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Atlantic Multidecadal Variability impacts the climate around the North Atlantic and in
many other parts of the world. There are ongoing discussions on the extent to which
Atlantic Multidecadal Variability is driven by external (e.g., solar, volcanic, and/or
aerosol) forcing versus internal variability. Here, we provide new evidence for
persistent multidecadal variability during AD 800-2010. We produce a summer
Atlantic Multidecadal Variability reconstruction using a network of annually-resolved
terrestrial proxy records from the circum-North Atlantic region. We find that both
large volcanic eruptions and solar irradiance minima induce cool phases of Atlantic
Multidecadal Variability and that both forcings together explain approximately 30%
of the reconstruction variance (on timescales > 30 years). We define the Atlantic
Multidecadal Oscillation as the internally-generated component of Atlantic
Multidecadal Variability, and calculate it by empirically removing externally-forced
variations. The Atlantic Multidecadal Oscillation reveals persistent multidecadal
variability throughout the past twelve centuries, making the largest contribution to
Atlantic Multidecadal Variability, and also shows coherence with Northern
Hemisphere temperature variations. This attempt to quantify the internally-generated
and externally-forced components of Atlantic Multidecadal Variability over more than
a millennium supports further understanding of its past behavior and its role in

potential decadal-scale climate predictability.
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Introduction

North Atlantic sea surface temperature (SST) exhibits pronounced variability on
multidecadal timescales during the last 150 years, a behavior that is commonly
referred to as the Atlantic Multidecadal Oscillation (AMO)'. Here, we prefer the term
Atlantic Multidecadal Variability (AMV) because it does not imply that it is a mode of
variability generated solely by internal climate processes. The AMV affects climate of
the adjacent continents'™, and also likely Atlantic hurricane activity”, African Sahel
drought®, and Indian summer monsoon strength”®. AMV also contributes to the
multidecadal variability of Northern Hemisphere (NH) temperatures during the past
150 years™'’, particularly in the early to mid-20th century''. Studies based on
sea-level observations suggest that AMV is an internal mode of climate variability and
is dominantly controlled by ocean circulation, primarily the Atlantic Meridional
Overturning Circulation (AMOC)". This is supported by model studies in which
AMV-like variability can be reproduced in the absence of radiative (i.e., external)

forcing and caused by the AMOC'>'". In contrast, other studies relegate the role of

15,16 15,16

internal variability, and instead suggest that external (e.g., solar >, volcanic and
aerosol'’) forcings can modulate or even drive AMV. Even so, in those simulation
studies much of the AMV-like variability, especially in the early-20th century, cannot
be explained by external forcing'""".

Previous studies of AMV were based either on instrumental data or on climate
model simulations with potential deficiencies, which limit our understanding of the
long-term AMYV behavior and the role of external drivers in the past. Our approach
here is to first reconstruct AMV regardless of its cause, and then to subtract an
empirical estimate of the externally-forced component, leaving a residual variance

that may be considered to arise solely from internal variability'"'®. It is this residual

series that we define here as the AMO'"'%2°,

Reconstructing the AMV over the past 1200 years
We use 46 annually-resolved terrestrial proxy records from the circum-North

Atlantic-Arctic region, Eastern North America and Europe, to reconstruct the
3
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extended summer (May—September) AMV index since AD 800 (Methods). The
reconstruction was produced using a nested principal component regression (PCR)
method®' and validated using a sliding window approach for calibration and
verification (Methods, Fig. 1f, Supplementary Table S2) and additionally with
model-based pseudoproxy experiments (Supplementary Methods, Figs. S8-S11). A
number of sensitivity tests suggest that the reconstruction is, in principle, insensitive
to moderate changes in the reconstruction method or in the proxy dataset composition
(Supplementary Methods). For instance, alternative reconstructions, using a reduced
proxy network selected specifically or randomly (Supplementary Figs. S2, S3, S6),
varying the length of instrumental calibration period or fitting to a different seasonal
target (Supplementary Figs. S4, S5), or without using a nesting approach
(Supplementary Fig. S7), produce multidecadal variability that is very similar to our
final reconstruction.

The reconstructed summer AMV index shares 45% of the observed variance
during the period 1856-2010 (Fig. 1b), increasing to 72% on decadal (>10 years) and
to 88% on multidecadal (>30 years) timescales (Fig. 1c, d). The reconstructed AMV
index shows cool phases in the 9th, early-14th, late-15th and 16th—19th centuries with
respect to the 1856—-1967 mean. Warm phases are reconstructed in the 10th—13th,
early-15th and mid-late-20th centuries (Fig. le). The reconstructed warm phases of
the AMV during the 10—13th centuries are consistent with the estimate in ref.* that
describes the AMV as an important driver of medieval mega-droughts in the
American Southwest. The reconstructed AMV exhibits multidecadal variability with
dominant periodicities ranging from 64 to 88 years (Supplementary Fig. S12).
Wavelet analysis™ shows that multidecadal variability persisted throughout the past
twelve centuries, with particularly strong power in the 12th—15th and 20th centuries
(Fig. 2).

Our reconstruction shares similar multidecadal behaviour with two published
reconstructions of the AMV**** (Supplementary Figs. S13, S15), but reveals stronger
and more persistent multidecadal variability (Supplementary Fig. S14). The

differences between these reconstructions can be related to differences in the
4
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reconstruction method (e.g., data extracted from the climate field reconstruction
approach in Mann et al.** versus composite-index reconstruction data as used in our
study and in Gray et al.”), and because of the precise composition of the proxy
networks. The reconstruction of Gray et al.>> is based on a sparse tree-ring network,
completely independent of our predictors; it has precise dating control, but its smaller
network (only 12 sites) may compromise its representation of AMYV if the centers of
climate impact of AMV shift through time (also see the discussions in ref.lé). The
multi-proxy-based reconstruction of Mann et al** has a good spatial coverage of
proxies, partly independent of those in our network; however their inclusion of some
proxy records with only decadal resolution and the separate calibration of
low-frequency (<0.05 cycles/year) components reduces the degrees of freedom
available for a robust calibration and verification. Our new reconstruction is based on
a large number of annually-resolved, updated proxy records from the circum-North
Atlantic and is validated and tested for methodological robustness using statistical and

pseudoproxy tests.

External forcing and internal variability of the AMV
We performed superposed epoch analysis (SEA; Supplementary Methods, Table S3)
to determine the AMV anomalies caused by solar and volcanic forcing. A superposed

composite of the 15 largest volcanic eruptions®®?’

shows significant (p <0.05)
negative anomalies of the AMV occur during the decade following an eruption (Fig.
3a, b). To focus on multidecadal variability, we performed similar composites but
using 30-year low-pass filtered data (Fig. 3c, d). The results suggest that large
volcanic eruptions were followed by about two decades of negative AMV anomalies,
though the smaller sample size for the multidecadal composite yields greater
uncertainties. Our result shows long-term (up to two decades) impacts of volcanic
eruptions on North Atlantic SST that may be associated with interactions between
atmosphere circulation, ocean circulation and sea ice’®*. However, an important

caveat regarding the interpretation of long-term volcanic cooling in our analysis is the

biological memory effects in many tree-ring width data®® might lead to an
5
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overestimate of the persistence of volcanic cooling and an underestimate of its
amplitude (this is the most numerous proxy type in our network, Supplementary Table

S1). Compositing multidecadal responses to solar forcing’ '

shows negative
anomalies of AMV for about three decades following periods with weak solar forcing
(Fig. 3e, f), with maximum cooling at ~17 years lag. These results suggest that the
large volcanic eruptions and solar irradiance minima may both cause cool AMV
phases on multidecadal timescales during the past 1200 years. However, some strong
volcanic events coincide with solar minima during the past twelve centuries, further
complicating the interpretation.

The cross-correlation analyses show a lagged relationship of AMV with solar and
volcanic forcing (Supplementary Fig. S17), consistent with the SEA results but with
stronger significance. On multidecadal timescales, the maximum correlation between
the reconstructed AMV and solar forcing3 132 i ~0.35-0.46 (p <0.05) when the AMV
lags by 812 years, close to the lag found between solar forcing and NH temperature
reconstructions™ (also see Supplementary Figs. S18, S19). The AMV also
significantly correlates with volcanic forcing®®?’ (r =~0.29-0.36, p <0.05) with
approximately 6—7 years lag. Such a lagged relationship between the AMV and
external forcing is consistent with climate model simulations'” and proxy-based
reconstruction'® studies. Multiple linear regression (similar to refs'®**; Supplementary
Methods) using these lagged relationships suggests that solar and volcanic forcing
together can explain ~28% (r =0.53) of the AMV variance on multidecadal timescales
(Supplementary Fig. S20). The inclusion of anthropogenic (e.g., CO, concentration)
forcing does not improve the regression skill (Supplementary Fig. 20c, d). These
results indicate that changes in both solar and volcanic forcing have affected AMV,
but their linear impact contributes less than one-third of the AMV variance during the
past twelve centuries.

The relationship between the AMV and external forcing might be somewhat
overestimated in our reconstruction owing to our compilation of temperature-sensitive

proxies, which may respond more directly to changes in external forcings. However,

the response of the NH temperature to solar and volcanic forcings exhibits somewhat
6
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different patterns compared with the AMV shown in our study (see Fig. 5.8 in ref.*).
Moreover, a recent study’® suggests the dominant role of atmosphere and ocean
circulation in controlling temperature variability in areas surrounding the North
Atlantic. Thus, at least part of the impact of solar and volcanic forcing on the AMV
suggested by our reconstruction may be dynamically driven (see later discussion of
the difficulty in separating the internal variability from the forced component), but the
internal variability and forced components are not significantly correlated (r = 0.06)
during the past twelve centuries, adding credence to our separation of these
components.

Similar to the approach of refs'"!”

, we estimate the AMO by removing the
externally-forced component from the reconstructed AMV (Supplementary Methods
and Fig. S20e). The residual AMO time-series retains persistent multidecadal
variations over the past twelve centuries (Fig. 2f), similar to those of the reconstructed
AMV. This implies that internal processes have generated multidecadal variability of
North Atlantic SST throughout the past twelve centuries, similar to the results

obtained in control simulations with climate models'>'*

. Such a persistent mode of
internal variability (i.e., the AMO) might be associated with ocean circulations such as
the AMOC'*", or atmospheric circulations such as the North Atlantic Oscillation
(NAO)37‘39. However, significant multidecadal variability found in the AMO is absent
in the millennium-length AMOC reconstruction®, and the slowdown in the 20th

century found in the AMOC™ is absent in our AMO reconstruction, implying that the

AMO may not be linearly associated with the AMOC.

TheAMV/AMO and the NH temperature

Our new reconstruction offers an opportunity to examine the association of AMV with
climate in a long-term context. We compared the reconstructed AMV with a
composite of NH summer temperature-sensitive tree-ring records, using a subset from
the records in ref.*, excluding all those used in our AMV reconstruction
(Supplementary Methods), and found strong support for a significant association

between AMYV and NH temperature at multidecadal and centennial timescales (Fig. 4).
7
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The significant correlation arises from common variance on timescales longer than 30
years (r =0.60, p <0.001) and is still high even if the centennial timescale variance is
previously filtered out (30-90 years, r =0.55, p <0.001). This strong, significant
correlation does not solely arise from common external forcings: it is still significant
(>30 years, r =0.47, p <0.001; 30-90 years, r =0.44, p <0.001; Fig. 4c, d) between
their internal variability components, suggesting that the AMO and NH temperature
are associated through internal climate variability over the past 1200 years (also see
Supplementary Fig. S23).

Running correlations (150-year windows) suggest that this association between
the AMV/AMO and NH temperature remains strong over most of the past twelve
centuries (Supplementary Figs. S24, S25). This implies a dynamical link between the

11,2
91120 and

AMO and NH temperature variability during the past twelve centuries
suggests that the apparent influence of AMV on regional or hemispheric climate, in a
long-term context, does not arise solely from common responses to external drivers.
The findings presented here have implications for decadal-scale climate
predictions, because there may be more decadal predictability in the North Atlantic
than in many other regions*’. Our longer AMV/AMO reconstructions may contribute
to facilitating a better understanding of the impacts of the AMV during the
pre-industrial period on the climate in North Americal’z, Europez"‘, Asia7’8, as well as
Greenland inland ice melt’, Atlantic hurricane activity’, and African Sahel drought®.
Future work should consider using climate model simulations® and a
detection/attribution approach® to complement our simple approach (linear regression
against forcing time-series) to separate the internal variability and forced components.
Such an approach is beyond the scope of this single paper and requires multiple
climate models that can realistically simulate AMV, AMO and the dynamic response
of the Atlantic to external forcings on multi-decadal timescales. Our study provides a
better understanding of the AMV/AMO and an improved basis for future work based

on model evaluation.
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Figure captions

Figure 1 | Summer AMYV reconstruction. a. Location of the 46 proxy records.
Colors represent the contribution (beta-weight; Supplementary Methods) of each
record to the reconstruction for the most replicated nest 1500-1967 (see
Supplementary Table S1 for details of each proxy record). b. Comparison between
the reconstructed (black line; 21RMSE, gray shading) and instrumental AMV (red
line). ¢, d. As b, but 10-year (c) and 30-year (d) low-pass filtered. Correlation
coefficient, effective degrees of freedom (Ne; Supplementary Methods) and
significance level during the period 1856-2010 are indicated on each panel. e. The
AMYV reconstruction for the past 1200 years (AD 800-2010), as an annually
revolved reconstruction (black line; +1 RMSE, grey shading) and 30-year low-pass
filtered (red). f. Reduction of error (RE) and explained variance (R?) for each nest. g.
The number of contributing proxy records from the North Atlantic-Arctic region,
Eastern North America and Europe for each nest. In each case, the AMV index is
shown as anomalies relative to the 1856—-1967 mean (dashed lines). The AMV
reconstruction, beta-weight, R? and RE are reported as the median value of the 38
ensemble members derived by a sliding approach for calibration and verification in

each nest.

Figure 2 | Wavelet analysis for the reconstructed AMV during the past twelve
centuries. a. The annually-resolved AMV reconstruction and b. its wavelet power
spectrum. C. The 30-year low-pass filtered AMV reconstruction and d. its wavelet
power spectrum. €. The internal variability component of AMV (i.e., the AMO),
calculated by subtracting the forced component from the reconstruction, also 30-year
low-pass filtered (Supplementary Methods and Fig. S20e). f. The wavelet power
spectrum for the AMO as shown in €. In all cases of Gaussian wavelet analysis, the
cross-hatched region is the cone of influence, where zero padding has reduced the

variance. Black contour is the 90% significance level for a red-noise (autoregressive
12
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Figure 3 | The reconstructed AMV response to volcanic eruptions and solar
variability. a. Superposed composite of the 15 largest volcanic eruptions during the
past 1200 years (AD 800-2000) in the reconstruction of ref.?’. b. As a, but using an
alternative volcanic reconstruction”’. Multidecadal composites of the 5 strongest
volcanic eruptions in the reconstruction of ref.* (c) and of ref.?’ (d). Multidecadal
composites of the 5 solar irradiation minima in the reconstruction of ref.*? (e) and
ref.’! (f). The interannual composites were calculated using annually-resolved AMV
from 5 years before to 15 years after the event year. The multidecadal composites
were calculated using 30-year low-pass filtered AMV from 30 years before to 30
years after the event year. In each case, shading indicates the 95% confidence
interval for the composite mean. See Supplementary Methods for the superposed

epoch analysis (SEA) and Supplementary Table S3 for the selected event years.

Figure 4 | Comparison of the AMV and AMO reconstructions with Northern
Hemisphere (NH) temperature. The AMV reconstruction (red) compared with a
composite of 22 temperature-sensitive tree-ring records (black line, composite mean;
gray shading, composite mean £1.0 standard error) for timescales >30 years (a) and
30-90 years (b). The 22 tree-ring records are not included in the proxy dataset used
in our AMYV reconstruction (Supplementary Table S5). c. As &, but for the internal
variability components (AMO and NH internal variability) that were calculated by
subtracting the externally-forced components from the reconstructed AMV and NH
temperature (Supplementary Methods, Figs. S20e, S22c¢). d. As C, except that the
variations on timescales >90 years were filtered out. The correlation coefficient with
the effective degree of freedom (N.g; Supplementary Methods) and the significance
level for the two compared time-series are indicated on each panel. See
Supplementary Fig. S23 for an additional comparison between the AMV and a

composite of 13 published NH temperature reconstructions.
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Methods

Instrumental AMV index. We use a summer (May—September, MJJAS) average
AMYV index, computed as the area-weighted average over the North Atlantic Ocean
(0—70°N), from the Kaplan SST dataset** as the instrumental predictand for the
reconstruction. Unlike some previous studies'” we do not linearly detrend this SST
index to obtain the AMO index because this may introduce a biased climate signal''.
Here we follow the approach of refs.!!® by reconstructing the full variation in
Atlantic SST (i.e. the AMV) and then removing an estimated forced component
(Supplementary Methods) to leave the internal variability, and call that the

reconstructed AMO.

Selection of proxy records. The climate proxy records from the circum-North
Atlantic (—100°W-35°E, 20°N-80°N), a region including the North Atlantic-Arctic
region, Europe and Eastern North America (which are considered to be the centers of
strong climate impacts of AMV'?), were selected as the network dataset. We only
retained the climate reconstructions (or proxy records used in published
reconstructions) that have an annual resolution and start prior to AD 1500.

For the North Atlantic-Arctic region and FEurope, temperature records
(including tree-ring, ice core and historical document) used by PAGES 2k
Consortium® were included, but superseded versions of some records were replaced
by new ones, e.g., Tornetrisk*® and Jamtland*’ (Supplementary Table S1). However,
we did not use any of the tree-ring network used by the PAGES 2k Consortium™® for
Eastern North America, due to weak and even negative (for part of them)
correlations with temperature at annual timescales***.

A number of temperature reconstructions around the circum-North Atlantic that
were not included in the PAGES2k dataset were also added into our proxy dataset. In
addition, a number of hydroclimate (e.g., precipitation, drought and stream flow)
reconstructions for these areas were also included (Supplementary Table Sl).
Although the hydroclimate proxies are expected to have a less stable and more

varying relationship with the AMV than the temperature proxies®’, our
14
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reconstruction was not sensitive to the inclusion or exclusion of the hydroclimate
proxies (Supplementary Methods).

The final dataset comprises 46 proxy records in total, including 19 for the North
Atlantic-Arctic region, 18 for Europe and 9 for Eastern North America. Details of the
individual proxy records and their correlations with the AMV index are shown in

Supplementary Tables S1.

AMYV reconstruction. The 46 proxy records, including 35 tree-ring records, 10
ice-core records and 1 historical documentary record, were used to reconstruct an
extended summer (MJJAS) AMV index. We apply the Nested Principal Component
Regression (PCR) methodology21 with a sliding window approach for calibration

and verification>®*°

to the reconstruction. The nested PCR calculation was applied as
follows.

Firstly, all proxy records were normalized to have zero mean and unit Standard
Deviation (SD) over their common period (e.g., 1500-1967 for 46 proxy records). A
principal components analysis (PCA) was calculated on the proxy predictors that
have complete data for the nest period.

Secondly, the first n principal components (PCs) with eigenvalues >1 were
retained as predictors for Multiple Linear Regression (MLR).

Thirdly, MLR was performed to reconstruct the AMV index by regressing the
retained PCs of the proxy records against the instrumental AMV index during the
calibration interval. Here, a sliding window approach for calibration and verification
was used across the period 1856—-1967, the maximum overlap period between the 46
proxy records and the AMV index. The initial calibration interval extends from 1856
to 1930 and was incremented by one year until reaching the final period 1893-1967,
deriving an ensemble of 38 plausible reconstruction members. In each calibration
step, the 37 years excluded from calibration were used for cross verification.

Finally, a nested procedure was applied by repeating the first three steps, but
after removing the shortest proxy record each time.

The above PCR calculations created backward nests by considering the number of
15
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available proxies dropping back in time before AD 1500, and also forward nests by
the gradually decreasing number of proxies with data after AD 1967. For each nested
subset, the reduction of error (RE) and R? were used to assess the skill of each nested
model®'.

Our method considered only the regression-based uncertainties associated with the

residuals in the verification period. These were calculated as the Root Mean Square

Error (RMSE) defined as:

S |
where yiand yy are the actual and estimated data in year t of the verification period
and n is the number of years during the verification period.

In each nest, the AMV reconstruction, proxy weights (Supplementary Methods),
RE, R? and RMSE statistics (Supplementary Table S2) were then characterized as the
median value of the 38 ensemble members derived by the sliding approach for
calibration and verification. The final reconstruction was created by splicing together
the median reconstruction and estimated uncertainties (£1 RMSE) of each nest with
the maximum number of proxy records. Before splicing, the mean and variance of
each nested time-series had been adjusted to be the same as the most replicated 1500—
1967 nest. This approach avoids artificial changes in variance and long-term mean
due to varying of available number of proxy records in each nested reconstruction*'~".

For additional methods, see Supplementary Methods.

Data availability. The AMV/AMO reconstructions together with associated climate
proxy data are archived by the National Oceanic and Atmospheric Administration
(NOAA) for routine public access and use
(https://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/climate-recon

struction).
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