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Abstract

Early reanalyses are less than optimal for investigating the regional effects of ozone depletion on Southern Hemisphere
(SH) high-latitude climate because the availability of satellite sounder data from 1979 significantly improved their accuracy
in data sparse regions, leading to a coincident inhomogeneity. To determine whether current reanalyses are better at SH
high-latitudes in the pre-satellite era, here we examine the capabilities of the European Centre for Medium-range Weather
Forecasts (ECMWF) fifth generation reanalysis (ERAS5), the Twentieth Century Reanalysis version 3 (20CRv3), and the
Japanese Meteorological Agency (JMA) 55-year reanalysis (JRA-55) to reproduce and help explain the pronounced change
in the relationship between the Southern Annular Mode (SAM) and Antarctic near-surface air temperatures (SAT) between
1950 and 1979 (EARLY period) and 1980-2020 (LATE period). We find that ERAS best reproduces Antarctic SAT in the
EARLY period and is also the most homogeneous reanalysis across the EARLY and LATE periods. ERAS and 20CRv3
provide a good representation of SAM in both periods with JRA-55 only similarly skilful in the LATE period. Nevertheless,
all three reanalyses show the marked change in Antarctic SAM-SAT relationships between the two periods. In particular,
ERAS and 20CRv3 demonstrate the observed switch in the sign of the SAM-SAT relationship in the Antarctic Peninsula:
analysis of changes in SAM structure and associated meridional wind anomalies reveal that in these reanalyses positive SAM
is linked to cold southerly winds during the EARLY period and warm northerly winds in the LATE period, thus providing
a simple explanation for the regional SAM-SAT relationship reversal.
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1 Introduction

Global gridded reanalysis data are, in theory, particularly
appropriate for studying climate variability and change in
observation-sparse regions of the globe such as Antarctica.
However, although the forecast models are kept constant
to avoid temporal inhomogeneities related to changes in
the model physics, it has long been known that changes in
the availability of the type and coverage of assimilated data
in remote regions can in itself produce spurious climate
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changes within a reanalysis (e.g., Hines et al. 2000; Marshall
and Harangozo 2000; Bromwich and Fogt 2004). In par-
ticular, reanalyses have always struggled in the data-sparse
Southern Hemisphere (SH) high-latitudes before 1979, prior
to the availability of satellite sounder data from the Tel-
evision InfraRed Observation Satellite (TIROS) (e.g., Mar-
shall 2003). Although earlier sounder data exist, the TIROS
Operational Vertical Sounder (TOVS) instrument provided
the first meteorological data over the Southern Ocean to be
widely assimilated into reanalyses. Utilising reanalyses to
better understand Antarctic climate variability before this
time is difficult because of the sometimes considerable tem-
poral changes in their accuracy. Significantly, 1979 coincides
approximately with the advent of the Antarctic ozone hole,
the biggest driver of recent climate change in the SH high-
latitudes (e.g., Thompson and Solomon 2002; Thompson
et al. 2011; Polvani et al. 2011) and thus reanalyses have
been less than optimal for comparing SH high-latitude cli-
mate pre- and post-ozone depletion.
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One of the principal climatic impacts of ozone depletion
has been through driving changes in the Southern Annular
Mode (SAM), which have, in turn, contributed to changes
in SH high-latitude surface climate. The SAM is the leading
mode of extra-tropical SH climate variability (for a recent
review, see Fogt and Marshall 2020). The 'characteristic
circumpolar SAM structure' (Wachter et al. 2020), which
refers to the first empirical orthogonal function (EOF) of
sea level pressure (SLP) or geopotential height (or the pat-
tern of regression or correlation between the SAM and SLP
or geopotential height), broadly approximates to a zonally
symmetric or annular structure, with synchronous pressure
anomalies of opposite sign in the SH mid- and high-lati-
tudes. However, it is important to note that within the clima-
tological SAM structure there is a weak zonal wave-number
3 pattern (e.g., Raphael 2004; Goyal et al. 2021) but with
one of the nodes comprising an often significant asymmetric
component, centred in the South Pacific (Fan 2007; Fogt
et al. 2012), and associated with teleconnections from the
tropical Pacific (e.g., Ding et al. 2012; Schneider et al. 2012;
Clem et al. 2016). Figure 1a shows the correlation between
the SAM and SLP based on the 35-year period of European
Centre for Medium-range Weather Forecasts (ECMWF)
fifth generation reanalysis (ERAS) data from 1980 to 2014
(ERAS is described in Sect. 2.2.1). Essentially, it shows the
expected annular structure, with statistically significant posi-
tive (negative) correlations north of ~50°S (south of ~60°S).
The primary departure from this pattern is the northward
extension of the region with a negative correlation to 45°S
at~105°W, in the region of the climatological Amundsen
Sea Low (ASL) (Raphael et al. 2016). The positive polarity
of the SAM (hereinafter SAM +) is defined as being when
relatively high (low) pressures occur over mid-latitudes
(Antarctica) and is thus associated with stronger circumpo-
lar westerlies around Antarctica. Recent positive trends in
the SAM have occurred during austral summer and autumn,
with the former driven primarily by ozone depletion (e.g.,
Thompson et al. 2011; Fogt and Marshall 2020).

Variability in the SAM polarity has a marked influence
on Antarctic near-surface temperatures (SAT). Typically,
SAM +is associated with positive SAT anomalies over the
Antarctic Peninsula and negative SAT anomalies over the
majority of the rest of the continent, a spatial pattern first
described by Thompson and Solomon (2002) and examined
further by others (e.g., Gillett et al. 2006; Marshall 2007;
Marshall and Thompson 2016). It results from the interac-
tion of the orography of the Antarctic continent with the
regional circulation. The Antarctic Peninsula extends north-
wards into the latitudes of the circumpolar westerlies and the
climate of its western side is often influenced by northerly
maritime winds along the eastern edge of the ASL to the
west (c.f., Fig. 1a). With SAM +, the enhanced westerly
winds impinging on the Peninsula are more likely to push
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air masses over the mountainous spine, whereafter they
warm adiabatically as they descend on the lee side, lead-
ing to downslope fohn winds that cause rapid increases in
temperature on the eastern Peninsula (e.g., Orr et al. 2008).
The positive trend in the SAM in austral summer has led to
a greater frequency of these warming events and the result-
ant surface melting has likely contributed to the collapse of
parts of the Larsen B Ice Shelf (e.g., Marshall et al. 2006;
Cape et al. 2015). Elsewhere across Antarctica, the stronger
circumpolar westerlies accompanying SAM +reduce the
meridional flux of heat and moisture into the continent at
most longitudes, isolating it from the warmer mid-latitude
maritime air so that SAT anomalies are predominantly
negative (e.g., Marshall and Thompson 2016). In addition,
SAM +is associated with weaker katabatic drainage over
East Antarctica, reducing turbulent heat flux towards the
surface, resulting in a stronger surface temperature inversion
and thus lower SAT (van den Broeke and van Lipzig 2003).

While this SAM-SAT spatial pattern may be the cur-
rent climatological situation, several studies have described
regional temporal variations across periods of several years
post 1979 (Marshall et al. 2011; 2013; Wachter et al. 2020).
These tend to be associated with changes in the phase and/
or magnitude of the atmospheric wave number 3 pattern,
which may in turn be linked to changes in tropical convec-
tion (Goyal et al. 2021) or associated with large-scale pat-
terns of ocean sea surface temperature (SST) variability such
as the Interdecadal Pacific Oscillation (IPO) and Atlantic
Multidecadal Variability (AMV: also known as the Atlantic
Multidecadal Oscillation) (Wachter et al. 2020). However,
observations also suggest an earlier, notable shift in the
Antarctic SAM-SAT relationship in the 1970s, as portrayed
recently in Fig. 10 of Turner et al. (2020). Previously, Sil-
vestri and Vera (2009) described a poleward migration of
the mid-latitude pressure anomaly centres within the SAM
structure from the 1960s/70 s to the 1980s/90 s, especially
over South America and Australia. Fogt et al. (2012) also
noted marked changes in the asymmetric component of the
SAM around 1980.

An apparent consequence of this change is depicted in
Fig. 1b, which shows running decadal (10-year) correla-
tions between annual SAT observations at 14 Antarctic
meteorological stations (locations given in Fig. 1a) and
the SAM. Both the SAT and SAM datasets utilised here
are described in Sect. 2 and can be considered tempo-
rally homogeneous. The correlations are provided for
the 55 running decades from 1957 to 66 to 2011-2020.
It is apparent there is a major change in the SAM-SAT
relationship across Antarctica between the decades up to
1970-79 and from 1971 to 80 onwards (hereinafter, termed
the EARLY (1950-1979) and LATE (1980-2020) periods,
respectively). A similar figure, based on 5-year running
means (not shown) indicates a clear change between 1975
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Fig.1 a Mean correlation between the annual SAM index and SLP
for 1980-2014 from ERAS. b Correlations between the decadal run-
ning observation-based annual SAM index and annual mean SAT at
14 Antarctic meteorological stations. Dots in the centre of the cell
show statistical significance; dots below (above) centre indicate if
the correlation is significantly lower (higher) than the climatological
value (1981-2015). Statistical significance values are p<0.10 (pur-

and 79 and 1976-80, signifying that this shift in annual
Antarctic SAM-SAT relationships is essentially independ-
ent of the length of the correlation period.
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ple), p<0.05 (green) and p<0.01 (yellow). Meteorological station
acronyms: Amundsen-Scott (A-S) at the South Pole and then east
from the Greenwich Meridian (0°), Novolazarevskaya (N), Syowa
(S), Mawson (Ma), Davis (D), Mirny (Mi), Vostok (V), Casey (C),
Dumont d'Urville (DD), Scott Base (SB), Byrd (B), Vernadsky (Ve),
Esperanza (E) and Orcadas (O). Oceanic names: Amundsen Sea
(AS), Bellingshausen Sea (BS), Ross Sea (RS) and Weddell Sea (WS)

In the LATE period the well-documented positive (nega-
tive) correlation between the SAM and SAT in the Antarctic
Peninsula (West and East Antarctica) is dominant with very
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few exceptions to this. Most notably, there are some negative
correlations in recent decades at both Vernadsky and Orca-
das on the Peninsula that, while not statistically significant,
lie outside the expected range of decadal correlation values
at p <0.05, as determined using synthetic data based on the
1981-2015 period (c.f., Sect. 2.4). Turner et al. (2016) pro-
vide a detailed explanation for these episodes.

However, in the EARLY period there are several decades
when all the stations apart from Dumont d'Urville had SAM-
SAT correlations of the opposite sign to the LATE period,
both in the Peninsula and East Antarctica. Some of these
'reversed' decadal correlations are statistically significant:
for example, positive correlations at Amundsen-Scott and
Vostok and negative correlations at Vernadsky. Furthermore,
many of the other decadal correlations in the EARLY period
lie outside their expected ranges as defined above. Finally,
it is also worth noting that while the majority of the Ant-
arctic stations do show clear switches in the magnitude and/
or sign of the SAM-SAT correlation between 1970-79 and
1971-80, some, such as Amundsen-Scott and Mawson, do
not: in these cases, the switch occurs several years earlier
(c.f., Fig. 1b).

In this paper, we examine the ability of three current
reanalyses that extend backwards in time beyond 1979 to
(i) reproduce this marked change in the spatial pattern of
Antarctic SAM-SAT relationships between the EARLY and
LATE periods and (ii) help explain the reasons behind it.
The three reanalyses are ERAS, the Twentieth Century Rea-
nalysis version 3 (20CRv3), and the Japanese Meteorologi-
cal Agency (JMA) 55-year reanalysis (JRA-55). Following
a description of the data and statistical methods employed
(Sect. 2), we begin by validating the reanalyses against the
SAT observations from the 14 Antarctic meteorological
stations and the observation-based SAM Index (Sect. 3).
In particular, we focus on the homogeneity of the reanal-
yses between the EARLY and LATE periods to ascertain
whether they may be suitable for undertaking comparisons
of pre- and post-ozone SH high-latitude climate. In Sect. 4
we compare the three reanalyses in terms of changes in the
circumpolar SAM structure between the EARLY and LATE
periods. Finally, in Sect. 5, we summarise our conclusions
and briefly consider whether the spatial changes in SAM
structure can be linked to changes in tropical SST variability.

Table 1 Details of the three reanalyses used in the study

2 Materials and methods
2.1 SAT observations

We utilise monthly SAT observations from 14 Antarctic sta-
tions to produce the annual SAT values (simply the mean of
the 12 calendar months, January—December) (Fig. 1). These
time-series all started at least one decade prior to the change
from the EARLY to LATE period, with most commencing
in the International Geophysical Year (IGY) of 1957/58.
The majority of these data were obtained from the quality-
controlled READER (REference Antarctic Data for Environ-
mental Research) dataset (Turner et al. 2004; Turner et al.
2020). In addition, we use the reconstructed Byrd station
SAT record (Bromwich et al. 2013, 2014) because of the
dearth of other station data from West Antarctica. Note that
we do not include the SAT record from Halley station due
to inhomogeneities within it that are associated with station
moves (King et al. 2021). Regarding missing data, annual
SAT values are only computed if all 12 monthly values are
available and subsequent decadal SAM-SAT correlations
calculated if eight of the ten annual SAT values exist.

2.2 Reanalysis data

Here we provide a brief description of the three different rea-
nalyses used in this study. Key characteristics and the online
archives from where the reanalysis data were downloaded
are given in Table 1.

2.2.1 European centre for medium-range weather forecasts
(ECMWEF) fifth generation reanalysis (ERA5)

The latest reanalysis from ECMWF, called ERAS, is
described in Hersbach et al. (2020). Its predecessor, ERA-
Interim, was generally considered as one of the best to use
in the Antarctic region (e.g., Bracegirdle and Marshall
2012) although, as with many reanalyses, there were sig-
nificant errors in the model orography that led to marked
biases in SAT. Compared to ERA-Interim, ERAS employs
an improved version of the IFS Earth System Model (cycle
41r2) and associated 4D-Var assimilation scheme, as used in

Reanalysis Reference Horizontal grid of Assimilation method Data link
downloaded data
ERAS Hersbach et al. (2020) 1440x 721 4D VAR https://cds.climate.copernicus.eu
20CRv3 Silvinski et al. (2019) 360x 181 4D TAU https://psl.noaa.gov/data/gridded/
data.20thC_ReanV3.html
JRA-55 Kobayashi et al. (2015) 640x%320 4D VAR https://rda.ucar.edu/datasets/ds628.1
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the ECMWF operational product in 2016. ERAS also has a
considerably higher spatial resolution of 31 km, 137 vertical
levels to 1 hPa, and a temporal resolution of 1 h.

Zhu et al. (2021) demonstrated that ERAS performs
marginally better than ERA-Interim when validated against
meteorological station observations across Antarctica as
a whole for the 1979-2018 period. Bozkurt et al. (2020)
also found that the bias in ERAS is broadly similar to the
older reanalysis in the Antarctic Peninsula region, although
some of the seasonal SAT trends are different. However,
Tetzner et al. (2019) suggested that ERAS showed signifi-
cant improvements over ERA-Interim in reproducing SAT
in the southern Peninsula.

ERAS5 SAT and SLP data were acquired on a 721 X 1440
lat/lon grid. The EARLY period ERAS data are called the
ERAS back extension (BE) data, and this paper represents
the first time they have been analysed for the Antarctic
region. These data have been termed the preliminary version
of ERAS BE, primarily because tropical cyclones are too
intense, which is unlikely to have any significant impact on
Antarctic SAT. ERAS BE benefits from lessons learnt from
ECMWEF centennial reanalyses, in particular the optimal use
of ocean boundary datasets, radiation forcing and coupling
of the atmosphere with other components of the Earth sys-
tem (Herzbach et al. 2020). Nonetheless, Gusti (2020) noted
a warm bias of up to 1 °C in SAT in ERAS BE over Australia
prior to 1970.

2.2.2 Twentieth century reanalysis version 3 (20CRv3)

The 20CRv3 reanalysis is the latest version of 20CR, origi-
nally described by Compo et al. (2011), with the improve-
ments incorporated into version 3 outlined by Silvinski
et al. (2019). 20CRv3 is different to the other two reanaly-
ses examined here, in that it has been specifically designed
to span more than a century, termed a historical reanaly-
sis, and only assimilates surface pressure data. Therefore,
the change in satellite sounder availability in 1979 should
not have any direct effect and thus the EARLY and LATE
periods might be expected to be more homogeneous in this
reanalysis. 20CRv3 uses the National Centers for Environ-
mental Prediction (NCEP) Global Forecast System v14.0.1
model, operational in 2017. Key updates in version 3 include
an upgraded assimilation scheme, which incorporates a 4D
incremental update analysis and uses an adaptive rather than
fixed localisation length for the quality control, a higher-res-
olution forecast model and a larger set of pressure observa-
tions made available through various data-mining projects.
20CRv3 also has 80 ensemble members, the spread of which
provides an internal measure of reanalysis uncertainty. In
this study we primarily focus on the ensemble mean but
do use all ensemble members to qualitatively examine the

temporal change in uncertainty of the derived SAM Index.
The 20CRv3 data were acquired on a 360 x 181 lat/lon grid.

Silvinski et al (2019) described a problem with spurious
SLP trends at SH high latitudes in 20CRv3, whereby modern
values are approximately 5 hPa lower than in the early twen-
tieth century. Moreover, SH confidence fields demonstrate
that uncertainty in SLP over parts of Antarctica remains
higher than climatology in the early 20th Century. It is also
worth noting that the original 20CR had several major issues
in reproducing Antarctic SAT, such as artificial statistically
significant negative SAT trends since the late 1970s and a
distinct jump in temperature around 1950, likely associated
with changes in the assimilated observation counts (Zhang
et al. 2018).

2.2.3 Japanese meteorological agency (JMA) 55-year
reanalysis (JRA-55)

The JRA-55 has been produced with the 2009 version of
JMA's operational assimilation scheme. Key improvements
in JRA-55 compared to earlier JMA products include a
revised longwave radiation scheme and 4D VAR assimila-
tion scheme, including variational bias correction for satel-
lite radiances (Kobayashi et al. 2015). Figure 2e in their
paper is a clear demonstration of the seasonal cycle in the
number of surface observations at SH high latitudes, with a
marked peak when meteorological data from summer-only
Antarctic bases become available. The spatial resolution of
JRA-55 is ~ 55 km with 60 vertical levels and the data were
acquired on a 640X 320 lat/lon grid.

There have been a number of studies comparing JRA-
55 with other, older reanalyses. Jones et al. (2016) stated
that JRA-55 showed a marked improvement in reproducing
summer temperatures compared to winter for the Amund-
sen Bay region of Antarctica: the authors surmised that this
reanalysis has more skill at capturing the weakly stable sum-
mer boundary layer than others with a similar bias across
all seasons. Wang et al. (2016) showed that JRA-55, along
with some other reanalyses, produced spurious warming
trends from 1979 to 2014 in parts of East Antarctica, where
observations indicate cooling has occurred. Importantly,
Huai et al. (2019) noted an abrupt jump in annual mean
Antarctic SAT in JRA-55 around 1979, suggesting that the
inhomogeneity is a direct result of the assimilation of the
satellite sounder data.

2.3 Validation

There are two principal sections to the validation exercise.
The first is to compare the capability of the reanalyses to
reproduce Antarctic SAT at the 14 station locations (bilin-
early interpolated from the different model grids), as estab-
lished using three error statistics. These are the root mean
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Fig.2 Box-whisker plots of a RMSE error, b variance ratio and ¢
correlation of SAT at 14 Antarctic meteorological stations in three
reanalyses for 1958-1978 (red) and 1979-2015 (blue). The median,
upper and lower quartiles (boxes) and range (whiskers) of the 14 val-
ues are shown

square error (RMSE), the ratio of the variance (reanalysis to
observations), and the correlation coefficient r. Note that the
RMSE is partially dependent on the accuracy of the model
orography at the individual station locations, which can be
markedly different from reality, leading to large biases in
the reanalysis SATs: for example, in this analysis the largest
mean annual SAT bias exceeds 11 K at Vostok in 20CRv3.
We have not made any adjustment to account for the inac-
curate station heights in the model orography because
lapse rates are likely to be highly variable, particularly for
coastal stations (Jones et al. 2016), so any adjustment would
be highly approximate, and its accuracy would vary tem-
porally. Moreover, here we are primarily interested in the
temporal homogeneity of the model data rather than their
absolute accuracy. Using annual SAT data, we determine
how homogenous each reanalysis is between (i) the EARLY
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and LATE periods, and (ii) between each other, again con-
sidering both periods separately. To enable a direct com-
parison of the three reanalyses with their slightly differing
time periods, in this validation the EARLY and LATE peri-
ods are restricted to 1958—79 and 1980-2015, respectively.
In addition, as previous studies of reanalyses in Antarctica
have revealed marked seasonal variation in their accuracy
(e.g., Marshall 2003; Bromwich and Fogt 2004), we also
examine the accuracy of ERAS across the four standard SH
meteorological seasons: autumn (March—April-May), winter
(June-July—August), spring (September—October-November)
and summer (December—January—February).

The second validation is to compare an annual SAM
Index derived from each reanalysis with the observation-
based index of Marshall (2003), which was created to be
independent of the availability of satellite sounder data and
thus should be homogeneous across the EARLY and LATE
periods. It does not begin until 1957 because the majority of
Antarctic stations did not commence observations until the
IGY of 1957/58 (Turner et al. 2004). To enable a direct com-
parison, for validation purposes only the reanalysis SAM
indices are similarly defined: that is the normalised SLP
difference between the mean of six meteorological station
locations at ~40°S and six at~65°S. All the SAM Indices
were normalised using the 1981-2010 period, rather than
the original 1971-2000 period of the online observation-
based SAM, to clearly separate any differences between the
EARLY and LATE periods. In addition, we include a statis-
tically-derived station-based reconstructed SAM Index in the
validation to compare with the reanalysis-derived indices.
Using a principal component regression methodology, the
'Fogt reconstruction' makes use of the availability of mid-
latitude SLP observations throughout the twentieth century
and earlier to derive a SAM index (calibrated to the Marshall
(2003) index) prior to the advent of widespread high-latitude
SH SLP data in the late 1950s (Fogt et al. 2009; Jones et al
2009). Note that the Fogt reconstruction comprises the mean
of four standard seasonal values so we might expect small
differences due to the two-month shift in calculating the
annual data used.

2.4 Calculation of the SAM Index

We use a slightly different definition of the SAM for our
analysis outside of the validation exercise, based on that
employed by Gong and Wang (1999). The annual mean
zonal SLP at 40°S and 65°S in the three reanalyses is calcu-
lated as the average of 5° longitudinally spaced grid-point
values around each latitude circle to provide a true hemi-
spheric signal. The SAM Index is then computed as the
normalised difference between these two values using the
standard methodology.
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2.5 Statistical methods

In the figures showing the spatial correlation between the
SAM and SLP the significance is calculated using the false
discovery rate (FDR) method outlined by Wilks (2016),
which accounts for spatial autocorrelation within the data.
Following the suggestion within that paper, appr = 2 gy
where a is the significance level, as the SAM-SLP corre-
lation data exhibit moderate to strong spatial correlation.
Using running decadal correlations means that there is
also significant temporal autocorrelation. For statistical
analyses comparing the EARLY and LATE periods, the
likely degrees of freedom in the data are estimated to be
1.5 times the number of non-overlapping segments (see
Allen and Smith 1996).

To determine whether the reanalyses show statistically
significant different levels of skill in reproducing obser-
vations, either between the EARLY and LATE periods
or between each other, the Wilcoxon signed-rank test is
employed (Wilcoxon 1945). This is a non-parametric test
as the three validation statistics cannot be assumed to be
normally distributed.

To determine the periods of non-stationarity in the dec-
adal relationship between the SAM and Antarctic SAT, we
calculate synthetic running correlations, using a similar
method to Gallant et al. (2013). Non-stationarity is defined
when the running decadal correlation coefficient lies out-
side a given confidence interval generated from 10,000
sets of synthetic stochastic data for each location. Each
set was 35 years in length (or 26 running decades) and
produced by adding 'local climate noise' (c.f., Gallant et al.
2013) to the regression relationship between SAM and
SAT for 1981-2015, as calculated from either observations
or reanalysis data. Thus, there are a total of 260,000 val-
ues with which to form a probability distribution function
(PDF) of correlations. These are then transformed into
Fisher z scores so that the data are normally distributed
and the six confidence intervals of the z score PDF—at
90%, 95% and 99%, above and below the mean—can be
computed. Finally, these z scores are transformed inversely
back to the correlation values defining non-stationarity at
the different confidence intervals.

In order to quantitatively analyse changes in SAM struc-
ture between the EARLY and LATE periods, the zonal
SAM-SLP correlation values at 55°S are decomposed into
the first four waves using standard Fourier analysis tech-
niques, similar to Marshall and Bracegirdle (2015). The
statistical significance of differences between the popula-
tions of the amplitude, phase and variance explained of
these waves between the EARLY and LATE periods are
calculated using a Wilcoxon test, as discussed above.

3 Results
3.1 SAT validation
3.1.1 Comparison of the three reanalyses

Results for the individual stations and the mean of the 14 sta-
tions are given in Tables S1, S2 and S3 for ERAS, 20CRv3
and JRA-55, respectively.

Analysis of the RMSE data reveals that there is no statis-
tically significant difference between values in the EARLY
and LATE periods for any of the three reanalyses. How-
ever, while the two RMSE values for ERAS are indeed very
similar (Fig. 2a), those in 20CRv3 and JRA-55 are actu-
ally larger in the LATE period: e.g. 20CRv3 has median
RMSE values of 2.12 °C and 2.91 °C in the EARLY and
LATE periods, respectively. It is apparent that 20CRv3 and
JRA-55 have some RMSE values that are particularly high:
these are predominantly for stations located on the Antarctic
Plateau, such as Amundsen-Scott and Vostok, indicative of
errors in the model orography. Interestingly, the RMSE val-
ues for Byrd in West Antarctica are smaller, and of similar
magnitude to those of coastal stations in ERAS and JRA-55
(Tables S1-S3). It is clear from Fig. 2a that ERAS is the best
reanalysis in terms of RMSE, with values being significantly
lower than both 20CRv3 and JRA-55 at p <0.05 and p <0.01
in the EARLY and LATE periods, respectively. There is no
significant difference between the RMSE values of the other
two reanalyses in either period (Table 2). Moreover, the sim-
ilarity of the two ERAS distributions in Fig. 2a indicates it
is also the most homogeneous reanalysis in terms of this
validation statistic.

The distribution of the ratio of variance values is shown
in Fig. 2b. Although ERAS has the greatest range of val-
ues, it is the other two reanalyses that demonstrate signifi-
cant improvements (values closer to 1) from the EARLY to
LATE periods (populations of ratio of variance values are
statistically different at p <0.10 for 20CRv3 and p <0.01
for JRA-55). In the EARLY period the vast majority of the
ratio values for these two reanalyses are less than one, indi-
cating that they exhibit too little inter-annual Antarctic SAT
variability at this time. In ERAS, the ratio of variance varies

Table 2 Statistical significance of differences in the RMSE popula-
tions from the three reanalyses

EARLY Period (1958-1978) LATE Period (1979—

2015)

20CRv3 JRA-55 20CRv3 JRA-55

ERA5 p<0.05 p<0.05 p<0.01 p<0.01
20CRv3 - -
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Table 3 Statistical significance of differences in the ratio of variance
populations from the three reanalyses

EARLY Period (1958-1978) LATE Period
(1979-2015)

20CRv3 JRA-55 20CRv3 JRA-55
ERAS p<0.10 p<0.01
20CRv3 - p<0.05 -

Table 4 Statistical significance of differences in the correlation coef-
ficient populations from the three reanalyses

EARLY Period (1958-1978) LATE Period (1979-

2015)
20CRv3 JRA-55 20CRv3 JRA-55
ERAS5 p<0.05 p<0.01 p<0.01 p<0.01
20CRv3 - p<0.01 -

from 0.15 at Vernadsky to 4.71 at Novolazarevskaya in the
EARLY period. Although there is no significant change in
the distribution of ratio values in the LATE period, it is clear
that the range of values has decreased considerably. Table 3
reveals that in the EARLY period ERAS has the best ratio
of variance values, being significantly higher than 20CRv3
(»<0.10) and JRA-55 (p <0.01), while the former is also
significantly better than the latter (p <0.05). However, in the
LATE period there are no significant differences in the ratio
of variance values between any combination of the three
reanalyses. Similar to the RMSE values, ERAS is the most
homogeneous of the three reanalyses in portraying the mag-
nitude of interannual SAT variability across both periods.
The final validation statistic is the correlation coefficient
r, which is shown in Fig. 2c, with the significance of any dif-
ferences between the reanalyses given in Table 4. In contrast
to the previous two validation statistics, all three reanalyses
demonstrate a clear improvement (p <0.01) in the corre-
lation of annual SAT from the EARLY to LATE periods.
In terms of the median values of r, ERA5 changes from
0.74 to 0.93, 20CRv3 from 0.67 to 0.80 and JRA-55 from
0.53 to 0.80. Figure 2c indicates that all reanalyses/periods
have at least one correlation coefficient less than 0.40. These

values are generally for either Amundsen-Scott or Novola-
zarevskaya. Marshall (2003) demonstrated that an earlier
ECMWEF reanalysis, ERA-40, also had problems reproduc-
ing the climate at Novolazarevskaya both before and after
1979: in ERAS the RMSE and correlation values are actually
worse in the LATE period (c.f., Table S1). The exception
is for JRA-55 during the EARLY period, when there are
four stations where r<0.40 (Mawson, Mirny, Vostok and
Vernadsky), encompassing the Antarctic Plateau, coastal
East Antarctica and the western Peninsula. Unsurprisingly,
many of these stations also have high RMSE and low vari-
ance ratio values (c.f., Table S3). The lowest r of 0.02 is at
Vostok, which improves to 0.75 in the LATE period despite
a coincident increase in an already high RMSE. Regarding
differences between the three reanalyses, ERAS has sig-
nificantly better correlation coefficients than the two other
reanalyses during both periods while 20CRv3 is superior to
JRA-55 in the EARLY period only (Table 5). We note again
that, in contrast to ERAS5 and JRA-55, SAT observations are
not assimilated into 20CRv3.

Based on the locations of the 14 meteorological stations
it is apparent that ERAS has the most skill of the three rea-
nalyses in reproducing Antarctic annual-mean SAT variabil-
ity during both periods. All three validation statistics are
statistically significantly better than for 20CRv3 and JRA-
55 in the EARLY period while in the LATE period both
the RMSE and correlation coefficient values are superior.
Moreover, the populations of RMSE and ratio of variance
values from the EARLY and LATE periods in ERAS are
not distinct, which is not the case for the latter statistic in
either 20CRv3 or JRA-55. Therefore, ERAS5 also appears
to demonstrate the greatest homogeneity in SAT before and
after the advent of the satellite sounder data.

3.1.2 Analysis of seasonal data in ERA5

Summary validation statistics for each season are given in
Tables S4-S7 and presented as box-whisker plots in Fig. 3.
There are no significant differences in the RMSE and vari-
ance ratio values between the four seasons or between the
EARLY and LATE periods. Interestingly, the highest RMSE
values were larger (worse) in the LATE period, although
the median was lower in the LATE period in all seasons

Table 5 SAM validation
statistics from the three

EARLY Period (1958-1978)

LATE Period (1979-2015)

reanalyses and the Fogt Reanalysis/ n bias RMSE varratio r n bias RMSE varratio r

reconstruction for the EARLY reconstruction

period (left) and LATE period

(right) ERAS 21 -0.08 037 1.36 094 37 0.00 0.35 091 0.97
20CRv3 21 -0.18 043 0.95 089 37 -0.08 0.51 0.99 0.94
JRA-55 21 =222 161 1.82 0.67 37 —-0.07 031 0.91 0.98
Fogt 21 1.65 1.19 0.89 087 27 041 0.81 0.59 0.84

@ Springer



Can current reanalyses accurately portray changes in Southern Annular Mode structure prior...

@ °7]
4%
3%
g 4
2%
1%
0
Autumn Winter Spring Summer
(b) * : : :
3 s s s
2 % s s s
1] 3 % % | % ; |
o ‘ ‘ ‘
Autumn Winter Spring Summer
(©) 07 : 5 : :
05 s % = T s
06— | | |
04 3 3 3
0.2
0.0
Autumn Winter Spring Summer

Fig.3 As Fig. 2 but for the four seasons in ERAS

except summer. While the relatively high RMSE values
for Novolazarevskaya are similar across all four seasons, at
Amundsen-Scott there is a major improvement in summer:
0.93 °C compared to 4.61 °C in autumn (c.f., Tables S4 and
S7). This suggests that the RMSE value here is not simply
a function of incorrect model orography but also a response
to an inability to reproduce local processes. The improve-
ment in summer is indicative of the model being unable to
correctly represent surface temperature inversions, which
are less frequent and weaker in this season (e.g., Hudson
and Brandt 2005).

Figure 3c shows that the ERAS5 correlation coefficient sta-
tistics for autumn, winter and spring are similar to the annual
data in that there is a statistically significant improvement
between the EARLY and LATE periods. However, in austral
summer there is only a slight improvement. Consequently,
in the LATE period the values of r in the other three seasons
are all significantly better than in summer (p <0.01). Thus,
based on the three validation statistics, the ERAS5 SAT data

can be considered more homogeneous across the EARLY
and LATE periods in summer than at other times of year
but at a cost of being less accurate in the LATE period. We
note that these seasonal differences in temporal improve-
ments and homogeneity match those from validation studies
of older reanalyses (e.g., Bromwich and Fogt 2004).

3.2 Analysis of SAM indices

The validation statistics for the different SAM indices versus
the observation-based index of Marshall (2003) are given in
Table 5 and the indices plotted in Fig. 4. It is apparent that
the SAM indices for ERAS and 20CRv3 ensemble mean both
produce very good facsimiles of the observed data and are
relatively homogeneous across both the EARLY and LATE
periods. The bias, RMSE and correlation of SAM values are
marginally better in ERAS while the interannual variability
is more closely aligned to observations in 20CRv3. In con-
trast, the JRA-55 SAM Index shows a marked improvement
in all the validation statistics from the EARLY to LATE
periods such that it is as skilled as the other two reanaly-
ses in the latter. The Fogt reconstruction demonstrates an
improvement in bias and RMSE from the EARLY to LATE
periods whereas the variance ratio is poorer. We note that the
reconstruction data end in 2005, which will impact a direct
comparison with the other reanalyses in the LATE period,
in addition to the different methodology used to produce it.

The bias values and Fig. 4 reveal marked negative and
positive biases in SAM values in the EARLY period in JRA-
55 and the Fogt reconstruction, respectively. Comparing the
separate normalised SLP anomalies at 40°S and 65°S indi-
cates that errors in the latter are responsible for the negative
bias in JRA-55. For example, the strongly negative polarity
of the observation-based SAM in 1964 (— 4.92) comprises
normalised anomalies of — 3.18 and 1.75 at 40°S and 65°S,
respectively, in the observations. For JRA-55, the equivalent
values are — 9.34, — 3.50 and 5.84, establishing that SLP at
SH high-latitudes is much too high. This positive SLP bias
is similar to that observed in older reanalyses (e.g., Marshall
2003; Bromwich and Fogt 2004).

The spread in SAM values between the 80 20CRv3
ensemble members is expressed by the width of the grey
region around the black line of the ensemble mean in Fig. 4.
There is clearly more variability in the EARLY period, with
a maximum standard deviation between members of 0.65
occurring in 1955. As expected, the spread declines follow-
ing the IGY of 1957/58 when many new pressure observa-
tions from SH high-latitudes became available, (standard
deviation of 0.29 in 1957). Subsequently, there is a further
gradual reduction, with 1983 the last year when the standard
deviation is greater than 0.10. Values in the LATE period
are as low as 0.05.
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Fig.4 Comparison of annual 6
SAM indices from observations,
three reanalyses and a statistical
reconstruction. The indices are
normalised over 1981-2010.
For 20CRv3 each of the 80
ensemble members is shown as
a grey line with the ensemble
mean in black
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3.3 Changes in SAM-SAT relationship

In Fig. 5 we reproduce Fig. 1b for ERAS, 20CRv3 and JRA-
55 as Figs. 5a, b and c, respectively. There is evidence of
a switch in the decadal SAM-SAT relationship between
1970-79 and 1971-80 in all three reanalyses, although it is
less distinct than in the observations, particularly for station
locations in East Antarctica. The SAM-SAT relationships
in the reanalyses during the LATE period generally match
the observations well, not unexpectedly given the accuracy
of both Antarctic SAT and the SAM indices at this time, as
described in Sects. 3.1 and 3.2. As an illustration, the sig-
nificantly less positive (and sometimes negative) SAM-SAT
relationship at some Peninsula stations in recent decades
(c.f., Fig. 1b) is present in ERAS and JRA-55 (Figs. 5a, c)
(20CRvV3 ends too early to show this).

ERAS (Fig. 5a) is the reanalysis that most closely repro-
duces the spatial and temporal decadal Antarctic SAM-SAT
variability in the observations during the EARLY period
(c.f., Fig. 1b). For example, the periods of positive correla-
tion at Amundsen-Scott and Novolazarevskaya are clearly
apparent. However, ERAS has fewer decades with a signifi-
cantly more positive SAM-SAT correlation from Syowa to
Davis, while having a greater number of positive decadal
correlations further east, from Dumont d'Urville to Byrd
in West Antarctica. Moreover, the majority of these SAM-
SAT correlations with opposite sign to those in the LATE
period occur several decades before 1970-79. Another dif-
ference from the observations is that the shift to strong posi-
tive decadal correlations at Vernadsky and Esperanza on the
Peninsula begins a year earlier (1970-79). Furthermore, in
ERAS all three Peninsula stations also have a positive SAM-
SAT relationship for the decades from 1955-64 to 1962-71,
similar to the LATE period. However, the reanalysis sug-
gests that for 1950-59 to 195665, which are the decades
encompassing the period before the observation-based SAM
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begins, there is generally a negative SAM-SAT relationship
across much of Antarctica.

In the 20CRv3 reanalysis (Fig. 5b) the 1970-79 to
1971-80 change in the SAM-SAT relationship in East
Antarctica is more distinct than in ERAS, being especially
marked at Scott Base. Decades with positive SAM-SAT cor-
relations at Amundsen-Scott are present at the beginning
of the analysis period (1950-59) in 20CRv3 but, strangely,
switch to being predominantly negative during the dec-
ades when the observations (and ERAS) indicate a positive
relationship. Moreover, at Syowa station there is a positive
SAM-SAT relationship throughout the EARLY period. Fur-
ther east, the SAM-SAT relationship at Dumont d'Urville in
the EARLY period in 20CRv3 matches observations in that
there are no decades with a positive correlation. While the
switch between the EARLY and LATE periods is distinct at
Orcadas, this is not the case for the other two Peninsula sta-
tions: for example, at Vernadsky there is a significant posi-
tive SAM-SAT correlation in 1970-79 (c.f., Fig. 5b). In the
decades before the observation-based SAM, the spatial and
temporal distributions of Antarctic SAM-SAT correlation
values are quite different in 20CRv3 and ERAS, with the
significantly low correlation values for the Peninsula stations
being the principal feature common to the two reanalyses
(cf. Fig. 5a, b).

JRA-55 is the reanalysis least able to reproduce the
observed SAM-SAT relationships (Fig. 5c). The greatest
difference is that there is no change in the sign of the SAM-
SAT relationship of the three Peninsula stations between
the EARLY and LATE periods. There are weaker positive
correlations before 1971-80 but all three stations have an
unbroken positive SAM-SAT relationship back to 195865,
which is not seen in the other reanalyses. In addition, most
of East Antarctica has continuous negative SAM-SAT cor-
relations, including several decades with statistically sig-
nificant negative correlations at Amundsen-Scott and Mirny
stations, some of which are actually significantly positive
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Fig.5 As Fig. 1b for a ERAS, b 20CRv3, ¢ JRA-55. The SAM indices were computed from the individual reanalyses using an identical method-
ology to the observation-based SAM index

@ Springer



G. J. Marshall et al.

in the observations, ERA5 and 20CRv3. Similar to the
latter, there is a period of a few decades at the end of the
EARLY period with positive correlations in the longitudes
from Novolazarevskaya to Syowa and Casey east to Byrd
(excluding Dumont d'Urville). The change to the negative
SAM-SAT relationships of the LATE period in these regions
of East Antarctica most clearly defines the switch between
the two periods in JRA-55.

4 Changes in the SAM structure
between the EARLY and LATE periods

The validation exercise demonstrates that the reanalyses
have some skill in reproducing the marked change in dec-
adal Antarctic SAM-SAT relationships between 1970-79
and 1971-80 seen in the observations, particularly ERAS
and 20CRv3. Previous analyses of variations in the SAM-
SAT relationships within the LATE period, have pointed
to changes in the SAM structure as being responsible (e.g.,
Marshall et al. 2011; 2013; Wachter et al. 2020) and next we
investigate how this varies between the EARLY and LATE
periods and whether it can explain some of the differences
between the reanalyses. First, we undertake a qualitative
analysis comparing the changes in the Antarctic SAM-SAT
relationship observed in Fig. 5 with those in the SAM struc-
ture, as defined using the spatial variability in the SAM-SLP
correlation field. The SAM-SLP correlation for each avail-
able decade for the three reanalyses across the EARLY and
LATE periods are provided in Figs. 6, 7, 8.

In the first few decades of ERAS5 and 20CRv3, from
1950-59 to 1954-63, there is a northward projection of
negative correlations (hereinafter NPNC) from the Weddell
Sea to the western South Atlantic (~45°W), extending north
beyond 30°S in 20CRv3 (Figs. 6 and 7). There will be asso-
ciated anomalous northward advection of heat and moisture
on the western side of a region of NPNC and, similarly,
anomalous southward flow to the east. The opposite circula-
tion structure will occur for an area of southward projecting
negative correlations (hereinafter SPNC). Previous work has
demonstrated that the sign of the SAM-SAT relationship in
Antarctica is often highly dependent on the local meridional
wind anomaly associated with the SAM (e.g., Marshall and
Thompson 2016; Wachter et al. 2020). A northerly wind
will advect warm maritime air towards Antarctica while a
southerly wind will draw cold air from the continent. There
is also a smaller NPNC at~ 150°W extending to about 50°S,
located slightly further west than in the LATE period. How-
ever, around East Antarctica the structure is broadly annular
and so the SAM-SAT relationships in ERAS are similar to
the LATE period (Fig. 5a).

In ERAS the decadal SAM structure changes to having
a primary NPNC at about 30°E from 1955 to 64, which
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subsequently switches to being close to the Greenwich
Meridian, particularly in 1962-71 and 1963-72 (Fig. 6).
During these two modes of SAM structure variability
there is a corresponding positive SAM-SAT relationship at
Amundsen-Scott (Fig. 5a). In 20CRv3 there is also a switch
to the primary NPNC near to the Greenwich Meridian from
1958-67 to 1963-72 (Fig. 7), although here it marks the
end of the earlier positive decadal correlations between the
SAM and Amundsen-Scott SAT. Throughout these decades
the SAM structure in JRA-55 is similar to the LATE period
(Fig. 8) and, consequently, the SAM-SAT relationships in
these decades in Fig. 5c¢ also resemble those in the LATE
period.

During the remainder of the EARLY period, from
1964—73 to 1970-79, in ERAS there is a broad NPNC to
north of 50°S across the South Atlantic and eastward into
the Indian Ocean (Fig. 6). In 20CRv3 a similar SAM struc-
ture occurs but extends further east with negative correla-
tion values of smaller magnitude (Fig. 7). In JRA-55, there
is a contemporaneous NPNC towards Australia at~ 120°E
(Figs. 8), not observed in the two other reanalyses, which
explains the positive or weaker negative SAM-SAT rela-
tionships at Casey and Dumont d'Urville from 1964-73 to
1970-79 (Fig. 5¢). Throughout the EARLY period, ERAS
and 20CRv3 have a stronger and narrower NPNC at~ 150°W
than JRA-55 (Figs. 6, 7, 8).

The transition from EARLY to LATE periods in the
observations is readily apparent from 1970-79 to 1971-80
but, as previously mentioned, is less distinct in the reanaly-
ses. In ERAS, the largest change in the SAM-SAT relation-
ships at two Peninsula stations (Vernadsky and Esperanza)
is a year earlier, between 1969-78 and 1970-79 (Fig. 5a)
and occurs even earlier in 20CRv3. In ERAS, this appears
to be due to the formation of the NPNC in the Amundsen
Sea in 1969-78, similar to the LATE period climatology
(Fig. 6). In 20CRv3 the timing of the switch from a nega-
tive to positive SAM-SAT relationship on the Peninsula is
less apparent from changes in the SAM structure (Fig. 7).
In JRA-55 there is no marked change in the SAM structure
in the South Pacific between the EARLY and LATE periods
(Fig. 8). Orcadas, situated to the north-east of the Peninsula
(c.f. Figure 1a), appears to be less influenced by the changes
in the SAM structure over the Amundsen-Sea and the tem-
poral decadal SAM-SAT relationship there in ERAS and
20CRv3 better resembles that in the observations.

While there are various decades when the SAM-SAT
relationship is positive at some East Antarctic stations in
the EARLY period in all three reanalyses, 1970-79 is the
decade when this relationship is most consistent, especially
in ERAS (Fig. 5a). Figure 6a reveals that this is due to an
NPNC at~ 135°E, similar to that seen in earlier decades in
JRA-55. In both ERAS and 20CRV3 this feature is most
evident in this decade (Figs. 6 and 7), while in JRA-55,



Can current reanalyses accurately portray changes in Southern Annular Mode structure prior...

Fig.6 Time series of decadal
correlation between the annual
SAM index and SLP for ERAS
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1970-79 represents the last decade when an NPNC at this
longitude is especially marked (Fig. 8).

In the LATE period all three reanalyses generally do
well at reproducing the broadly consistent SAM-SAT rela-
tionships at the Antarctic stations. Nevertheless, Fig. 6
does reveal that there are marked changes in the annual
SAM-structure within the LATE period, consistent with
the findings of Wachter et al. (2020). In particular, all the

reanalyses have decades when the NPNC in the Amundsen
Sea extends further north than the climatology: for exam-
ple, in ERAS this is 1980-89 to 1988-97 and 2000-09 to
2007-16. There are also decades when the NPNC near the
Greenwich Meridian stretches further north into the South
Atlantic, some of which occur contemporaneously with
the extended negative correlations in the South Pacific.
Such periods, from 1984-93 to 1988-97 for example, are
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Fig.7 As Fig. 6a for 20CRv3
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broadly consistent among the three reanalyses (Figs. 6, 7,
8). However, the associated changes in SAM structure have
relatively little impact on the decadal annual SAM-SAT
relationships across Antarctica (Fig. 5). The only clear dif-
ferences in SAM-SAT relationships between the reanalyses
and the observations in the LATE period are three decades
of positive correlation at Amundsen-Scott (1999-2008
to 2001-2010) in 20CRv3 (Fig. 5b) and the decades of
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negative correlation at Orcadas that predominate between
1993-2002 and 2000-2009 in JRA-55 (Fig. 5c¢).

To quantify the variability in the SAM structure shown in
Fig. 6, 7, 8, for each decade we extract the zonal SAM-SLP
correlation anomalies at 55°S per degree longitude to use as
a summary diagnostic. This latitude typically lies between
positive (negative) SAM-SLP correlations to the north
(south) (cf. Fig. 1a). Therefore, any anomalous changes in
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Fig.8 As Fig. 6a for JRA-55
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SAM structure, as represented by changes in the location
of NPNCs and SPNCs, will be manifested at this latitude.
The inter-quartile ranges of this diagnostic for the EARLY
and LATE periods are shown in Fig. 9, together with the
longitudes where the population of SAM-SLP correlations
is significantly different between the two periods.

For ERAS, the mean decadal SAM structure in the
EARLY period reveals an extensive region of NPNCs from

the South Atlantic to the Indian Ocean (70°W-120°E), that
is when the upper quartile contour is located north of 55°S in
Fig. 9a. Conversely, SPNCs, when the contour defining the
lower quartile is south of 55°S, are apparent in the remain-
der of the hemisphere, apart from a local NPNC centred
at~140°W (Fig. 9a). In the LATE period ERAS has the char-
acteristic SAM structure, as already illustrated in Fig. la:
the principal NPNC is located over the Amundsen Sea that,
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together with regions of smaller magnitude NPNCs at~40°E
and 150°E, gives a much stronger zonal wave 3 pattern to
the SAM-SLP correlations than in the EARLY period. The
greatest variability in SAM structure in the LATE period in
ERAS is observed in the Amundsen-Bellingshausen Seas
(hereinafter ABS), and the other two regions of local NPNC
maxima, which corresponds to the findings of Wachter et al.
(2020: their Fig. 4c). Figure 9a indicates statistically sig-
nificant differences in the SAM structure between the two
periods in four regions: most notably in the ABS, but also
the western Weddell Sea and two regions of the southern
Indian Ocean.

SN
& m@ﬁ?‘:&
S

90°W

Fig.9 Mean decadal SAM structure based on SAM-SLP correlations
at 55°S for the EARLY period (red) and LATE period (blue) for a
ERAS, b 20CRv3 and ¢ JRA-55. The shading represents the range in
SAM-SLP correlations between the upper and lower quartiles. Posi-
tive (negative) values are plotted proportionately south (north) of
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The SAM structure in 20CRv3 data in the EARLY
period is broadly similar to ERAS. The principal differ-
ences are that (i) the broad region of NPNCs is reduced in
size, extending to only 90°E and (ii) the NPNC at 150°W
has a greater magnitude (Fig. 9b). As the SAM structure
in the LATE period is essentially identical to ERAS, the
differences in the EARLY period mean that there are fewer
and slightly different regions where there is a significant
difference between the two periods in 20CRv3. As men-
tioned previously with regard to the Antarctic SAM-SAT
relationships, JRA-55 is markedly different to the other two
reanalyses in the EARLY period and, unsurprisingly, this is
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55°S. The dots at 35°S indicate the presence of a statistically signifi-
cant difference in the SAM-SLP correlations between the two periods
at that longitude: purple, green and yellow dots represent p<0.10,
p<0.05 and p <0.01, respectively
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also true of the SAM structure. Figure 9c indicates that there
are three well-defined NPNCs during this period, located
at~90°E, 120°W and 20°W, giving a distinct wave-number
3 structure. The second of these is relatively close to the
major LATE-period NPNC in the ABS, although of smaller
magnitude and centred slightly further west. This, together
with the smaller sample size, means there are no significant
differences in SAM structure in the ABS or Weddell Sea, in
contrast to the other two reanalyses. The only region where
there is a significant difference between the EARLY and
LATE periods in JRA-55 is in the south-east Indian Ocean,
centred at~ 110°E, which is distinct from the regions of sig-
nificant difference in either ERAS or JRA-55.

By differentiating the SAM-SLP structure with respect
to longitude—that is, calculating the local change in the
SAM-SLP correlation at 55°S per degree of longitude—we
approximate the mean meridional wind direction associated
with SAM +in the EARLY and LATE periods (Fig. 10). As
mentioned previously, the sign of the SAM-SAT relationship
in some parts of Antarctica is primarily determined by the
regional meridional wind anomaly associated with the SAM
(e.g., Marshall and Thompson 2016; Wachter et al. 2020).

In ERAS there are several sectors where the meridional
wind direction associated with one polarity of the SAM
reversed between the EARLY and LATE periods (Fig. 10a).
In the Peninsula region SAM + was linked to southerly
winds in the EARLY period and northerlies in the LATE
period, providing a simple explanation for the reversal in
the SAM-SAT relationship seen in Fig. 5a, which closely
mirrors the observations (Fig. 1b). In the EARLY period,
the combination of southerlies (weak northerlies) in the Pen-
insula (eastern Weddell Sea) regions in ERAS is indicative
of anomalously cyclonic flow in the Weddell Sea associ-
ated with SAM +. Clem et al. (2020) established that this
circulation pattern, which they linked to positive SSTs in the
western tropical Pacific combined with SAM +, is respon-
sible for warmer SAT at Amundsen-Scott and hence it may
explain the positive SAM-SAT correlations at the Pole dur-
ing substantial parts of the EARLY period (Fig. 5a). From
40 to 100°E, there is little change in mean meridional wind
direction between the EARLY and LATE periods and thus
there is only minor variability in the SAM-SAT correlation
at stations within this sector (Syowa east to Davis). Further
east, there are additional reversals in the meridional wind
direction, such as the change from northerlies to southerlies
at 100—160°W, which is likely a contributing factor to the
decades with a positive SAM-SAT relationship at Byrd in
West Antarctica in the EARLY period (Fig. 5a).

The changes in meridional wind direction in 20CRv3
closely match those in ERAS (c.f., Figs. 10a, b). The greatest
differences occur in the Weddell Sea region. For example,
in 20CRv3 there is a switch from northerlies to weak south-
erlies at ~40°W between the EARLY and LATE periods

that is not seen in ERAS. This explains the more frequent
positive SAM-SAT correlations at Novolazarevskaya and
Syowa in the early period in 20CRv3 (c.f., Figs. 5a, b). In
JRA-55 there are fewer sectors where there is a clear dif-
ference in the meridional wind direction between the two
periods examined than in the other two reanalyses and thus
the EARLY and LATE period SAM-SAT relationships in
JRA-55 also demonstrate greater temporal homogeneity. The
most prominent difference is centred at~90°E (Fig. 10c),
with the northerlies in the EARLY period likely responsible
for the decades of positive SAM-SAT correlations at Casey
in Fig. 5c. The situation in the Weddell Sea sector is more
complex during the EARLY period. We note that the espe-
cially strong northerly wind component at~20°W associated
with SAM +in the EARLY period does not result in a posi-
tive SAM-SAT relationship at Amundsen-Scott in JRA-55.

To quantify longitudinal variations in the SAM structure,
we decompose the zonal SAM-SLP correlation anomalies
into the first four zonal wave-numbers for each decade in the
EARLY and LATE periods using standard Fourier analy-
sis techniques. The mean amplitude, phase and variance
explained for each wave-number from the two periods are
provided in Tables 6, 7,8 and illustrated in Fig. 11.

Statistically significant differences between the EARLY
and LATE periods in the wave structure of the SAM-SLP
correlation anomalies in ERAS occur in the amplitude
(p<0.10) and variance explained (p <0.05) of Wave 1 and
the phase (p <0.01) of Wave 3 (Table 6). In the EARLY
period Wave 1 is dominant, explaining more than half of the
variance, indicating that the SAM structure is much more
annular at that time. The mean phase of Wave 3 changes
from 32° in the EARLY period to 77° in the LATE period:
the difference of 45° is relatively close to being a complete
phase reversal (60°). Although not significant, we also note
the increases in the mean amplitude and variance explained
by Wave 3 from the EARLY to LATE period, making it the
dominant wave-number during the latter. Figure 11a indi-
cates that all zonal wave-numbers are contributing to the
LATE period NPNC in the ABS (~ 110°W), as they are all
negative at this longitude. Similarly, Fig. 11a demonstrates
that the position of the adjacent SPNC, which is located
over the Weddell Sea in the LATE period (~45°W), corre-
sponds closely with positive nodes in Waves 2-3. However,
given the significance in the change in the phase of Wave 3
between the EARLY and LATE periods and its amplitude in
the latter, temporal variability in this wave-number is the pri-
mary driver behind the switch from southerlies to northerlies
associated with SAM +in the Antarctic Peninsula and thus
the reversal of the regional SAM-SAT relationship.

The differences in the zonal wave-numbers between the
EARLY and LATE periods in 20CRv3 have some similari-
ties with ERAS. In particular, the difference in the phase of
Wave 3 is also significant at p <0.01 (Table 7). The variance
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Fig. 10 Longitudinal variability in the strength of the meridional
wind component associated with SAM +during the EARLY period
(red) and LATE period (blue) for a ERAS, b 20CRv3 and ¢ JRA-55.

explained by Wave 1 is significantly different between the
two periods but the amplitude is not, with the decrease from
the EARLY to LATE period being less than observed in
ERAS. Given the relatively small amplitudes of the other
wave-numbers, the divergence in amplitude and phase of
Wave 1 between ERAS and 20CRv3 in the EARLY period
appears primarily responsible for the different SAM struc-
ture from 0°-90°E (Fig. 11a, b), with zonal SAM-SLP cor-
relation anomalies less negative in 20CRv3.

Despite the marked differences between JRA-55 and
the other two reanalyses in the EARLY period, there is a
still a significant change between the phase of Wave 3 in
the EARLY and LATE periods in this reanalysis (p <0.10)
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The relative magnitude of the northerly (southerly) winds are plotted
proportionately south (north) of 55°S

(Table 8). However, in contrast to ERAS and 20CRv3, Wave
3 contributes the most variability in the EARLY period in
JRA-55 and the variance explained diminishes in the LATE
period, although it remains higher than the other wave-num-
bers. This, in combination with the reduced annular structure
in the EARLY period compared to the two other reanalyses
(Tables 6, 7, 8), explains why, uniquely, there is no distinc-
tion in the Peninsula SAM-SAT relationship between the
two periods in JRA-55. Also dissimilar to the two other rea-
nalyses is the increase in the variance explained by Wave 1.
Thus, in contrast to ERAS and 20CRv3 the annularity of the
SAM structure increases from the EARLY to LATE period
in JRA-55 (Fig. 11c).
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Fig. 11 The phase and magni-
tude of the first four planetary
waves computed from the zonal
SAM-SLP correlation anoma-
lies at 55°S for the EARLY
and LATE periods. a ERAS, b
20CRv3 and ¢ JRA-55. Wave-
numbers 1-4 are shown in
blue, yellow, green and purple,
respectively. The thick black
and red lines represent the
actual correlation anomaly and
the sum of the first four wave-
numbers, respectively
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5 Discussion and conclusions

The advent of the ozone hole in the late 1970s has had a
major impact on surface SH high-latitude climate change
through increasing the frequency of SAM + events (Polvani

] LATE
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Longitude

1 LATE

0°

60°E 120°E 180° 120°W 60°W 0
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et al. 2011; Fogt and Marshall 2020). However, older rea-
nalyses have been found to be less than optimal for investi-
gating the effects of ozone depletion because the coincident
availability of satellite sounder data from 1979 signifi-
cantly improves their accuracy, meaning that they are not
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Table 6 Zonal wave-number parameters within the SAM structure in
ERAS in the EARLY and LATE periods

Table 8 As Table 6 for JRA-55

Amplitude Phase Variance
Amplitude Phase Variance explained explained
EARLY Period EARLY Period
Wave 1 0.38* 194° 53.9%** Wave 1 0.12 197° 13.7%
Wave 2 0.17 91° 13.9% Wave 2 0.14 63° 17.6%
Wave 3 0.18 320k 15.4% Wave 3 0.27 61°* 56.9%
Wave 4 0.16 49° 12.3% Wave 4 0.08 62° 5.0%
LATE Period LATE Period
Wave 1 0.22 152° 23.3% Wave 1 0.24 132° 28.1%
Wave 2 0.22 128° 23.6% Wave 2 0.21 123° 22.1%
Wave 3 0.30 77° 39.1% Wave 3 0.29 76° 37.6%
Wave 4 0.14 33° 10.1% Wave 4 0.13 32° 8.7%

Asterisks in the EARLY period data indicate a significant difference
between the two periods: * p <0.10; ** p <0.05; *** p<0.01

Table 7 As Table 6 for 20CRv3

Amplitude Phase Variance explained

EARLY Period

Wave 1 0.28 149° 39.4%*

Wave 2 0.14 104° 10.5%

Wave 3 0.27 330%%* 37.0%

Wave 4 0.11 50° 8.9%
LATE Period

Wave 1 0.18 141° 18.1%

Wave 2 0.22 124° 24.3%

Wave 3 0.30 77° 40.9%

Wave 4 0.15 33° 12.3%

homogeneous before and after this time. To determine
whether more recent reanalyses are better than their prede-
cessors in the pre-satellite era, we examined the capabilities
of three current reanalyses that begin before 1979 to repro-
duce and help explain the pronounced observed change in
SAM structure and its effect on Antarctic SAT between 1950
and 1979 (EARLY period) and 1980-2020 (LATE period).

In the validation exercise we find that ERAS is the best
reanalysis at reproducing Antarctic SAT in the pre-satellite
era and is also the most homogeneous between the EARLY
and LATE periods. In the EARLY period its RMSE and
variance ratio statistics are significantly better than 20CRv3
and JRA-55 (Tables 2 and 3, Figs. 2a, b). All three reanaly-
ses show significant improvement in their correlation with
observed SAT from the EARLY to LATE period, with ERAS
having significantly higher correlations than the other two
reanalyses in both periods (Table 5, Fig. 2c). Interestingly,
despite not assimilating surface SAT measurements, the
20CRv3 correlations are significantly better than JRA-55
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in the EARLY period. Seasonally, in ERAS there are no
significant differences in RMSE and variance ratio between
the EARLY and LATE periods (Fig. 3a, b). However, cor-
relation shows significant improvement in all seasons except
summer, mirroring the annual data (Fig. 3c). Thus, ERAS
is more homogeneous in summer but at the cost of reduced
skill in the LATE period relative to the other seasons.

Regarding the SAM indices, ERAS5 and the 20CRv3
ensemble mean produce a good representation of SAM in
both periods: JRA-55 is only as good as the two other rea-
nalyses in the LATE period. Marked negative SAM values in
the EARLY period in JRA-55 (Fig. 4) are principally due to
it having too high SLP at SH high-latitudes, typical of earlier
reanalyses and corresponding with the findings of Huai et al.
(2019). By comparing the 80 different ensemble members of
20CRv3, we show a reduced spread of annual SAM values
with time, especially after the IGY in 1957/58, when many
new Antarctic stations began observing SLP.

All three reanalyses indicate a marked change in dec-
adal Antarctic SAM-SAT relationships between the EARLY
and LATE periods. ERAS most closely matches observa-
tions while JRA-55 is the poorest at reproducing them. In
particular, there is no change in the sign of the SAM-SAT
relationship at the three Peninsula stations in this reanalysis
because a positive correlation already exists in the EARLY
period (Fig. 5¢). The switch in sign in the Peninsula is well-
represented in ERAS and 20CRv3, even though the change
occurs a year earlier than observed—1970-79 rather than
1971-80—at Vernadsky and Esperanza (Figs. 5a, b). The
variable sign of the SAM-SAT relationship at East Antarctic
stations in the EARLY period is generally apparent in ERAS
and 20CRv3 although the sign associated with a particu-
lar decade doesn't always match observations. JRA-55 is
also the least accurate of the three reanalyses in this region,
with continuous negative decadal SAM-SAT relationships
across both periods at the majority of East Antarctic stations
(Fig. 5¢).
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We utilised the zonal SAM-SLP correlation anomalies
at 55°S as a summary diagnostic to investigate changes in
SAM structure between the EARLY and LATE periods.
During the EARLY period there is an extensive region of
northward projecting negative correlations (NPNCs) from
the South Atlantic to the Indian Ocean in ERAS, with south-
ward projecting negative correlations (SPNCs) in the ABS,
contrasting with the principal NPNC located there in the
LATE period. ERA5 demonstrates the greatest zonal extent
of statistically significant differences in SAM structure
between the two periods, most notably the ABS, but also
the western Weddell Sea and parts of the southern Indian
Ocean (Fig. 9a). 20CRv3 reveals a SAM structure broadly
similar to ERAS during the EARLY period although the
region of NPNCs is reduced in size (Fig. 9b). However, the
SAM structure in JRA-55 is markedly different from the
other two reanalyses during the EARLY period: it is less
annular, having a strong wave-number 3 component. One of
the NPNC:s is close to that in the ABS in the LATE period
and, therefore, in contrast to ERAS5 and 20CRv3, there are
no significant differences in SAM structure in this region in
JRA-55 (Fig. 9¢).

By estimating the meridional wind component associ-
ated with SAM structure, we show that in the Antarctic
Peninsula region both ERAS and 20CRv3 demonstrated a
switch from SAM + being linked with cold southerly winds
in the EARLY period to warm northerly winds in the LATE
period, thus providing a simple explanation for the SAM-
SAT relationship reversal (Fig. 10a, b). In JRA-55 both
periods have SAM + associated with northerlies and thus no
reversal occurs in this region (Fig. 10c). Elsewhere in Ant-
arctica, differences in the sign of the meridional wind asso-
ciated with SAM + between ERAS and 20CRv3 are likely
responsible for the differences in the SAM-SAT relationship
between these two reanalyses. One such example is in the
Weddell Sea sector (e.g., at Novolazarevskaya and Syowa;
c.f., Fig. 5a, b). We also examined evidence for changes in
the annual SAM-SAT structure in SH mid-latitude mete-
orological stations (not shown): while present at some indi-
vidual locations, there were no clear regional signals similar
to Antarctica.

To quantify longitudinal variations in the SAM structure
we decomposed zonal SAM-SLP correlation anomalies into
the first four zonal wave numbers. The primary significant
difference across all three reanalyses is an eastward change
in the phase of wave number 3 (Table 6, 7, 8). However, in
ERAS and 20CRv3 this is associated with an increase in its
contribution to SAM structure in the LATE period whereas
for JRA-55 it is reversed. Thus, in the first two reanalyses
SAM structure is more zonal during the EARLY period
whereas for JRA-55 the structure is actually less zonal.

Wachter et al. (2020) demonstrated that some of the
SAM structure variability within the LATE period could

be attributed to changes in broad-scale oceanic SST vari-
ability in the Pacific and Atlantic Oceans, as represented by
the Pacific Decadal Oscillation (PDO) and AMYV telecon-
nection patterns, respectively, although we note the exist-
ence of the latter has recently been disputed (Mann et al.
2020). Here, we briefly consider the possible impact of the
IPO (Henley et al. 2015) and AMV (Enfield et al. 2001)
on the identified changes in SAM structure between the
EARLY and LATE periods. There have been many previ-
ous studies linking tropical Pacific SST changes with SAM
variability (e.g., Ding et al. 2012; Schneider et al. 2012;
Clem et al. 2016): they find that the teleconnection is made
via the Pacific South American pattern Rossby wave train
and this feature is primarily responsible for the asymmetric
component of the SAM structure in the LATE period. A
specific example of the influence of tropical Pacific SSTs
on Antarctic SAM-SAT relationships is described by Clem
et al. (2020), who established that the changing relationship
between the polarity of the IPO (residual after removing
ENSO) and the SAM has led to the recent warming at the
South Pole (Amundsen-Scott). In Fig. 1b this is apparent
as a less strongly negative SAM-SAT relationship (actually
turning positive in some decades in ERAS and 20CRv3: c.f.,
Fig. 5a, b). Other authors have described a teleconnection
between the AMV and Antarctic climate, with positive SSTs
in the north and tropical Atlantic leading to extratropical
SLP changes resembling SAM + (Li et al. 2014).

The switch from the EARLY to LATE periods approxi-
mates to the time when both the decadally-smoothed IPO
and AMO are at their most negative (Fig. S1) but there is
no clear qualitative relationship between the teleconnection
patterns and the marked change in SAM structure. Indeed,
both the decadally-smoothed IPO and AMO change sign
within the LATE period while the AMV also does so in the
EARLY period. A quantitative analysis of the relationship
between the IPO and AMO and the characteristics of the first
four zonal wave-numbers (described in the Supplementary
Information) reveals no statistically significant correlations
across the full 62 decades or either of the two periods.

Of course, a major issue with this simple analysis is
the small number of independent decadal-length sam-
ples available from the 62-year time series. One potential
methodology to determine whether statistically signifi-
cant relationships between tropical SST variability and
decadal changes in SAM structure might become appar-
ent in longer time series would be to examine climate
model control runs of several hundred years in length.
However, Marshall and Bracegirdle (2015) demonstrated
that climate models from the fifth Climate Model Inter-
comparison Project (CMIPS5) (Taylor et al. 2012) were
generally poor at reproducing observed SAM-SAT rela-
tionships and thus the changes in SAM structure driving
them. As an example, in Fig. S2 we reproduce Fig. 1b
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using data from the historical run of HadGEM2-ES,
the GCM able to replicate the SAM-SAT relationship
at the most Antarctic stations in Marshall and Brace-
girdle (2015). Fig. S5 reveals very little similarity with
the observations: the greatest difference is the marked
spatial and temporal variability in the sign of the decadal
SAM-SAT correlations at East Antarctic stations. There
is perhaps some evidence of a longer-term switch from
a negative to positive correlation in the Antarctic Penin-
sula region but this occurs five years after observations.
Given that many climate models also struggle to repro-
duce correct facsimiles of the IPO and AMV (Han et al.
2016; Henley et al. 2017), it seems unlikely that they will
be able to accurately replicate any relationship between
SST variability and Antarctic SAM-SAT relationships.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-022-06292-3.
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