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ABSTRACT: The Amundsen Sea is dominated by a quasi-stationary low-pressure region, the Amundsen Sea low (ASL).

ASL variability impacts regional weather and the basal melting of ice shelves, an important contributor to sea level rise. To

understand trends and variability of the ASL, it is important to have data for a long time period. However, the shortness of

the satellite record starting in 1979 and the sparseness of Antarctic observational data prior to this make understanding vari-

ability on decadal scales challenging. Century-long reanalyses are available but have well-known pressure biases, meaning

that trends cannot be reliably quantified. Other reconstructions are available at the annual resolution but mask important sea-

sonal differences. Here, we reconstruct the ASL at seasonal resolution from 1905, using Southern Hemisphere weather station

sea level pressure data, which takes advantage of well-known teleconnections between the tropics and Antarctica, although

the strength of these is seasonally dependent and varies decadally. We compare our reconstructions with two centennial reanaly-

ses and ERA5. Our reconstruction captures early twentieth-century variability associated with ice shelf melting and retreat and

places recent ASL trends in a longer-term context. We find that the recent deepening of the ASL across all seasons is unprece-

dented since 1905, and there is increased uncertainty in the ASL index during the mid-twentieth century. We also assess the statio-

narity of the association between station data and the ASL by using data from a Pacific pacemaker climate model experiment.

The stationarity assumption for our ASL reconstruction is valid, except for the austral autumn due to insufficient data availability.

SIGNIFICANCE STATEMENT: Our study provides a novel century-length seasonal reconstruction of pressure in

the Amundsen Sea region [the Amundsen Sea low (ASL)]. On interannual time scales, a more positive (weaker) ASL

can drive warm water intrusions under the ice shelves, leading to increased melt and significant contributions to sea level

rise. The ASL also impacts sea ice and Antarctic temperatures. Reliable records, which start in 1979 in this data-poor re-

gion, are not long enough to separate the large natural variability, particularly at decadal scales, from human-induced

changes. Our reconstruction compares favorably with those from centennial-scale reanalyses and is free from the high-

pressure biases associated with these products. Our new record shows that the recent negative trend in the ASL is un-

precedented since the early twentieth century.

KEYWORDS: Antarctica; Atmospheric circulation; Teleconnections; Climate variability; Statistics; Decadal variability

1. Introduction

The Amundsen Sea low (ASL) is a quasi-stationary region

of climatological low pressure in the South Pacific sector of the

Southern Ocean. It is the deepest of three climatological low

pressure centers that exist due to the interaction of the orogra-

phy of the Antarctic Peninsula with the mean westerly circum-

polar winds (Baines and Fraedrich 1989; Goyal et al. 2021)

and has the highest sea level pressure (SLP) variability in the

world (Fig. 1) (Connolley 1997). It occurs because of the large

number of depressions, which either form in the circumpolar

trough or move south from midlatitudes (Fogt et al. 2012).

The ASL is linked to both the Southern Annular Mode

(SAM; Turner et al. 2013) and variability in tropical Pacific

sea surface temperatures (SSTs) via teleconnections such as the

Pacific–South American (PSA) pattern (Kidson 1999; Mo and

Higgins 1998; Ding et al. 2011). In general, positive El Niño–

Southern Oscillation (ENSO) events are related to a weakened

ASL (Li et al. 2021); La Niña events typically strengthen the

ASL. The strongest correlations between ENSO and the ASL

occur in austral spring, when the Rossby waves associated with

ENSO variability are at their most energetic (Jin and Kirtman

2009). Phase shifts in other teleconnections that operate on de-

cadal time scales, such as the interdecadal Pacific oscillation

(IPO; Henley et al. 2015), have also been found to influence the

ASL, in particular a deepening of the ASL over the 1990–2015

period (Meehl et al. 2016; Li et al. 2021).
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In addition to internal climate variability, anthropogenic forc-

ing has played a role in historical ASL trends. The deepening in

recent decades is consistent with model-simulated responses

to greenhouse gas increases (Raphael et al. 2016) and, in the

austral summer, stratospheric ozone depletion (England et al.

2016; Fogt and Zbacnik 2014). It is, however, difficult to clearly

separate anthropogenic forcing from the abovementioned de-

cadal Pacific variability (e.g., Schneider and Deser 2018; Meehl

et al. 2016; Fogt and Wovrosh 2015). In light of these various

forcing factors, understanding the longer-term history of the

ASL is key to better understanding the relative roles of forced

and natural variability through the entire twentieth century.

The ASL exerts a strong influence on the climate of West

Antarctica and the Antarctic Peninsula (Hosking et al. 2013;

Raphael et al. 2016). Cyclonic flow around the ASL advects

warm, moist air southward along its eastern flank, and cold, dry

air northward along its western flank, together with associated

movement of sea ice (Fig. 1). Hence, changes to its strength

and location both through time and seasonally (Clem and Fogt

2013) influence the climate of this region.

Understanding the longer-term behavior of the ASL is also

important due to the influence of the ASL on the supply of

warm Circumpolar Deep Water (CDW) to the West Antarctic

continental shelf. The Amundsen Sea region of Antarctica is a

significant contributor to sea level rise (Naughten et al. 2023).

Ice shelves extend out over the ocean from the Antarctic ice

sheet and are melted from below by the intrusion of warm

CDW (e.g., Pritchard et al. 2012; Jenkins et al. 2016). This water

intrusion varies on multiple time scales driven by oceanic vari-

ability, which, in turn, is modulated by the regional winds and

the ASL: A weakened (strengthened) ASL increases (decreases)

the onshore flow of CDW, which increases (decreases) basal

melting of the ice sheet on interannual time scales (Steig et al.

2012; Paolo et al. 2018; Dotto et al. 2020), although Silvano et al.

(2022) suggest that on decadal scales, baroclinic influences from

the surface wind on the shelfbreak undercurrent may actually

have the opposite effect. The oceanic response is nonlinear and

is also influenced by bathymetry, mesoscale eddies, and ocean

stratification (Turner et al. 2017).

The melting of these ice shelves contributes to ice loss from

theWest Antarctic Ice Sheet (WAIS) (Dalaiden et al. 2024), re-

sulting in a sea level rise of approximately 4.5 cm (100 yr)21

(Shepherd et al. 2018), the largest contribution of any region in

Antarctica (Naughten et al. 2023). Recent studies focus on the

hypothesis that ice sheet change in the Amundsen Sea sector is

an accumulating response to a series of oceanic warm episodes

(e.g., in the 1940s and 1990s) when rapid ice sheet loss was initi-

ated (Jenkins et al. 2018; Holland et al. 2019, 2022). Holland

et al. (2022) suggest these episodes are caused by anticyclonic

wind anomalies in the Amundsen Sea during these decades. A

deeper understanding of this mechanism requires a longer per-

spective on the ASL, as decadal wind variability is poorly sam-

pled in the relatively short records from reanalysis products,

which are only reliably constrained by remote sensing data in

the post-1979 modern satellite era (Schneider and Fogt 2018).

The strength of the ASL can be measured by an index, calcu-

lated as regionally averaged SLP or geopotential height (e.g.,

Turner et al. 2013; O’Connor et al. 2021; Dalaiden et al. 2021)

or as indices of its relative depth and location (Hosking et al.

2013). These indices can be calculated from reanalysis datasets

for the modern satellite era (post-1979) with good reliability

due to the enhanced number of observations incorporated

within the reanalysis (Bracegirdle et al. 2013). Prior to this,

however, observations are much sparser, so there is increased

reliance on the reanalysis model to reconstruct atmospheric

fields, resulting in greater uncertainty. Reanalyses such as the

Twentieth Century Reanalysis (20CR; Compo et al. 2011;

Slivinski et al. 2019) allow for a reconstruction of the ASL at

seasonal resolution over the whole of the twentieth century,

which would in theory allow decadal wind variability to be as-

sessed. However, positive SLP biases south of 608S in the early

twentieth century result in potentially spurious negative SLP

FIG. 1. (a) Mean and (b) SD of SON SLP over the Southern Hemisphere mid–high latitudes, 1979–2023, using ERA5

data. The box shows the region used to calculate the area-averaged ASL index (1808–3108E, 608–758S).
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trends over the whole century. Schneider and Fogt (2018) attri-

bute this to large uncertainty and a lack of assimilated data be-

fore 1950. Another possibility is a pressure bias due to such

reanalysis products failing to conserve atmospheric mass in the

early twentieth century prior to the assimilation of satellite data

(Trenberth and Smith 2005; Clark and Fogt 2019). A new re-

analysis product, the Modern Era Reanalysis (ModE-RA; Valler

et al. 2024), combines proxy, documentary, and instrumental

data from 1421 to 2008 at monthly resolution and can be used to

produce a seasonal ASL index.

The ASL index has been reconstructed at the annual resolu-

tion (O’Connor et al. 2021; Dalaiden et al. 2021) to cover the

twentieth century and earlier, using data assimilation of proxy

records from corals, tree rings, and ice cores into a spatial field

constrained by a climate model prior. However, a seasonal res-

olution is desirable as the ice sheet melting is seasonally vari-

able and the tropical teleconnections show seasonal variations

in strength (Scott Yiu and Maycock 2019; Li et al. 2021).

In this study, we present a new reconstruction of the ASL at

seasonal resolution based on in situ observations primarily at

Southern Hemisphere midlatitudes. Teleconnections between

low- and high-latitude climates allow us to use Southern Hemi-

sphere station data outside of the Antarctic with data extending

to the early twentieth century. We also present a comparison of

our reconstructions with the aforementioned reanalyses, to com-

pare trends and to identify any robust features in ASL behavior

since the early twentieth century. These reconstructions will en-

able a better understanding of the interplay of anthropogenic

trends and decadal variability to better constrain projected fu-

ture sea level rise than is currently available from satellite-era

reanalyses.

2. Data and methods

a. The ASL index from reanalysis

We calculate the predictand ASL indices for model fitting us-

ing monthly mean ERA5 SLP at 0.258 horizontal grid spacing

(Hersbach et al. 2020) for 1979–2023. We also extend the indi-

ces back to 1940 for comparison with our reconstructions.

For comparisons in the early part of the twentieth century, we

calculate the ASL index from the most recent version 3 of the

20CR (20CRv3; Compo et al. 2011; Slivinski et al. 2019). We

also use the ensemble mean of ModE-RA (Valler et al. 2024),

which provides monthly mean fields of SLP anomalies at approx-

imately 1.88 horizontal resolution. An offline data assimilation

approach is used, with a 20-member ensemble of the ECHAM6

model. Full details are in Valler et al. (2024). As the ModE-RA

data are stored as anomalies with respect to 1901–2000, we calcu-

late normalized anomalies relative to 1979–2008, to match as

closely as possible our reconstructed ASL.

We calculate the ASL index as the standardized spatial mean

SLP area weighted over 608–758S, 1808–3108E (O’Connor et al.

2021; Turner et al. 2013). We also explore the potential for re-

constructing the location and relative depth of the ASL, de-

scribed by Hosking et al. (2013), which summarize its location

and strength. The actual central pressure (ACP) is the mini-

mum SLP occurring within the ASL region, and sector pressure

(SP) is the mean SLP calculated over the region (similar to the

O’Connor ASL index outlined above). The relative central

pressure (RCP) is then the difference between the actual SLP

field and the sector-mean pressure. The longitude and latitude

of the ASL are significant as the location of the low will influ-

ence the direction of winds over the Amundsen Sea region and

associated atmospheric and oceanic conditions. The longitude

and latitude are calculated as the location of the RCP.

To reliably reconstruct the ASL from in situ weather station

observations prior to the late 1950s, when regular station obser-

vations were established at several locations across the Antarctic

continent, available SLP station observations at lower latitudes

can be used at locations where SLP variability is significantly re-

lated to ASL variability. Figure 2 shows ERA5-derived maps of

time series correlations between some of the abovementioned

indices and SLP at all grid points over the Southern Hemi-

sphere. We apply the false discovery rate (FDR; Benjamini and

Hochberg 1995; Wilks 2016) when considering multiple correla-

tions and regressions over a field to guard against multiple test-

ing resulting in spuriously labeling correlations as statistically

significant.

ACP and SP are not shown as these indices correlate closely

with the area-averaged ASL index of O’Connor et al. (2021)

and hence have similar correlation patterns with the Southern

Hemisphere SLP field and are not used further in this study.

The area-averaged ASL index shows the greatest reconstruc-

tion potential, with the largest regions of significant correla-

tions over midlatitude land areas. It is evident that RCP is a

local phenomenon (Fig. 2), representing the strength of the re-

gional pressure gradient in the South Pacific Ocean, and can-

not be reliably reconstructed from station data, as areas of

significance are very small and mostly lie within regions where

there are no instrumental observations. In addition, there are

weaker but quite widespread correlations between the ASL

latitude and longitude and hemispheric SLP, so we also recon-

struct these indices.

b. The predictor data

The predictors in the reconstructions are monthly mean sta-

tion SLP observations from the list of weather stations shown in

Table 1. These are stations that have been used in other recon-

structions of Antarctic climate over the twentieth century, includ-

ing the SAM (Jones et al. 2009), Antarctic pressure (Fogt et al.

2016a,b), and Antarctic sea ice (Fogt et al. 2022). Collectively,

they represent the largest network of nearly continuous SLP ob-

servations across the Southern Hemisphere extending back to

the late nineteenth century. Several patching and quality control

approaches have been used to enhance the temporal continuity

of the network, some of which are described below. To supple-

ment the observations from midlatitudes, observations from

Antarctic stations with the most continuous/complete records

are retrieved from the Reference Antarctic Data for Environ-

mental Research (READER) dataset (Turner et al. 2004). The

quality-controlled midlatitude data are derived from the Univer-

sity Corporation for Atmospheric Research (UCAR) dataset

“World Monthly Surface Station Climatology” d570000. There

are gaps in some of these series. We patch some of these
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using station data from the KNMI Climate Explorer and

the monthly mean observations used in the construction of the

HadSLP2 SLP dataset (Allan and Ansell 2006). We only imple-

mented this patching if time series values for the months before

and after the missing values closely resembled those of the data

used in previous reconstructions (Fogt et al. 2016a,b) in terms of

magnitude and direction of change from month to month. For

data points that we could not patch from these sources, we also

obtainWMO station data at hourly, daily, or monthly resolutions

using the Python “Meteostat” package, which allows direct ac-

cess to these data. Additionally, we use data from the Interna-

tional Surface Pressure Databank v4 (Compo et al. 2019).

Here, data for individual stations can be obtained at subdaily

resolution. For both these datasets, we remove any extreme out-

liers [65 standard deviations (SDs) from the mean] from the

daily or subdaily data before calculating monthly means, which

are only calculated if more than 50% of days in the month have

a daily mean value. Again, patching only occurs if time series

values from these datasets before and after any missing

months closely resemble the data from ds570000. Seasonal

means are calculated from the monthly mean station data after

patching, weighting the calculation by the length of each

month, and are only calculated if 2 of the 3 months in the sea-

son have an observed value at that station. There are a few

months missing after patching. For stations with data available

since 1941, 32 out of 37 stations had 10 or fewer missing

FIG. 2. Correlations of the detrended ASL indices for all seasons with the detrended Southern Hemisphere SLP standardized anomalies,

1979–2023. Only significant (p, 0.1) correlations are shown. The FDR is applied to the significance fields.
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TABLE 1. Stations used in the analysis. Only stations which show a significant correlation (p , 0.1) with at least one ASL index

are shown. The symbol # denotes stations only significant at p , 0.1, and others are significant at p , 0.05; blank values show that

there is no significant correlation. Square brackets denote a significant correlation but with gaps in the 1979–2023 time series. Other

stations considered which have no significant correlations are Saint Helena, Rio de Janeiro, and Santiago.

Station Availability MAM JJA SON DJF

New Amsterdam Island 1951–2023 20.47 20.26# 20.49 20.44

Kerguelen Island 1953–2023 20.57 20.34

Durban 1912–2023 20.29#

Cape Town 1900–2023 20.27# [0.32]

Port Elizabeth 1900–2023 20.31

Gough Island 1956–2023 20.36 20.52

Marion Island 1948–2023 20.38

Antofagasta 1951–2023 20.36 20.26#

La Serena 1941–2023 [20.29]# [20.52] 20.53

Juan Fernandez Island 1911–2023 20.47 20.33 20.28# 20.32

Valdivia 1900–2023 20.49 20.3# 20.49

Punta Arenas 1900–2023 0.35

Salta 1901–2023 [20.48] 20.27# [20.39]

Resistencia 1951–2023 20.39 20.26# 20.38

Catamarca 1901–2023 20.55 20.59 20.35

Cordoba 1900–2023 [20.54] 20.35 20.49 [20.3]

Rosario 1951–2023 20.46 20.34 20.38

Pehuajó 1951–2023 20.46 20.39 20.43

Junin 1951–2023 20.54 20.3# 20.42 20.28#

Ezeiza 1951–2023 20.54 20.28# 20.32

Buenos Aires 1900–2023 20.47 20.34 20.36

Santa Rosa 1951–2023 20.38 20.49 20.26#

Mar del Plata 1941–2023 20.37 20.4 20.4

Neuquén 1957–2023 [20.41] 20.34 20.29#

Bahı́a Blanca 1939–2023 20.38 20.26# 20.36 20.38

Trelew 1941–2023 20.29# 20.53 20.31

Sarmiento 1903–2023 20.27# 20.43 20.32

Comodoro Rivadavia 1951–2023 20.27# 20.37 20.34

Orcadas 1903–2023 0.4

Koumac 1951–2023 0.62

Nouméa 1941–2023 0.64

Nandi 1947–2023 20.29# 20.29#

Tahiti 1900–2023 20.34 20.38 20.38 20.55

Auckland 1900–2023 20.32 20.33 20.51

Wellington 1900–2023 20.32 20.49 20.66 20.42

Hokitika 1900–2023 20.26# 20.4 20.59

Christchurch 1901–2023 20.31 20.47 20.63 20.46

Dunedin 1918–2023 20.32 20.51 20.62 20.5

Campbell Island 1941–2023 [20.34] [20.45] 20.56 [20.67]

Chatham Island 1900–2023 20.41 20.57 20.78 20.52

Carnarvon 1951–2023 0.3 0.32

Port Hedland 1951–2023 0.28# 0.25#

Alice Springs 1900–2023

Meekathera 1951–2023 0.28#

Charleville 1951–2023 0.31

Brisbane 1900–2023 0.28#

Perth 1900–2023 0.27#

Kalgoorlie 1941–2023

Ceduna 1951–2023

Adelaide 1900–2023

Sydney 1900–2023

Melbourne 1903–2023

Hobart 1900–2023 20.34 20.27#

Norfolk Island 1951–2023 0.49

Macquarie 1950–2023 20.52 20.52

Isla de Pascua 1948–2023 20.27# 20.42 20.38 20.46

Total [including incomplete stations] 27[31] 26[28] 32[34] 33[36]
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months out of a total of 997 months. Any missing month was

found to have little effect on the seasonal time series in tests

where a month from each season (the worst-case scenario)

was removed at random and seasonal means calculated from

2 instead of 3 months. Correlations with the seasonal means

calculated from the full monthly time series were very high

(e.g., 0.85 for Campbell Island in the midlatitudes and 0.95 for

Tahiti in the tropics).

c. Reconstruction using principal component regression

We use principal component regression (PCR) to recon-

struct the ASL index, whereby multiple ordinary least squares

linear regression is applied to estimate the ASL index from

the leading PCs of station observations. PCR was first used for

climate reconstruction from tree rings (Briffa et al. 1986; Cook

et al. 1999) and has been successfully employed in climate in-

dex reconstruction (Jones and Widmann 2003, 2004; Jones

et al. 2009; Hannaford et al. 2015; Barrett et al. 2018a,b; Fogt

et al. 2022).

The fitting period for the data is 1979–2023. We linearly de-

trend and standardize the station data and the ERA5 ASL in-

dex over this period and correlate each station time series with

the ASL index for the relevant season over the period 1979–

2023. For each season, we retain a subgroup of those stations

with a significant correlation. To create the predictor PCs, we

conduct an empirical orthogonal function (EOF) analysis on

the time series of each subgroup of significant stations for each

season, initially obtaining the first 10 EOFs. We then retain

those PCs as predictors which have a significant correlation

with the ASL index, using the same significance level as that be-

tween the ASL index and the individual stations used in station

selection. To create a miniensemble of reconstructions, we re-

tain different groups of stations based on different significance

thresholds (p , 0.1 and p , 0.05) and use each to create a

slightly different version of the reconstruction. Furthermore,

for each of the significance thresholds, we create reconstruc-

tions of different lengths, according to station availability.

These reconstructions extend from 1905 to 2023, 1941 to 2023,

and 1957 to 2023, making use of additional observations becom-

ing available toward the present. We also investigate whether

the inclusion of Antarctic observations leads to a large im-

provement in reconstructions. Antarctic station data are only

available consistently for the 1957–2023 period (Turner et al.

2004), and we make these Antarctic plus (ANT1) reconstruc-

tions for each of the significance thresholds above.

We perform multiple ordinary least squares linear regression

using the selected PCs as predictors of the ASL index. To en-

sure that this model is not overfitted, we use leave-one-out cross

validation to produce a cross-validated model fit, due to the

short length of the fitting period. In Fogt et al. (2016a,b), two

different 30-yr calibrations and separate validation periods were

used. Those reconstructions with shorter validation periods ob-

tained similar reconstructions in each case, so we maximize the

calibration period to capture the most observed variability in

our model. To avoid autocorrelation of the time series, we addi-

tionally omit the two data points on either side of the validation

year. Measures of fit include the Pearson correlation coefficient,

the coefficient of multiple determination R2, root-mean-square

error (RMSE), and the mean absolute error (MAE). All time

series of the ASL, and principal components, are standardized

relative to the fitting period (1979–2023).

To calculate the PCs used to obtain the reconstructions over

the whole time period, we project the station anomalies for

each subgroup of significant stations onto the EOFs calculated

over the fitting period and then standardize them by the mean

and standard deviation of the fitting period. The regression co-

efficients obtained during model fitting are then applied to

these PCs to obtain the final reconstructions.

As an alternative method of PC selection, we used the

Bayesian information criterion (BIC) to determine which PCs

should be retained for the regression model. This approach was

generally more liberal than our method above and resulted in a

greater number of PCs being incorporated into the multiple re-

gressions. Overall, this approach made little difference to the

measures of fit. While there were some frequent slight improve-

ments in the models, for the ANT1 reconstructions in particu-

lar, the models were clearly overfitted (using seven PCs) and

performed poorly in out-of-sample comparisons. Our method

of PC selection is therefore more conservative but does not

produce the overfitting experienced with some of the BIC mod-

els. Statistical values for the BIC models are included in Table

S1 in the online supplemental material.

d. Stationarity assumptions

The fidelity of the reconstruction depends on the statistical

relationship between station SLP observations and the ASL re-

maining stable through time. As testing this is not possible with

observational data over multidecadal time scales, to examine

the potential stationarity over time of the statistical associations

between station time series and the ASL index, we use the

Pacific pacemaker simulations of the Community Earth System

Model, version 2 (CESM2; Danabasoglu et al. 2020), as a pseu-

doreality. In this simulation, which contains 10 ensemble mem-

bers, at 18 horizontal resolution, eastern tropical Pacific SST

anomalies are timeevolving but nudged toward observa-

tions [National Oceanic and Atmospheric Administration

Extended Reconstructed SST, version 5 (NOAA ERSST 5;

Huang et al. 2017)]. This ensures that the observed ENSO evo-

lution is retained in each member. The nudging is full strength

between 158S and 158N and from the date line to the American

coast with a 58 latitude buffer region to the north and south

where the strength of the nudging is reduced in a linear fashion.

West of the date line, the nudging mask is a wedge shape taper-

ing toward the Maritime Continent. We obtain monthly mean

SLP data from the model output, for the years 1880–2014. While

the pacemaker experiment has limitations, CMIP6 models have

not significantly improved upon CMIP5 in the representation of

the ASL (Bracegirdle et al. 2020). However, the pacemaker sim-

ulations have a reasonable representation of the SLP seasonal

cycle, albeit biased low, and the longitude of the ASL is broadly

in correspondence with that of ERA5 for JJA and DJF, with an

eastward bias in MAM and SON (not shown). Most CMIP6

models have a too-weak representation of the amplitude of

the teleconnection from the tropical Pacific, with a westward

bias and reduced amplitude of tropical Pacific precipitation
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anomalies, thought to be associated with a cold SST bias in

the climatological mean (Fang et al. 2024). Using the pace-

maker simulations will help to rectify this, and these simulations

represent the tropical Pacific teleconnection well (Schneider

and Deser 2018).

Here, we focus on the area-averaged ASL index and we cal-

culate this for each ensemble member. Using the full length of

the model (1880–2014), we calculate a sliding window correla-

tion of successive 31-yr periods for each Southern Hemisphere

grid cell between the ensemble member ASL and the member

SLP field. We also calculate correlations for the whole period,

which we mask, first to retain significant correlations and then to

retain those correlations only for grid cells where at least 70%

of the moving window correlations are significant (p , 0.1)

for at least seven members, indicating regions with a consis-

tent significant correlation over time across members. We use

the stations lying within these “stable correlation” regions to

create additional reconstructions. This approach of testing

the stationarity of the reconstructed relationships is qualita-

tively similar to that of Clark and Fogt (2019), who per-

formed similar pseudoreality tests using different climate

model simulations.

3. Results

a. Station significance, EOF, and PC construction

Tables 1 and 2 summarize the correlations between time se-

ries of seasonal-mean SLP at individual stations and the ASL

index for each season. These stations ensure the inclusion of

relevant station data from the Southern Hemisphere (Fig. 3a).

Of the 56 stations (63 including Antarctic stations), more are

used in the 1957 models, due to a higher number of stations

having data available for this period. At most, just over half

of the available stations have significant correlations with the

ASL (e.g., 40 stations used for the 1957 ANT1 reconstruction

at the p , 0.1 significance level; Table 3). In contrast, as few

as seven stations are used in the longer reconstructions start-

ing in 1905 (MAM, p, 0.05, Table 3).

Figure 3 presents an example of the station loadings onto

the EOFs, for the SON area-averaged ASL index only at

the p , 0.1 significance level. Loadings are similar for p , 0.05

but generally with fewer stations selected. Loadings for the

ANT1 reconstructions are not shown. The EOFs show broadly

similar loading patterns, irrespective of the time period of the re-

construction, except that longer time series has fewer stations

contributing to the EOFs. For EOF1 of any time period, all load-

ings are of the same sign and dominated by stations in South

America and New Zealand. For EOF2 (1957 and 1905 only), a

dipole is evident, with positive loadings in South America and

negative in New Zealand. Tahiti (17.68S, 149.68W) changes its

loading sign between 1957 (negative) and 1905 (positive), which

is likely due to IPO decadal-scale variability.

Most reconstructions are based on one or two PCs, with three

PCs used in 6 of the 32 seasonal reconstructions (Table 3).

Three PCs are used in the longer (1905 and 1941) reconstruc-

tions only. In MAM, SON, and DJF, PC1 is always used,

whereas in JJA, in three reconstructions (1957 p , 0.05, 1957

p , 0.1, and 1957 ANT1 p , 0.1), PC1 is not used, with PC2

being the most frequently used PC.

To explore the association of loading patterns with the SLP

field, we regress the significant PCs for the 1957 reconstructions

onto the detrended SLP standardized anomaly field for the fit-

ting period (Fig. 4). Evidence of tropical Pacific teleconnections,

with nodes of alternating sign over New Zealand, the Amundsen

Sea, and southern South America, is present in MAM (PC1),

JJA (PC2), and SON (PC1). JJA PC1 is characterized by an

east–west dipole (not shown). However, DJF PC1 shows a

more zonal pattern, consistent with wave reflection by the back-

ground winds limiting wave train propagation to the Amundsen

Sea in this season (Li et al. 2021). The PC4 patterns for MAM

and JJA exhibit a discernible zonal wavenumber-3 component.

For MAM (Fig. 1b arrow), the PC4 pattern resembles the tropi-

cal Atlantic wave train (Li et al. 2021; their Fig. 1c). While

some similarities to this wave train are evident for JJA, the pat-

tern is less prominent. In SON, PC3 most resembles this pattern

(not shown) but is never selected as a significant predictor PC

(Table 3), while SON PC2 is more like zonal wavenumber 1

and DJF PC3 again shows a near-zonal pattern.

b. Reconstructions of the ASL index

We have produced an ensemble of eight reconstructions over

different time periods, using two significance thresholds. Only

two reconstructions cover 1905–40, while for 1941–56, there are

four, and from 1957 onward, there are eight reconstructions. We

calculate an ensemble mean for each season from these recon-

structions. We compare the reconstructions with ASL indices

from ERA5 (1940–2023), 20CRv3 (1905–2015), and ModE-RA

(1905–2008) (Fig. 5), and statistics for the fitting period for the

leave-one-out cross validation are presented in Table 4.

The R2 values range from 0.29 (MAM, 1957, p , 0.05) to

0.83 (SON 1957 ANT1, p , 0.05, Table 4). Overall, the best

model fit (high R2 and correlation and low MAE and RMSE)

is for DJF and the poorest for MAM. The poorer MAM perfor-

mance is not attributable to fewer predictor stations, as the

number is similar to JJA (Table 1). While correlations between

the ASL and South American stations are higher in MAM than

in JJA, correlations with New Zealand stations are lower

(20.26 to 20.41 in MAM and 20.33 to 20.57 in JJA; Table 1).

This reflects the fact that the MAM significant correlations of

ASL with Southern Hemisphere SLP are notably contracted

and weaker over this region (Fig. 2a), i.e., a weaker teleconnec-

tion strength. The New Zealand region is a key predictor

TABLE 2. As in Table 1, but for the additional Antarctic

stations. A number of other stations have data, but they either have

large gaps or start after 1957. All stations significant at p , 0.05.

Station Availability MAM JJA SON DJF

Esperanza 1957–2023 0.37 0.49 0.68 0.81

Amundsen–Scott 1957–2023 0.32 0.39 0.6 0.72

Halley 1957–2023 0.5 0.47 0.69 0.87

Vernadsky 1957–2023 0.43 0.54 0.7 0.84

Mawson 1957–2023 0.49 0.6 0.7 0.84

Mirny 1957–2023 0.43 0.4 0.58 0.73

Casey 1957–2023 0.43 0.45 0.57 0.73
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region, with high correlations with the ASL in all seasons and

long station SLP records. New Zealand is south of the South

Pacific convergence zone and located under one of the nodes

on the teleconnection wave train to Antarctica from this re-

gion (Clem et al. 2019; their Fig. 2a). New Zealand stations

are likely to capture some of this signal, but it appears weaker

in MAM.

Adding the Antarctic stations improves the fit across all sea-

sons, but as these are only consistently available post-1957, lon-

ger reconstructions must rely on lower-latitude station data. It

is notable that increasing the number of stations does not neces-

sarily add much improvement to the model fit. The 1905 model

statistics where fewer than 15 stations are used are not greatly

different from those for 1957, without the Antarctic stations,

FIG. 3. (a) Stations available for the analysis, Antarctic5 blue and lower latitudes5 orange; (b)–(f) SON station loadings for significant

(p , 0.1) EOFs for the different reconstruction lengths. (b)–(f) The size of the circle is proportional to the loading of the station; positive

loadings are orange, and negative loadings are blue. Note that in (c), Tahiti (17.68S, 149.68W) is blue, but the weighting is too small to al-

low the color to be seen clearly.

TABLE 3. The number of PCs used in each reconstruction of the ASL area-averaged index and the number of significant stations

used to construct the EOFs. The PCs used in the reconstruction are shown in square brackets.

Model

MAM JJA SON DJF

PCs Stations PCs Stations PCs Stations PCs Stations

1957 p0.1 2 [1, 4] 27 2 [2, 4] 26 2 [1, 2] 32 2 [1, 3] 33

1957 p0.05 1 [1] 20 1 [2] 15 2 [1, 2] 31 1 [1] 25

1957 p0.1 ANT1 2 [1, 4] 34 1 [2] 33 3 [1, 2, 4] 39 1 [1] 40

1957 p0.05 ANT1 2 [1, 4] 27 2 [1, 2] 22 2 [1, 2] 38 1 [1] 32

1905 p0.1 3 [1, 2, 4] 8 3 [1, 2, 4] 13 2 [1, 2] 12 3 [1, 2, 4] 10

1905 p0.05 2 [1, 2] 7 2 [1, 2] 10 1 [1] 12 3 [1, 2, 3] 7

1941 p0.1 3 [1, 3] 15 3 [1, 4, 8] 17 1 [1] 16 2 [1, 2] 16

1941 p0.05 2 [1, 2] 12 2 [1, 2] 12 1 [1] 15 3 [1, 2, 3] 13
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which use up to 33 stations (Table 3). The identification of a rel-

atively small number of stations in key locations appears to be

more important than simply including many extra stations from

regions in the Southern Hemisphere which already have predic-

tors. As a sensitivity test, six stations with a high loading onto

EOFs 1 and 2 for the SON 1957 p , 0.05 model were selected.

Three were chosen from South America (Resistencia, Ezeiza,

and Santa Rosa) and three from New Zealand (Wellington,

Christchurch, and Chatham Islands) to represent the two

main nodes shown in Figs. 3b and 3c. These six stations

alone produced a reconstruction with an R2 value of 0.54,

virtually indistinguishable from the full reconstruction using

31 stations (R2
5 0.56).

SON and DJF have the best validation statistics (Table 4),

due to there being larger regions over midlatitude land areas

with station observations with teleconnections to the ASL in

these latter two seasons (Fig. 2). Strong reconstruction potential

could be expected in SON, as it is the season with the strongest

tropical teleconnections (Jin and Kirtman 2009). Anomalous

deep convection during strong ENSO events drives Rossby

wave train propagation toward the Antarctic, following the

PSA pattern, which shows seasonal variability, being most evi-

dent in SON (Schneider et al. 2012). The influence of the SAM

on the ASL in DJF is evident in the more zonal patterns of

SLP relating to the PCs used in the reconstruction (Figs. 4g,h).

Detrended SAM–ASL correlations, using the SAM reconstruc-

tion from 1957 (Marshall 2003, updated), are 20.56 (MAM),

20.6 (JJA), 20.77 (SON), and 20.82 (DJF). Wave reflection

by a strong polar front jet limits wave propagation from the

tropics to the Amundsen Sea (Scott Yiu and Maycock 2019);

hence, the ASL is more likely to be influenced by the SAM in

DJF, when a single zonal tropospheric polar front jet (Fogt and

Marshall 2020) is too strong for tropical teleconnections (Scott

Yiu and Maycock 2019). In JJA, a strong subtropical jet favors a

Rossby wave source with poleward-weakening winds throughout

the troposphere, allowing for their propagation to Antarctica.

c. Comparison of reconstruction with reanalyses

The 20CRv3 ASL index is consistently more positive (a weaker

ASL) than the reconstructions and the ModE-RA reanalysis

ASL prior to 1950 (Fig. 5), with values at the top of, or out-

side, the uncertainty range of the reconstructions. This high-

pressure bias is likely as the model is less constrained by the

very few observations in the early half of the twentieth cen-

tury, in agreement with early twentieth-century high-pressure

biases in the Southern Hemisphere in 20CRv3 and other

FIG. 4. Regressions of significant PCs onto SLP field. Significant PCs are taken from the 1957, p, 0.1 reconstructions, and the regressions

are for the fitting period 1979–2023. Regions of statistical significance (p, 0.05) are stippled.
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historical reanalyses found in other studies (Schneider and

Fogt 2018; Fogt et al. 2021). However, despite this difference

in means, the interannual correlation between the reconstruc-

tion mean and 20CRv3 over the reconstruction period is sig-

nificant (p , 0.01) and in all seasons except SON is 0.67 or

0.68 (Table 5). Correlations between the reconstruction and

ModE-RA ensemble mean ASL for 1905–2008 are also high,

and the time series does not show the positive biases evident

in 20CRv3. Interestingly, prior to the period of assimilated sat-

ellite observations (and prior to the fitting period), the ERA5

ASL index is also more positive than the reconstructed ASL, in

particular in MAM and SON. Correlations between 20CRv3

and ModE-RA are lower than those between the reconstruc-

tion mean and reanalyses, except for DJF.

d. Variability of correlations between the reconstruction

and reanalyses

To explore the strength of agreement through time between

our reconstructed ASL index and the ASL indices from the

three different reanalyses, we calculate 31-yr moving window

correlations between each index pair (Fig. 6). Overall, the ma-

jority of moving window correlations are significant (p , 0.05)

and generally increase toward the present but with consider-

able decadal variation. Examining the correlations between

reanalyses first (dashed lines), in each season from the 1950s,

the correlations between 20CRv3 and ERA5 are highest.

The correlations between ModE-RA and the other re-

analyses (20CRv3 and ERA5) match very closely, particularly

FIG. 5. The reconstructed area-averaged ASL indices. Individual reconstructions starting at

different times are shown as gray lines, and the mean of this ensemble is shown in blue. The gray

shading denotes61.96 SD of the residuals added/subtracted from the ensemble mean for the fit-

ting period (1979–2023). The ERA5 ASL index is in black, the ASL index from the 20CRv3 is in

dashed orange, and the ASL index fromModE-RA is dashed green.
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after 1970. From around 1970, correlations between the ASL

indices for 20CRv3 and ERA5 are very high in all seasons,

indicating that while 20CRv3 includes no satellite observa-

tions, the increased number of SLP observations alone is

sufficient to well constrain the ASL index. The ModE-RA

ASL index agrees less well with the other two reanalysis

indices over this period, likely due to no additional series of

observations being added to ModE-RA after 1890 (Valler

et al. 2024).

Correlations between our reconstruction and the reanalyses

(solid lines), from around 1970, in MAM, JJA, and SON

broadly increase toward the present. In MAM, the correla-

tions between our reconstruction and both reanalyses are

lower in the early twentieth century and are sometimes insig-

nificant for 20CRv3. This reflects the poorer model-fitting

statistics of our MAM reconstruction (Table 4), but given that

agreement between ModE-RA and 20CRv3 is also low, it in-

dicates perhaps that in this season the ASL is less well con-

strained by the tropical teleconnections (see section 3b) and

possible fluctuations in the strength of the association be-

tween the teleconnection and the ASL.

For JJA and SON, correlations between the reconstruction

and 20CRv3 (green line) are lowest for windows centered in

the mid-twentieth century but stronger prior to this. This may

be partly related to the amount of data assimilated, as the

steep drop in correlations may relate to a reduction in ships

sailing around Cape Horn after the opening of the Panama

Canal in 1914, the period post the assimilation of data from

Heroic Expeditions (Edinburgh and Day 2016; Fogt et al.

2021), and the end of the window covering World War II

(WWII). However, this seems unlikely to be purely related to

the amount of data assimilated as the low correlations extend

into season windows centered in the 1960s and 1970s. An-

other explanation may be that the North Atlantic Oscilla-

tion (NAO) (Weisheimer et al. 2017; O’Reilly et al. 2017)

and ENSO (Weisheimer et al. 2020; Wright et al. 2024)

have lower predictability in the mid-twentieth century,

linked to lower persistence in tropical Pacific SST anomalies

and a less variable ENSO (Wright et al. 2024). This impact

on Northern Hemisphere teleconnections may also have a

similar effect on Southern Hemisphere teleconnections and

contribute to weaker associations between station SLP and

the ASL during such periods. Another possibility is that the

variation in correlation is simply due to internal variability of

the atmosphere–ocean system (e.g., Weisheimer et al. 2020)

and that correlations, while variable, are still mostly significant.

Whatever the cause, there is increased uncertainty in the ASL

indices in the mid-twentieth century.

In DJF, correlations between the reconstruction, 20CRv3,

and ModE-RA are more consistent throughout the twentieth

century, suggesting less dependence on the tropical telecon-

nections in this season, combined with higher numbers of ob-

servations assimilated in the reanalyses at higher latitudes in

DJF (Slivinski et al. 2019). This is supported by the more

zonal patterns seen in Fig. 4, where the selected PCs are not

associated with tropical teleconnections. For all seasons, the

correlations between the reconstruction and ModE-RA show
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less decadal variation than correlations with the other two

reanalyses.

e. Lower-frequency variability

To examine lower frequency rather than interannual variabil-

ity in the reconstructions, we smooth the century-length ASL

indices with a 7-yr Hamming window (Fig. 7). The choice of

smoothing method can affect the timing and amplitude of

changes. We checked sensitivity to this by using a 7-yr low-pass

Butterworth filter and found that this produces qualitatively

similar results, with similar timings but increased amplitude: The

amplitude changes are nonetheless consistent through the series,

suggesting our particular choice of smoothing does not im-

pact our main conclusions. The smoothed version captures

ENSO time-scale variability while removing interannual variabil-

ity. The early twentieth-century high-pressure bias (too weak

ASL) in 20CRv3 is very clear in all seasons (Fig. 7, left column)

and is particularly prominent in JJA and SON. ModE-RA shows

no such bias in MAM and SON, with a smaller bias in DJF prior

to 1940 (Fig. 7g). In JJA, ModE-RA shows a more negative

ASL index (stronger ASL) prior to the 1970s including strong

negative periods in the 1920s and 1940s that are not present/as

pronounced in our reconstruction (Fig. 7c).

The filtered values also help to clarify the recent negative

trends in the ASL, which are present in all seasons but are least

evident in SON (Fig. 7e). The smoothed time series confirms

the unsuitability of 20CRv3 reanalysis for analyzing longer-term

trends due to the high-pressure bias in the early twentieth

century (section 1). In all seasons, current filtered values of

our reconstruction show the deepest ASL in the series, even if

individual years are not the deepest (Fig. 5b; JJA ASL is deep-

est in 1923). Although the ModE-RA data do not extend to

the present, the ASL around 2000 appears to be one of the

deepest in the series in all seasons except SON.

TABLE 5. Correlations for each season between 20CRv3,

reconstruction mean, and ModE-RA area-averaged ASL indices.

All correlations are highly significant (p , 0.01). 1905–2008

correlations between the reconstruction and 20CRv3 are given

in square brackets, to allow direct comparison with ModE-RA

correlations.

Season

20CRv3/

reconstruction

1905–2015 [1905–2008]

20CRv3/

ModE-RA

1905–2008

Reconstruction/

ModE-RA

1905–2008

MAM 0.68 [0.64] 0.50 0.63

JJA 0.67 [0.62] 0.44 0.67

SON 0.54 [0.54] 0.53 0.67

DJF 0.67 [0.63] 0.65 0.61

FIG. 6. 31-yr running correlations between the reconstruction mean ASL and reanalyses for each season. The year

of the window is the central year. The p5 0.05 significance threshold is shown as a horizontal dashed line. (b) Dashed

lines show correlations between reanalyses, and (a) solid lines show the correlations between the reconstruction and

the different reanalyses.
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To better compare the timing of decadal variability, we fur-

ther process the time series by linearly detrending the filtered

time series and restandardize by removing the mean of the se-

ries for the whole time period and dividing by the standard devi-

ation (Rakthanmanon et al. 2013) (Figs. 7b,d,f,h). For each

season, there are periods where the standardized decadal vari-

ability of all three indices is very similar, where we may have in-

creased confidence that this is a reasonable representation of

ASL variability. For example, in DJF, there is a clear deep ASL

in all indices just after 1960, with a weak ASL in the late

1960s (Fig. 7h). In MAM, there is broad agreement between

the three indices between 1945 and 1980 (Fig. 7b).

Furthermore, in SON, DJF, and to a lesser extent JJA, all

three indices show high ASL values (i.e., a weaker ASL) around

1930 and in the early 1940s, with low values/a strong ASL cen-

tered on 1935 (Figs. 7d,f,h), in agreement with annual ASL index

reconstructions (Dalaiden et al. 2021; O’Connor et al. 2021;

Fig. S2), which is identified as originating in tropical forcing

(Ding et al. 2011, 2012; Dalaiden et al. 2024). Warming in West

Antarctica from 1936 to 1945 was associated with a persistent

El Niño event during 1940–42 (Schneider and Steig 2008;

Brönnimann et al. 2004). Around this time, the Pine Island

Glacier started to retreat (Smith et al. 2017), confirmed from

sedimentological observations. Enhanced westerlies at the

continental shelf break (a weaker ASL) are consistent with

enhanced CDW transport under the ice shelf (Steig et al. 2012,

2013). From annual reconstructions, Holland et al. (2022) iden-

tified westerly wind anomalies at the shelf break during this

period, although the magnitudes of these trends were found

not to be extreme (O’Connor et al. 2023).

f. Trends

We calculate time-varying linear trends for periods greater

than 20 years (Fig. 8). For our reconstruction, there is clear de-

cadal and multidecadal variability in the trends of all four sea-

sons, with periods of both positive (albeit mostly insignificant)

and negative trends, mostly present along the diagonal line.

In contrast, 20CRv3 trends are dominantly negative (a strength-

ening of the ASL) over most time scales, due to the early

twentieth-century high-pressure bias. Positive trends (a weak-

ening of the ASL) starting for years in the mid-twentieth cen-

tury are evident in all seasons in both the reconstruction and

ModE-RA, although those in DJF are for a shorter range of

window start dates/lengths, where the trends resemble those

in 20CRv3. This is because the DJF ModE-RA ASL index is

higher than the reconstruction over the first part of the twenti-

eth century (Fig. 7d) and so has more extensive negative

trends at different time scales, although fewer of these trends

are significant compared to those in 20CRv3. The positive

DJF trend, which is present in all three datasets (although

FIG. 7. ASL depth time series smoothed with a 7-yr Hamming filter, for the reconstruction mean, ModE-RA, and

the 20CRv3. (a),(c),(e),(g) The filtered series and (b),(d),(f),(h) the filtered series adjusted by linearly detrending and

renormalizing.
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only significant in ModE-RA), stems from a deep ASL in

;1961, which is a robust feature in all three series (Figs. 7g,h).

In the SON reconstruction, there are significant positive

trends starting during the abovementioned period of deep

ASL in the 1930s over periods of 30–50 years, which are also

present in ModE-RA. The MAM and JJA reconstructions

show limited significant 30-yr positive trends from around

1930 (JJA) and 1925 and 1960 (MAM).

The recent deepening of the ASL (a more negative index) is

seen in all seasons in significant negative trends in our recon-

struction (upper right corners of each panel in the top row of

Fig. 8). These negative trends also extend over the whole time

period for MAM, JJA, and DJF (bottom right of each panel).

These three seasons have a more marked recent strengthening

of the ASL, although shorter trends starting in the early part of

the time series (bottom left of each panel) are not significant,

indicating that the shift toward a more negative ASL index

occurred in the latter part of the twentieth century. In SON, the

recent negative trends are less pronounced (Figs. 5c and 7c) but

are significant from around 1950. 20CRv3 shows little multide-

cadal variability in the sign of the trends, although at shorter

time scales (trends of 20–30 years, where the significance is less

clear), particularly in SON and DJF, there is some evidence of

positive trends around the mid-twentieth century. The unprece-

dented nature of recent significant negative trends within the

time frame of the reconstruction is confirmed by a separate

analysis of 21- and 31-yr trends using the nonparametric Mann–

Kendall test (Fig. S3), accounting for serial autocorrelation.

Our reconstructions allow us to explore the seasonality of

the recent deepening of the ASL in a longer-term perspective,

which is not possible using 20CRv3 due to its early twentieth-

century pressure bias. Annual reconstructions of the twentieth-

century ASL from O’Connor et al. (2021) and Dalaiden et al.

(2021) are based on proxy information (Fig. S2). The O’Connor

FIG. 8. Time-varying linear trends of the reconstructed ASL mean index and the ASL indices from 20CRv3 and ModE-RA, for each

season. The y axis is the start year for each trend, and the x axis is the end year. Trend periods get longer toward the bottom right of each

plot. The diagonal line is equivalent to 20 years, and trends are only shown for periods longer than 20 years. The hatching and stippling

show trends that are significantly different from zero at p, 0.1 and p, 0.05, respectively, based on the Student’s t test.
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index shows a deepening (negative trend) of the ASL during

the twentieth century, whereas the Dalaiden index shows no

trend from 1850 to 1950, with a subsequent negative trend post-

1950. In our reconstruction, the strongest significant negative

trends start from the mid-1970s, which, particularly in MAM

and JJA, indicate that the recent deepening of the ASL (Turner

et al. 2013) is unprecedented over the period of the reconstruc-

tion. The ModE-RA reanalysis, which includes proxy, docu-

mentary, and instrumental data, only extends to 2008 but shows

recent deepening of the ASL in all seasons and positive mid-

century trends in broad agreement with our reconstruction.

This more recent deepening of the ASL has been attributed to

the influence of anthropogenic forcing (greenhouse gases and

stratospheric ozone; Holland et al. 2022; Dalaiden et al. 2022).

g. Stability of reconstructions

An assumption of the PCR reconstruction approach is that

associations between station pressure and the ASL remain

stable over time. This cannot be verified frommodern reanalysis

data such as ERA5 as the time series of reliable data is too short

(post-1979 only for the satellite period). One way of assessing

the stability of these teleconnections is by using the Pacific pace-

maker ensemble, using sliding window correlations (section 2d).

Regions where stable significant correlations between SLP and

the ASL are identified are shown in Fig. 9.

In MAM, there is only a single station outside Antarctica that

lies within a stable region (Fig. 9a). It is not possible to do a re-

construction using stations in regions of stable teleconnections

for this season, except by using Antarctic stations only, which

are only available from 1957 and do not capture any of the im-

portant Southern Hemisphere teleconnections. The reconstruc-

tions for MAM prior to 1957 should therefore be interpreted

with caution as the temporal nonstationarity suggests recon-

structions calibrated during different periods would yield differ-

ent reconstructions (and included stations). The stable region

outside the Antarctic in JJA and SON is focused on the South

FIG. 9. Regions of stable correlations with ASL from the 10 members of the pacemaker simulations. The red con-

tours enclose regions where at least 70% of 31-yr running correlations are significant, for at least seven of the ensem-

ble members. Blue circles show the locations of stations lying within the stable correlation region.
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Pacific, with a westward extension south of Australia evident in

the latter (Figs. 9c,d). In DJF, a more circumpolar stable region

is identified, consistent with wave reflection by the strong polar

front jet in the South Pacific, limiting the wave train progression

to the Amundsen Sea (Scott Yiu and Maycock 2019) and possi-

bly different teleconnection patterns in this season. Ciasto et al.

(2015) identify a SAM-like response in DJF to east Pacific

SST anomalies; Scott Yiu and Maycock (2019) in addition

find the subtropical jet wave source in this season is largely

absent. Table 6 shows the validation statistics for reconstruc-

tions using only the stations identified as lying within stable

correlation regions (Fig. 9), and the reconstructions are shown

in Fig. S1.

In general, the validation statistics are slightly poorer for

the “stable” reconstructions, although for JJA and SON, the

statistics for the ANT1 reconstructions are similar to or

slightly better than those in the full reconstructions. While

the fit is not quite as good for the stable station reconstruc-

tions, the differences are relatively small, and fewer stations

are used (Table S2). Overall, the stationarity of associations

between time series for the selected stations and the ASL is

very good, except for MAM, and is in agreement with Clark

and Fogt (2019), who find similar stability in relationships

between the extratropics and Antarctica, entirely within a

climate model.

h. Potential for reconstructions of ASL latitude and

longitude indices

We also explored whether useful reconstructions of the

ASL longitude and latitude indices might be possible. Vali-

dation statistics are much poorer than for the area-averaged

ASL (Tables S3 and S4). While there is some skill in the re-

constructions, particularly for ASL longitude in JJA and SON

(R2
5 0.3–0.46 and 0.26–0.37, respectively, and for ASL latitude

in SON when Antarctic stations are considered (R2
5 0.44), the

skill is not high enough to undertake reconstructions from sta-

tion SLP alone that could be used to draw meaningful conclu-

sions on variability of these aspects of the ASL. There may be

other processes (and hence, better predictors, such as lagged

variables, SST, station temperature data, and expanded geo-

graphical range of stations used) that influence these indices,

which can be incorporated into more complex reconstruction

models, which we will consider in future work.

4. Conclusions

In this paper, to the authors’ knowledge, we provide the first

seasonally resolved station-based statistical reconstruction of the

ASL index, extending back to 1905 for the four standard seasons

and based primarily on SLP observations from midlatitude

weather stations. Our reconstructions take advantage of the tele-

connections that exist linking the ASL region with lower lati-

tudes, overcoming the obstacle of limited observational data in

the Amundsen Sea region, which makes field reconstructions of

SLP for this region less reliable (e.g., Fogt et al. 2024).

Using the Pacific pacemaker climate model ensemble, we find

that the assumption of stationarity implicit in our reconstruction

approach is valid (especially outside MAM) for a number of sta-

tions. Reconstructions based on this more limited set of stations

show similar skill to our initial reconstructions. The MAM re-

construction prior to 1957 is relatively poorly constrained and

should be used with caution.

There is some more limited scope for reconstructing the lon-

gitude and latitude indices. Indices such as the relative central

pressure cannot be reconstructed using this approach, as the

index shows little association with extratropical SLP.

Our reconstruction provides valuable insights into trends and

variability of the ASL since the early twentieth century. We find

that the recent negative trends since around 1960–70 are unprec-

edented in the context of the reconstruction over this time pe-

riod, based on time-varying linear trends of the unsmoothed

reconstruction data. The strongest and most significant trends

occur in MAM and DJF. The ModE-RA reanalysis also shows

that the strongest negative trends are the most recent. However,

the 20CRv3 reanalysis is not suitable for trend identification

over the twentieth century due to a high-pressure bias in the

early half of the century, although interannual variability corre-

lates well with that of the reconstruction. Correlations between

the reanalyses and the reconstruction are strongest post-1970

but also show some stronger correlations in the first half of the

twentieth century, particularly for JJA and SON, with the weak-

est correlations occurring in midcentury (1940–70), indicating in-

creased uncertainty in this period.

TABLE 6. Validation statistics for the eight reconstructions using only stations from the stable regions identified in Fig. 9,

comparing the cross-validated fit with ERA5, 1979–2023. Corr: Pearson correlation; MAE: mean average error; RMSE: root-mean-

square error. The range of values across the models is shown.

Model

JJA SON DJF

R2 Corr MAE RMSE R2 Corr MAE RMSE R2 Corr MAE RMSE

1957 p0.1 0.4 0.63 0.63 0.77 0.43 0.66 0.57 0.74 0.46 0.68 0.58 0.73

1957 p0.05 0.46 0.68 0.54 0.72 0.44 0.66 0.56 0.74 0.51 0.72 0.57 0.69

1957 p0.1 ANT 0.67 0.82 0.44 0.57 0.75 0.86 0.38 0.5 0.7 0.84 0.44 0.55

1957 p0.05 ANT 0.65 0.81 0.45 0.58 0.71 0.84 0.4 0.53 0.76 0.87 0.4 0.49

1905 p0.1 0.43 0.65 0.61 0.75 0.46 0.68 0.56 0.73 0.33 0.58 0.62 0.81

1905 p0.05 0.45 0.67 0.57 0.74 0.41 0.64 0.59 0.76 0.36 0.6 0.62 0.79

1941 p0.1 0.42 0.65 0.55 0.75 0.49 0.7 0.57 0.71 0.46 0.68 0.59 0.73

1941 p0.05 0.48 0.69 0.55 0.71 0.42 0.65 0.58 0.75 0.38 0.62 0.61 0.78

Range 0.40–0.67 0.63–0.82 0.44–0.63 0.57–0.77 0.41–0.75 0.64–0.86 0.38–0.59 0.50–0.76 0.33–0.76 0.58–0.87 0.40–0.62 0.49–0.81
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Our work confirms that the strengthening of the ASL in the

mid-1930s, followed by weakening around the early 1940s, is a

robust feature in SON but is also evident in JJA and DJF.

This is an advance on the annual perspective of previous stud-

ies. While not an extreme event in terms of ASL trends and

variability, our reconstruction can capture the tropical tele-

connection influences in the early twentieth century.

Future work will focus on extending the reconstructions back

into the nineteenth century, as well as refining the reconstruc-

tion of the longitude and latitude indices, perhaps by considering

other variables. A reconstruction of ASL longitude in particular

would be important in determining variability in winds, which

may enhance basal ice shelf melting, influence sea ice distribu-

tion, and lead to local warming or cooling.
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