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The oscillatory behaviour of the climate system on decadal timescales beyond
the instrumental record is hard to quantify. Yet knowledge of it is vital to support
climate predictions and to put current changes in context of past experiences.
We investigate the recurrent component of weather and climate variability in the
North Atlantic sector during the Holocene in proxy data. We apply time-
frequency analysis to both an annually-laminated climate record from a lake in
England, and the Atlantic Meridional Overturning Circulation in a long transient
simulation to demonstrate that decadal variability was consistent over the last
6,700 years and prior to 8,500 years before present, which was predominantly
linked to solar and ocean forcing. Between these dates, climate variability was
dampened on decadal timescales. Our results suggest that meltwater discharge
into the North Atlantic and the subsequent hydrographic changes, from the
opening of the Hudson Bay until the final collapse of the Laurentide Ice sheet,
disrupted the regular climate patterns: suspending the decadal cyclic signals,
and lowering the predictable signal of the climate system. Our results have
relevance for near-term climate predictions given the current acceleration of the

Greenland Ice Sheet melting in response to global warming.
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According to the most recent assessment of the Intergovernmental Panel on Climate
Change, tipping points of the Earth’s climate system — such as the melting of the
Greenland Ice Sheet (GrlS) — could happen from 1.5 °C of warming with direct impact
on the Atlantic Meridional Overturning Circulation (AMOC) and, consequently,
European climate?. Near-term (annual to decadal) climate predictions play a key role
in anticipating climate change and reducing the reaction time to any potential alert3.
Sources of decadal predictability includes radiative forcing* and internal variability
associated mainly with the sea surface temperature, ocean heat content and
atmospheric teleconnections®. The reliability of decadal predictions depends on how
well the models capture the predictable signal contained within the external drivers
and initial conditions3. And these are tested by performing retrospective climate model
forecasts (or ‘hindcasts’), which are then compared with observations®®. Despite
decadal predictions systems demonstrating skilful surface temperature forecasts® and
increasingly accurate predictions of precipitation and atmospheric circulation
patterns®78, there are concerns about whether interdecadal and multidecadal climate
cycles could be modulated by the cumulative response to high-frequency radiative
forcing since the pre-industrial period®. Observations are insufficient to test these
concerns as they only cover a few decadal cycles'®, and the climate community has
urgently called for long climate-proxy records with sufficient precision and accuracy to
test for decadal predictable signals in weather and climate variability over longer time
intervals”: %1112,

The present interglacial period, the Holocene, is an ideal interval to investigate decadal
climate variability because it covers several millennia with changing orbital
configurations'®. Proxy-based and model-tested climate reconstructions show

evidence for multidecadal recurrent patterns during the Late Holocene resembling
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present modes of climate variability such as the El Nifio Southern Oscillation, the
Pacific decadal variability, the Atlantic Multidecadal Variability (AMV) and the North
Atlantic Oscillation (NAO); but reconstructions are scarce and/or inconsistent for the
rest of the Holocene'"'4. Major issues include the non-stationarity of the climate-proxy
relationship, and the lack of very high temporal precision in many reconstructions of
past climate variability, from continuous, long-term proxy records™’.

To investigate Holocene decadal climate variability in the North Atlantic (NA) sector,
we use the annually-laminated (varved) record of Diss Mere, a lake in central-east
England™ (Fig. 1). We use this location because the British Isles are very sensitive to
NA climate (Supplementary Information) and central England temperature is highly
correlated with Global Mean Surface Temperature'®'”. Diss Mere is the only record in
the UK that provides continuous, well-dated palaeoclimate proxy data over most of the
Holocene'. Considering that lower decadal variability leads to less statistical
predictability’8, this study aims to test the low-frequency (decadal) recurrent
component of the natural Earth’s climate system over the past ten millennia and to

discuss the role of changing climate states for decadal predictability.



90

91

92

93

94

95

96

97

@No rthern

North Atlantic Easterlies
Deep Water Current Sl
P Northern
Westerlies

Gulf Stream

Figure 1. Diss Mere proxy record and regional climatic settings. a) Diss Mere
location (yellow star), regional ocean circulation associated with the Atlantic
Meridional Overturning Circulation (AMOC) and main sea level air pressure centres
in the North Atlantic region today (Supplementary Section 1). Red arrow indicates
warm and salty waters and blue arrows indicates cold and fresh waters. Black
arrows represent westerlies associated with the main mode of atmospheric
circulation, the North Atlantic Oscillation (NAO), and dashed grey arrows show
northern easterlies associated with the Scandinavian blocking; b) aerial photo of
Diss Mere; c) core photo of a 37 cm section of the laminated sediments of Diss

Mere. Depth scale indicates core section depth.

The palaeoclimate proxy record of Diss Mere

Diss Mere (52° 22'N, 1° 6'E; 29 m above sea level) has a sedimentary record for the
last 10,500 years'® (Supplementary Fig. 1). Human activities clearly influence the lake
today (Fig. 1b), but did not have a significant impact on the landscape in the catchment
area until the Iron Age (roughly 2000 years ago) when annual layers (varves, Fig. 1c)

stopped being preserved'® (Supplementary Fig. 1). Varves are well-preserved from
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2.1 to 10.3 thousand years before present (cal. ka BP) and the record is linked to a
very robust chronology with a maximum absolute uncertainty of + 55 years at the
beginning of the Holocene', but more typically in the range = 20-30 years
(Supplementary Section 2; Supplementary Fig. 1). Annual sedimentation is mainly
controlled by limnological processes in response to the annual thermal stratification
and mixing cycle of the water column (Supplementary Fig. 2; Supplementary Fig. 3).
Catchment processes such as runoff have a minimal impact on the lake. Varves
consist of a temperature-induced authigenic calcite layer that precipitates during the
summer; and a detritus lamina made of mainly aquatic organic matter flaments and
planktonic centric diatom blooms deposited in winter. Lake productivity responds to
additional nutrient input from the lake bottom to the photic zone during the winter lake
turnover and favoured by wind speed (Supplementary Section 2; Supplementary Table
1).

The summer (temperature sensitive) and winter (wind speed / storminess sensitive)
layers evolve independently during the Holocene (Fig. 2a), hence the season and
climate driver that control the total varve thickness was changing over time (Fig. 2a).
In other words, although this prevents us from linking the total varve thickness to a
specific climatic variable through the entire Holocene (e.g. air temperature), variations
in varve thickness reflect the annual lake response to climate conditions dominated by
one or other of the two seasons, depending on the time window we look at (Fig. 2;
Supplementary Fig. 4; Supplementary Fig. 5). Despite the seasonal biases, the varve
thickness record provides information about climate conditions at an annual resolution
and is, therefore, ideal for investigating decadal variability in this location.

The AMOC plays an important role in the NA and British Isles climate. This is explained

by heat transport and an atmosphere-ocean coupling over the Southern Greenland
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area with impact on modes of variability such as the AMV and NAO?%2" and their non-
stationary interactions operating in this region?? (Fig. 1a; Supplementary Section 1).
To provide evidence supporting the regional climate signal recorded in the Diss Mere
varve thickness record, an AMOC time series was extracted from a long transient
climate model simulation?® performed with the CCSM3 climate model (Fig. 2b) and
compared with our proxy record. This simulation is forced by changes in orbital
configuration, greenhouse gas concentrations, land-sea mask, ice sheet topography
and meltwater fluxes?*. The Diss Mere varve thickness record is well correlated with
the strength of the AMOC at Diss Mere’s latitude (r = 0.54, p < 0.01; Fig. 2 a, b). Both
the AMOC and the Diss Mere varve thickness record show a multi-millennial gradual
increasing trend over the Holocene, following the Holocene global sea surface
temperature evolution?® (Fig. 2c). In addition, the summer component of the total varve
thickness, represented by temperature-induced calcite precipitation, is well correlated
with the Temperature 12K reconstruction at 30-60°N2%, which includes both marine

and terrestrial records.
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Figure 2. Comparison between the terrestrial palaeoclimate proxy record
in the UK, AMOC and Holocene temperature reconstructions over the
Holocene (10.3 — 2.1 cal. ka BP). a) Varve thickness record from the Lake
Diss Mere, UK (52°N), 10-year averaged in grey, and 100-year averaged in
black. 30-yr average summer (winter) in orange (purple); b) timeseries of the
maximum AMOC at 52°N below 500 m (TraCE-21ka simulation. Maximum
resolution available is 10-year averaged, in grey. 100-year averaged in black.

Data available at: https://www.earthsystemgrid.org/project/trace.html); c) mean

surface annual temperature at 30-60°N based on marine proxy records?®. d)
Comparison between the thickness of the calcite layer in Diss Mere (log scale)
and the Temperature 12k?¢ at 30-60°N, which is based on both marine and

terrestrial proxy records.

Holocene decadal climate variability and major drivers

High predictability can be assumed with either the predominant low-frequency
(decadal timescales) contribution, the presence of spectral peaks, or both'8. To
evaluate the predictable component of the Holocene climate, we applied time-
frequency analysis to the Diss Mere total varve thickness and the thickness of the
seasonal layers (Methods; Fig. 3a; Supplementary Fig. 4; Supplementary Fig. 5). The
Diss Mere spectrograms show significant periodicities on decadal to multidecadal
timescales, which can readily be ascribed to: i) quasi-periodicities of solar activity, 11
(up to 14) years Sunspot cycle and 22 years Hale cycle?’; and ii) the AMV, a 40-88

years oscillatory signals centred in the NA and associated with the AMOC and ocean-
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atmosphere processes® (Fig. 3; Supplementary Fig. 6). These periodicities are
recorded in both the varve and the seasonal layers (Supplementary Fig. 4), supporting
that the varve thickness record contain information of annual climate variability.

The oscillatory signals were not consistent during the entire Holocene (Fig. 3a). Prior
to 9 cal. ka BP, multidecadal to decadal variability responded to cycles of 75 and 22
years only, suggesting that climate behaved in a recurrent way driven by both solar
activity?” and internal variability of the ocean-atmosphere system?®3°. Critically,
however, during the period between 6.8 and 9 cal. ka BP the cyclic signals are much
weaker, even absent, which indicates more irregular climate dynamics. From 6.8 cal.
ka BP to present, decadal-scale variability is again driven by solar activity and internal
ocean-atmosphere forcing, but over a wider range of periodicities than in the early
Holocene (Fig. 3a) suggesting a more complex climate system. This could be
explained by the development of high-pressure systems over the circum-Baltic regions
and eastern Europe as a consequence of the land-sea-ice redistribution associated
with changes in the Scandinavian Ice Sheet and the Baltic Sea®'. Local high-pressure
centres should have resulted in new regional atmospheric patterns and
teleconnections, likely with a more meridional component, like the present

configuration of the sea level pressure centres over the NA and Europe (Fig. 1a).
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Figure 3. Holocene decadal oscillatory signals in the North Atlantic.

a) Maximum entropy spectrogram of the Diss Mere annual varve

thickness record. Solar activity and AMV have been identified as major

drivers of recurrent decadal and multi-decadal variability (significant level

>98%); b) comparison of the AMOC at 52°N (left) and Diss Mere (right)

multi-decadal variability as shown in the maximum entropy spectrograms.

The highest output resolution available for the TraCE-21k AMOC

simulation is decadal and frequencies higher than 0.05 cycle per year (<

20-year cycles) might not detected. The colour bar (power) is represented

in a logarithmic scale. White dashed lines indicate the period of muted

decadal to multidecadal variability in the NA region.
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Centennial-scale variations are consistent during the entire Holocene, except for a
500-yr episode at 8.3-8.7 cal. ka BP (Fig. 3a). This episode coincides with the opening
of the Hudson Bay at 8.5 + 0.2 cal. ka BP and a significant increase in freshwater input
into the NA that could trigger the so-called 8.2 ka event3233, The opening of the Hudson
Bay, the drainage of Lake Agassiz®? and the collapse of the Laurentide ice saddle3
led to major changes in orography, reorganisation of the hydrography along the NE
America margin freshwater pulses to different part of the NA3%-37, and changes in sea
level and regional albedo®8. This resulted in climate instability with impact on the
AMOC?3**#! and regional atmospheric circulation*? for a few millennia. The final
Laurentide Ice Sheet deglaciation is dated at 6.7 + 0.4 cal. ka BP3%43, coinciding with
the activation of the Labrador Sea Water formation that define the current configuration
of the NA circulation** and the onset of consistent decadal climate variability as shown
in this study (Fig. 3a). This scenario connects a cascade of changes in ice dynamics,
ocean circulation and atmospheric responses that led to a new climate state which,
according to our results, had potentially predictive skills on decadal timescales.

The simulated AMOC at 52°N (Fig. 2b) is a scaled version of a maximum strength at
lower latitudes, increasing from its minimum associated with a rapid meltwater pulse
imposed at ca. 8.5 cal. ka BP. From ca. 6.8 cal. ka BP, the AMOC stabilises once the
meltwater flux from the Hudson Strait ceases?*. Like the proxy record, time-frequency
analysis of the AMOC simulation (Fig. 3b, Supplementary Fig. 6) shows a marked
increase in power at interdecadal timescales from 7.4-6.8 cal. ka BP to present. The
oscillatory signal is much weaker prior to that date suggesting that freshwater fluxes
had an impact on both strengthen and decadal variability of the AMOC. The potential

link between muted decadal-scale climate variability and sea ice has been already
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discussed in the last two millennia'45 and the last glacial period*®; and here we add

the role of the Laurentide ice sheet melting into the discussion.

Considerations for decadal prediction research

We present a long-term re-evaluation of evidence for low-frequency climate
oscillations during the Holocene in proxy data, which confirms that decadal climate
variability was actively present during the last seven millennia, providing persistent
predictability to the coupled climate system. However, our study also shows that this
predictable component was vulnerable to changes in continental ice-sheets. Our
findings suggest that the freshwater fluxes following the opening of the Hudson Bay
and the associated hydrographic changes at 8.5 + 0.2 cal. ka BP had a disruptive
effect on the Earth’s climate system. This led to suppressed decadal-scale variability
mediated via impacts on ocean circulation and associated air-sea feedbacks, with
implications for climate predictability in the subsequent two thousand years. Once the
Northern Hemisphere ice cap was stable again at 6.7 + 0.4 cal. ka BP, the Earth’s
climate system reached a new equilibrium state with a marked increase in both the
amplitude of response (Fig. 2) and its variability on decadal to multidecadal scales
(Fig. 3).

A parallelism can be established between the palaeo-evidence presented in this study
around 8.5 cal. ka BP and the near-term future, in which the current and accelerating
melt of the ice-sheets may result in a less predictable climate system. However, there
is still a large uncertainty concerning the possible linkages between Greenland melt
and AMOC"#’, partly due to the spatiotemporal complexity of the NA ocean and its
stability*”48. The estimated GrlS melting rate under a high emission scenario is

equivalent to the freshwater fluxes that triggered the 8.2 ka event*®. However,
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compared to the early Holocene event, the ongoing and future Greenland meltwaters
flow into the coastal areas of Greenland instead of directly into the Labrador Sea**,
which might have a different impact on the AMOC and North Atlantic predictability.
Despite its potentially critical impacts on the climate system, Greenland melt has been
widely neglected in future climate projections and has never been considered in
decadal climate prediction. While challenging due to the relatively poor understanding
of the processes, the lack of adequate long-term observations and the technical
difficulties to simulate their effect, our findings urge considering the impact of GrIS
meltwater fluxes on decadal prediction system, as well as warning of less predictability

when temperatures, but not sea level, have stabilised.
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Methods

Proxy-based methods

Four parallel sediment cores were obtained in September 2016 from the deepest part
of Diss Mere, using a 90 mm diameter UWITEC piston corer (DISS16-A, B, C and D).
Additionally, two gravity cores of 1m length (DISS16-1S and 2S) were collected from
the same area to record the present sediments at the sediment-water interface. The
maximum distance between cores is 5 m. Core DISS16- A (15.2 m of length) is
composed of eight continuous core sections of ca 2 m length and core DISS16-B
(13.28 m of length) is made of seven continuous core sections of ca 2 m. Core A was
recovered from the water/sediment interface whereas core B starts 100 cm below core
A to create an overlap. Cores DISS16-C (7.72 m of length, 4 cores sections of 2 m
long) and DISS16-D (5.81 m of length, 3 core sections of 2 m long) start at 6 m and 7
m of sediment depth, respectively (Supplementary Figure 1). These cores provide two
additional parallel sequences of the varved sediment. The cores were correlated using
a total of 67 macroscopic visible and 129 microscopic marker layers and the best-
preserved sections were combined to construct the continuous composite profile
DISS-16 of 14.5 m length.

Samples for petrographic thin sections were taken from the four piston cores along the

finely-laminated sequence (8.88—-13.15 m of sediment depth). Fresh sediment blocks
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(10 x 2 x 1 cm) were extracted from the open, split core surface with 2 cm overlaps to
enable continuous microfacies analysis, including correlation of marker layers. Thin
sections were prepared according to a standard procedure including freeze-drying and
impregnation with epoxy resin. Detailed microfacies analysis, varve counting, and
varve and sub-varve layer thickness measurements were performed on the
petrographic thin sections using a Leica (M205C) stereo-zoom petrological
microscope with plane- and cross-polarised light, at 80x. Varve counting and varve
thickness measurements were performed for each seasonal layer along the ca 4.2 m
long sequence of varved sediments'®.

Micro-XRF scanning maps (Supplementary Fig.2) were measured on impregnated
sediment blocks used for thin-section preparation. Elemental mapping analyses were
performed in a vacuum chamber at 50 um resolution with a M4 Tornado micro-XRF
scanner. This micro-XRF scanner is equipped with a Rh X-ray source (50 kV, 0.60
mA) in combination with polycapillary X-ray optics, to produce a high intensity
irradiation spot of about 20 ym that allows fast measurement times (30 ms).

Water temperature was measured in situ using two nKe thermistors attached to
sediment traps at 1 m (epilimnion) and 5.5 m (hypolimnion) of water depth from June
2018 to June 2021. Data were recorded every 10 minutes and daily averages were
calculated. The meteorological data was obtained from the Tibenham Airfield
meteorological station (13 km from Diss Mere from 2018-2021).

Simulated AMOC

The “TraCE-21ka” simulation?® uses the palaeoclimate version®' of CCSM3, with a
low-resolution atmosphere (T31) and ocean (gx3v5, roughly 3°). It is coupled with a
sea ice model and a land surface model that incorporates dynamic vegetation.

Greenhouse gas concentration follow ice-core measurements with constant aerosol
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concentrations?*. The ICE-5G reconstruction® is used to define the evolution of the
land-sea mask, ice sheet topography and meltwater fluxes. The AMOC shown is the
maximum meridional overturning stream function below 500 m at the latitude of Diss
Meer (52°N), which is roughly one third of the strength at 30°N. Single-forcing
experiments demonstrate the importance of the imposed meltwater fluxes in defining
the magnitude and timing of changes in the AMOC?4,

Statistical analyses

The correlation between the varve thickness record and the simulated AMOC was
computed on a common temporal resolution (10 years) and resulting in a coefficient
of 0.54. The role of autocorrelation in determining the effective sample size, and hence
the statistical significance, was assessed using an isospectral null model via the
PyleoClim python package®3. The corelation remains statistically significant, but note
this arises from the long-term trends over the Holocene.

Maximum entropy spectral analysis (MESA) is a high-resolution spectral estimator that
has been widely used in geosciences®. It is based on choosing the spectrum that
corresponds to the most random (i.e., unpredictable) time series whose covariance
function coincides with the known values. The solution to choosing the maximum
entropy spectrum is equal to the autoregressive estimator of the power spectrum®.
MESA is especially suitable for estimating the power spectrum of short time series and
thus it is well suited for estimating the spectrogram®6. The power spectrum and the
spectrogram of the varves time series were estimated by using MESA. The power
spectra significance test has been done with a defined confidence level of 95% with
most of the peaks higher than 98%.

Wavelet power spectrum plots were computed using the ‘PyCWT’ package in Python.

The mother wavelet was taken to be a Morlet wavelet with w0 of 6. The power spectra
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significance test has also been done with a defined significance level of 95% (The

power is significant where the ratio power / sig95 > 1)>.

Data availability
The varve thickness data that support the findings of this study are available on

PANGAEA https://doi.pangaea.de/10.1594/PANGAEA.944411. Timeseries data of

the maximum AMOC at 520N below 500 m (TraCE-21ka simulation) are available at:

https://www.earthsystemgrid.org/project/trace.html).
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