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ABSTRACT

Global warming driven by human activities is expected to be accentuated in Polar Regions compared to
the global average, an effect called the polar amplification. Yet, for Antarctica, the amplitude of warming
is still poorly constrained due to short weather observations and the large decadal climate variability.
Using a compilation of 78 ice core records, we provide a high-resolution reconstruction of past temper-
atures over the last 1000 years for seven regions of Antarctica and direct evidence of Antarctic polar
amplification at regional and continental scales. We also show that the amplitude of both natural and
forced variability is not captured by the CMIP5 and 6 model ensemble members, part of which could be
explained by the Southern Annular Mode (SAM). This shows that not considering feedback loops causing
the polar amplification could lead to an underestimation of the magnitude of anthropogenic warming and
its consequences in Antarctica.

Mean surface air temperature (SAT) has been globally increasing over the last century'-? due to anthropogenic
greenhouse gas emissions, reaching warming levels beyond natural variability®. Polar Regions are expected to be
impacted by larger temperature increases than the global average due to the polar amplification*. Polar amplification,
while well established in the Arctic>®, is only anecdotally reported in Antarctica’ and expected to be smaller
than its Arctic counterpart'®!!. At the continental scale, the signature of anthropogenic climate change over the
last decades has been detected”® but not consistently identified nor quantified in observations'?, because of sparse
available temperature records'? and the large impact of internal variability in Antarctica'®, in particular the decadal
signature of the SAM'>. In addition, the onset of the anthropogenic warming could be delayed in the southern high
latitudes' 6. This strongly differs from climate models which suggest a detectable anthropogenic warming at the
continental scale in Antarctica'>!”, while so far, a significant anthropogenic warming has only been detected in West
Antarctica and the Antarctic Peninsula'®!°. On the other hand, little change is observed in East Antarctica'2°,

clouded by the natural variability and the signature of SAM'?. As a result, the decadal variability complicates the

detection of a multi-decadal forced warming trend?'.



Due to the absence of weather stations in Antarctica covering periods longer than 60 years?, water isotopes
from ice core records provide one of the best archives of past temperature variability over the last millennia®. The
link between water isotopic composition (8D and §'80) and temperature derives from the progressive depletion
of heavy isotopes in precipitation during the distillation of atmospheric water masses travelling toward colder
regions. There are two main challenges regarding the interpretation of the water isotopic signal as a temperature

24,25

proxy: the conversion from isotopic composition to temperature and the recording of the signal during archival

26,27 - By averaging enough records, Miinch et al”® showed that a meaningful climate record can be

processes
obtained from interannual timescales, even over the central Plateau Regions of Antarctica where low accumulations
exacerbate the impact of archival processes on the isotopic signal. By stacking together a large number of records
across Antarctica, Stenni et al*” inferred past temperature variability and trends over the last 1000 years in Antarctica,
but fell short of identifying a significant anthropogenic warming trend for all of Antarctica, or even regionally for
East Antarctica. We suggest that the failure to detect a clear warming trend in Antarctica is due to relatively large
natural variability, overshadowing the forced response'”-3. In order to separate natural and forced variability, which
are of similar magnitudes’', advanced statistical analyses guided by physical intuition are necessary. We make
use of persistence metrics rooted in dynamical systems theory that are locally defined in the phase space of the
analysed variables, and thus sensitive to all intrinsic timescales involved in the dynamics, such as changes induced

by non-stationary forcing2. As a result, persistence metrics are robust with respect to featureless noisy components

and can be used to detect a change of regime in noisy systems such as the North Atlantic mid-latitude atmospheric

33 34

dynamics””, or ocean dynamics™”.

Here, we make use of 78 water isotopic records from Antarctica from the Iso2k database® to generate time
series of past isotopic compositions (referred to as the iso2k stack) with sufficient length and resolution to allow
detection of the emergence of anthropogenic climate change in the context of the last 1000 years for seven regions
of Antarctica (see Methods), as well as for all of Antarctica (referred to as Pan-Antarctica). The network of ice cores
used here captures about 70% of the variance of the Pan-Antarctica average temperature variations (Supplementary
Section S9). The persistence discerns changes in the dynamical structure of multi-decadal climate variability, while
the spectral analysis quantifies the signal-to-noise ratio as a function of timescale in the stacks of ice core records.
Together, these approaches allow us to build a comprehensive picture of climate variability across timescales for

Antarctica using the ice core data, instrumental data, and model simulations.

Detecting a warming signal in noisy records

Trend estimators may not be sufficient to detect anthropogenic warming at the regional scale where natural variability

is large’®, as they are inherently constrained by the choice of the window length (Extended Data Figure EDI,
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Supplementary Section S5) and by the characteristics of the residuals. When natural variability has positive temporal
autocorrelation (akin to red noise), its phase can lead to a large spread in trend estimates for short windows (see Fig.
1 a), or biases for long windows encompassing periods before the trend started, thus diluting the trend. For instance,
moving trends calculated on the iso2k ice core stack with windows of 40 years (Fig. 2d) do not show a significant
warming trend with respect to the last 1000 years, likely because of the natural variability. In contrast, the 100-year
129

window length used by Stenni et al*” may have underestimated the recent warming trend, as it included a period

where the anthropogenic forcing was still weak (Extended Data Figure ED1). For both the iso2k stack and Stenni
129

et al””, we show that a window length of 50 years minimises both of these effects and leads to the detection of a

warming trend (Extended Data Figure ED1), albeit with large error bars.
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Figure 1. Quantification of the impact of climate change in Antarctica when a large amount of natural
variability competes with the warming signal: a) application of the statistical framework for trend estimates on,
left, surrogate time series of isotopic composition with (grey line) and without (black line) natural variability and a
warming trend starting -50 years before today and, right, estimates of the trend from an ensemble of 2500 time
series with natural variability for window lengths of 30, 50 and 100 years; the trend estimate is strongly affected by
the choice of the window over which the trend is calculated, leading to large uncertainty for small windows and
biases for long windows, b) application of the dynamical system theory to the same time series: left, persistence ®
calculated on the surrogate data, and right, 3D surface of the changes of persistence induced by a trend for various
amount of natural variability. The latter approach can be a powerful way to quantify the warming trend for situations
where the amplitude of the trend is of the same order of magnitude than the amplitude of the natural variability.

Here, we make use of a persistence metric to detect changes in the dynamics underlying the §'80 timeseries®’
(See Methods). Numerical experiments show that under realistic assumptions (spectra matching that of ice core

records, see Extended Data Figures ED2 and ED3), the change of persistence (A®) directly relates to the amplitude
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of the trend (positive relationship) and the natural variability (negative relationship, see Extended Data Figure ED4).
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Figure 2. Identifying the signature of climate change in Antarctica in the context of the last 1000 years: a)
time series of the persistence metric (0, y), b) isotopic composition anomaly stack for all ice cores in Antarctica (in
880 units %o), compared to the previous stack realised by Stenni et al*® (%o), instrumental temperature
measurements (°C, see Methods), ¢) number of records covering a given time period , d) trend on 40-year running
windows ending on the given year with confidence intervals, and e) CO; forcing®®. For 6 and §'80, light grey
curves are the original data with annual resolution, thick black curves are 10-year block averages. Note that the
block averages and the trend estimates do not take into account datapoints after 2008 when the number of available
cores drop below 10. For the top panel, the horizontal solid line represents the average value, while the horizontal

dashed line is the average value +1 std.

Using the iso2k stack, we performed estimates of ® for the last 1000 years (Fig. 2). Overall, during the
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pre-industrial period, the average value of ® (around 1.1 year) is significantly higher (p<0.05) than expected for a
diffused white noise (around 1.06 for typical ice core diffusion values), confirming that the stacked record contains a
persistent red noise signal, in line with the expected characteristics of a climate signal**~*!. Increasing values of ©®
over the last century (reaching more than 1.15 in 2000) indicates a change of dynamical properties unprecedented in
the 1000-year record (p<0.01, Fig. 2 and Fig. ED7). We observe similar behaviour with increased values of ® for

the East Antarctic Plateau, West Antarctica, Victoria Land, and the Indian Coast regions (Extended Data Figure EDS).

In order to evaluate if this change in the dynamical properties is related to anthropogenic forcing, we compare
the time series of isotopic composition and persistence with the CO;, concentration. The link between the observed
changes in isotopic composition (and thus of temperature) and the increase in CO, concentration is relatively weak
(r> = 0.4 between 1800 and 2000, p<0.05), especially compared to what is observed for global temperature and
high-latitude land regions in the Northern Hemisphere*>. In contrast, the change of persistence follows the change
of CO, forcing much more closely (> = 0.8 between 1800 and 2000, p<0.05), suggesting that greenhouse gas

concentration may be the cause for the observed changes in dynamical properties of Antarctic temperatures.

Estimating the ratio between natural and forced variability

Converting changes in isotopic composition to temperature is an arduous task?>*3. Consequently, the ice core
community sometimes avoids the conversion to temperature when discussing climate variability>’. Here, we convert
the trends obtained from the iso2k stack into temperature using a spectral approach (Extended Data Figure ED6,
and Methods). The pan-Antarctic isotopic trend estimates for the 1950-2005 period (0.11 40.02%o/dec) can thus
be converted to a temperature trend of 0.22 +0.04 °C/dec (Fig. 3), compared to 0.25°C/dec in ERAS, 0.18 £0.07
°C/dec in the CMIP5 P1000 ensemble models (n = 9, see Supplementary Section S7), and 0.11 to 0.18°C/dec in
weather station derived observations'>!>. As the mean global temperature warming trend is evaluated between 0.14
and 0.18°C/dec?, this warming suggest the presence of an Antarctic Amplification. Similarly, at the regional scale,
trend estimates from the iso2k ice core stack, ERAS5, and CMIP5 models seem to yield matching amplitudes for East
Antarctica, larger amplitudes in the ice cores and ERAS than in CMIPS5 for the Antarctic Peninsula, West Antarctica
and Dronning Maud Land coast, and larger amplitudes in ERAS5 than in the ice cores and CMIP5 for Weddell Coast

and Victoria Land.

In the dynamical system framework, for the Pan-Antarctic stack over the same period (1950 - 2005), we observe
that the increase in persistence is much larger in the isotope series (0.026 y) and ERAS5 (0.018 y) than in the CMIPS5
outputs (0.007 £0.007 y, where the uncertainty indicates the spread of the ensemble). The underestimation of the

change in persistence in the model simulations can be attributed to either larger warming trends in observations
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Figure 3. The current climate change in Antarctica in the context of the last 1000 years: a) temperature
trend, and b) persistence values found for the last 55 years on record (1950 to 2005) (dark square, spectral
calibration of isotope-temperature slope, and bar, range of calibration from the literature, see Methods) compared to
the confidence interval for the last 1000 years found from the ice core data for each regions, as well as compared to
the trend and persistence found in ERAS and in the CMIP5 P1000 ensemble members. The error bars for the trend
estimates (panel a) include both the uncertainty of the isotope to temperature conversion (Extended Data ED6, see
Methods), and the simulated uncertainty on trend estimates for the given window length (Extended Data ED1, see
Methods). For ERAS, the range of values provided corresponds to the trend from 1979 to 2020 (lower value of the
bar) and 1950 to 2005 (higher value of the bar).
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than in the models, or stronger natural variability in CMIP5 models than in the observations. The latter is not
supported by spectral analyses of the CMIP5 model simulation showing an underestimation of the decadal and
multi-decadal variability compared to ERAS and ice core records**. As a result, the changes in persistence suggest,
independently of the isotope-temperature calibration, that the warming trend must be significantly larger in the ice
core reconstructions than in the CMIP5 models. The observed change of ® (0.026 y) can be directly converted into
a warming trend for reasonable assumptions of the natural variability amount (e.g. power-law noise with f = 0.6
and decadal natural variability of 0.6 %%y, see Methods). This dynamical estimator (as opposed to a statistical
trend estimator) suggests a warming trend of 0.16 +0.04 %c/dec (equivalent to [0.32 - 0.45]°C/dec with the most
likely conversion factor, see Methods), which is larger than the direct measurement of the trend (0.11 + 0.02 %c/dec),
suggesting that the latter is possibly underestimating the magnitude of climate change in Antarctica due to the impact

of natural variability (Extended Data Figure ED1, and Supplementary Section S11).

At the regional scale, the persistence approach identifies similarly large amplitudes of warming for East Antarc-
tica (0.18 %c/dec), Weddell Coast (0.18 %o/dec), and Victoria Land (0.17 %c/dec), three times larger than what
is obtained from CMIP5 models for these three regions where the warming is limited to 0.10°C/dec, and thus
less than 0.05 %o/dec. Interestingly, for West Antarctica, where the iso2k stack estimates a warming trend (0.24
%oldec, equivalent to ~= 0.34°C/dec) much larger than ERAS and the CMIP5 ensemble (0.24 and 0.17 +0.10°C/dec,
respectively), the persistence change obtained for both the iso2k stack and CMIP5 model outputs suggests a similar
increase of 0.011y, equivalent to a warming of roughly 0.26°C/dec, in good agreement with ERAS recorded warming.
This suggests that the warming trend obtained with traditional statistical approaches (0.32°C/dec) is conflated by a
positive contribution of the natural and forced variability (for instance the SAM), to which the persistence diagnostic
is less sensitive to than trends (Supplementary Section S5). The dynamical system framework predicts a warming
trend for West Antarctica (0.26°C/dec), in line with the literature (around 0.20°C/dec)'> %20, In the case of the
Antarctic Peninsula, the small number of records before 1875 leads to a very noisy persistence estimate (Fig. ED5a),

and the analysis is inconclusive.

Overall, trends in the statistical framework (Fig. 3 a)) suggest the presence of a polar amplification underestimated
by CMIP5 models for most regions of Antarctica (including Pan Antarctica). The persistence provides calibration-
free evidence that the magnitude of the current climate change is underestimated by CMIP5 models across Antarctica.
It also suggests that the amplitude of the natural variability in the CMIP5 models is underestimated, which could
also be linked to an inadequate integration of polar amplification in CMIP5 models. Both approaches used here
to evaluate the warming trends are complementary to detection-attribution methods, which combine observations

and model simulations with different forcings (in particular for greenhouse gases). While detection-attribution
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19.20 the Iso2k ice core stack

methods showed a warming mostly in West Antarctica and the Antarctic Peninsula
detects a large warming in East Antarctica as well. Weather station records also support a limited warming in East
Antarctica'?, except for anecdotal reports of warming at South Pole and Vostok stations®, notably due to SAM

congruent cooling trends .

Reconciling the model-observation discrepancies

To evaluate the link between how climate models underestimate the anthropogenic warming trend and the natural
variability in Antarctica, we study the discrepancies between the anthropogenic warming and natural variability
predicted by CMIP5 and CMIP6 ensemble models and the observations obtained from ice core records, ERAS, and
weather stations (See Methods). In the model simulations, we observe a weak (r = 0.38) but significant relationship
(p < 0.01) between the amplitudes of the modelled warming trend induced by climate change and the amplitudes of
natural decadal variability (Fig. 4), confirming the link between the underestimation of the anthropogenic warming
and of the natural variability*>“®. The relationship is naturally very clear when comparing the decadal forced
variability to the warming trends (r = 0.69, p < 0.001), or the decadal forced variability ratio to the natural variability
ratio (r = 0.83, p < 0.001). Ice core records in Antarctica thus confirm that CMIP5 past1000 and CMIP6 historical
simulations alike underestimate both the anthropogenic warming (Kruskal-Wallis ANOVA test, p < 0.05), and
the multi-decadal temperature variability, in line with what was already observed for marine*’ and for terrestrial
records*'. ERAS, which compares well with the ice core estimates from 1950 to 2005, presents a potential disconti-
nuity around 1979, the date when satellite data starts to be widely assimilated. While the temperature change could
be linked to changes in atmospheric circulation*’, the warming trend in ERAS (1950-2005: 0.25°C/dec) is much
larger than in weather station observations (0.08°C/dec)!> or when taking into account the period from 1979 to 2020

in ERAS (0.14°C/dec).

The negative contribution of the SAM to the Antarctic warming trends from 1979 partly explains the difference
between the trends observed in weather stations and climate models'>*. It is also likely having an influence on the
climatic signal recorded by water isotopes in ice core records, and could explain part of the difference observed
between the trends in the iso2k stack and CMIP5 and 6 model outputs. Indeed, as an integrated tracer of the
hydrological cycle, ice core isotopic composition records of the temperature are modulated by the precipitation
intermittency and the history of the air masses towards ice core location*®. Largest snowfall events are associated
with synoptic events often characterised by a negative phase of SAM*%°°_ Tt was observed at Dome F and Aurora
Bassin North that SAM- influences the deposited snow 3'0 because large snowfall events occur in winter during
warm synoptic events hence contributing with relatively high precipitation §'80%°. As a result, if the deposited

snow 8'80 in Antarctica is always dominated at first order by SAM- phases, the SAM congruent trend should
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Figure 4. Decadal variability recorded as a function of the observed warming trend: ice cores predictions
from both the statistical and dynamical system framework (0.22 and 0.32°C/dec, respectively, obtained with the
most likely isotope to temperature conversion, 0.5%¢/°C) vs the simulated warming trend by CMIP5 and CMIP6
model ensembles, as well as observations from weather stations'?, and ERAS outputs : a) decadal variability (5 - 40
years) limited to natural variability (obtained from a detrended spectrum between 1820 and 1900), and b) decadal
variability including both natural and forced variability (obtained from a non-detrended spectrum between 1920 and
2005). The trends for the iso2k stack and the models were computed from 1950 to 2005. We include ERAS trend
values for both the 1950-2005 and 1979-2020 windows for comparison purposes with the iso2k stack and weather
stations, respectively. For the observations from weather forecast and from ERAS, we evaluated on the most recent
time window (1979 to 2020) the background warming trend and variability'> (without the SAM congruent trend,
full circle/asterisk) (see Supplementary Section S11).

not be visible in the water isotopic record which should then be an indicator of the background temperature. The
isotopic signal recorded in ice core records could be biased toward the background temperature variations (see

Supplementary Section S11), rather than the actual average temperature variations. The iso2k stack record warming
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(0.22 - 0.32°C/dec) would then be in agreement with the background warming from CMIP model ensembles
(0.28°C/dec), suggesting that the changes of atmospheric circulation could partly explain the difference between
model predictions and estimates from the iso2k stack. These results highlight the complex links between forced and
natural variability, and that the accuracy of climate projections rely on understanding these links. Indeed, future
projections of the SAM, in the context of climate change and recovery of the ozone layer’!, will determine if the

SAM will continue to mitigate warming in Antarctica'.

In Antarctica, the weak anthropogenic warming in model simulations indicates that the multiple feedback loops
contributing to the Polar Amplification in Antarctica may not be adequately represented, and that model simulations
generally show weaker than expected anthropogenic warming for the same reason that they produce smaller than

15,52

expected natural variability . As the power law scaling obtained for the spectrum of climate model outputs

(using a red noise to describe the climate power spectral density) are lower than observed ones in Antarctica®®*4,

d40

this suggests that natural (internal) variability is misrepresented™ . Tropical teleconnections play an important role

in driving Antarctic natural variability, especially in West Antarctica®>*

, and the underestimation of variability
by climate models may thus be related to challenges in simulating multi-decadal modes of variability in tropical
sea-surface temperature>. In the Arctic, similar predictions that CMIPS and CMIP6 models alike underestimate
both the amplitude of the anthropogenic warming® and the natural variability>® imply as well that the cause of the

Arctic Amplification is being misrepresented. It remains a challenge to improve the performances of simulated local

and regional variability while preserving the performance of current climate models at the global scale’.

Conclusion

Anthropogenic warming in Antarctica, in particular in the interior of the continent, has been obscured by both the
large natural variability® and the lack of observations or unbiased proxy records®®. The historical context of the
past temperature changes provides a null hypothesis over which the anthropogenic climate change can be identified.
Separating the anthropogenic warming from the natural variability in Antarctica highlighted the profound mismatch
between models and observations. Our results suggest that climate models underestimate the impact of polar
amplification on both the natural variability and magnitude of the anthropogenic warming, which is key for future
scenarios to predict Antarctic warming, and for detection-attribution of the current observed changes. For instance,
the potentially enormous contribution to sea level rise of the Antarctic Peninsula and West Antarctica®® would be

strongly affected by the twofold underestimation of warming in these regions™ .

Here, the paleoclimate, statistics, and modeling communities should work together to reconcile the model-data

mismatch on the polar amplification. A more complete network of ice cores in Antarctica would provide a better
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constraint on local variability that would contribute to a more complete representation in global climate models of

the various feedback loops causing the natural and forced variability in Antarctica.
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Methods

Datasets

We use the compilation of isotopic composition from ice core records from the PAGES working group Iso2k*>. In
Antarctica, this includes 78 records, most of which have an annual resolution, and amongst them, 15 cover more
than 1000 years, as described in Stenni et al*®. For the dynamical system framework, it is important that all the
records have the same resolution, in order to avoid having a larger weight for the records with higher resolution.
We homogenised the resolution of each records to annual resolution. For 16 of the records, the resolution was
sub-annual (most of the time monthly), and we computed a block averaging to calendar years. For 6 of the records,
the resolution was larger than one year, we resampled the records to annual resolution using a method inspired from
Reschke et al®®: we interpolated the data to a resolution of a tenth of a year, applied a Gaussian low pass filter to limit
the impact of irregularities, and blocked average the record to annual resolution. This resampling approach limits
both artifacts from the filter, and a small loss of information at high frequency®’. The produced dataset includes then
78 records at annual resolution. The impact of the filtering does not affect the results.

The instrumental data is obtained via the database of station compiled for the Berkeley Earth Surface Temperature
product®!, which comprises 24 time series, 11 of which begin as far back as 1958. In the case of CMIP5, we use
eight past1000 simulations, which cover the period 850-1850, combined with historical simulations, which cover
1850-2005 (See supplementary Table S5). For CMIP®6, as the past1000 simulations are not available yet, we compare
the ice core results to the historical simulations (r*i*p1f*, 131 simulations) (See supplementary Table S6). For each
simulation, we use the data from the gridpoints where ice core records are available in order to estimate (i) the trend
of recent climate change between 1950 and 2005, (ii) the decadal variability (taken as the average power spectral
density over the 5 - 40 years frequency band of the spectrum) after 1950 under strong anthropogenic forcing, and (iii)
the natural decadal variability when anthropogenic forcing was still weak, prior to 1920. We include for comparison
purposes the magnitude of anthropogenic warming and decadal variability obtained from the ice cores and converted
into temperature with the most likely conversion factor (for Pan Antarctica, 0.5%4/°C, see Extended data ED6 and

Methods) using estimates from both the statistical and dynamical frameworks.

Preparation of the stacked time series

We prepared regional and pan Antarctic stacks of the various datasets following a different approach than Stenni et
al*?, where they create stack records using anomalies of isotopic composition against a common recent period (either
1960-1990 or 1900-1990), renormalise the variance of every independent time series, and use independent weights
obtained from 3 different approaches for each time series to create their stacks. As we explain in the supplementary

44

material, this approach might lead to biases because both the climatic signal and the archival noise™ are renormalised

to match the variance obtained in calibration time series®?.
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Instead, we stack the anomaly of the records altogether without renormalising their variance independently.
The common climatic signal will be unaffected, but the archival noises will be averaged out, and their relative
contribution to the variance reduced by a factor N. The power spectral density (PSD) of the stack records then reflects
mainly the spectrum of the climatic signal, and as a result, can be used to calibrate the stack as a temperature proxy
more accurately®”. We performed the anomaly for each time series independently against its total average value
(no reference period) to avoid using a period affected by climate change as a reference period. While this approach
could induce potential biases since the reference period for the different cores vary, sensitivity tests using only ice
cores covering more than 1000 years (for which the anomaly calculation is mainly against pre-industrial period)
show that the effects do not change the results. We then stack all the records to produce regional and pan-Antarctic
time series. We use independent calibration between isotopic composition and temperature from the literature to
convert the isotopic composition variability into temperature units (See next Method section).

We evaluated the impact of the very large number of cores in Dronning Maud Land for the reconstruction.
Indeed, 31 of the 78 cores are located in a radius of 1000 km, leading to potentially an over-representation of this
region in the stack. Follow Stenni et al (2017), we reproduce the results of this study taking into account only 3
cores from this region. At the scale of all of Antarctica, the two reconstructions are extremely well correlatated (12 =
0.89, p < 0.005, RMSE = 0.004), and similar results are obtained: a trend in isotopic composition between 1950 and
2005 of 0.14 £ 0.02 %c/dec (instead of 0.11 %c/dec when using all of the cores from the DML region). For the East
Antarctica region, the reconstruction using only 3 cores from the DML region is also well correlated with the one
using all the cores (r2 = 0.70, p < 0.005, RMSE = 0.01), and we obtain a recent warming trend of 0.12 + 0.04 %o/dec
(instead of 0.10 %c/dec).

Overall, the stacking presented here leads to very similar reconstructions than the ones produced in Stenni et al*®,
characterised by highly significant correlations (Supplementary, Section S1). The difference in the conclusions of
our two studies arises from very different approaches used to evaluate the trends, both in the statistical and dynamical
frameworks (Supplementary, Sections 4 and 5). To test the impact of the dropping number of cores after 2005, we
computed the results of the manuscript taking into account only the cores covering at least the period from 1600 to
1990. The reconstruction using only these cores is well correlated with the one using all the cores (12 = 0.65, p <

0.005, RMSE = 0.24, see Supplementary Section S10).

Isotope to temperature calibration

Temperature reconstructions from water isotopes in ice cores are generally based on a linear relationship between

isotopic composition and temperature®®%*. While linear behaviour has been observed in numerous type of samples -

12,67-69 26 69,70

spatially in the surface snow®> % - temporally in precipitation - in surface snow~" - in snowpit profiles

and in ice core records’!7?; the obtained AS'30/AT slopes encompass a large range of values from 0.25 %c°C~! to
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1.0 %,°C~143. This was the motivation for Stenni et al*” to mainly skip the conversion from isotope to temperature

and display the results in units of §'%0.

A strong limitation from calibration directly on the ice core records using external temperature estimates (such
as the borehole temperature, the >N, or meteorological observations over the recent period) is that the variance
recorded by the water isotope record, which includes of both the climatic signal and the archival noise?®?’, is
scaled to match the variance of the temperature estimates®?, which results in bias and artificial variance in the
reconstructions’?, and more importantly for us, in an underestimation of the variability at low frequency®?. In the
case of ice core records in Antarctica, the archival noises (namely precipitation intermittency and stratigraphic noise)

can impact the signal up to scales larger than centennial®®*#, and thus, lead to unrealistically high A§'80/AT slopes.

In order to avoid including archival noises, we evaluate spectrally the A§'80/AT slopes by comparing the
regional iso2k stacks to regional ERAS temperature timeseries. Indeed, we could remove the impact of the archival
noise from the regional §'80 stacks by comparing the average spectrum of all the n available records for a given
region (100% of the archival noise is preserved) and the spectrum of the average timeseries where archival noise is
averaged out and reduced proportionally to 1/z following the approach detailed in Miinch et al*®. We additionally
included the impact of isotopic diffusion and provide the spectra of the reconstructed temperature from the iso2k
8'30 stack for different values of A§'80/AT (see Extended Data Figure ED6 for Pan-Antarctica). The impact of
diffusion mainly affect the interannual time scale for this stack, and as a result, do not yield significant impact on
the calibration realised at the decadal scale (5 - 40 years window). The results support that the optimal calibration
AS'8O/AT slope to match ERAS variability is 0.52 %c°C~! for Pan-Antarctica. This test was realised for each
region where the signal to noise ratio was higher than two (See Supplementary), providing calibration slopes that are
included in Extended Data Table ED1. Otherwise, the average value found for Antarctica (0.5 %c°C~') was applied.

The use of ERAS data, despite their known biases, does not affect the calibration (see Supplementary Section S6).

The use of this spectral calibration provides much smaller error bars on the isotopic paleothermometer. Indeed,
the range of values for the isotope to temperature conversion found in the literature are from 0.3 to 0.8 %°C~!. For
instance, to translate the warming trend obtained for the pan-Antarctic region of 0.11 4+ 0.02%c/dec for the 1950 to
2005 period into temperature units, we would obtain a range of 0.14 to 0.30 °C/dec (Fig. 3). Instead, we obtain
a value of 0.22 + 0.04°C/dec (or a reduction of a factor of 2 of the error bar). In the dynamical framework, as the
persistence diagnostic is independent from the unit of the time series (either %o or °C), we can avoid the conversion
uncertainty and qualitatively compare the amplitude of the warming trend and natural variability in the iso2k stack
with observations and the models.This supports that the isotope-to-temperature conversion for the Pan-Antarctica

iso2k stack should be 0.5 %c°C~! or lower, which also constrains the warming trend range to [0.22 - 0.30]°C/dec.
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Persistence

Climate proxies contain a large amount of information about the state of the underlying climate system. From a
dynamical systems and statistical mechanics perspective, this implies that proxies are privileged observables of the
system: not only do their values provide information on the underlying climate, but also their dynamical features,

such as the persistence®”

, are indicative of the underlying complex and chaotic dynamics. Small climate shifts or
modest interdecadal variability could therefore be highlighted by dynamical systems metrics of persistence computed
on proxy data. The persistence metric ® describes the average residence time (in units of years for this study) of an
observable of a natural system around a given state®? (See Methods). In our case, the system that we investigate is
the climate, and the observable, yearly Antarctic isotopic composition variations as a proxy of temperature at a given
latitude-longitude. This means that very persistent states (such as red noise which can be used to mimic the climatic
signal) yield values of ® above one year and non-persistent states (such as pure white noise) yield values of ® close
to one year (See Methods). Higher values of ® are associated with persistent and therefore more predictable states,
or with a monotonous trend with a high signal-to-noise ratio (SNR) (Fig. 1 b). The persistence can thus be used as a
dynamical constraint to identify a change of behaviour in a time series such as the emergence of the anthropogenic
warming trend, or the reddening of the signal. To verify this hypothesis we compute the persistence metric ® (in
years) as a measure of the mean residence time of value in a time series around a given state. ® is bounded to
the range ® > 1. The larger the value of ®, the more likely it is that the proxy time-series on the observations
immediately preceding and following the chosen time will resemble the proxy time-series of that observation. On
the other hand, when 6 = 1, the next and preceding proxy observation will be totally unrelated to the present one.
We compute the persistence metric 0 as follow. Given an ideally infinitely long proxy time series x(¢), and a proxy

observation of interest {, (one specific value), we define logarithmic returns as:

8(x(t), &) = —log[dist(x(1), &) (1)

where dist is the Euclidean distance between two vectors. More generally, dist can be a distance function which
tends to zero as the two vectors increasingly resemble each other. The — log implies that g(x(¢), {;) attains large
values when x(¢) and , are close to one another. We thus have a time series g of logarithmic returns, which is large

if x at a specific time resembles the state of interest C,.

We next define a high threshold s(g, {;) as the qth quantile of g(x(¢), {;) (here ¢ = 0.98), and define exceedances
u(Cy) = g(x(1), &) —s(q, &) V g(x(), &) > s(q, &). These are effectively the so called Poincaré recurrences, for the

chosen state ;. We then leverage the Freitas-Freitas-Todd theorem’® 73, which states that the cumulative probability
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distribution F (u, {) converges to the exponential member of the Generalised Pareto Distribution:

u(Gx) }
F(u,Cy) ~exp | —0(6) —>+ 2)
(1.6 = exp | ~0(L) 5
Here, u and ¢ are parameters of the distribution which depend on the chosen §, while ¥ is the extremal index:
the standard measure of clustering in extreme value theory’®. We estimate the latter using the Siiveges Maximum
Likelihood Estimator’’. We then obtain the persistence as: @({,) = At/ ({,), where At is the timestep of the data
being analysed, and the local dimension as d (&) = 1/0({,). The metrics’ bounds are: 0 < d < 4o0and 1 < ®. The

persistence is calculated individually for each ice core series and then averaged over the entire Antarctic (Fig. 2a)

and for the sub-regions, and is therefore free of weighting biases (Extended data Section S1).

INlustrations of how the persistence changes locally for a time series with realistic natural variability (characterised
by a power law noise) and a trend occurring in the last section of the dataset are provided in Figures ED2, ED3, and
ED4, as well as in Supplementary Section S3. To provide a rough correspondence between the observed changes of
persistence and the amount of natural variability and the amplitude of the warming trend, we simulated an ensemble
of 10 000 surrogate time series with varying scaling parameter (f8), amount of decadal natural variability (average
over the window 5 - 40 year), and trend magnitude and evaluated the ensemble of results that minimise the RMS
error compared to the observations (Supplementary Section S4). Finally, we present the changes of the persistence
O for different values of the decay time 7 in the case of a first order auto-regressive process (AR1) or for power law

noise for different values of 3.

Trends

We calculate trends within a statistical framework by calculating a linear regression of the time series against the
time axis. We evaluate the precision of the trends using surrogate data with similar spectral properties to the iso2k
time series (scaling of 0.6 and matching decadal amplitude of natural variability) and a known trend of 0.1 %c/dec
(arbitrary choice of the same order of magnitude as the observations) applied for the last 50 years. We compared the
measured trend with the actual input trend for 10 000 picks to evaluate the confidence interval of the trend estimator.
We also used this approach to test the impact of the window length on the trend estimator (Supplementary Section

S35).

We calculate trends within the dynamical system framework by using a Monte-Carlo simulation to obtain
the magnitude of the persistence change for 10 000 simulations of random amplitude of natural variability (both

changing the scaling 8 and the decadal variability amplitude) and magnitude of trend (Extended data Section S4).
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Box plots
All error bars need to be defined in the legends (e.g. SD, SEM) together with a measure of centre (e.g. mean,
median). For example, the legends should state something along the lines of “Data are presented as mean values +/-

SEM?” as appropriate. All box plots need to be defined in the legends in terms of minima, maxima, centre, bounds of

box and whiskers and percentile.
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Extended Data
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Figure ED1. Impact of window length on trend estimates: Iso2k stack for all of Antarctica (black), CPS
reconstruction from Stenni et al,2?, and for an ensemble of 50 surrogate data simulated for realistic conditions in
Antarctica (decadal natural variability of 0.6%¢?.yr, a beta of 0.6, and an amplitude of the anthropogenic warming of
0.1%o/dec starting 50 years prior to the end of the window over which the trend is calculated, see Supplementary
Sections S2 and S3, dark green line), as well as confidence interval for an average of 50 cores calculated from 10
000 iterations (green shading).
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Figure ED2. Simulation of the trend impact on the persistence on surrogate data without any natural
variability: change of persistence (@, top), §'80 (middle), and 40-year running trend (bottom) as observed in the
Iso2k stack (grey individual datapoints, black, 40-year block average) and for 4 different hypotheses on the intensity
of the climatic change induced trend (from 0.05°C/dec to 0.3°C/dec, A8'30 ~ 0.5 x AT)
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Figure ED3. Simulation of the trend impact on the persistence on surrogate data with natural variability:
change of persistence (O, top), 830 (middle), and 40-year running trend (bottom) as observed in the Iso2k stack
(grey individual datapoints, black, 40-year block average) and for 4 different hypotheses on the intensity of the
climatic change induced trend (from 0.05°C/dec to 0.3°C/dec, A§'80 ~ 0.5 x AT) with natural variability with a B
of 0.6 and an average power at the decadal scale (10 — 40 years band) of 0.52%?/y.
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Figure EDA4. Simulation of the natural variability and trend impact on the persistence on surrogate data::
change of persistence (O, top), 8§30 (middle), and 40-year running trend (bottom) as observed in the Iso2k stack
(grey individual datapoints, black, 40-year block average) and for 4 different hypotheses on the intensity of the
power of the natural variability with a § of 0.6 and average powers at the decadal scale (10 — 40 years band) ranging
from 0.3 to 2.2 °C?/yr. The climate change induced trend is set to 0.2°C/dec (AS'80 ~ 0.5 x AT).
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Figure ED5. Regional last 1000 years reconstructions: a) Antarctic Peninsula, b) Weddell Coast, ¢) Dronning
Maud Land Coast, d) West Antarctica, e) map of the different regions, the black dots represent the station locations,
f) East Antarctic Plateau, g) All of Antarctica, h) Victoria Land, and i) Indian Coast. For each panel, from top to
bottom, time series of the persistence metric (0, y), isotopic composition anomaly stack for all ice cores in
Antarctica (in §'30 units %o), compared to the previous stack realised by Stenni et al>® (purple: CPS stack, yellow,
unweighted stack, %o), trend on 40-year running windows ending on the given year with confidence intervals, and
number of records covering a given time period,. For ® and §'80, light curves are the original data with annual
resolution, thick curves are 10-year block averages. Note that the block averages and the trend estimates do not take
into account datapoints after 2008 when the number of available cores drop below 10. For the top panel, the
horizontal solid line represents the average value, while the horizontal dashed line is the average value +1 std.

27/30



103¢ :
f =—— ~0.3%0/°C Landais et al, 2012

F ——  0.5%0/°C Average precipitation

102}
—~ [ = ERA5 n
>
g 102k
D —
o

10%}

v \/ \/\r
10_1 1 . PR 1 1 L

100 50 20 10 5 2 1 05
Timescale (yr)

Figure EDG. Spectral constraint of the isotope-temperature calibration: power spectral density of the
reconstructed temperature for different values of A§'80/AT between 1920 and 1990 compared to the spectrum of
the ERAS reanalysis outputs for the core location between 1951 and 2020 (the non-overlapping windows are set up
to obtain the same length of time series with the largest number of cores; the results are insensitive to the window
choice). The dip in ERAS for timescales around 15 years is also found in the weather station observations and could
be link to the SAM influence but was not taken into account for the sake of the calibration.
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Figure ED7. Probability to obtain a given number of decades where O out of the range of values observed
in the last 1000 years: Monte-Carlo analysis of the probability to obtain a given number of times when 6 is above
the confidence interval presented in Figure 2 (1 std on the whole time series) for a period of a 100 years using 10

000 iterations on the dataset.
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Table ED1. Isotope to temperature calibration obtained for the different regions by spectral method. Regions for
which the signal to noise ratio was not superior to 2 over a spectral range encompassing the one covered by ERAS

were not evaluated (NA), and the average Pan-Antarctica value was applied to them, as a best estimate.

Region

Isotope-Temperature calibration (%c°C ")

East Antarctica
Indian Coast
Weddell Coast
Peninsula

West Antarctica
Victoria Land
DML
Pan-Antarctica

0.49
NA
NA

0.52

0.69
NA

0.68

0.52
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