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Abstract
As most permanent observations in Antarctica started in the 1950s, understanding Antarctic climate variations throughout 
the twentieth century remains a challenge. To address this issue, the non-summer multi-decadal variability in pressure 
reconstructions poleward of 60°S is evaluated and assessed in conjunction with climate model simulations throughout 
the twentieth and early twenty-first centuries to understand historical atmospheric circulation variability over Antarctica. 
Austral autumn and winter seasons show broadly similar patterns, with negative anomalies in the early twentieth century 
(1905–1934), positive pressure anomalies in the middle twentieth century (1950–1980), and negative pressure anomalies 
in the most recent period (1984–2013), consistent with concurrent trends in the SAM index. In autumn, the anomalies are 
significant in the context of estimates of interannual variability and reconstruction uncertainty across most of the Antarctic 
continent, and the reconstructed patterns agree best with model-generated patterns when the simulation includes the forced 
response to tropical sea surface temperatures and external radiative forcing. In winter and spring, the reconstructed anomalies 
are less significant and are consistent with internal atmospheric variability alone. The specific role of tropical SST variability 
on pressure trends in these seasons is difficult to assess due to low reconstruction skill in the region of strongest tropical 
teleconnections, the large internal atmospheric variability, and uncertainty in the SST patterns themselves. Indirect estimates 
of pressure variability, whether through sea ice reconstructions, proxy records, or improved models and data assimilation 
schemes, will help to further constrain the magnitude of internal variability relative to the forced responses expected from 
SST trends and external radiative forcing.

1  Introduction

Compared to many other regions, changes in the Antarctic 
climate are more difficult to attribute to human activity, pri-
marily because of the large interannual variability and short 
nature of Antarctic records (Jones et al. 2016). Nonetheless, 
during austral summer, many studies have noted a significant 

impact of ozone depletion on the Antarctic climate since 
1980, manifested as decreases in summer pressure over and 
around the Antarctic continent and the associated positive 
trend in the Southern Annular Mode index (Thompson and 
Solomon 2002; Marshall 2003; Miller et al. 2006; Fogt 
et al. 2009, 2017a; Polvani et al. 2011; England et al. 2016; 
Jones et al. 2016). In the other seasons, ozone depletion and 
increasing greenhouse gas concentrations appear to play a 
more minor role in Antarctic climate variability and change 
compared to the large natural variability, including vari-
ability from tropical sea surface temperatures (SSTs; Ding 
et al. 2011; Schneider et al. 2012; Ding and Steig 2013; Fogt 
and Zbacnik 2014; Clem and Fogt 2015; Fogt and Wov-
rosh 2015; Meehl et al. 2016; Jones et al. 2016; Purich et al. 
2016).

To help assess the natural Antarctic climate variability, 
multiple new datasets have been developed to extend the 
limited observational record either spatially or temporally 
throughout the twentieth century. These include several tem-
perature reconstructions back to 1957 that documented the 
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warming of both West Antarctica and the Antarctic Penin-
sula since the International Geophysical Year (1957–1958; 
Monaghan et al. 2008; Steig et al. 2009; O’Donnell et al. 
2011; Nicolas and Bromwich 2014), although due to the 
large natural variability, temperature trends on the Antarctic 
Peninsula have weakened since 2000 (Turner et al. 2016). 
Most recently, seasonal pressure reconstructions aimed at 
understanding the atmospheric circulation on and around 
the Antarctic continent since 1905 have been developed and 
evaluated for both individual stations (Fogt et al. 2016a, b) 
and spatially poleward of 60°S for austral summer (Fogt 
et al. 2017a). These pressure reconstructions show the domi-
nance of stratospheric ozone depletion in the summer season 
on the recent negative pressure trends, but with important 
contributions from tropical SSTs on these negative trends 
as well as periods of previous summer pressure variability 
(Fogt et al. 2017a), including the race to the South Pole dur-
ing the austral summer of 1911–1912 (Fogt et al. 2017b).

The goal of this work is to extend the seasonal summer 
spatial pressure reconstructions to the other seasons, evalu-
ate their performance, and document non-summer Antarctic 
pressure changes throughout the entire twentieth century. 
To help determine the role of various mechanisms influenc-
ing the Antarctic atmospheric circulation, we also employ 
century-length simulations from a non-coupled climate 
model with prescribed tropical SSTs and different configu-
rations of radiative forcings. Given that most studies have 
documented the importance of natural variability stemming 
from the tropics outside of austral summer, the combina-
tion of spatially complete seasonal pressure reconstructions 
and climate models with prescribed tropical SSTs is ideal 
to advance the understanding of historic Antarctic pressure 
variability. This is especially important since the consistency 
between the various century-length reanalysis products is 
considerably lower before 1957 due to the sparse and spo-
radic nature of early Antarctic meteorological observations 
(Schneider and Fogt 2018).

2 � Data

2.1 � Antarctic pressure data and station 
reconstructions

Monthly mean pressure records from staffed research sta-
tions and automatic weather stations are obtained from 
the Reference Antarctic Data for Environmental Research 
(READER; http://www.antarctica.ac.uk./met/READER) 
archive (Turner et al. 2004) (see Fig. 1 for locations). The 
pressure observations were extended throughout the twen-
tieth century at each station except Orcadas (Zazulie et al. 
2010) from reconstructions discussed in Fogt et al. (2016a, 
b). As noted by Fogt et al. (2016a), the performance of the 

pressure reconstructions conducted at each station varies 
seasonally. Outside of austral summer, the pressure recon-
structions at each Antarctic station that were based on a 
blend of primarily Southern Hemisphere (SH) mid-latitude 
pressure observations and gridded climate data at select 
ocean grid points aligned better with the Antarctic observa-
tions after 1957 than those based solely on SH mid-latitude 
pressure data. As such, we employ here the former station 
pressure reconstructions (termed ‘pseudo-reconstructions’ 
by Fogt et al. 2016a) for the non-summer spatial Antarc-
tic pressure reconstruction, and only compare to the spatial 
reconstruction for summer discussed in Fogt et al. (2017a). 
As in this work, we make use of the European Centre for 
Medium Range Weather Forecasts (ECMWF) Interim rea-
nalysis (ERA-Interim) to generate and evaluate the spatial 
pressure reconstruction, and convert all data to pressure 
anomalies by removing the 1981–2010 climatological mean 
from all gridpoints. In all cases, a traditional definition of 
the austral seasons is used: summer, December–February 
(DJF); autumn, March–May (MAM); winter, June–August 
(JJA); and spring, September–November (SON).

2.2 � Antarctic spatial pressure reconstruction

The method to create the spatial reconstruction is the 
same as in Fogt et al. (2017a), and is only briefly repeated 
here. The domain is a polar stereographic 80 km × 80 km 
Cartesian grid centered over the South Pole, and extend-
ing equatorward to 60°S. We employ a kriging method to 
interpolate the seasonal station pressure reconstructions 
from Fogt et al. (2016a, b), based on weights generated 
from ERA-Int reanalysis data during the model calibration 
period of 1979–2013 along with the 19 stations in Fig. 1; 
the spatial reconstruction is not based on any direct obser-
vations, only the station pressure reconstructions from 
Fogt et al. (2016a, b). As in Nicolas and Bromwich (2014), 
the kriging weights are optimized to avoid over-fitting the 
model and are based on the covariances between the 19 
stations used in the interpolation and the relationship each 
of these stations have with each of the grid points on the 
Cartesian grid. Once the weights are determined, they are 
used in connection with the anomalies from the individual 
station pressure reconstructions (Fogt et al. 2016a, b) and 
the Orcadas observational record to produce a spatially 
complete surface pressure anomaly reconstruction over the 
Antarctic continent back to 1905; the climatological mean 
from ERA-Int can further be added at each grid point to 
make the reconstruction in terms of surface pressure. We 
also employ the same validation approach of Fogt et al. 
(2017a) by determining the kriging weights separately 
for the periods 1979–1996 and 1997–2013. These krig-
ing weights are then used to produce an independent 
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reconstruction for the withheld years. Combining the 
two predicted reconstructions produced in this manner 
yields the validation reconstruction. Furthermore, since 
our reconstruction is based on surface pressure anoma-
lies, this inherently implies that there is a strong vertical 
correlation between surface pressure anomalies and geo-
potential height anomalies further aloft, as surface pres-
sure ranges from near 1000 hPa in the Southern Ocean 
to near 600 hPa in the Antarctic interior. To demonstrate 
the vertical connection between surface pressure, the cor-
relation between the surface pressure anomalies and geo-
potential height was calculated separately by pressure level 
in ERA-Int from 1000 to 500 hPa poleward of 60°S. The 
minimum squared correlation of surface pressure and geo-
potential height from all these levels (Supplemental Fig. 
S1) exceeds 0.6 nearly everywhere poleward of 60°S. This 
suggests that the use of surface pressure anomalies in our 
reconstruction does not significantly influence the results 
and accurately represents the large deviations in surface 
elevation/pressure poleward of 60°S. However, we do note 
a few regions of slightly lower correlation across the Ross 
Ice Shelf and Weddell Sea in some seasons, which likely 

reflect high pressure variability near the surface in proxim-
ity to steep terrain.

2.3 � Climate model simulations

As in Fogt et al. (2017a), we also investigate simulations 
from the Community Atmosphere Model, version 5 (CAM5) 
(Neale et al. 2010) for the non-summer seasons. Three core 
experiments consisting of ten ensemble members each (all 
members initialized from a pre-industrial control simula-
tion whose initial air temperature was randomly perturbed) 
are analyzed; these simulations are configured at a 0.9° 
latitude × 1.25° longitude horizontal resolution with a finite 
volume dynamical core and 30 vertical levels. One experi-
ment, here termed ‘Ozone Only’, is forced with time-varying 
ozone concentrations, with SSTs, sea ice concentrations 
and non-ozone radiative forcings held to monthly varying 
climatologies, and is available over the years 1900–2014. 
The external forcings without time dependence beyond the 
seasonal cycle are set to climatological values for the year 
1850. As in Fogt et al. (2017a), the ozone forcing is from 
the Stratospheric-Tropospheric Processes and their Role in 
Climate (SPARC) dataset (Cionni et al. 2011; Eyring et al. 

Fig. 1   Map of the reconstructed 
station pressure locations 
(black), observations from 
Orcadas (red), and AWS loca-
tions (purple) used to create 
or evaluate (for AWS) the 
spatial Antarctic-wide pressure 
reconstruction. Outlined are 
the geographic regions used 
for further comparison, East 
Antarctica (45°W eastward to 
180°, poleward of 66°S), West 
Antarctica (45°W westward 
to 180°, poleward of 75°S) 
and the Antarctic Peninsula 
(55°W–68°W, 62°S–75°S)
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2013), which is a reconstruction prior to 1978 specifically 
designed for the use in long-term climate model simulations. 
The second experiment, available over the years 1874–2014, 
has prescribed tropical sea surface temperatures, but all radi-
ative forcings including ozone are held to monthly varying 
climatologies, set to pre-industrial, 1850 values (termed 
‘Tropical SSTs + Fixed Radiative’). Observed time-vary-
ing tropical SSTs are prescribed over 28°N–28°S, while a 
monthly varying climatology for SSTs and sea ice concen-
tration is used poleward of 35°S. Between 28° and 35° in 
both hemispheres, the observed SST anomalies are tapered 
by adding damped anomalies (linearly weighted by latitude) 
to the climatologies. The third experiment, available over the 
years 1880–2014, prescribes sea ice and sea surface tem-
perature the same as the second experiment, but is forced by 
the full suite of time-varying radiative forcings (including 
ozone) plus tropical SSTs (termed ‘Tropical SSTs + Radia-
tive’). Further details of these experiments, including a list-
ing of forcing datasets and boundary conditions is provided 
in Fogt et al. (2017a).

To better understand the influence of uncertainties in the 
SSTs, we also assess results from two experiments identical 
to the Tropical SSTs + Radiative experiment, but using the 
Extended Reconstruction SST version 3b (Smith et al. 2008) 
and version 5 (Huang et al. 2017) in place of ERSSTv4 
(Huang et al. 2015). Finally, the role of extratropical SSTs 
and sea ice is assessed through a ‘Global SST + Radia-
tive’ experiment in which the full observation-based data 
set of SSTs and sea ice concentrations is prescribed, using 
ERSSTv4. In this paper, we use the term “forced response” 
to refer to the ensemble-mean Antarctic pressure response 
to SSTs and radiative forcing combined or separately, as 
indicated in the text.

3 � Results

3.1 � Reconstruction evaluation

The skill of the spatial surface pressure anomaly reconstruc-
tion varies considerably seasonally, as indicated in Table 1, 
which shows area averaged (for the regions indicated in 
Fig. 1) skill metrics: reconstruction/calibration and verifi-
cation squared correlations, and the reduction of error (RE) 
and coefficient of efficiency (CE) values [see Fogt et al. 
(2016a) for details about how these metrics are calculated]. 
The statistics for ‘Total Antarctica’ are the average of the 
statistics across all three regions, although the reconstruc-
tion does extend equatorward to 60°S. As noted in Fogt et al. 
(2017a), the reconstruction skill is highest in DJF. The focus 
of this work is on the non-summer seasons, which demon-
strate the highest performance in austral winter (JJA), fol-
lowed closely by austral autumn (MAM). The skill is lowest 

in austral spring (SON), and the seasonal performance of the 
skill follows that of the individual station reconstructions 
used in the interpolation (Fogt et al. 2016a). Spatially, the 
highest reconstruction skill is in the Antarctica Peninsula, 
also in agreement with Fogt et al. (2016a), and the skill in 
West Antarctica tends to exceed that in East Antarctica, due 
to both larger area and lower station density in the latter 
region. In all cases, the RE and CE values are above 0.40, 
higher than some monthly Antarctic temperature reconstruc-
tions for the period after 1957 (Steig et al. 2009; O’Donnell 
et al. 2011; Nicolas and Bromwich 2014).

The spatial reconstruction skill is further demonstrated in 
Figs. 2 and 3, which show maps of the squared calibration 
correlation and mean absolute error (MAE), respectively, 
compared to the ERA-Int reanalysis during 1979–2013. In 
terms of calibration correlations, the lowest skill is seen in all 
seasons across the high East Antarctic plateau, and regions 
extending equatorward off the Antarctic coastline, especially 
in the South Pacific. Correlations with select AWS records 
that have at least 15 years of data are also displayed in Fig. 2. 
The AWS evaluations agree well with the values indicated by 
ERA-Int, despite these values not being included as anchor-
ing points in the reconstruction; the differences arise from 

Table 1   Spatially averaged reconstruction skill statistics by region 
(columns) for each season

Listed are the squared calibration and verification correlations (r2 
recon and r2 verif, respectively), the RE, and the CE values

Statistic Region

East Antarc-
tica

West Antarc-
tica

Antarctic 
Peninsula

Total Ant-
arctica

DJF
 r2 recon 0.729 0.755 0.819 0.738
 r2 verif 0.721 0.748 0.808 0.729
 RE 0.722 0.739 0.794 0.728
 CE 0.714 0.728 0.787 0.720

MAM
 r2 recon 0.541 0.614 0.630 0.558
 r2 verif 0.537 0.608 0.616 0.553
 RE 0.522 0.595 0.559 0.537
 CE 0.519 0.590 0.549 0.533

JJA
 r2 recon 0.653 0.661 0.778 0.660
 r2 verif 0.636 0.651 0.753 0.644
 RE 0.643 0.646 0.747 0.648
 CE 0.624 0.638 0.731 0.631

SON
 r2 recon 0.478 0.605 0.759 0.513
 r2 verif 0.469 0.586 0.748 0.502
 RE 0.442 0.552 0.724 0.474
 CE 0.432 0.536 0.707 0.462
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different time periods of data availability over 1979–2013 
in the AWS records. The MAE map (Fig. 3) indicates that 
the reconstruction is generally within 1.5–2 hPa of the ERA-
Interim surface pressure anomalies across the Antarctic con-
tinent, and that the differences change sharply in the non-
summer seasons in the Ross, Amundsen, and Bellingshausen 
Seas (South Pacific sector). In this region, differences can 
be as large as 4 hPa on average, and when combined with 
the low squared correlation values in this region, this clearly 
indicates that the reconstruction fails to capture the magni-
tude and patterns of interannual variability in the Amundsen 

Sea Low region. This, however, is not surprising given that 
the closest anchoring stations in the interpolation scheme are 
along the Antarctic Peninsula, in central West Antarctica, 
and the western Ross Ice Shelf. The poor performance of 
the reconstruction in the ASL region is also produced as 
this region experiences the highest interannual pressure vari-
ability across the Southern Hemisphere, termed the ‘Pole of 
Variability’ (Connolley 1997).

To determine if the lower skill is in the South Pacific is 
related to limitations in our reconstruction methodology, we 
employ the same interpolation from 18 grid points using the 

Fig. 2   Squared calibration correlation of seasonal reconstructions with ERA-Interim, 1979–2013. a DJF; b MAM; c JJA; d SON



1440	 R. L. Fogt et al.

1 3

first ensemble member in each of the CAM5 experiments 
(by season) separately. To perform the kriging interpola-
tion, we use the spatial covariance structure in the CAM5 
ensemble members during the early and late twentieth cen-
turies (1905–1956 and 1957–2013). As for our verification 
reconstruction, the spatial covariance field from the early 
twentieth century is used to perform kriging on the pressure 
anomalies during the second half of the twentieth century, 
and vice-versa. Merging these two interpolations in CAM5 
produces an independent CAM5-based verification recon-
struction, which is then correlated with the full CAM5 data 

during 1905–2013. Figure 4 shows the squared verification 
correlations for each season and CAM5 experiment. Notably, 
across the entire Antarctic continent, the squared verification 
correlations from these CAM5 reconstructions exceed 0.90 
nearly everywhere, with slightly lower values in portions 
of East Antarctica. Moving away from the continent, the 
skill decreases rapidly, especially in the South Pacific. This 
again reflects the high interannual pressure variability in the 
Antarctic circumpolar trough which is not captured by the 
anchoring stations used in the kriging scheme. Furthermore, 
the fact that the CAM5 verification squared correlations are 

Fig. 3   Mean absolute error (hPa) of seasonal reconstructions compared to ERA-Interim, 1979–2013. a DJF; b MAM; c JJA; d SON
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very high across the continent provides further support that 
the spatial covariance pattern changes little across Antarctica 
throughout the twentieth century, despite changes in applied 
forcing across the various experiments. We therefore con-
clude that using only the 1979–2013 ERA-Int spatial covari-
ance structure to perform our reconstruction does not cause 
significant error, as this pressure covariance structure does 
not change in the twentieth century.

Figures 2, 3 and 4 indicate that a primary reason of low 
reconstruction skill across the Antarctic continent is due to 
station reconstruction skill used as anchoring points (Fogt 
et al. 2016a), while the error in the Southern Ocean is pri-
marily due to the lower performance of the kriging interpo-
lation scheme. Given the latter, the reconstruction does not 
provide a good estimate of the long-term pressure variability 
of the ASL, and even further attempts to improve the skill in 

this area by adding additional anchor points of reconstructed 
ERA-Int gridpoint values only slightly improved the recon-
struction performance (not shown). Nonetheless, the recon-
struction skill is well above simply using the climatological 
mean across the entire ice sheet, and when area-averaged, 
across the entire domain poleward of 60°S. Given this skill, 
we now assess the seasonal Antarctic pressure variability 
throughout the twentieth century.

3.2 � Antarctic pressure variability 
during the twentieth century

Area-averaged pressure anomaly time series (Fig. 5) reflect 
the temporal similarities between ERA-Int and the recon-
struction (note that the correlations in Fig. 5 in each plot are 
based on the area-averaged pressure anomaly time series, not 

Fig. 4   CAM5 reconstruction verification squared correlation by CAM5 experiment (rows) and seasons (columns). See text for details
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the area-averages of the squared correlations at each grid-
point as in Table 1). The only season with a negative pres-
sure trend during the entire twentieth century is in DJF, most 
marked in East Antarctica (Fogt et al. 2017a). While MAM 
shows a negative trend in East and West Antarctica from 
1980 to 2000, after 2000 the pressure anomalies weaken, 
and similar other negative pressure anomalies comparable to 
the late twentieth century values occur earlier in the recon-
struction. The regionally-averaged time series also indicate 
that throughout the twentieth century, both JJA and SON are 
marked with strong interannual pressure variability, espe-
cially outside East Antarctica. The reconstruction captures 
this fairly well in JJA (with slightly higher correlations), but 
shows less skill in SON at capturing the frequent extreme 
deviations and the reconstruction variability is consider-
ably dampened outside the Antarctic Peninsula. In both 
JJA and SON, root mean squared error values are the larg-
est in West Antarctica, where the variability indicated by 
ERA-Int is the largest. Notably, the reconstruction shows 

similar interannual variability across both West Antarctica 
and East Antarctica, especially in MAM, in agreement with 
ERA-Int. The larger variability in ERA-Int compared to the 
reconstruction, especially in SON, reflects the fact that the 
variability in these station reconstructions used as anchoring 
points in the kriging interpolation is slightly dampened com-
pared to observations especially in coastal East Antarctica 
and the Antarctic Plateau (Fogt et al. 2016a).

To investigate the potential drivers of twentieth century 
Antarctic pressure variability and trends, we employ the 
CAM5 model using the three experiments spanning the 
entire twentieth century and compare these to the recon-
struction seasonally. Figure 6 shows the 60°S–90°S area 
averaged pressure anomaly time series from the CAM5 
ensemble mean for each season (columns) and experi-
ment (rows). The gray shading represents the range of all 
ten ensemble members for each experiment, and the cor-
relation values are calculated between the CAM5 ensem-
ble means and the reconstruction during the full period of 

Fig. 5   Seasonal (by columns) time series of the reconstructed (in 
black) area averaged pressure anomalies for regions (by row) identi-
fied in Fig. 1. All of Antarctica is the average of the East, West, and 
Antarctic Peninsula time series. The 95% confidence intervals about 
the reconstructed data are shown as the gray shaded region in each 

panel, calculated as ± 1.96 times the standard deviation of the residu-
als between the reconstruction and ERA-Int data during the period of 
overlap. The ‘correl’ and ‘RMSE’ values in each panel are the cor-
relations and root mean squared error, respectively, of the reconstruc-
tion and ERA-Int time series (red)
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overlap. These correlations only have substantial magnitude 
in DJF, highlighting the emergence of a forced response in 
the observations, as discussed in Fogt et al. (2017a). For the 
other seasons, which is the focus of this study, the correla-
tions are weaker and none are statistically significant. Unless 
the forced response is very strong relative to the internal 
variability, nature (as approximated by the reconstruction) 
should not be expected to follow the ensemble mean. For 
nearly all time periods in every season, the reconstructed 
time series lies within the ensemble spread of the CAM5 
experiments (especially the Tropical SSTs + All Radiative 
Experiment), indicating that the reconstructed variability 
is consistent with the major known climate forcings of the 
twentieth century, and that the model’s estimates of internal 
variability are reliable.

Figure  7 displays anomaly composites (from the 
1905–2013 mean) for three independent 30-year periods 
of interest based on the area-averaged time series in Fig. 5 
that collectively represent the majority of the twentieth 

century pressure variability. The stippling in Fig. 7 indi-
cates regions where the 30-year mean is statistically differ-
ent from zero at p < 0.05, based on a single-mean student’s 
t test; cross-hatching indicates regions where the compos-
ite mean anomaly is different from zero after including the 
uncertainty in the reconstruction. The spatial reconstruc-
tion uncertainty was calculated in a manner analogous to 
the uncertainty envelope displayed in Fig. 5; at each grid 
point the uncertainty is taken as ± 1.96 times the standard 
deviation of the residuals between the ERA-Int and recon-
struction. In addition, it should be noted that the spatial 
reconstruction anomalies are sensitive to the background 
covariance field in ERA-Int used in the interpolation. 
Therefore, the reconstruction surface pressure anomaly 
contour lines are more strongly tied to the terrain than 
they would likely be in a data-rich environment, especially 
along the Ross Ice Shelf (reflected also in Fig. S1), but the 
general pattern over the continent is consistent with ERA-
Int during overlap (as shown in Figs. 2, 3).

Fig. 6   Seasonal (by columns) time series of pressure anomalies aver-
aged over 60°S–90°S for the reconstruction (black line) and CAM5 
ensemble mean (dark green line). The gray shading corresponds to 
the range of the 10 CAM5 ensemble members for each experiment. 
All data have been smoothed with a 5-year running mean. a Top row, 

CAM5 Tropical + All Rad; b middle row, CAM5 Tropical + Fixed 
Rad; c bottom row, CAM5 Ozone only. The ‘correl’ value is the cor-
relation between the reconstruction and the CAM5 ensemble mean in 
each panel during 1905–2013



1444	 R. L. Fogt et al.

1 3

From the anomaly composites, the first part of the twen-
tieth century (Fig. 7, top row, 1905–1934) was marked with 
below average pressures, which switched to above-average 
pressure anomalies in the 1950–1980 period; many of the 
pressure anomalies in both periods are statistically sig-
nificant (stippling) but only some of the anomalies emerge 
beyond the reconstruction uncertainty (cross-hatching) in 
SON. The change from negative pressure anomalies in the 
early twentieth century to positive anomalies in the mid 
twentieth century across the Antarctic continent is most 
widespread and robust during MAM; only a few locations 
display significant (when accounting for both interannual 
variability and reconstruction uncertainty) changes in JJA. 

During 1984–2013, the last 30 years of the reconstruction, 
significant negative pressure anomalies poleward of 60°S are 
only seen in DJF. In MAM there are also significant negative 
pressure anomalies but primarily on the Ross Ice Shelf and 
portions of coastal East Antarctica which also are different 
from zero based on the reconstruction uncertainty in these 
regions, but the Peninsula region stands in contrast with 
significant positive pressure anomalies during this period.

Composite anomalies were similarly constructed for 
every CAM5 ensemble member. Across the three main 
experiments analyzed in Fig. 6 and in Fogt et al. (2017a) 
as well as the additional SST sensitivity experiments, this 
constitutes 60 ensemble members. An additional 60 pseudo 

Fig. 7   Seasonal (by columns) anomaly composites of the reconstruc-
tion data for 1905–1934 (top row), 1950–1980 (middle row), and 
1948–2013 (bottom row). Shading corresponds to the mean anomaly 
(from the 1905–2013 mean) during the 30-year period. The stippling 
indicates average anomalies that are statistically different from zero 

at p < 0.05, while cross-hatched regions indicate average anomalies 
that are different from zero when the reconstruction uncertainty is 
included. The reconstruction uncertainty is calculated at each grid 
point as 1.96 times the standard deviation of the residuals between 
the reconstruction and ERA-Interim during 1979–2013
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ensemble members were constructed by removing the 
experiment’s ensemble mean from each ensemble member 
(e.g., the ‘Tropical SST + All Radiative’ ensemble mean was 
removed from each of the ten corresponding ensemble mem-
bers, and similarly for the other five experiments). This step 
acknowledges the dominance of internal atmospheric vari-
ability as discussed previously, as well as uncertainties in 
the forced response to SSTs (discussed later). Each ensemble 
composite was compared to the reconstruction composites 
in Fig. 7 separately by calculating the weighted (by cosine 

of the latitude) pattern correlation and RMSE values (after 
masking regions where the reconstruction error is larger 
than 2 hPa from Fig. 3). Figure 8 displays the ensemble 
member composite anomaly that corresponded best to the 
reconstruction anomaly composite (determined here by the 
lowest RMSE value). In each panel, the name of the CAM5 
experiment is provided as well as the pattern correlation and 
RMSE value; a “**” indicates cases where the ensemble 
member that best aligned with the reconstruction anom-
aly composite was from an experiment with the ensemble 

Fig. 8   Seasonal (in columns) anomaly composites for individual 
ensemble members across the various CAM5 experiments for the 
same time periods as in Fig.  7 (in rows). The numerical values in 
each panel are the pattern correlation and the RMSE between the 
ensemble member and the reconstruction anomaly composite for 
regions where the reconstruction MAE is less than 2 hPa (Fig. 3). The 

ensemble members chosen for display were those that had the low-
est RMSE values. The ** indicates anomalies based on the original 
CAM5 experiment, while those without ** indicate composites con-
structed with the ensemble mean (forced response) removed. In each 
panel, the name for the CAM5 experiment for the ensemble member 
that best aligned with the reconstruction is given
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mean included, while the other anomaly composites were 
selected from experiments patterns that have the ensem-
ble mean removed. For completeness, composites based 
on the detrended ensemble mean from the CAM5 Tropical 
SST + All Radiative experiment are shown in Fig. 9.

Figure 8 provides important information that sheds light 
on the processes that govern Antarctic pressure variability 
throughout the twentieth century. First, the highest pattern 
correlations and lowest RMSE and therefore the best agree-
ment between the reconstruction and CAM5 experiments 
are found in DJF. Further, the agreement is best when the 
ensemble mean is retained, and for the Ozone Only experi-
ment after 1984 and Tropical SSTs + All Radiative experi-
ment prior to this, reflecting the important role of ozone 

depletion on recent summer Antarctic pressure trends and 
the secondary role from tropical SSTs as discussed in Fogt 
et al. (2017a). Although the RMSE values are somewhat 
larger, the influence of a forced response in MAM in the 
twentieth century Antarctic pressure variability is also dis-
cernable. Consistently for all time periods, the ensemble 
members that agreed the best with the reconstruction were 
those where the ensemble mean was retained. Specifically, 
tropical SSTs and external radiative forcing play an impor-
tant role in generating the negative pressure anomalies in the 
early twentieth century and the positive pressure anomalies 
across the Antarctic continent in the mid twentieth century. 
The detrended ensemble-mean composites (Fig. 9) still show 
positive pressure anomalies in the mid twentieth century, but 

Fig. 9   As in Fig. 7, but based on the ensemble mean from the CAM5 
Tropical SST + All Rad experiment with the long-term (1905–2013) 
trend removed. Stippling indicates regions where the composite mean 
anomaly is significantly different than zero at p < 0.05. Cross hatch-

ing in each panel indicates regions where at least nine out of the ten 
ensemble members agree on the sign of the pressure anomaly for 
each 30-year period
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they are relatively weak. The anomalies in MAM, therefore, 
can be interpreted as the sum of a forced response and inter-
nal atmospheric variability. This interpretation is consistent 
with other work showing an important role of tropical SST 
variability on the Antarctic pressure trends in MAM since 
1979 (Ding and Steig 2013), and on related trends in zonal 
winds (Schneider et al. 2015). Moreover, it is consistent 
with the reconstruction itself, in that the pressure anomalies 
across much of the Antarctic continent are significant above 
the background interannual variability and the reconstruc-
tion uncertainty.

In contrast to MAM, Fig. 8 reveals that the best match 
with the reconstruction for all time periods in JJA and SON 
is when the ensemble mean is removed from each ensemble 
member. Figure 9 further demonstrates a degree of simi-
larity between the reconstruction and CAM5 composites 
based on detrended pressure anomalies, with positive pres-
sure anomalies in the mid twentieth century and negative 
pressure anomalies in the early twentieth century. Since the 
removal of the long-term trend or ensemble mean (i.e., the 
forced response) improves the agreement between the recon-
struction and model simulations, this suggests that either the 
CAM5-forced trend in these seasons is too large (Fig. 6), or 
that the pressure anomalies in these seasons are dominated 
by large internal variability. The dominance of internal vari-
ability fits with the results of the reconstruction discussed 
above—that the pressure anomalies in JJA and SON are not 
significant in most parts of the Antarctic continent when 
interannual variability and reconstruction uncertainty are 
taken into account (Fig. 7).

The long-term negative trends in JJA and SON in the 
ensemble means of the experiments that include tropical 
SSTs (Fig. 6a, b) underscore some limitations of the experi-
ments and comparing them to the reconstructions. The simu-
lated spatial patterns of the Tropical SST + All Rad experi-
ment with the long-term trend retained (Fig. S3) show a 
SAM-like response in all seasons, with an embedded wave-
train in the Pacific sector in MAM, JJA and SON. The SAM-
like response has been seen in other SST-forced experiments 
with other models and attributed to the long-term warming 
trend in tropical SSTs (Staten et al. 2012). The embedded 
wave-train resembles the extratropical circulation response 
to interannual La Niña variability (Turner 2004; Clem et al. 
2016). This pattern likely arises from the east–west gradient 
of SST trends in the tropical Pacific. In ERSSTv4, like many 
similar datasets, the western Pacific warms more than the 
eastern Pacific during the twentieth century. This gradient is 
uncertain and difficult to constrain from observations (Deser 
et al. 2010; Solomon and Newman 2012). Nonetheless, it 
is persistent across all recent generations of the ERSST 
analysis, and all of the SST-forced experiments show the 
SAM-like pattern and the wave-train response in the South-
ern Hemisphere high-latitudes, albeit much weaker when 

the long-term trend is removed (Figs S4–S8). In particular, 
the Global SST + Radiative experiments exhibit somewhat 
weaker trends when integrated over 60°S–90°S, owing to a 
stronger stationary wave response in the high latitudes (Fig. 
S8). Again, the reduced agreement between the reconstruc-
tion and the ensemble-mean only demonstrates that internal 
atmospheric variability dominates at high latitudes. How-
ever, the forced response in the model simulations could 
be too strong, owing to uncertainties in the SSTs and/or 
model physics. As noted earlier, the reconstruction may not 
adequately capture pressure variability in the Pacific sector 
where the tropical teleconnections are strongest, challenging 
the discernment of a forced response in JJA and SON.

To illustrate the temporal evolution of Antarctic pres-
sure trends, Fig. 10 displays linear pressure trends for the 
60°S–90°S domain, as well as East and West Antarctica sep-
arately for various time periods of at least 30-years (as indi-
cated by the plot axes, following Fogt et al. 2017a) from the 
reconstruction. For the non-summer seasons, there are posi-
tive pressure trends for most regions up until around 1990, 
regardless of the start date. Most of these trends reach sta-
tistical significance at p < 0.05, and peak during 1950–1970, 
as reflected in the middle row of the anomaly composites in 
Fig. 5. After 1950, MAM shows negative pressure trends, 
which are a combination of strong positive pressure anoma-
lies across the Antarctic continent in the 1950–1980 period 
and some regions of negative pressure anomalies during the 
1984–2013 period (Fig. 7). However, the recent negative 
pressure trends in MAM are weaker (in an absolute sense) 
and less persistent than the positive pressure trends before, 
highlighting an important role of multi-decadal Antarctic 
pressure variability in this season. In JJA, East Antarctica 
is the only region to show significant (p < 0.05) negative 
pressure trends in the twentieth century, but they are sen-
sitive to the starting year (1950s in general). In addition, 
these negative pressure trends in winter are overshadowed 
by earlier positive pressure trends, which are more persistent 
and greater in absolute magnitude. In SON, the reconstruc-
tion indicates only in West Antarctica are there significant 
positive trends, which extend throughout the entire twentieth 
century but reach their greatest magnitude during the middle 
twentieth century, as suggested by the composites in Fig. 7. 
In West Antarctica, significant long-term positive trends are 
also seen in JJA.

4 � Discussion

To explore other possible mechanisms for the twentieth cen-
tury Antarctic pressure trends and variability, time trends 
as in Fig. 10 are plotted for various climate indices known 
to affect Antarctic climate in Fig. 11. Here the ‘Fogt’ SAM 
index reconstruction (Fogt et al. 2009), from 1905 to 2005, 
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is merged with the observationally-based Marshall (2003) 
SAM index through 2013, and inverted to match the Ant-
arctic pressure anomaly trends (top row, Fig. 10). While the 
SAM index reconstruction is based only on midlatitude pres-
sure, we note that there is some overlap in observed pres-
sure records used in the Marshall (2003) SAM index after 
1957 with individual station reconstructions from Fogt et al. 
(2016a) that were the anchor points for our spatial recon-
struction. We also investigate tropical indices, namely the 
Niño 3.4 sea surface temperatures (based on the ERSSTv4 
dataset; Huang et al. 2015) and the Southern Oscillation 

Index from the Australian Bureau of Meteorology (http://
www.bom.gov.au/clima​te/curre​nt/soi2.shtml​), which starts 
in 1876. Lastly, given its potential role in recent warming 
across West Antarctica and sea ice loss (Clem and Fogt 
2015; Meehl et al. 2016; Purich et al. 2016), we also inves-
tigate the unfiltered monthly Interdecadal Pacific Oscillation 
based on ERSSTv4 data (Henley et al. 2015).

The inverted SAM index trends are strongly consistent 
with the observed pressure trends (Fig. 10), especially over 
60°S–90°S and East Antarctica, although the reconstruction 
often shows stronger trends that are both more significant 

Fig. 10   Seasonal (by column) pressure trends averaged for the 60°–
90°S (top row), East Antarctica (middle row), and West Antarctica 
(bottom row). The trends are calculated for different starting (indi-
cated by y-axis values) and ending (indicated by x-axis values) years, 
and are only shown if there are at least 30 years of data used to calcu-
late the trends. Diagonal cross-hatching and stippling indicate trends 

significantly different from zero at p < 0.10 and p < 0.05, respectively. 
Trends calculated using the longest data are found at the bottom right 
of each panel (as indicated in a), and the diagonal area where shading 
starts corresponds to trends calculated using exactly 30 years of data 
(as indicated in b)

http://www.bom.gov.au/climate/current/soi2.shtml
http://www.bom.gov.au/climate/current/soi2.shtml
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and more persistent than the SAM index. The strong simi-
larity in Fig. 11 with the inverted SAM index trends is not 
surprising, given that the SAM index is based on mean sea 
level pressure data and is highly correlated with pressure 
south of 60°S (Marshall 2003); the reconstruction adds 

further information beyond the SAM index by examining 
regional patterns of pressure variability and change across 
the Antarctic continent (Figs. 7, 8, 9). Due to the global 
warming signal, the Niño3.4 trends are positive through-
out the whole time period, but the SOI suggests a period 

Fig. 11   As in Fig. 10, but for various seasonal mean century-length climate mode indices: Fogt SAM index reconstruction (top row); Niño 3.4 
SST index (second row); SOI (third row); unfiltered IPO (bottom row)
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of positive trends in the mid-twentieth century, which indi-
cates a trend toward more La Niña (LN) events. Combined 
with the negative SAM index trends (inverted from top row), 
this suggests a LN/SAM- combination throughout much of 
the middle twentieth century, which tends to produce weak 
anomalies in the ASL region and positive anomalies over the 
continent with regional variations (Stammerjohn et al. 2008; 
Fogt et al. 2011; Wilson et al. 2016). This out-of-phase rela-
tionship with SAM/ENSO is common throughout much of 
the early twentieth century, as the inverted SAM index trends 
mirror those of the SOI, suggesting a negative correlation 
between the two. However, given that the ENSO signal near 
Antarctica is strongest in the vicinity of the ASL (Turner 
2004) and the reconstruction skill is lowest in this region 
(with highest MAE, Figs. 2, 3), the reconstruction may miss 
much of this impact by providing a more robust signal across 
the Antarctic continent. Similarly, the IPO suggests also an 
opposing relationship between the SAM and tropical varia-
bility, as this index displays a negative trend during the mid-
twentieth century (as observed recently), which is consistent 
with a more La Niña-like state in the equatorial Pacific and 
therefore lower pressure anomalies across the Pacific sector 
of Antarctica in the early-mid twentieth century (opposing 
the SAM index trends). Detrended correlations between the 
climate mode indices and the reconstruction averaged over 
60°S–90°S produce similar results (Supplementary Fig. S9) 
as the climate index trends. In particular, the correlations 
show a strong persistent SAM relationship with Antarctic 
pressure in all seasons throughout the twentieth century. In 
contrast, the correlations only show a connection of Ant-
arctic pressure variability to tropical patterns of variabil-
ity in the summer when the last 20 years are included (i.e., 
correlations that end after the 1990s), with only marginally 
significant (p < 0.10) and short-lived correlations in other 
seasons. Combined, the correlations with the reconstruction 
and the climate index trends demonstrate a strong relation-
ship between the SAM and Antarctic pressure variability 
throughout the twentieth century.

In austral summer and autumn, comparison of the recon-
struction with the model results suggests a discernable role 
for SSTs and external radiative forcing in driving multidec-
adal pressure variability over Antarctica during the twentieth 
century. The reconstructed anomaly patterns best match the 
model results when the latter include the ensemble-mean, 
forced response. Internal atmospheric variability still plays 
a large role, as the best-matched simulated patterns include 
both the forced response and internal variability. In winter 
and spring, our results suggest that the forced response of 
Antarctic pressure anomalies to SSTs and external radiative 
forcing is not detectable on the multi-decadal to centennial 
timescale. This is consistent with the large pressure vari-
ability in these seasons and the relatively low significance 
of the reconstructed anomalies. Nonetheless, it also points 

to one of the key limitations of the reconstruction, in that the 
skill is lowest in the South Pacific, exactly where the model 
shows the largest forced response. Model boundary condi-
tions also have important limitations. The implications of the 
tropical SST gradients have been discussed previously, and 
we also note that the Antarctic sea ice anomalies (prescribed 
only in the Global SST + All Radiative experiment; all other 
experiments used climatological sea ice) are highly uncer-
tain and could play a role in Antarctic decadal-scale pressure 
variability. Taken together, these results do not mean that 
the model is flawed; rather, they underscore the key role 
of internal atmospheric variability even in multi-decadal 
pressure trends, as well as the importance of improving the 
observation-based boundary conditions.

5 � Conclusions

This paper has presented new seasonal spatially complete 
reconstructions of Antarctic pressure anomalies extending 
back to 1905, poleward of 60°S. The skill of this reconstruc-
tion varies seasonally, primarily based on the varying skill of 
individual station pressure reconstructions from Fogt et al. 
(2016a, b) on which the interpolated spatial pressure field 
analyzed here is based. The main focus of this work is to 
evaluate non-summer pressure variability across the twen-
tieth century, as the summer season, where external forcing 
is stronger and the reconstruction skill markedly higher, was 
the focus of prior work (Fogt et al. 2017a).

Although the reconstruction performance is lower outside 
of austral summer, the skill is still sufficient that it provides 
new information on the range and scope of historical pres-
sure variability over Antarctica. Seasonally, the reconstruc-
tion aligned the best with ERA-Int in austral winter, with 
lower but nearly equal skill in both autumn and spring. The 
performance drops markedly away from the Antarctic con-
tinent, particularly in the vicinity of the Amundsen Sea Low 
and across the South Pacific, where high interannual varia-
bility and the lack of nearby stations are the primary sources 
of the spatial reconstruction error. From regionally averaged 
pressures across the continent, it was determined that only in 
summer are there significant pressure trends across Antarc-
tica over the entire twentieth century. The autumn and winter 
seasons were particularly marked with significant positive 
pressure trends throughout the middle of the twentieth cen-
tury across nearly the entire Antarctic continent, while the 
negative pressure trends in the observations during autumn 
(Turner et al. 2005) only emerge as significant after 1945. 
Nearly all of the pressure trends and their variability are 
consistent with changes in the SAM index throughout the 
twentieth century, with a possible smaller role played by 
variability in the IPO.
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To investigate potential forcing mechanisms and 
evaluate the reconstruction in more detail, a suite of cli-
mate model simulations with various combinations of 
prescribed SSTs and radiative forcings were examined. 
These simulations clearly show the importance of ozone 
depletion in the summer, and possibly to a limited extent 
in MAM. The model experiments also suggest that the 
positive pressure anomalies and trends in the middle of 
the twentieth century seen in the reconstruction result 
primarily from internal atmospheric variability, as the 
reconstruction largely falls within the ensemble spread in 
all seasons. However, the analysis here suggests there is a 
likely connection to tropical SSTs in MAM throughout the 
twentieth century. Uncertainty in the model experiment, 
particularly in the east–west tropical Pacific SST gradient 
that strongly influences teleconnections, could contribute 
to the lack of clear evidence for SST responses in the other 
seasons. Moreover, the model experiments are also lim-
ited by the fact that they do not include Antarctic sea ice 
variations, which likely influenced Antarctic atmospheric 
circulation throughout the twentieth century, but which 
has poor observational coverage in the early and middle 
twentieth century.

Future work is needed to continue to improve the sci-
entific understanding of Antarctic climate throughout the 
twentieth century. The reconstruction provides a better 
estimate of pressure variability over Antarctica in the 
twentieth century, especially compared with century-
length atmospheric reanalysis products (Schneider and 
Fogt 2018). However, it is unable to provide a reliable 
estimate of pressure variability and change in the vicinity 
of the Amundsen Sea Low, despite the important role of 
the ASL in ongoing Antarctic climate change (Raphael 
et al. 2016). Historical estimates of sea ice prior to the 
early 1970s would also be critical to understand how 
ice-ocean-atmosphere feedbacks have changed over the 
twentieth century, and to better place the large Antarctic 
climate variability in a longer context (Jones et al. 2016). 
Finally, improvement in the performance of climate mod-
els over Antarctica will be valuable to pinpoint the role 
various mechanisms play in Antarctic climate throughout 
the twentieth and into the twenty-first centuries.
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