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A model-tested North Atlantic Oscillation
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The North Atlantic Oscillation (NAO) is the major source of
variability in winter atmospheric circulation in the Northern
Hemisphere, with large impacts on temperature, precipitation
and storm tracks', and therefore also on strategic sectors such as
insurance’, renewable energy production’, crop yields* and water
management’. Recent developments in dynamical methods offer
promise to improve seasonal NAO predictions®, but assessing
potential predictability on multi-annual timescales requires docu-
mentation of past low-frequency variability in the NAO. A recent
bi-proxy NAO reconstruction” spanning the past millennium sug-
gested that long-lasting positive NAO conditions were established
during medieval times, explaining the particularly warm conditions
in Europe during this period; however, these conclusions are
debated. Here, we present a yearly NAO reconstruction for the past
millennium, based on an initial selection of 48 annually resolved
proxy records distributed around the Atlantic Ocean and built
through an ensemble of multivariate regressions. We validate the
approach in six past-millennium climate simulations, and show that
our reconstruction outperforms the bi-proxy index. The final recon-
struction shows no persistent positive NAO during the medieval
period, but suggests that positive phases were dominant during
the thirteenth and fourteenth centuries. The reconstruction also
reveals that a positive NAO emerges two years after strong volcanic
eruptions, consistent with results obtained from models and satellite
observations for the Mt Pinatubo eruption in the Philippines®”.

In the North Atlantic sector, roughly half of the interannual vari-
ability in winter atmospheric pressure is explained by fluctuations in
the NAO. The NAO is characterized by a changing dipole of sea-level
pressure between the Azores and Iceland, and has widespread impacts
on temperature and precipitation across Eurasia, North Africa,
Greenland and northern North America'’.

A recent study discarded the idea that there has been a strong direct
radiative influence of solar forcing on Northern Hemisphere tempera-
tures in the past millennium"'. Consequently, the hypothesis has emerged
that changes in the NAO could explain part of the decadal-to-centennial
variations in these temperatures. Also, NAO variability itself can be
externally driven, and therefore allow for an indirect effect of external
forcing on temperature not accounted for in the previous study"".

A millennial bi-proxy NAO reconstruction’ (hereafter NAOT,oyer)
shows persistent positive phases during the Medieval Climate
Anomaly (MCA, roughly Ap 1000-1300; ref. 12), as does a multi-
millennial NAO reconstruction from one lake sediment record in
Greenland®. Other proxy records from the Iberian Peninsula'* sup-
port drier conditions during this period, a common fingerprint of
positive NAO phases. However, some doubts have been raised regard-
ing the persistence of a positive NAO phase during medieval times.
For example, such persistent phases are not reproduced in any of 13
different past-millennium climate simulations". Also, if the NAO

were predominantly positive during this period, low temperatures
should be recorded in southwest Greenland'®, and warm temperatures
in northwestern Europe, but no indication of such anomalies appears
in ice-core records and documentary sources". Proxy-based NAO
reconstructions are challenging because of the nonstationarity of the
statistical relationships and regional teleconnections on which they are
based'®". Moreover, a ‘perfect-model’ study, using reanalyses and
climate models as physically consistent surrogates of the real world
(see Methods), has shown that the two proxy records involved in
NAO7ouee are insufficient to guarantee a robust reconstruction
throughout the entire last millennium®.

All of these factors point towards the need for a new multi-proxy
NAO reconstruction for the past millennium, based on a larger set of
proxy records that is representative of several NAO fingerprints in
temperature, precipitation and droughts. Unlike NAOr,qyer, Which is
based on 30-year smoothed data, our reconstruction is built at annual
resolution, allowing us to test the effect of major volcanic eruptions
and the 11-year solar cycle on the NAO. Although it is well established
that a positive NAO-like sea-level pressure pattern is observed one to
two years after major volcanic eruptions, most analyses focus on the
Pinatubo eruption®’ (the only major eruption to be observed by sat-
ellite). The effect of solar activity is less well constrained, although
recent studies suggest that the Arctic Oscillation (which is closely
linked to the NAO) is modulated by the 11-year solar cycle®"*.

Our study is based on 48 annually resolved proxy time series (Fig. 1a
and Extended Data Table 1), which are significantly correlated (P value
<0.10) with the longest instrumental record of the NAO (hereafter
NAOvinte: ) in the period in which they overlap. All of these records
were screened to fulfil two additional conditions: first, they encompass
the eleventh to the twentieth centuries continuously; and second, they
have a documented relationship in previous literature with a climate
variable easily extractable from climate models.

The NAO is reconstructed using principal component regression
(PCR), following the procedure of a previous reconstruction from AD
1400 onwards™ (see Methods). To identify the robust features in the
reconstruction, we generate an ensemble that explores the sensitivity
to calibration, by extracting 100 random samples of 117 years from the
period that is common to all proxies and the NAO (that is, AD 1823—
1969). The remaining 30 years will later be used for validation.

Two different alternative ensemble reconstructions are constructed
by imposing restrictions on the initial proxy data set. The first
ensemble (NAO,,, for ‘calibration-constrained’) uses as many proxy
records as possible to guarantee an optimal calibration, verifying first
that the proxy records still correlate significantly with NAOvyinmer
within the calibration period. Figure 1b illustrates the individual con-
tribution (as cumulated weights; see Methods) of the proxy records to
the NAO,,. reconstruction. Each record participates at least once in the
ensemble. This approach optimizes the statistical match with the
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instrumental NAOy;ymer Within the calibration period, but cannot
ensure that NAO-proxy relationships have an actual physical basis,
or that these relationships are stationary in time. Both issues are tackled
simultaneously in a second ensemble reconstruction (NAO,,. for
‘model-constrained’). The proxy selection is first narrowed down with
reanalyses (Extended Data Table 2) to guarantee realistic NAO tele-
connections, and further constrained with eight past-millennium
PMIP3 simulations (Paleoclimate Modelling Intercomparison Project
Phase 3; Extended Data Table 3). This latter step ensures that the
teleconnections are stable throughout the whole period. The NAO,;,c
ensemble reconstruction uses those proxies whose NAO-climate
fingerprint is supported by at least one of the reanalyses and by half
of the PMIP3 simulations. This final approach is highly restrictive and
leads to a selection of only nine proxy records (Fig. 1c). If some tele-
connections are unresolved by models, this method may discard proxy
records that are actually sensitive to the NAO.

Figure 1 | Proxy selection. a, Location of the
initial 48 proxy records (ice cores, lake sediments,
speleothems or tree rings) preselected for the
reconstructions, using symbols and colours to
represent the different types of archive. Some
symbols have been slightly displaced to improve
their visibility. The two proxies used in NAOryoyet
are highlighted with yellow boxes. The true
coordinates of each record are detailed in Extended
Data Table 1. b, ¢, The colours of the symbols now
represent the cumulated beta-weights (see
Methods) associated with the proxies that
contribute to the NAO,, (b) and NAO,,,

(c) ensemble reconstructions.
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The two ensemble reconstructions are displayed in Fig. 2a and b
and compared to NAOr,oues With 50-year moving correlations
(Fig. 2¢). Only NAO,;,c shows some periods of relatively good agree-
ment with NAOr,que outside the instrumental period, coinciding
with the largest-amplitude changes. However, none of the ensemble
reconstructions exhibits persistent positive NAO phases in medieval
times. Instead, a Student’s ¢-test on their means, applied in 100-year
intervals, highlights a first period with non-zero mean negative
values that is common to NAO,,,c and NAOr e (left-hand cyan
horizontal bar in Fig. 2b). In AD 1150, the NAO,,,. undergoes a rapid
transition towards positive phases, which remain significantly differ-
ent (P < 0.05) from zero for about 240 years (magenta horizontal bar).
In the following four centuries, until the industrial period, the NAO,,
again depicts predominantly negative values. Similar features, albeit
with differences in the timing of phase changes, are found in the
NAO,. (Fig. 2a).

Figure 2 | Ensemble NAO reconstructions.

a, Ensemble of 100 yearly NAO,, reconstructions.
The intermediate and light yellow envelopes
represent, respectively, the total ensemble spread,
and the regression uncertainties across the
ensemble (as departures of =2 standard error, s.e.,
from the individual reconstructions). Also shown
are the ensemble mean (dark yellow line),

_ NAOvinter> (black) and NAO-pouer” (red).
Horizontal magenta (or cyan) bars enclose
centuries (marked by tick marks) with positive (or
negative) mean NAO values that are significantly
different (P < 0.05) than zero (see Methods).

b, NAO,,,c ensemble. ¢, 50-year running
correlations between the mean ensemble
reconstructions and NAO-p, e Dark-coloured
lines represent correlations significant at the 95%
confidence level (P < 0.05).
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We now assess the difference in performance between the ensembles.
By construction, NAO,, exhibits higher correlations with NAOyher
within the calibration period than does NAO,, (Fig. 3a), as NAO,.
includes more proxy data, and therefore more principal components
contribute to the multivariate regression (Extended Data Table 4).
However, this does not translate into larger correlations for the valid-
ation years (Fig. 3b). Indeed, NAQO, is statistically overfitted with spuri-
ous predictors, as shown by the higher validation scores for NAO,,.. In
Figure 3c-i we verify that both ensemble reconstructions are consistent
with other observational and reconstructed NAO time series (see also
Extended Data Table 5). Once again, NAO,,,. stands out, yielding gen-
erally higher correlation coefficients with the set of NAO records. We
also emphasize the overall good performance of the ensemble mean,
with correlations being almost systematically above the median of the
ensemble. The contribution of each proxy is estimated as the total sum
of its beta-weights. In both ensemble reconstructions, and most promi-
nently in NAO,,, the largest weights correspond to south and west
Greenland ice cores (where the strongest impacts of the NAO have been
reported'>') and to the speleothem from Scotland (Fig. 1b, c).

To test the reliability of the NAO,,. reconstruction outside the
observational period, we perform a perfect-model analysis of the
PMIP3 simulations. We reproduce the same PCR strategy now applied
to pseudo-proxies extracted from model outputs and perturbed with
noise to mimic the actual proxies (Methods; ref. 25). To be more
faithful to the original reconstruction, we use only the six PMIP3
simulations that represent a stable relationship of the NAO with the
nine proxies in Fig. 1c. Extended Data Fig. 1 represents the correlation
of the ensemble NAO,,. pseudo-reconstruction with the simulated
NAO in three different periods: the same two subsets used before for
calibration/validation, and the long validation period Ap 1000-1822.
As in the actual reconstructions (Fig. 3), all models depict a notably
large spread for the 30-year validation scores, estimated with fewer
degrees of freedom and therefore being more sensitive to stochastic
noise than are the calibration statistics. In the long validation period—
measuring the true skill of the pseudo-reconstruction—correlations
are always significant and remain close to the range of the calibration
scores. Additionally, we compute two pseudo-reconstructions:
NAOrouet (using Morocco and Scotland pseudo-proxies) and
NAO1 ehner (an improved version of NAOryoyer including hypothetical
proxies from the Iberian Peninsula and Scandinavia, tested in a pre-
vious perfect-model study®). The performance of these pseudo-
reconstructions (in terms of correlation with the simulated NAO) is
evaluated in a 50-year moving window throughout the entire millen-
nial runs, and compared with the performance of the mean NAO,,
ensemble (Extended Data Fig. 2). Our method (represented by the
mean NAO,,. ensemble) shows clearly higher correlations with the
simulated NAO (7median = 0.44) than does NAO,ouet (Tmedian = 0.21),
but lower values than NAOqchner (Tmedian = 0.55). There is therefore
scope for improving our model, provided that new proxy records
become available at key locations, associated with strong NAO finger-
prints that are unrepresented in our data set.

Finally, we address the impact of external forcings on the yearly
NAO,,. ensemble mean. We do not detect any significant relationship
with two different total solar irradiance reconstructions®®*, even at the
11-year timescale (data not shown). In contrast, a composite analysis
of the NAO response to the strongest 11 volcanic eruptions during the
past millennium shows a significant (P < 0.05) positive phase appear-
ing two years after the selected events (Fig. 4a). This result is robust,
regardless of the volcanic reconstruction considered**° (Extended
Data Table 6). One of the volcanic time series shows a second peak
four years after the eruption, probably arising from misrepresentations
in the timing of some events. By refining our selection (Fig. 4b)—now
including 11 volcanoes represented in the three data sets, with eruption
years cross-checked and corrected with historical records and
information from local deposits (Extended Data Table 7)—we obtain
a clearer response, only significant two years after the eruption when it
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Figure 3 | Validation of the ensemble NAO reconstructions. a, b, Box-and-
whisker plots of the correlations between the NAO, (yellow boxes), or NAO,,
(purple boxes), reconstruction ensembles and the instrumental NAOv;pmer
index, in the calibration (a) and validation (b) subsets, respectively. Small tri-
angles indicate the value of the first significant correlation coefficient (P < 0.05)
in each ensemble. c—i, Correlations of the same ensemble reconstructions with
other reconstructed NAO time series (Extended Data Table 4). c-e, NAO
time series from extended sea-level-pressure data sets’>**, following the
definition in ref. 23. f-i, NAO time series from other reconstructions”***3¢,
Dots represent the respective correlations with the ensemble mean; these dots
are filled (or unfilled) if the correlations are significant (or insignificant).

surpasses the 95% confidence level (Fig. 4a). This positive NAO res-
ponse can partly explain the predominance of positive NAO phases
between AD 1150 and AD 1400, a period of increased volcanic activity.
However, this response to volcanoes might be overestimated in our
reconstruction owing to its strong dependence on temperature-
sensitive proxies from Greenland (Fig. 1c), which can respond directly
to the reduced radiative conditions. Yet the fact that, in the ice cores,
the relation between the registered 8'*0 and temperature is modulated
by precipitation intermittency'’, along with the lack of NAO response
for the first year after the eruptions, suggests that at least part of the
estimated impact of volcanoes is dynamically driven.

The identification of this volcanic influence is also consistent with
observational and modelling studies®***', and can be considered to be
an additional validation of our reconstruction at the interannual time-
scale. Adding this finding to the verification via pseudo-proxies and
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Figure 4 | NAO response to large volcanic eruptions. a, Composite NAO,,,.
response to the 11 strongest eruptions in three volcanic forcing reconstructions
(purple line, ref. 29; blue line, ref. 28; green line, ref. 30; Extended Data Table 6),
and to a refined selection of 11 intense volcanoes common to the three data sets
(black line) (see Methods). Significance is assessed following a Monte Carlo
approach with 1,000 random selections of 11 years from the NAO,,. mean
reconstruction. The horizontal lines delimit the thresholds of significance at
95%. The ‘lag’ refers to the number of years after the volcanic eruption. b, NAO
values preceding and following the onset of the 11 intense eruptions common
to the three reconstructions (Extended Data Table 7).

earlier reconstructions, we conclude that the NAO,,,. ensemble pre-
sents a robust, highly resolved estimate of NAO variability in the last
millennium, providing new insights into Northern Hemisphere cli-
matic and environmental changes during this period, and ruling out
the persistence of positive phases during the MCA. Proxy records are
commonly used as a benchmark with which to assess the ability of
climate models to reproduce past variability. Here, we have used rea-
nalyses and state-of-the-art climate simulations to improve the reliabil-
ity of proxy reconstructions. We have demonstrated the added value of
constraining the selection of proxies with reanalysis and model out-
puts, and encourage the use of this approach in future reconstructions.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Analysis of significance. In the initial proxy selection of Fig. la, proxies are
required to significantly correlate with NAOvynmer at the 90% confidence level.
This threshold is not particularly restrictive and allows the identification of a large
number of candidate time series that are potentially linked to the NAO. Since the
final selection of proxies is later constrained during the calibration process, and
also with reanalysis and model outputs, the risk of including time series with a
spurious relationship with the NAO is small. All subsequent correlations are
assessed by correcting the sample size to take into account the autocorrelation.
The confidence level is kept at 90% when proxies are evaluated and in the different
PCR steps, and increased to 95% for the estimation of the validation/calibration
scores, and when comparing the reconstruction against other data sets. For the
composite analysis of volcanic events (Fig. 4), significance is assessed at the 95%
confidence level, following a Monte Carlo approach with 1,000 random equivalent
selections. A confidence level of 95% is also applied for a two-tailed Student’s t-test
in assessing when a 100-year running average of the NAO ensemble mean is
different from zero (horizontal bars in Fig. 2).

Selection of proxies. The initial set of proxy records (Extended Data Table 1) is
the result of an extensive search throughout different palacoclimate data repos-
itories, such as the International Tree-Ring Data Bank (ITRDB; https://www.
ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-ring), http://www.
ncdc.noaa.gov/data-access/paleoclimatology-data and http://www.pangaea.de/.
Many proxies (>150) from the Northern Hemisphere were found to meet the
two imposed criteria: annual resolution and continuous time coverage from the
eleventh to the twentieth century. These proxies were further screened for their
correlation with NAOvy/ipmer at the 90% confidence level. Only the 48 proxies used
in our analysis met this condition.

Climatic interpretation of proxies. Both the seasonality and the climate variable
associated with each proxy were extracted either from the original references
detailed in Extended Data Table 1, or from subsequent references making use of
them. For instance, a few tree-ring proxy records (such as Lily Lake) are inter-
preted herein in terms of annual temperature as they have already contributed to
several multi-proxy reconstructions for past global and continental temper-
ature’”*. When two possible climatic interpretations of the same proxy record
exist, we kept the one leading to the highest correlations with the NAO in the
twentieth century reanalysis (for example, Mammoth Peak as winter precipitation
instead of summer temperature).

Potential biases in the representation of low-frequency variability. No post-
processing has been applied to any of the proxy time series considered. All chro-
nologies therefore correspond to the source data as they were originally provided.
Note that the tree-ring records might lack some part of their low-frequency vari-
ability owing to the age-trend removal techniques. The degree of variance sacri-
ficed may vary substantially from one record to another, because some research
groups privilege more conservative detrending methods, and others prefer to
retain as much low-frequency variability as possible. Ice-core records are also
generally corrected for postdepositional effects, such as firn diffusion, or ice flow
in the Greenland ice sheet. Firn diffusion affects only subannual variability, and
may introduce biases in the seasonally resolved records. It does not affect low-
frequency variability or trends. Ice flow is important only in regions of significant
ice-flow rate, such as the DYE-3 drill site, and requires flow models to be corrected;
it might affect to some degree the realism of the long-term trends. Other potential
low-frequency biases relate to bandwidth speleothem measurements and varved
lake sediments that need to be corrected for nonhomogenous growth rates and
compactness, respectively. More generally, all proxy records are affected to some
extent by local environmental changes (such as wind scouring for ice cores), which
can perturb the recorded climatic signal. This is why it is important to perform
multi-proxy reconstructions—so that most of these potential biases can be can-
celled out, and the common climate signal better identified.

PCR calculation. The reconstruction method is based on a previous study* that
uses a nested PCR to gradually adjust to the changing number of source proxy
records available in consecutive periods of 25 years. Here, we consider only proxies
that extend with no interruption from the eleventh to the twentieth century, so
only one PCR needs to be calculated (for each ensemble realization). The PCR
approach is applied as follows: all selected proxy records are first standardized with
respect to the common period AD 1823-1969, and used to define a matrix (in time
and space) for the period common to all proxies. This period can change depend-
ing on the actual selection, the shortest being from AD 1073 to AD 1969 when the
proxy record from Firth River is available. For each ensemble realization, the
corresponding subset of years previously set for calibration is extracted from that
matrix. A principal-components analysis (PCA) of this reduced matrix is per-
formed afterwards. Preisendorfer’s rule N*° is then applied to discard those prin-
cipal components (PCs) whose explained variability is undistinguishable (at the
95% significance level) from that of a matrix of red-noise processes composed of
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the first autoregressive models, AR(1), of the original proxies. For this assessment,
300 independent gaussian white-noise matrices are generated (with the same
dimensions as the reduced one), and a PCA is applied to each of them. In each
realization, the PCs are organized in decreasing order of their variance across the
Gaussian set. We then take all of the first PCs, and establish the 95th percentile of
the associated variances. This step is repeated from the second to the last PC. The
95th-percentile values thus obtained are used as significance thresholds for the
truncation of the original PCs. The aim of this truncation is to retain all the modes
with relevant climate information, and to use them to produce a multivariate linear
regression model of the NAO. To extend the reconstruction back to the eleventh
century, the complete matrix of predictors is projected into the eigenvectors of the
selected PCs (also known as empirical orthogonal functions, EOFs), fitting by least
squares. These projections describe the variability associated with each EOF over
the whole time extent of the matrix of predictors, and coincide with the original
PCs in the calibration period. These are the series feeding the multivariate model to
produce the actual NAO reconstruction. To correct for the loss in variance inher-
ent to the multiple regression, the final NAO time series is restandardized with
respect to the calibration period. No trends are removed before the PCR analysis,
since they are also essential to reproduce the past NAO variability. This is a
standard reconstruction practice***.

Proxy contribution to the ensemble reconstruction. In each individual PCR
reconstruction, the beta-weights of the proxies are obtained as in ref. 24: we
multiply the vector of the standardized regression coefficients (also known as
beta-weights on the PC space) by the matrix of the retained eigenvectors. In
practice, for an individual proxy record i, this corresponds to:

Bi)="> "¢ wy(i)
j=1

where f§ (i) denotes the beta-weight of the given proxy, n the number of predictors
(that is, PCs) participating in the multivariate regression, ¢; the regression coef-
ficient for the predictor j, and ; the loading associated with the proxy i in the
eigenvector of predictor j. The beta-weight of the proxy i in the ensemble mean
reconstruction is obtained as the sum of its respective beta-weights in the indi-
vidual realizations.

Estimation of reconstruction uncertainties. Our method accounts only for
regression-based uncertainties associated with the residuals in the calibration
period. These are represented by the s.e. of the regression, calculated as the square
root of the sum of the squared residuals divided by the degrees of freedom:

2:1:1 & _ \/Z;;l O _511)2

(n—2) (n—2)

s.e.=

where n represents the number of time steps in the calibration period, ¢ the
residuals, y the predicted, and y the reconstructed variable.

Standard errors are calculated for each of the 100 selected individual reconstruc-
tions. In each of them, the uncertainty band is set at 2 s.e. The envelope of these
bands across the different ensemble members is included in Fig. 2 to describe the
total uncertainty range of each ensemble reconstruction. The perfect-model ana-
lysis supports the validity of this approach, with only about 2% of years falling
outside the = 2 s.e. envelope. The characterization of other sources of uncertainty
(such as chronological errors) lies beyond the scope of our analysis.

Sensitivity to the reconstruction choices. Several alternative ensemble recon-
structions have been performed to test the sensitivity to some of the choices in our
approach. Overall, the reconstructions and the main findings remain coherent. For
instance, increasing the validation period to 40 years (and reducing the calibration
subsequently to 107) barely affects the final NAO,,. ensemble mean reconstruc-
tion. Similar results also hold if Preissendorfer’s rule-N is based on a white noise
floor assumption, or if proxy selection is constrained only through reanalyses or
PMIP3 simulations. Additional criteria for ensemble generation, such as subsam-
pling the proxies depending on their kind, are found to increase the uncertainty
bars because of the poor skill of some members, but have a minor effect on the
variability described by the mean ensemble reconstruction.

Model-constrained ensemble reconstructions. Given some known deficiencies
in the reanalyses in terms of accurately representing variables such as precipitation
in high-elevation regions (for example, Greenland or the Alps), and considering
that reanalyses have different spatial resolutions and cover different time periods
(Extended Data Table 2) with different degrees of confidence, we apply a relaxed
constraint, so that any proxy with a significant relationship with the NAO in any of
the four reanalyses is kept. Similarly, since not all PMIP3 models are equally
realistic in the representation of the NAO fingerprints on surface climate®’, but
keeping in mind that with them we test the robustness and stability of the tele-
connections, the ensemble NAO,;,c reconstruction is additionally constrained to
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those proxy records that correlate significantly with the NAO in at least half of the
eight PMIP3 simulations.

Perfect-model approach. This technique is used to test the adequacy or realism of
different assumptions or methods. It is based on the use of model outputs as
substitute climate records that can be used, for instance, to assess the performance
of different reconstruction strategies*"*, or the potential of decadal predictions
(both statistical** and dynamical****). The model is assumed to be ‘perfect’ in the
sense that it describes an idealized surrogate reality, where climate variations are
physically consistent, without any measurement uncertainty, and are accessible
everywhere without restrictions and for the whole extent of the simulations. In our
analysis, we mimic the original proxies with model outputs (see below), and use
these pseudo-proxies to reproduce the different steps of our reconstruction
approach, but within the model world. One of the main advantages that this
perfect model framework offers is that validation scores can also be estimated
outside of the observational period AD 1823-1969. This is particularly interesting,
since it allows a validation over a long time frame (AD 1000-1822), and thus
provides a test of the stability of the assumed teleconnections.

Pseudo-proxy definition. All pseudo-proxies are defined asa 2 X 2 average of the
related climate variable centred on the proxy location, using the same reported
seasonal window (Extended Data Table 1). These are the series used to identify the
proxies that are consistent with the reanalyses and the PMIP3 simulations
(Fig. 1c). The pure simulated climatic signal is later perturbed with noise for the
perfect-model analysis. The noise is estimated as an AR(1) process that describes
the residual of subtracting the normalized real proxy from normalized obser-
vational data at the same location. Temperature data are retrieved from
Berkeley Earth (http://berkeleyearth.org/data) and precipitation from the
Climate Research Unit (http://badc.nerc.ac.uk/browse/badc/cru) data sets. Our
approach therefore mimics the actual noise that arises from relating a proxy signal
to a single climate variable. Ten alternative pseudo-proxies are generated for ten
different realizations of the noise (Extended Data Fig. 3). For the perfect-model
analysis, we use the pseudo-proxy whose correlation with the simulated NAO is
closer to that of the actual proxy with NAOvy;yme This is done to be more
representative of the real proxy sensitivity. The hypothetical pseudo-proxies from
Spain and Norway (where no real proxy is yet available), which are necessary
for the NAOyepner pseudo-reconstruction, were generated by adding Gaussian
noise with properties similar to those of the twentieth century reanalysis at
these locations.

Identification of strong volcanic eruptions. This analysis uses the three latest
published reconstructions of past volcanic activity covering the past millennium.
Two of them®? combine volcanic-related information from Greenland and
Antarctic ice cores, although they differ in the source records and the calibration
strategy. The third reconstruction® is based exclusively on an extensive array of
Antarctic ice cores, most of them not included in the former reconstructions. The
combination of multiple ice-core records is an important step, accounting for age-
scale and deposition uncertainties. The three reconstructions show important
discrepancies regarding the timing and relative magnitude of some eruptions.
This is illustrated through the selection of the 11 strongest events in each volcanic
reconstruction (Extended Data Table 6). We first identify the strongest volcano
according to the related reconstructed variable, and screen out all dates that are
3 years before or after the eruption (to avoid double selections). This process is
repeated with the remaining dates until 11 events have been identified. Note that
even when a specific eruption is present in the three volcanic series, the uncertainty
in the year of occurrence can be as large as 2 years (for example, 1284, 1286, 1285).
To reduce this timing uncertainty, and to ensure that we select only well supported
volcanic eruptions, we extract the 25 largest eruptions in each volcanic chronology
(not shown), and compare them to identify the episodes common to all reconstruc-
tions (within a *3 year range). This leads to a final selection of 11 common vol-
canoes (Extended Data Table 7). The final adopted dates for the composite analysis
in Fig. 4 are extracted from historical sources (http://www.volcano.si.edu/)*® or other
reliable sedimentary records”. For the three unknown eruptions, for which no
additional information is available, we took either the most repeated date, or the
average date of the three reconstructions.

Code availability. The code used to produce the model-constrained ensemble
reconstruction is available in the Supplementary Information.
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Extended Data Figure 1 | Verification of the pseudo-reconstructions. Box-  and along validation period from AD 1000-1822 (possible thanks to the perfect-
and-whisker plots showing the correlations between the six pseudo- model approach). In this latter case, since the period is the same for all the
reconstructed NAO,,. ensembles and the corresponding true simulated NAOs, ~ ensemble realizations, the correlation is also calculated for the ensemble mean
in three independent subsets of years (from left to right for each ensemble): the  (filled coloured dots). Red horizontal lines indicate the first significant

117 years selected for calibration (specific to each ensemble realization), the correlation coefficient (P < 0.05) of the ensemble.

remaining 30 years that need to be validated (following the original strategy),
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Extended Data Figure 2 | Comparison of three alternative reconstructions.
The figure shows probability density functions (PDFs) for the 50-year moving-
window correlations between the simulated NAO and three alternative pseudo-
reconstructions in the ensemble of PMIP3 simulations (Extended Data

Table 3): a, NAO1,0ue D, NAO s €, NAO] ehner. Vertical dotted lines represent
the median correlation for the ensemble. Each coloured line represents a
different pseudo-reconstructed NAO ensemble.
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Extended Data Figure 3 | NAO-pseudo-proxy relationships.

a—f, Correlations between the simulated NAO and the associated pseudo-
proxies in the PMIP3 runs. Pseudo-proxies are defined from a pure climatic
signal (coloured asterisks), and subsequently perturbed with AR(1) noises (thin
green lines). For the perturbed pseudo-proxy definitions, ten different
realizations of the noise are considered. The correlations between the actual
proxies and NAOvyiyther in the common period AD 1823-1969 are also shown
for comparison (thick black crosses).
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Extended Data Table 1 | Proxy description

N Site Archive Proxy type LON LAT  Time Span g,%';.';:':g%’:igé ‘fﬁgﬁg Seasonality Refs
1 B18 Ice core Snow Accumulation -36.4 76.6 1000-1992 0.19 Precip Annual 48
2 Crete Ice core Snow Accumulation -39.7 71 1000-1973 -0.19 Precip Annual 49
3 GISP2 Ice core Snow Accumulation -40.9 725 1000-1988 -0.12 Precip Annual 50
4 Agassiz (A79)" Ice core 8'%of -73.1 80.7  1000-1972 -0.18 SAT Annual 51
5 Crete Ice core hell 373 711 1000-1973 -0.31 SAT NDJFMA 52
6 DYE-3 (stack) Ice core Rell -43.8 652  1000-1978 -0.39 SAT NDJFMA 52
7 GISP2 Ice core 5'%0" -385 726  1000-1987 -0.21 SAT Annual 53
8 GRIP Ice core fel -37.5 72.6  1000-1979 -0.13 SAT NDJFMA 52
9 Allos Lake Lake Sediment Flood deposit thickness 6.7 44.2 1000-2009 0.11 Precip SON 54
10 Donard Lake Lake Sediment Varve thickness -61.4 66.7 1000-1995 -0.14 SAT JUA 55
11 Hvitarvatn Lake Lake Sediment Varve thickness -19.8 64.6 1000-2000 -0.11 SAT JUAS 56
12 Lower Murray Lake Lake Sediment Mass accumulation -69.5 81.3 1000-1969 -0.18 SAT JUA 57
13 Crystal Cave Speleothem el -18.8 36.6  1000-2007 0.15 SAT Annual 58
14 Uamh an Tartair Speleothem Bandwidth -49 58.1 1000-1995 0.24 Precip DJFM 59
15 Balkan Peninsula Tree ring Tree-ring width 20.0 41.0 1000-2008 -0.10 SAT February 60
16 European Alps Tree ring Tree-ring MXD 7.5 46.0 1000-2004 0.11 SAT JJAS 61
17 Black Swamp Tree ring Tree-ring width -91.3 35.2 1019-1980 0.16 SAT Annual 62
18 Mayberry Slough Tree ring Tree-ring width -91.3 35.6 1000-1990 0.12 SA‘I’t Annual 63
19 Avam-Taimyr Tree ring Tree-ring width 101.0 72.0 1000-2000 -0.10 SAT July 64
20 San Gorgonio Tree ring Tree-ring width -116.8 34.1 1000-1970 0.19 SAT Annual 65
21 Flower Lake Tree ring Tree-ring width -118.4 36.8 1000-1987 -0.14 Precip NDJFM 66
22 Timber Gap Upper Tree ring Tree-ring width -118.6 36.5 1000-1987 -0.13 Precip NDJFM 66
23 Cirque Peak Tree ring Tree-ring width -118.2 36.5 1000-1987 -0.13 Precip NDJFM 66
24 Mammoth Peak Tree ring Tree-ring width -119.3 37.9 1000-1996 -0.10 Precip NDJFM 66
25 Boreal Plateau Tree ring Tree-ring width -118.6 36.5 1000-1992 -0.14 Precip NDJFM 66
26 Upper Wright Lakes Tree ring Tree-ring width -118.4 36.6 1000-1992 -0.14 Precip NDJFM 66
27 Hamilton Tree ring Tree-ring width -118.9 37.0 1000-1988 -0.22 Precip NDJFM 66
28 Lily Lake Tree ring Tree-ring width -105.6 40.3 1000-1998 -0.12 SAT* Annual 67
29 Firth River Tree ring Tree-ring MXD -141.6 68.7 1073-2002 0.14 SAT JUA 68
30 Choctawhatchee River Tree ring Tree-ring width -85.9 30.5 1000-1992 0.14 SAT Annual 63
31 Forfjorddalen Tree ring Tree-ring 8'°C 15.7 68.8 1000-2001 -0.14 Cloud% JUA 69
32 French Alps Tree ring Tree-ring width 75 44.0 1000-2007 0.10 SAT AMJJA 70
33 Big Cypress Tree ring Tree-ring width -93.0 323 1000-1988 0.10 SAT Annual 71
34 Morocco Tree ring Tree-ring width -5.0 33.8 1049-2001 -0.24 SPI FMAMJ 72
35 Yellow Mountain Ridge | Tree ring Tree-ring width -111.3 45.3 1000-1998 -0.13 Precip NDJFM 73
36 {;'1"% "B";’r“‘("}"r‘;"esﬂ)idge ' Treering Tree-ring width 4113 453  1000-1998 0.1 Precip NDJFM 73
37 Mesa Alta Treering Tree-ring width -106.6 36.2 1000-2007 0.13 Precip ONDJFMAMJ 74
38 Finland Tree ring Tree-ring MXD 25.0 68.0 1000-2006 -0.11 SAT JUA 75
39 Hill 10842 Tree ring Tree-ring width -114.2 38.9 1000-1984 0.20 SATt Annual 76
40 Springs Mountains Lower  Tree ring Tree-ring width -115.7 36.3 1000-1984 0.11 SAT Annual 77
41 S. Colorado Plateau | Tree ring Tree-ring width -110.0 37.0 1000-1987 0.18 Precip October-July 78
42 S. Colorado Plateau Il Tree ring Tree-ring width -110.0 37.0 1000-1996 -0.11 SAT Annual 78
43 Four Holes Swamp Tree ring Tree-ring width -80.4 33.2 1001-1985 -0.10 Precip MAMJ 79
44 Taimyr - Putoran Tree ring Tree-ring width 103.0 71.3 1000-1996 -0.11 SAT Annual 80
45 Tatra Region Tree ring Tree-ring width 20.0 49.0 1040-2011 -0.12 SAT May-June 81
46 Lauenen+ div. Stao Tree ring Tree-ring width 7.2 46.4 1000-1976 0.14 SAT JUA 82
47 Wild Horse Ridge Tree ring Tree-ring width -111.1 39.4  1000-1985 0.19 SAT Annual 83
48 Mammoth Creek Tree ring Tree-ring width -112.7 37.7 1000-1989 0.18 SAT;t Annual 84

* Proxies participating in the NAO,,. reconstruction are highlighted in bold.

T Isotope values are referred to Vienna Standard Mean Ocean Water (VSMOW).

1 These proxy records are sensitive to negative changes in the related variable.

Data are from refs 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71,72,73,74,75,76,77,78,79, 80, 81, 82, 83, 84. LON, longitude; LAT, latitude; SAT, surface air
temperature.
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Extended Data Table 2 | Description of the reanalyses.

Reanalysis Time Interval Analysed Horizontal Resolution Reference
NCEP/NCAR Reanalysis 1 1949-2008 Global grid (2.5° x 2.5) Ref. 85
Twentieth Century Reanalysis V2 1872-2010 T62 Gaussian grid (~2.0° x 2.0°) Ref. 86
ERA Interim 1980-2011 T255 Gaussian grid (~0.75° x 0.75°) Ref. 87
ERA40 1959-2001 T159 Gaussian grid (~1.125° x 1.125°) Ref. 88

Data are from refs 85, 86, 87, 88. NCEP, National Centers for Environmental Prediction; NCAR, the National Center for Atmospheric Research.
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Extended Data Table 3 | Description of the simulations.
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Simulation* PMIP3/CMIPS5 family of experiments Time Span Reference
BCC-CSM1-1 past1000(r1i1p1)+historical(rii1ip1) 850-2005 CE Ref. 89
CCSsM4 past1000(r1i1p1)+continuation 850-2005 CE Ref. 90
CSIRO-MK3L-1-2 past1000(r1i1p1)+continuation 851-2005 CE Ref .91"
FGOALS-g! past1000(r1i1p1) 1000-1999 CE Ref. 92
GISS-E2-R past1000(r1i1p121)+continuation 850-2005 CE Ref. 93
IPSL-CM5A-LR past1000(r1i1p1)+continuation 850-1999 CE

MIROC-ESM past1000(r1i1p1)+continuation 850-2005 CE Ref. 94
MPI-ESM-P past1000(r1i1p1)+continuation 850-2005 CE Ref. 95

* Further information on the resolution and forcings used in the past 1,000 simulations can be found at https://wiki.Isce.ipsl.fr/pmip3/doku.php/pmip3:database:status#past1000_experiment_status_and_bc

This article describes a different simulation, but specifies the differences with respect to the PMIP3 run.
Data are from refs 89, 90,91, 92, 93, 94, 95.
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Extended Data Table 4 | Principal-component (PC) contributions to
the ensemble reconstructions.

Simulation PC1 PC2 PC3 PC4 PC5
NAOcc 100 98 49 11 2
NAOmc 100 0 0 0 0
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Extended Data Table 5 | Description of the NAO/sea-level pressure (SLP) records used for validation.

LETTER

Reference Data sources* Regions represented Validation period
Ref. 32 Instrumental pressure data Eastern North Atlantic/ Europe 1781-1822 CE
Ref. 33 Instrumental, documentary and proxy data Eastern North Atlantic/ Europe 1659-1822 CE
Ref. 34 Instrumental SLP and wind from ship logs Eastern North Atlantic/ Europe 1751-1822 CE
Ref. 35 5 tree-ring and 2 ice cores Morocco/Finland/Greenland 1429-1822 CE
Ref. 36 Instrumental, documentary and proxy data Eastern North Atlantic/ Europe 1500-1822 CE
Ref. 24 367 records (tree-rings and ice cores) Europe/Greenland/Eastern North America 1400-1822 CE
Ref. 7 1 speleothem and 1 tree-ring chronology Scotland/Morocco 1049-1822 CE

*Only the two proxies used in ref. 7. have been included in our analysis.
Data are from refs 7, 24, 32, 33, 34, 35, 36. cg, Common Era, equivalent to Ap.
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Extended Data Table 6 | The 11 largest volcanic eruptions between Ap 1049 and Ap 1969 in three alternative reconstructions.

Reconstruction Reconstructed variable List of volcanoes

Ref. 28 Global aerosol optical depth at 550 nm* 1229,1258,1286,1456,1600,1641,1674,1696,1809,1816,1884
Ref. 29 Global total stratospheric sulfate aerosol injection (in Tg)Jr 1167,1227,1258,1275,1284,1452,1600,1641,1783,1809,1815
Ref. 30 Antarctic volcanic sulfate (in kg/km®)* 1169,1229,1257,1276,1285,1344,1458,1600,1694,1809,1815

*Data from http://www1.ncdc.noaa.gov/pub/data/paleo/climate_forcing/volcanic_aerosols/crowley2013/crowley2013aod-reff.txt
+ Revised version from http://climate.envsci.rutgers.edu/IVI2/IVI2Totallnjection_501-2000Version2.txt
+ Data available in the supplement of ref. 30.
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Extended Data Table 7 | Eleven large volcanic eruptions common to the three alternative reconstructions.

Volcano Country Final selected date Date from Ref. 28 Date from Ref. 29 Date from Ref. 30
Unknown 1229 1229 1227 1229
Samalas Indonesia 1257* 1258 1258 1257
Unknown 1285 1286 1284 1285
Huaynaputina Peru 1600" 1600 1600 1600
Parker Philippines 1640" 1641 1641 1641
Serua Indonesia 1693" 1696 1693 1694
Unknown 1809 1809 1809 1809
Tambora Indonesia 1815" 1816 1815 1815
Cosiguina Nicaragua 18357 1835 1835 1834
Krakatau Indonesia 1883" 1884 1883 1884
Agung Indonesia 1963" 1964 1963 1963

* Date recently constrained using local deposits and historical records*’.
+ Date extracted from historical observations®e.
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