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ABSTRACT: Because continuous meteorological observations across Antarctica did not start until the middle of the

twentieth century, little is known about the full spatial pattern of pressure variability across the extratropical Southern

Hemisphere (SH) in the early twentieth century, defined here as the period from 1905 to 1956. To fill this gap, this study

analyzes pressure observations across the SH in conjunction with seasonal pressure reconstructions acrossAntarctica, which

are based on observed station-to-station statistical relationships between pressure over Antarctica and the southern mid-

latitudes. Using this newly generated dataset, it is found that the early twentieth century is characterized by synchronous but

opposite-signed pressure relationships between Antarctica and the SH midlatitudes, especially in austral summer and

autumn. The synchronous pressure relationships are consistent with the southern annular mode, extending its well-known

influence on SH extratropical pressure since 1957 into the early twentieth century. Apart from connections with the

southern annular mode, regional and shorter-duration pressure trends are found to be associated with influences from

tropical variability and potentially the zonal wavenumber 3 pattern. Although the reduced network of SH observations and

Antarctic reconstruction captures the southern annular mode in the early twentieth century, reanalysis products show

varying skill in reproducing trends and variability, especially over the oceans and high southern latitudes prior to 1957,

which stresses the importance of continual efforts of historical data rescue in data-sparse regions to improve their quality.
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1. Introduction

The dominant mode of atmospheric variability in the extra-

tropical Southern Hemisphere (SH) onmonthly and longer time

scales is the southern annular mode (SAM) (Fogt and Marshall

2020). Associated with the intensity and north–south movement

of the SH polar jet, in its positive phase the SAM is character-

ized by lower-than-average pressures/geopotential heights over

Antarctica, and above average pressure/geopotential height in

the SHmidlatitudes (Rogers and van Loon 1982; Thompson and

Wallace 2000). The increased equator to pole pressure gradient

during positive SAM phases is also associated with an intensifi-

cation and poleward movement of the polar jet, demonstrating a

near synchronous, but opposing, response in pressure across

much of the extratropical SH (Gillett et al. 2006).

Indices thatmonitor the SAMdisplay positive and statistically

significant trends in austral summer [hereinafter December–

February (DJF)] since 1957, the start of the International

Geophysical Year (IGY) when the majority of Antarctic ob-

servations begin. The DJF positive SAM trends, linked with

negative pressure trends across Antarctica, have been pri-

marily attributed to Antarctic stratospheric ozone depletion

(Thompson and Solomon 2002; Polvani et al. 2011; Banerjee

et al. 2020). In austral autumn [March–May (MAM)], the

SAM has also displayed positive trends since the 1960s, which

are most likely consistent with internal variability (Fogt et al.

2009), with forcing from ozone depletion playing a secondary

role (Thompson and Solomon 2002; Turner et al. 2009). In

other seasons, the SAM has shown statistically nonsignificant

trends since 1957 as a manifestation of strong decadal vari-

ability in extratropical pressure and the SH jet (Fogt and

Marshall 2020). However, because most Antarctic observa-

tions do not exist prior to the start of the IGY in 1957/58 (Jones

and Wigley 1988), the SAM variability in the early twentieth

century is more complicated to understand. Without contin-

uous measurements of the high southern latitude component

of the SAM prior to the IGY, challenges remain in analyzing

the large-scale SH atmospheric circulation in the early twen-

tieth century (Carleton 2003). Nonetheless, a few published

SAM reconstructions that extend back to 1905 or earlier

suggest the recent trends since 1957 in DJF are unique in the

last century (Jones and Widmann 2003, 2004; Fogt et al. 2009,

2017) and through the last millennium (Abram et al. 2014).

As a result of longer observational datasets, more is known

prior to the IGY about the seasonal and interannual mid-

latitude component of SH atmospheric circulation across

Australia, New Zealand, South America, and South Africa as

discussed in earlier work (Jones 1991; Allan et al. 1995; Karoly

et al. 1996; Alexander et al. 2010). To connect these observa-

tions before 1957 poleward toAntarctica, reconstructions from

ice cores and snow pits can add value, although the circulation

changes from these proxy measurements usually only have a

regional signature, and they often cannot resolve changes

across the seasons (Enomoto 1991; Kreutz et al. 2000; Souney

2002; Goodwin et al. 2004; Xiao et al. 2004; Russell and
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McGregor 2010; Dixon et al. 2012; Bracegirdle et al. 2019).

Other studies examining the transpolar index (TPI)—the dif-

ference in normalized pressures between Hobart, Tasmania,

Australia, and Stanley, Falkland Islands (Pittock 1980)—sim-

ilarly provide additional knowledge on regional SH extra-

tropical pressure relationships prior to the IGY because

observations at both Hobart and Stanley exist throughout the

twentieth century; a tree-ring-based reconstruction has farther

extended the summer TPI record back into the late eighteenth

century (Villalba et al. 1997). Like much research using proxy

measurements from Antarctica, these studies hint that syn-

chronous opposing pressure relationships (seesaws) have ex-

isted throughout the twentieth century. However, the strength

of this relationship varies in time (Villalba et al. 1997), and the

TPI primarily represents an atmospheric state characterized by

one large ridge and trough across the SH (zonal wavenumber

1). Furthermore, the TPI maymiss patterns associated with the

more generally zonally symmetric SAM or other modes of

extratropical atmospheric circulation variability (Jones et al.

1999). To move beyond the regional relationships captured by

the TPI or Antarctic proxy measurements, a more complete

view encompassing the meteorological observational network

across Antarctica is gained by using Antarctic station-based

pressure reconstructions (Fogt et al. 2016a,b, 2017) throughout

the twentieth century. Like the TPI, comparisons between

these pressure reconstructions in atmosphere-only climate

models, which are constrained at their lower boundary and

therefore have an overall realistic depiction of SH pressure

variability (Fogt et al. 2017; Schneider and Fogt 2018; Fogt

et al. 2019), also hint at the stable pressure relationships be-

tween the middle and high latitudes of the SH since 1905

(Clark and Fogt 2019).

This study builds upon these previous studies and aims to

improve the understanding of synchronous extratropical SH

pressure variability throughout the entire twentieth century.

By combining observations in the SH midlatitudes with ob-

servationally based pressure reconstructions over Antarctica,

this study provides the best estimate to date of seasonally re-

solved and spatially complete extratropical SH pressure vari-

ability in the early twentieth century, defined here as the

period from 1905 to the IGY, especially outside the Antarctic

Peninsula.

2. Data and methods

We analyze a combination of pressure observations from

30 long-term stations across the extratropical SH (Table 1)

along with 17 Antarctic stations of merged seasonal pressure

reconstructions (Fogt et al. 2016a) with Antarctic observations

(Table 2) to provide a continuous estimate of extratropical SH

pressure variability from 1905 to 2018 (Fig. 1). For the mid-

latitude observations (stations 1–30 in Fig. 1), the primary

source of data is the University Corporation for Atmospheric

Research research data archive dataset 570.0, which contains

quality-controlled monthly mean surface and/or sea level

pressure globally from 1738 to the present. We use only land-

based measurements from this dataset, although the archive

includes other observations as well. To provide the most

complete continuous records, missing data were patched for a

few stations using neighboring observations based on mean

differences during the period of overlap; the patching is rela-

tively minor as only the most complete stations were initially

selected. For pressure at Tahiti, French Polynesia, we use data

from theAustralianBureau ofMeteorology/Météo France (ftp://
ftp.bom.gov.au/anon/home/ncc/www/sco/soi/tahitimslp.html)

because it is more complete throughout the twentieth century

than other records for this station (Allan et al. 1991; Ropelewski

and Jones 1987). Data at Stanley on the Falkland Islands are

extended with a nearby station, although there is still a gap from

1982 to 1991. Further details for these SH midlatitude observa-

tions are listed in Table 1.

For the Antarctic data (stations 31–47 in Fig. 1), we merge

seasonal means calculated from observations (after they begin,

see start date in Table 2) with seasonal mean pressure recon-

structions (Fogt et al. 2016a, 2019). In DJF, we use the original

reconstructions for each station, which are calculated using a

principal component regression model that is based solely on

statistical relationships between midlatitude pressure and the

Antarctic station that is reconstructed. For all other seasons

[austral autumn, MAM; austral winter, June–August (JJA);

and austral spring, September–November (SON)], we make

use of the so-called pseudoreconstructions, in which the prin-

cipal component regression model to create the pressure re-

construction also includes estimates extracted from a gridded

pressure dataset at key points over the ocean, in addition to

midlatitude pressure observations. The addition of the ocean

gridpoint data as predictors in the reconstruction model

markedly increases its skill outside the austral summer (Fogt

et al. 2016a). Spatially, the station-based reconstructions align

best with observations along the Antarctic Peninsula in all

seasons but have correlations with the observations above 0.6;

the skill is considerably higher in DJF. In subsequent work,

these pressure reconstructions at various Antarctic stations

were interpolated using a kriging technique to produce a spa-

tially complete seasonal reconstruction poleward of 608S (Fogt

et al. 2019). The skill of this spatially complete reconstruction

broadly follows that of the station-based reconstructions, and

when compared with independent observations from ships and

early Antarctic expeditions, the bias of 2–4 hPa determined

after 1979 (smaller in summer) is still observed prior to 1979

(Fogt et al. 2020). Further details of theAntarctic station-based

pressure reconstructions can be found in earlier work (Fogt

et al. 2016a,b, 2017, 2019) and in Table 2.

Gridded pressure data from a suite of twentieth-century

reanalyses are also used for further comparison. These consist

of the National Oceanic and Atmospheric Administration

(NOAA)/Cooperative Institute for Research in Environmental

Sciences Department of Energy twentieth century reanalysis,

version 3 (20CRv3) (Slivinski et al. 2019), the European Centre

for Medium-Range Weather Forecasts (ECMWF) twentieth-

century reanalysis (ERA-20C) (Poli et al. 2016), andECMWF’s

coupled ocean–atmosphere reanalysis of the twentieth century

(CERA-20C) (Laloyaux et al. 2018). All of these twentieth-

century reanalyses primarily assimilate only surface pressure

observations; ERA-20C and CERA-20 also assimilate ma-

rine surface winds, and CERA-20 further assimilates ocean
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temperature and salinity measurements. Because very few

surface pressure observations prior to the IGY are located

poleward of 608S, the quality of these datasets diminishes

before the mid-twentieth century (Schneider and Fogt 2018).

To improve the global estimate of pressure prior to the IGY,

the Fogt et al. (2019) spatially complete pressure reconstruction

was merged with 20CRv3 (at 18 3 18 latitude–longitude resolu-

tion) using a sine-based latitude weighting over the region 558–
658S (poleward of 658S, the reconstruction is used while 20CRv3

is used everywhere north of 558S). In a 58 latitude–longitude re-

gion surrounding Orcadas near the Antarctic Peninsula (Fig. 1),

the spatial reconstruction is used entirely because it is based on

the observations from this station (dating back to 1903; Zazulie

et al. 2010), which may not have always been assimilated into

20CRv3. The reconstruction is then blended into 20CRv3 over

the adjacent 58 nearOrcadas on the eastern, northern, andwestern

edges using a similar sine-weighting. This dataset hereinafter is

called the ‘‘merged’’ data, representing a spatially continuous

pressure estimate that matches the station-based reconstructions

over Antarctica from Fogt et al. (2016a, 2019) and the assimilated

midlatitude data in 20CRv3 elsewhere. It is important to note that

the merged data have not been forced to conserve atmospheric

mass or any other property and are only meant to be employed

here as another spatially complete estimate of pressure variability,

particularly prior to IGY as the quality of gridded pressure data-

sets improves after 1957 with the inclusion ofAntarctic data (Fogt

et al. 2018; Schneider and Fogt 2018).

To investigate the connection of modes of climate variability

with SH extratropical pressure throughout the twentieth century

we employ several long-term indices. First, the ‘‘Fogt’’ seasonal

SAM index reconstructions (Fogt et al. 2009; Jones et al. 2009),

which extend back to at least 1905, are merged with the obser-

vationally based SAM index (Marshall 2003) after 1957 to depict

changes and trends in this leading mode of SH extratropical cli-

mate variability throughout the twentieth century. To monitor

fluctuations in El Niño–SouthernOscillation (ENSO), we use the

Southern Oscillation index (SOI), the difference in standardized

pressure from Tahiti, French Polynesia, and Darwin, Australia.

We specifically use the SOI from the Australian Bureau of

Meteorology because it does not have any gaps in the twentieth

century (http://www.bom.gov.au/climate/current/soihtm1.shtml).

For decadal-scale tropical variability, we also investigate the

relationship of SH extratropical pressure with the unfiltered

tripole index of the interdecadal Pacific oscillation (IPO)

TABLE 1. Information on the pressure observations used in this study. The South African stations were patched with monthly mean

pressure data calculated from the National Centers for Environmental Information (NCEI) dataset Global Surface Summary of the Day

(https://data.nodc.noaa.gov/cgi-bin/iso?id5gov.noaa.ncdc:C00516#). Note that data for Stanley were extended from 1991 to 2018 using

nearby station 888890.

Station name Lat Lon Station ID Start year End year Percent complete Patched station ID

Cape Town 34.08S 18.68E 688160 1841 2018 99.53 NCEI 688160

Port Elizabeth 34.08S 25.68E 688420 1887 2018 99.81 NCEI 688420

Durban 30.08S 31.08E 685880 1884 2018 99.01 NCEI 685880

Perth 31.98S 116.08E 946100 1876 2018 99.83 —

Alice Springs 23.88S 133.98E 943260 1885 2018 99.56 —

Adelaide 35.08S 138.58E 946720 1857 2018 99.69 —

Melbourne 37.88S 145.08E 948680 1903 2018 99.93 948650

Hobart 42.88S 147.58E 949750 1866 2018 96.46 —

Sydney 33.98S 151.28E 947680 1859 2018 99.32 947670

Brisbane 27.48S 153.18E 945780 1887 2018 99.94 —

Auckland 37.08S 174.88E 931190 1863 2018 77.44 933090

Hokitika 42.78S 171.08E 936150 1866 2018 91.34 936140

Dunedin 45.98S 170.58E 938940 1864 2018 99.14 5397

Christchurch 43.58S 172.58E 937800 1864 2018 98.66 937810

Wellington 41.38S 174.88E 934340 1864 2018 99.35 934170/936780

Chatham Island 44.08S 176.68W 939870 1878 2018 98.82 945760

Catamarca 28.68S 65.88W 872220 1901 2018 98.73 873450

Santiago 33.48S 70.88W 855740 1861 2018 99.74 —

Valdivia 39.68S 73.18W 857660 1899 2018 99.44 857430

Punta Arenas 53.08S 70.88W 859340 1889 2018 99.68 —

Sarmiento 45.68S 69.18W 878490 1903 2018 98.78 878600

Bahia Blanca 38.78S 62.28W 877500 1896 2018 97.97 —

Buenos Aires 34.68S 58.58W 875850 1858 2018 99.02 875760

Cordoba 31.38S 64.28W 873440 1873 2018 99.77 —

Rio de Janeiro 22.98S 43.28W 837430 1851 2018 99.36 837810

Stanley 51.08S 57.08W 999006 1900 1982 98.80 888900

1991 2018 87.36 888890

Orcadas 60.78S 44.78W 889680 1903 2018 99.57 —

Grytviken 54.08S 36.08W 889030 1905 2018 91.52 —

Tahiti 17.68S 149.68W 919380 1876 2018 100.00 —

St. Helena island 16.08S 5.78W 619010 1892 2018 99.28 —
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(Henley et al. 2015), which is calculated using the difference of

sea surface temperature anomalies averaged in the central

equatorial Pacific, the northwest Pacific, and the southwest

Pacific. The ENSO signal is linearly removed from the unfiltered

IPO index and called the ‘‘IPO residual’’ throughout in order to

examine decadal tropical variability independent of ENSO.

Last, we also examine the zonal wavenumber 3 (ZW3) index

(Raphael 2004), determined from SLP anomalies in three cen-

ters along 498S using 20CRv3. Throughout our analysis, the

statistical significance of trends, correlations, or between means

is estimated using a t distribution, with the degrees of freedom

reduced by the lag-1 autocorrelation (Bretherton et al. 1999).

All data were detrended before performing any correlation

analyses.

3. Results

a. Twentieth-century SH extratropical pressure trends

Thirty-year running pressure trends at the station locations

(Fig. 1) for each season are displayed in Fig. 2. The negative

pressure trends in Antarctica since the 1960s (especially away

from the Antarctic Peninsula; Figs. 2a,b) are balanced by sig-

nificant pressure increases in themidlatitudes, especially across

much of Australia and South America. Importantly, Fig. 2

demonstrates that this synchronous pressure relationship be-

tween Antarctica and the SH midlatitudes extends throughout

the early twentieth century. In the early twentieth century dur-

ing DJF (Fig. 2a), significant pressure increases across much of

coastal East Antarctica (Fogt et al. 2017) are offset by negative

pressure trends throughout much of the SH midlatitudes, al-

though only a few SH midlatitude observations show signifi-

cant negative pressure trends. This connection is even stronger

in MAM for 30-yr periods beginning in 1920–30 (Fig. 2b),

where significant pressure increases across much of continental

(non-peninsular)Antarctica prior to 1950 are offset by statistically

significant negative pressure trends throughout much of South

Africa, Australia, and New Zealand, as well as a few stations in

South America. Indeed, in MAM the strongest negative pressure

trends throughout the twentieth century in the SH midlatitudes

correspond to the period of strongest positive pressure trends

everywhere in Antarctica except theAntarctic Peninsula. Similar

synchronous pressure relationships between Antarctica and the

SH midlatitudes are also observed in JJA and SON prior to the

IGY (Figs. 2c,d). Because the statistical model used to create

the Antarctic pressure reconstructions was calibrated on de-

trended data after 1957, the existence of these synchronous rela-

tionships in the early twentieth century prior to 1957 is a reflection

of the inherent SH extratropical spatial pressure covariance.

Apart from the dominant synchronous nature of SH extra-

tropical pressure variability, the Antarctic pressure reconstruc-

tions and midlatitude pressure observations also show times of

regional variability and trends in the early twentieth century. For

example, inDJFmost stations inNewZealand observe significant

pressure increases throughout the mid-twentieth century (30-yr

periods beginning in 1925–45) while there are significant negative

pressure trends in SouthAfrica; at this same time, there are only a

few stations in the Ross Sea sector (Vostok-Byrd) that display

significant negative pressure trends in the reconstructions

across Antarctica (Fig. 2a). Further, the Antarctic Peninsula

often has weaker pressure trends than the rest of Antarctica

or, as in the case in MAM, much stronger and significant

positive pressure trends in the late twentieth century (30-yr

periods beginning in 1955–65). The regional and independent

character of these trends suggests that other processes besides

the SAM are also important for early twentieth-century

pressure variability across the extratropical SH; these rela-

tionships will be explored in more detail in section 3c.

To provide a spatially complete perspective, pressure trends

in the early twentieth century from various gridded datasets

TABLE 2. Information on the Antarctic station observations that were merged with the station-based pressure reconstructions. The

starting and ending years and the percent-complete values given are for the observational record and not the reconstruction (which is

complete from 1905 to 2013). Here, ID indicates the station identifier.

Station name Lat Lon Station ID Start year End year Percent complete

Novolazarevskaya 70.88S 11.88E 895120 1961 2018 99.43

Syowa 69.08S 39.68E 895320 1957 2018 91.13

Mawson 67.68S 62.98E 895640 1954 2018 99.49

Davis 68.68S 78.08E 895710 1957 2018 92.34

Mirny 66.68S 93.08E 895920 1956 2018 99.60

Vostok 78.58S 106.98E 896060 1958 2018 97.27

Casey 66.38S 110.68E 896110 1960 2018 98.79

Dumont d’Urville 66.78S 140.08E 896420 1956 2018 95.63

McMurdo/Scott Base 77.98S 166.78E 896640 1956 2012 97.75

Amundsen-Scott 90.08S 0.08E 890090 1957 2018 100.00

Byrd 80.08S 119.48W 893240 1957 2011 85.62

Rothera 67.68S 68.18W 890620 1946 2018 91.21

Faraday 65.38S 64.38W 890630 1950 2018 95.02

Bellingshausen 62.28S 58.98W 890500 1968 2018 99.86

Esperanza 63.48S 57.08W 889630 1945 2018 95.37

Marambio 64.28S 56.78W 890550 1970 2018 98.13

Halley 75.58S 26.78W 890220 1956 2018 98.54
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are plotted for DJF and MAM in Fig. 3, along with the ob-

servation and reconstruction trends. In the SH midlatitudes,

the gridded datasets match the observed trends to varying

degrees, with the best match in terms of magnitude and sta-

tistical significance perhaps coming from 20CRv3. Poleward of

608S, however, 20CRv3, ERA-20C, and CERA-20C all pro-

duce significant negative trends, which do not reflect the re-

constructions, even along theAntarctic Peninsula (where there

are nearby observations in the early twentieth century; Fig. 1).

The negative trends are especially large in ERA-20C, which

can have biases of more than 10 hPa relative to the recon-

structions (Schneider and Fogt 2018; Fogt et al. 2019).

Although not dynamically constrained, the merged data

provide amore likely estimate of the spatially complete pressure

variability across the extratropical SH (Fig. 3a). This dataset

shows the significant positive pressure increases across much of

East Antarctica and the Antarctic interior in DJF and MAM

(Fogt et al. 2017, 2019), which are largely offset by pressure

decreases across much of the SH midlatitudes (indicated by the

observations; Figs. 2 and 3). The significant positive pressure

trends depicted in the tropical and subtropical SHPacificOcean

in 20CRv3 (and thus, the merged data) do not match the ob-

servations at Tahiti, which show much weaker and statistically

insignificant pressure increases. Therefore, it is likely that there

are even more widespread negative pressure trends in DJF

across much of the SH midlatitudes, again reflecting the syn-

chronous pressure variability throughout the extratropical SH in

the early twentieth century prior to the IGY. A similar story is

also seen in MAM, although because the significant negative

trends are generally shorter in duration than in DJF (Fig. 2), the

synchronous relationship is not fully depicted in the spatial

trends from 1905–56.

Spatial trend maps for JJA and SON in the early twentieth

century are plotted in Fig. 4. Most readily apparent in these

seasons are the large differences between the reanalyses pole-

ward of 608S (Schneider and Fogt 2018) especially ERA-20C

in SON (Fig. 4c) and CERA-20C in JJA (Fig. 4d). Although

a strong synchronous opposite-signed pressure relationship is

suggested by ERA-20C, these trends and their significance do

not align with the observations or the reconstructions, suggest-

ing that this relationship is artificial. While the merged data

suggest a synchronous relationship in these seasons (Fig. 4a),

FIG. 1. Map of the midlatitude station observations (numbers 1–30, plotted in red) and the merged Antarctic

pressure reconstructions and observations (numbers 31–47, plotted in blue) used in the study. A zoomed map of the

Antarctic Peninsula region is provided for more detail. Stations are numbered approximately from east to west within

each group, except for the subtropical island stations (29–30), which are the last of the midlatitude group.
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the trends are more regional. The less zonally symmetric struc-

ture to the pressure trends in JJA and SON is perhaps related to

the more asymmetrical structure of the SAM in these seasons

(Fogt et al. 2012), which ties to seasonal variations in the SH

jet streams, and in particular the stronger subtropical jet in

austral winter (Bals-Elsholz et al. 2001; Fogt and Marshall

2020), which tends toweaken the Pacific structure of the polar or

midlatitude jet (Fogt et al. 2012). Additionally in both JJA and

SON, tropical teleconnections associated with ENSO variability

are stronger, associatedwith a strongerRossbywave source from

the well-defined subtropical jet (Karoly 1989; Turner 2004; Yuan

et al. 2018).

b. SH extratropical pressure patterns prior to the IGY

To further analyze the spatial pressure relationships across

the data represented in Figs. 3 and 4, empirical orthogonal

FIG. 2. The 30-yr running seasonal pressure trends (hPa decade21), for (a) DJF, (b)MAM, (c) JJA, and (d) SON,

with the station numbers on the y axis corresponding the station numbers in Fig. 1 and grouped with labels in the

top-left panel (Aust. 5 Australia, NZ 5 New Zealand region, Isl. 5 subtropical islands, E. Ant 5 coastal East

Antarctica; Vostok–Byrd 5 Antarctic stations east from Vostok to Byrd, and Ant. Pen. 5 stations near the

Antarctic Peninsula). The x axis is the starting year for the 30-yr trend, and trends significantly different from zero at

p , 0.05 are marked with a dot.
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function (EOF) analysis is performed on the seasonal mean

station data and Antarctic reconstructions in Fig. 2 as well

as 20CRv3 and the merged data during 1905–56. The EOF

analysis determines independent patterns of variability within

each dataset prior to the IGY, and a principal component time

series represents the amplitudes of these patterns through

time. EOFs are calculated only for the first three leading

patterns of variability as these represent approximately 50%

or more of the total pressure variation within each dataset,

and are often associated with leading modes of climate vari-

ability such as the SAM or ENSO (Thompson and Wallace

2000; Mo and Paegle 2001; Fogt and Bromwich 2006). For

station observations and the Antarctic pressure reconstruc-

tions, the EOFs are based on standardized pressure at each lo-

cation, where data that are still missing after patching are

replaced with the station climatological means. For 20CRv3 and

the merged data, EOFs are based on weighted (by cosine of

latitude) MSLP (for 20CRv3) and surface pressure (for the

merged data) data from 208 to 908S. Principal component (PC)

time series of the first three modes for these datasets are shown

in Fig. 5; the PCs are inverted where necessary to make the

correlations positive because the sign of the EOFs is arbitrary.

The station network, although spatially discrete (Fig. 1), is

able to capture the EOF1/PC1 well, with correlations between

PC1 of the merged and station data above 0.75. For all but

20CRv3 in MAM, PC1 is the highest correlated with the Fogt

SAM reconstruction and thus depicts this mode of variability.

InMAM, the low correlation between 20CRv3 and themerged

data (Fig. 5b) reflects a different ordering of the EOFs: the

SAM structure does not appear until EOF3 in 20CRv3, despite

this being the dominant mode in reanalysis data in all seasons

after 1979 (Fogt and Marshall 2020). The correlations with the

station network and PC2/PC3 are smaller because the EOF

patterns for these modes are more regional in character with

larger loadings over the Pacific Ocean (not shown), and the

spatially discrete station network does not reproduce these.

Overall, the EOFs/PCs demonstrate that 20%–30% (.40% in

summer) of the early twentieth-century SH extratropical var-

iability is in EOF1, which shows synchronous opposite-signed

pressure variability akin to the SAM in all seasons (Fig. 5),

consistent with findings of the SAM/EOF1 after 1979 (Fogt and

Marshall 2020). Furthermore, neither the station data nor the

merged data show significant (p , 0.05) trends in PC1 in the

early twentieth century in any season, whereas 20CRv3 shows

FIG. 3. Spatial seasonal [(left) DJF; (right)MAM] pressure SH trend (hPa decade21) maps from gridded datasets

(shading) and observations and reconstructions (symbols) for (a) merged reconstruction/20CRv3, (b) 20CRv3,

(c) ERA-20C, and (d) CERA-20C. Trends significantly different from zero at p, 0.05 are stippled for the gridded

datasets and plotted as squares for observations or reconstructions.
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significant trends for PC1 in both DJF (Fig. 5a) and SON

(Fig. 5d). The lack of significant trends in PC1/EOF1 in the

early twentieth century is consistent with SAM reconstruc-

tions, which show the distinctiveness of the recent positive

summer SAM index trends since the IGY (Jones et al. 2009;

Abram et al. 2014; Dätwyler et al. 2018). For the other PCs, the
trends are also often not significant in the early twentieth

century, although all datasets suggest significant trends in PC2

during DJF (Fig. 5a).

c. Pressure relationships with modes of climate variability

prior to the IGY

To provide an overview of the general connections of SH

extratropical pressure variability prior to the IGY with domi-

nant modes of climate variability, Fig. 6 displays the 30-yr

running trends from regionally averaged pressure from station

groups in Fig. 2, along with the 30-yr running trends of the

SAM reconstructions and extended with the observationally

based SAM index, the SOI, the residual unfiltered tripole IPO

index, and the ZW3 index. Prior to the regional averaging, all

data are converted to anomalies by removing the 1905–2018

mean for each station. The use of anomalies ensures that av-

eraging sea level and surface pressure observations together

does not influence the results. Vertical lines in Fig. 6 depict

shifts in the SOI (solid vertical lines) and IPO (dashed vertical

lines), determined fromwhere the 30-yr running trends in these

indices averaged across all seasons change sign and remain in

that new phase for at least five continuous years. Recall the

IPO index used in our analysis (‘‘IPO residual’’) has the ENSO

signal linearly removed to depict low-frequency Pacific oceanic

variability across both the Northern and Southern Hemispheres

independent from ENSO.

Consistent with the depiction in Figs. 3–5, Fig. 6 demon-

strates that much of the synchronous SH extratropical pressure

variability and trends throughout the entire twentieth century

and to present are associated with the SAM. Even when there

are nonsignificant SAM index trends (which is the case for

much of the twentieth century), negative SAM index trends are

typically associated with widespread positive pressure trends

across Antarctica and negative pressure trends across the SH

midlatitudes in all seasons. Similarly, positive SAM index

trends are usually associated with pressure decreases across

Antarctica and pressure increases across the majority of the

midlatitudes. The strong synchronous pressure relationship in

MAM from Fig. 2b discussed previously is one clear example:

the significant (p , 0.05) negative SAM index trends from the

30-yr period starting in 1920–30 are associated with significant

(p , 0.05) positive pressure trends across Antarctica (except

FIG. 4. As in Fig. 3, but for (left) JJA and (right) SON.
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the Antarctic Peninsula), and significant negative pressure trends

in New Zealand, Australia, and South Africa. This pattern of

synchronous SH pressure variability associated with the SAM is

also seen prior to the IGY in DJF, JJA, and SON. The domi-

nance of the SAM signal connecting the middle and high lati-

tudes of the SH both prior to and after the IGY is confirmed by

pressure anomaly composites using the merged data based on

the SAM index, provided in the online supplemental material

(see Figs. S1 and S2 there). However, there are other possible

teleconnections with different climate modes on different time

scales, which operate more regionally. To aid in interpreting

the regional connections, pressure anomaly composites using

the merged data for strong positive and negative phases of the

various climate indices prior to the IGY are also displayed in

Figs. 7–9. For completeness, we provide composites using the

merged data for the period 1957–2013 for the other climate in-

dices described in the remainder of this paper in Figs. S3–S5 of

the online supplemental material.

1) RELATIONSHIPS WITH ENSO VARIABILITY

Tropical Pacific regime shifts associated with changes in the

SOI/ENSO are depicted in Fig. 6 with solid vertical lines, cor-

responding roughly to 1925/26, 1952/53, and 1976/77. Although

complex and varying by season, these regime shifts often cor-

respond to fluctuations in the sign of 30-yr running pressure

trends across South Africa, Australia, New Zealand, and the

Antarctic Peninsula prior to the IGY. The ENSO composites

in Fig. 7 further depict some of these relationships, with the

FIG. 5. Standardized seasonal [(a) DJF, (b) MAM, (c) JJA, and (d) SON] principal component time series, 1905–56, for the first three

EOFs [(left) EOF1, (center) EOF2, and (right) EOF3] of NOAA 20CRv3 MSLP (blue), merged surface pressure data (red), and station

observations and Antarctic reconstructions (black) from Fig. 1. The correlations with the merged data (‘‘correls’’) as well as the percent

variance explained (‘‘Percent Var’’) and slopes (standard deviation per decade) are given in each panel, using the colors to represent each

dataset. The PCs were inverted where necessary to make the correlations positive.
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dominance of strong SOI positive events (LaNiña events) from
1925 to 1940 and again after 1950, while strong SOI negative

events (El Niño) primarily occur before 1920 and in the period

from 1939 to 1949. Regionally, in DJF and JJA there are sig-

nificant negative pressure anomalies across Africa in La Niña
that are absent during El Niño (Fig. 7). In most seasons, the

Antarctic Peninsula region shows negative pressure anomalies

nearby in the South Pacific in LaNiña years (Fig. 7, left column)

and positive pressure anomalies in El Niño years. Some of these

pressure anomalies near the Antarctic Peninsula are statisti-

cally significant; however, the lower reconstruction skill incor-

porated into the merged data in the high-latitude South Pacific

(Fogt et al. 2019, 2020) likely limits the full depiction of this

signal. For the 1957–2013 period, the pressure anomalies during

ENSO events are stronger near theAntarctic Peninsula (Fig. S3

of the online supplemental material). Similar shifts in pressure

anomalies between ENSO phases are commonly seen across

Australia and New Zealand (Jiang et al. 2013; Lorrey and

Fauchereau 2018), consistent with some of the apparent, albeit

weaker, relationships with the SOI and pressure trends in Fig. 6.

These teleconnections prior to the IGY reflect the regional

character of the Pacific–SouthAmerican pattern emanating from

the tropical Pacific, stretching toward the Antarctic Peninsula,

and arching equatorward toward South Africa in the South

AtlanticOcean, largelymissingmuch of SouthAmerica (Karoly

1989; Mo and Paegle 2001; Turner 2004; Clem and Fogt 2013;

FIG. 6. The 30-yr running regionally averaged pressure trends along with the running trends in the seasonal mean

major SH climate indices, as in Fig. 2, for (a) DJF, (b) MAM, (c) JJA, and (d) SON. The regional averaging is

indicated by the y-axis labels, which include the station numbers from Fig. 1 where the averaging was performed.

Thirty-year regionally averaged running trends that are significantly different from zero at p, 0.05 aremarkedwith

a dot. Vertical lines indicate where the SOI (for ENSO; solid line) or IPO index (dashed lines) 30-yr running trends

averaged across all four seasons shifts signs and stays in the new phase for at least five years to indicate regime shifts

in Pacific climate variability. The x axis is the starting year for the 30-yr running trend.
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Clem et al. 2016; Yuan et al. 2018), consistent with the weak

relationship with ENSO there (Figs. 6 and 7). The new analysis

presented here using the merged data suggests that these re-

gional connections remain throughout the early twentieth cen-

tury prior to the IGY.

2) RELATIONSHIPS WITH THE IPO RESIDUAL

Relative to both SAMand ENSO, the relationships between

SH extratropical pressure variability with the IPO residual,

when regionally averaged, are much weaker (Fig. 6). The re-

sidual IPO index has three regime shifts based on the method

employed here, occurring in 1916/17 (from positive running

trends to negative), 1936/37 (negative running trends to posi-

tive), and 1973/74. Over the entire time period represented in

Fig. 6, the strongest association of the IPO and pressure trends

across the extratropical SH is across the southern Atlantic

Ocean (stations 26–28) outside of austral summer since the

1936/37 regime shift (Figs. 6b,c,d). The composites for the IPO

phases independent of ENSO (Fig. 8) show significant positive

pressure anomalies across much of the southern Atlantic

Ocean during the negative IPO phases that are generally ab-

sent in positive IPO phases, reflecting some of the IPO asso-

ciations depicted in Fig. 6. Importantly, the relationship with

the IPO and southern Atlantic Ocean pressure trends in Fig. 6

is strongest after the IGY, reflected as an (absolute) intensifi-

cation of many of the high-latitude pressure anomalies in the

IPO composites during 1957–2013 (Fig. S4 of the online sup-

plemental material). Hence, SH extratropical pressure rela-

tionships with the IPO may be weaker in the early twentieth

century, or they may not be well represented in the composites

FIG. 7. Seasonal pressure anomaly composites from the merged dataset for (left) SOI1 and (right) SOI2 years

during 1905–56, for (a) DJF, (b) MAM, (c) JJA, and (d) SON. The pressure anomalies are relative to the 1905–99

seasonal mean. The years included in the composites are given beneath eachmap; years were selected for which the

SOI was at least 61 standard deviation from its 1905–99 mean for each season. The stippling indicates pressure

anomalies that are statistically different from zero at p , 0.05.
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due to uncertainties in the merged data in the southern

Atlantic Ocean. Given that there are a few observations in the

southern Atlantic Ocean in the early twentieth century (sta-

tions 26–28 in Fig. 1), the former seems likely, but further re-

search is warranted to document such changes in the IPO

teleconnections throughout the twentieth century.

Apart from the robust teleconnection in the southernAtlantic

Ocean, Fig. 8 hints at a few other possible pressure relationships

with the IPO prior to the IGY, although these are admittedly

much weaker than for ENSO and the SAM, and statistically

significant pressure anomalies primarily occur over the ocean.

Over Antarctica, the relationship of pressure variations with the

IPO appears the strongest in JJAand SON (Figs. 6 and 8); in JJA

pressure anomalies weaken over much of Antarctica in the pe-

riod 1957–2013 (Fig. S4). Although largely nonsignificant, shifts

in the IPO index running trends (vertical dashed lines in Fig. 6)

broadly align with some of the shifts of the signs of Antarctic

30-yr running pressure trends in austral winter and spring. In

particular, there is a clear shift between the IPO phases and the

sign of the pressure anomalies across Antarctica in JJA and

SON. In JJA (Fig. 8c), positive pressure anomalies around 608S
stretching toAntarctica in IPOpositive phases, some statistically

significant, are replaced during IPO negative phases with nega-

tive pressure anomalies, some of which are also statistically sig-

nificant. The large differences in pressure anomalies between

IPO phases near West Antarctica are statistically significant

during 1905–2013 (Fig. 8c). In SON, the IPO index shifts are even

more impressive, with statistically significant (p, 0.05) negative

30-yr running trends for the 30-yr periods beginning in 1915–30,

becoming statistically significant positive running trends for the

30-yr periods beginning in 1940–50. Although the composites do

not show significant pressure anomalies across Antarctica in

SON during 1905–2013 (Fig. 8d), the running pressure trends

across Antarctica, except over the Antarctic Peninsula, in SON

are loosely connected with these IPO shifts (vertical dashed lines

in Fig. 6d) andmore statistically significant pressure anomalies in

FIG. 8. As in Fig. 7, but for anomaly composites based on the residual IPO index (after linearly removing the ENSO

signal from the IPO index).
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SON are found in the IPO composites after 1957 (Fig. S4).

Specifically, the large region labeled ‘‘West Antarctica’’ (stations

36–41 in Fig. 1; Vostok-Byrd) is generally characterized by

negative pressure trends prior to the 1916/17 IPO regime shift,

positive pressure trends prior to the 1936/37 regime shift, and

strong positive trends after the 1973/74 IPO regime shift

(Fig. 6d). The IPOpressure associations are reflected also inEast

Antarctica, with a few statistically significant pressure trends.

Figures 6 and 8 suggest that over Antarctica, especially in West

Antarctica and the southern Atlantic Ocean, strong associations

of the IPO with regional climate since 1979, including sea ice

extent and temperature trends (Nicolas and Bromwich 2014;

Clem and Fogt 2015; Meehl et al. 2016; Purich and England

2019), have occurred at other times prior to the IGY.

3) RELATIONSHIPS WITH ZONAL WAVENUMBER 3

From Fig. 6, there is a notable association between the

ZW3 index of Raphael (2004) with the SAM throughout the

twentieth century. The ZW3 composites also reflect this rela-

tionship, with ZW3 positive phases showing pressure anoma-

lies similar to positive SAM phases, and ZW3 negative phases

showing pressure anomalies similar to negative SAM phases

both prior to the IGY (Fig. 9) and after the IGY (Fig. S5 of

the online supplemental material) (Fogt and Marshall 2020).

However, the zonal symmetry in the Z3 composites is much

weaker in JJA and SON, especially in the midlatitudes, while

the SAM composites (Figs. S1 and S2) continue to show nearly

uniform (but opposite) pressure anomalies across both the

midlatitudes and Antarctica in all seasons. Nonetheless, due to

the location of theRossby wave centers used to define the ZW3

index at 498S (depicted as open circles in Fig. 9), the tele-

connections are robust across New Zealand (Jiang et al. 2013),

as well as southern South America, and exist throughout the

twentieth century. The teleconnections with South America

are not clear in Fig. 6 due to averaging over a much larger

region than southern South America, where the statistically

FIG. 9. As in Fig. 7, but for composites based on theZW3 index. The open circles on eachmap denote the location of

the ZW3 centers used to create the ZW3 index from Raphael (2004).
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significant pressure anomalies associated with ZW3 occur both

prior to the IGY (Fig. 9) and after the IGY (Fig. S5).

Consistent with the seasonally varying structure of the SAM

(Fogt et al. 2012; Fogt and Marshall 2020) and the known

seasonal intensification of the Rossby waves associated with

the ZW3 pattern (Raphael 2004), the ZW3 composites prior to

the IGY (Fig. 9) show a much more pronounced meridional

structure in JJA and SON, as alluded to earlier. In the Ross Sea

region, there are distinctly different pressure anomalies in JJA

and SON between the ZW3 phases (Figs. 9c,d); these are not

fully captured in Fig. 6 due to the large area averaging for

stations 36–41 (Fig. 1) and the more regional character of the

pressure anomalies across the Ross Sea region in Figs. 9c,d.

One notable feature of the ZW3 that is independent from the

SAM is the long period of statistically significant negative ZW3

index trends for 30-yr periods beginning in 1930–40 in MAM

(Fig. 6b). These significant negative ZW3 trends in MAM are

likely linked to at least a portion of the statistically significant

negative pressure trends across southern Africa and positive

pressure trends across East Antarctica at this time (Fig. 6b).

Spatially, a deep trough in negative ZW3 phases situated over the

IndianOcean center of the ZW3 inMAM (Fig. 9b, right column)

with opposing pressure anomalies across East Antarctica and

pressure trend changes across southernAfrica (Fig. 6b) reflect the

changes in the ZW3 during 1930–60 (Fig. 6b).

4. Summary and conclusions

The goal of this work was to explore pressure relationships

across the extratropical SH throughout the twentieth century

that were previously difficult to establish due to problems with

data quality across Antarctica in the early twentieth century

prior to the IGY of 1957–58 (Schneider and Fogt 2018). Given

that multiple evaluations with independent data have demon-

strated the skill of pressure reconstructions across Antarctica

(Fogt et al. 2016a, 2019, 2020), the focus of this work was pri-

marily in the early twentieth century prior to the IGY to ex-

pand upon well-established teleconnections after 1979 using

global reanalyses.

Throughout the early twentieth century, pressure increases at

many of the Antarctic stations are balanced by decreases in

pressure at many midlatitude stations, especially in DJF and

MAM. On SH landmasses, the strongest synchronous pressure

variability occurs between Australia and New Zealand and much

of Antarctica, except for the Antarctic Peninsula, which is dif-

ferent from previous studies that have focused on the TPI. In the

Antarctic Peninsula and even inmuch of SouthAmerica, more

regional and temporally varying pressure trends have been

observed throughout the early twentieth century, including

their teleconnections between the middle and high latitudes.

In general, these relationships are not observed in gridded

twentieth-century reanalyses due to large statistically signifi-

cant trends that do not match the Antarctic station-based

pressure reconstructions.

Most of the synchronous pressure variability prior to the

IGY is consistent with the SAM index (and EOF1), extending

its known effects back farther in time. Shifts in the sign of

running trends of the SAM index prior to 1950 are often

associated with simultaneous, but opposite, shifts in the sign of

pressure trends between Antarctica and the SH midlatitudes.

However, tropical variability also plays an important role in

synchronous SH pressure variability prior to the IGY, much

like it plays an important role in Antarctic climate variability

since 1979 (Ding et al. 2011; Ding and Steig 2013; Clem and

Fogt 2015; Meehl et al. 2016; Yuan et al. 2018; Purich and

England 2019). In particular, regime shifts in ENSO accom-

pany regional pressure anomalies fromAustralia/NewZealand

through the Antarctica Peninsula and extending equatorward

to south Africa prior to the middle of the twentieth century

based on a spatially continuous pressure dataset analyzed here.

The analysis also suggests that pressure anomalies since the

1950s across the southern Atlantic are largely associated with

the IPO, whereas there was likely a deeper trough in the

southern Indian Ocean in MAM during the 1940s associated

with a node of the zonal wavenumber 3 pattern. The new

spatially complete analysis presented here suggests that a

larger portion of synchronous pressure variability connecting

the SH middle and high latitudes in austral winter and spring

occurs independent of the SAM prior to the IGY; the more

regional character of the synchronous SH extratropical pres-

sure variability, particularly in austral winter and spring, is

associated with the stronger tropical teleconnections that

emerge across the SH outside of austral summer.

Although the relationships established here are based pri-

marily on trends and anomaly composites, they suggest that

many of the known relationships between Antarctica and the

southern midlatitudes exist throughout the early twentieth

century prior to Antarctic observations beginning in the IGY.

It is critical to note that work establishing these associations in

data-sparse regions like the SH high latitudes prior to the IGY

would not be possible without the considerable efforts in his-

torical data rescue from nonconventional sources. One such

project, the Atmospheric Reconstructions over Earth (ACRE),

has aided significantly in this regard, especially for historical ob-

servations obtained from early expeditions and ship logbooks in

and aroundAntarctica (Allan et al. 2011).Relevant to the present

study, the efforts accomplished throughACREhave dramatically

improved the quality of the twentieth-century reanalyses and

have made possible the creation of the merged data employed

here. With the new knowledge gained from ACRE and similar

initiatives, it is hoped that future research can be inspired to detail

the dynamics and more precisely attribute climate trends in data-

sparse regions like the extratropical SH. Ultimately, such work

would better place historical and future climate trends across the

extratropical SH in a more spatially complete and temporally

continuous context. A longer and more spatially complete his-

torical context for SH climate is especially important given some

of the rapid trends in Antarctic climate in sea ice, temperature,

and atmospheric circulation seen since the late twentieth century

(Paolo et al. 2015; Jones et al. 2016; Banerjee et al. 2020; Turner

et al. 2020).
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