of these valuable datasets will 1035 

exercise the necessary caution when analyzing them given the knowledge of the processes they 1036 

represent well, and other mechanisms that they may not reproduce as reliably. 1037 

 1038 
Code and Data Availability 1039 

 The Fogt et al. (2022a) sea ice reconstructions can be obtained from the National Snow and Ice 1040 

Data Ceter dataset G10039 (https://nsidc.org/data/g10039/versions/1) (Fogt et al., 2023).  The 1041 

Fogt et al. The FOGT_STAT sea ice reconstructions can be obtained from the National Snow 1042 

and Ice Data Center dataset G10039 (https://nsidc.org/data/g10039/versions/1) (Fogt et al., 1043 

2023).  The Fogt et al. (2019) and Fogt and Connolly (2021) pressure reconstructions can be 1044 

downloaded from figshare (https://doi.org/10.6084/m9.figshare.c.6765447.v1). Data for the 1045 

Dalaiden et al. (2021)https://doi.org/10.6084/m9.figshare.c.6765447.v1). Data for the 1046 

DAL21_ASSIM sea ice extent and pressure reconstructions are available on Zenodo 1047 

(https://zenodo.org/record/4770179).  The O’Connor et al. 1048 

(2021)https://zenodo.org/record/4770179).  The OCON21_ASSIM pressure reconstructions are 1049 

available on Zenodo (https://zenodo.org/record/5507607#.Y6OOl-1050 

yIb0ohttps://zenodo.org/record/5507607#.Y6OOl-yIb0o) and the sesnsitivitysensitivity 1051 

reconstructions from O’Connor et al. (2023)OCON23_ASSIM can also be downloaded from 1052 

Zenodo (https://zenodo.org/record/8007655https://zenodo.org/record/8007655).   1053 
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