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a b s t r a c t

Variability on centennial to multi-centennial timescales is mentioned as a feature in reconstructions of
the Holocene climate. As more long transient model simulations with complex climate models become
available and efforts have been made to compile large proxy databases, there is now a unique oppor-
tunity to study multi-centennial variability with greater detail and a large amount of data than earlier.
This paper presents a spectral analysis of transient Holocene simulations from 9 models and 120 proxy
records to find the common signals related to oscillation periods and geographic dependencies and
discuss the implications for the potential driving mechanisms. Multi-centennial variability is significant
in most proxy records, with the dominant oscillation periods around 120e130 years and an average of
240 years. Spectra of model-based global mean temperature (GMT) agree well with proxy evidence with
significant multi-centennial variability in all simulations with the dominant oscillation periods around
120e150 years. It indicates a comparatively good agreement between model and proxy data. A lack of
latitudinal dependencies in terms of oscillation period is found in both the model and proxy data.
However, all model simulations have the highest spectral density distributed over the Northern hemi-
sphere high latitudes, which could indicate a particular variability sensitivity or potential driving
mechanisms in this region. Five models also have differentiated forcings simulations with various
combinations of forcing agents. Significant multi-centennial variability with oscillation periods between
100 and 200 years is found in all forcing scenarios, including those with only orbital forcing. The different
forcings induce some variability in the system. Yet, none appear to be the predominant driver based on
eography, Stockholm Univer-
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the spectral analysis. Solar irradiance has long been hypothesized to be a primary driver of multi-
centennial variability. However, all the simulations without this forcing have shown significant multi-
centennial variability. The results then indicate that internal mechanisms operate on multi-centennial
timescales, and the North Atlantic-Arctic is a region of interest for this aspect.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In paleoclimate reconstructions, variability on (multi-)centen-
nial time scales is often mentioned as a feature of the climate
system, but the details behind it remain elusive and a matter of
debate (Andresen et al., 2004a, 2004b; Sepp€a et al., 2009; Wanner
et al., 2011). With the outlook on future climate change, variability
on this timescale is of particular interest as the estimated response
to anthropogenic forcing is often simulated until 2100 CE, for
example, in the Coupled Model Intercomparison Project (CMIP6)
(Eyring et al., 2016). Uncertainties in estimations of future climate
change are related to both the difficulty of predicting emission
scenarios and our understanding of the climate system and,
thereby, how well the models can simulate it (Lee et al., 2021). If
oscillations on multi-centennial timescales are a significant feature
of the climate system, it is essential for future mitigation and
adaptation strategies to understand the contribution of natural
variability (Lohmann, 2018).

Examining climate variability on multi-centennial timescales
requires long and well-resolved time series of paleoclimate data
from either proxies or climate models, as even the longest instru-
mental records are too short. The time series need to be detailed
enough to resolve the variability signals and long enough to include
several oscillations, which has been a challenge for general circu-
lation models (GCMs) as they require large amounts of computa-
tional power to simulate long timespans. Previous studies with
proxy-model comparisons of paleoclimate variability using multi-
model ensembles from GCMs have been restricted to simulations
of the last millennium (Fern�andez-Donado et al., 2013; Laepple and
Huybers, 2014b; Dee et al., 2017; Parsons et al., 2017; Ljungqvist
et al., 2019) and only in recent studies have longer transient sim-
ulations been used (Zhu et al., 2019; Sun et al., 2022).

Recently, more long Holocene transient simulations are
becoming available through the Paleoclimate Modelling Inter-
comparison Project 4 (PMIP4) (Otto-Bliesner et al., 2017; Kageyama
et al., 2018) and other independent works. As a result, there is now
an opportunity to study multi-centennial variability (referring to
both single century andmulti-centennial variability in this work) in
greater detail than hitherto possible. In this study, we perform a
spectral analysis on temperature in transient Holocene model
simulations from 9 differentmodels to test whether they reproduce
significant oscillations in the multi-centennial frequency band and
if it emerges as a global or regional signal.

As the motivation for examining multi-centennial variability
originates from paleoclimate reconstructions, analyzing proxy re-
cords alongside themodel data is relevant. Therefore, this workwill
include spectral analysis of 120 proxy records allowing for a model
vs. proxy comparison of the variability signals.

Proposed driving mechanisms of multi-centennial scale vari-
ability have been debated in the scientific literature. Several in-
ternal and external drivers have been suggested (Stuiver et al.,
1995; Wanner et al., 2008; Marchitto et al., 2010). One external
forcing often hypothesized is solar irradiance, as both proxy re-
constructions (Beer, 2000; Bond et al., 2001; De Jager, 2005;
Asmerom et al., 2007; Usoskin et al., 2016; Wu et al., 2018) and
2

modelling of solar variability (Wilson, 2013) show oscillations close
to or coinciding with those from paleoclimate reconstructions.
Others suggested internal mechanisms such as the Atlantic
Meridional Overturning Circulation (AMOC) (Stuiver et al., 1995;
McDermott et al., 2001) and Arctic sea ice (Müller et al., 2012;
H€orner et al., 2017) and generally, it is challenging to distinguish
between internal variability and externally forced variations
(Laepple and Huybers, 2014a). Additional single/differentiated
forcing simulations from fivemodels will be analyzed to discuss the
potential drivers further.

In summary, this work aims to examine the Holocene climate
variability in transient simulations from 9 GCMs to 120 proxy re-
cords with an emphasis on the period of the oscillations, regional
dependencies and discuss the implications for potential drivers.
2. Material and methods

2.1. Proxy records

The proxy records are collected from the “Arctic Holocene Proxy
Climate Database” (AHPC) created by Sundqvist et al. (2014) and
the “Temperature 12k Database” (Temp12k) created by Kaufman
et al. (2020). From these databases, we select records with a reso-
lution of at least 50 years (except for a few representing glacial
parameters). After removing double entries, the proxy ensemble
totals 120 records with an average temporal resolution of 28 years,
distributed over the climate variables seen in Table 1 in the
Appendix.

The proxy records have global coverage with a bias towards the
Northern hemisphere (NH) mid-to high-latitudes, under-
representation in Siberia, South America and Africa and no re-
cords from Australia (see Fig. 1). The details of the individual re-
cords are listed in table 4. As this work aims to study multi-
centennial variability in the Holocene, the records extending
further back than the Holocene have the part older than 10,000 BP
excluded from the analysis to avoid mixing up different climate
regimes and potentially biasing the results. In the quality control
done by Kaufman et al. (2020), a few of the records included in
Sundqvist et al. (2014) are commented on concerning uncertainties
in age estimations and local factors. These records are marked in
table 4 but are still included in the analysis as all except one are still
accepted by Kaufman et al. (2020). There are also comments for
other records in Kaufman et al. (2020), although the comments do
not necessarily provide critique as some just give additional in-
formation. For the specific details on the comments, we refer to the
data published by Kaufman et al. (2020).
2.2. Transient model simulations

The model data from the nine different models are shown in
Table 2 with the experimental setup for each simulation. Because
the simulations are transient, they start from boundary conditions
of the past climate (exact starting time varies) and then simulate
the climate up through the Holocene, based on timevaried values of
different forcings. The simulations are not done specifically for this

http://creativecommons.org/licenses/by/4.0/


Table 1
Climate variables represented in the proxy records.

Terrestrial (number of records) Maritime (number of records)

Air temperature 67 SST 36
Lake surface temperature 3 Sea ice 3
Effective moisture 10
Precipitation 1

Fig. 1. Location of the proxy records with symbols colorized based on the period length of the highest density peak. Base-map derived from Esri (2022).
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collaborative work, so as Table 2 shows, some differences exist in
the transient forcings included in the different models, so a com-
plete forcing scenario or full forcing for each model is not the same
across the ensemble. Time varied solar irradiance is, for example,
only included in CESM1, HadCM3, MPI-ESM, and NNU 12k, while
the rest use a fixed value.

Temperature is the only variable analyzed from the model data,
so the temperature proxies are the most relevant group for the
model-proxy comparison. Proxies mainly reflect temperature
conditions near the surface, so we attempt to make the model data
more comparable by using surface temperature (ts) for AWI-ESM,
CESM1, LOVECLIM, NNU12k, and TraCE. We use the 2 m near sur-
face air temperature (tas) for the other models. As we focus on
climate variability, this is not expected to impact the results in the
frequency domain.

All simulations cover at least 5900 years, with CESM1 being the
shortest with 5900 years, and HadCM3, LOVECLIM1.3, NNU 12k and
TraCE cover at least 10.000 years. NNU 12k and TraCE extend back
to 12,000- and 22,000-years BP, respectively, but only the Holocene
3

part is used for the spectral analysis. AWI-ESM consists of two
separate simulations with a 500-year overlap, and we treat them as
two different outputs throughout the analysis. The annual mean
data from the model output is analyzed for global mean tempera-
ture (GMT) and six latitude bands (90oNe60oN, 60oNe30oN,
30oNe0o, 30oSe0o, 60oSe30oS, and 90oSe60oS) to test for any po-
tential dependencies on latitude.

HadCM3, LOVECLIM, MPI-ESM, NNU 12K, and TraCE are the five
models with additional differentiated forcing simulations with a
total of 14 extra simulations, and for these, we only consider GMT.
As these are not explicitly created to be compared within this work,
they have some differences in the simulation setup. TraCE uses a
single forcing approach while the others have differentiated forcing
setups in the individual simulations. We show the details about
which forcings are included in the different simulations in Table 3.
Since the TraCE simulations originally were more extended, the
single forcing scenarios fix the other forcings at conditions from
around 20.000 BP (exact time varies for different forcings). Hence,
the TraCE single forcing simulations might not be as representative



Table 2
Details of the models used. * Only data from 10.000 to 0 BP is used in the analysis. BP is relative to 1950.

AWI-ESM2 CESM1 EC-Earth-
veg-LR

HadCM3-
M2.1d

IPSL LOVECLIM1.3 MPI-ESM1.2 NNU 12k TraCE

Atmospheric module ECHAM6 CAM5 IFS 36r4 HadAM3 LMDZ ECBilt ECHAM6 CAM5 CAM3
Atmospheric grid 1,875o x

1,875o
3,75o x 3,75o 1,125o x

1,125o
3,75o x 2,5o 2.5o x 1.27o 5,61o x 5,61o 1,875o x

1,875o
3,75o x 3,75o 3,75o x 3,75o

Atmosphere Vertical 47 levels 26 levels 62 levels 19 levels 39 levels 3 levels 47 levels 26 levels 26 levels
Ocean module FESOM2 POP2 NEMO3.6 Gordon et al.

(2000)
NEMO3.6 CLIO MPI-OM POP2 POP

Ocean grid 1o 3o 1o 1,25o x 1,25o 2o 3o x 3o 1,5o 3o 3,6o

Ocean vertical 48 levels 60 levels 75 levels 20 levels 31 levels 20 levels 40 levels 60 levels 25 levels
Sea ice module FESOM CICE4 LIM3 Gordon et al.

(2000)
LIM2 CLIO MPI-OM CICE4 CSIM

Ice sheets PISM Glimmer CISM No ICE-6G No CLIMBER-2 No No ICE-5G
Vegetation Dynamic Dynamic Dynamic Dynamic Dynamic Dynamic

(reduced form)
Dynamic Dynamic Dynamic

Land-surface module JSBACH CLM4 HTESSEL MOSES 2.1 ORCHIDEE VECODE JSBACH CLM4 CLM3
Orbital forcing Berger

(1978)
Berger (1978) Berger

(1978)
Berger (1978) Berger

(1978)
Berger and
Loutre (1991)

Berger
(1978)

Berger (1978) Berger (1978)

Green house gases K€ohler et al.
(2017)

Flückiger et al. (2002) K€ohler
et al.
(2017)

Veres et al.
(2013)

K€ohler et al.
(2017)

Lüthi et al.
(2008)

Brovkin et al.
(2019)

Joos and
Spahni
(2008)

Joos and
Spahni (2008)

Solar irradiance No Vieira et al. (2011) No Vieira et al.
(2011)

No No Krivova et al.
(2011)

Vieira et al.
(2011)

No

Land use forcing No No No HYDE 3.2 þ KK
10

No No Hurtt et al.
(2011)

HYDE 3.2 No

Volcanic eruptions No No No Sigl et al.
(2022)

No No Zielinski
et al. (1996)

No No

Time (years BP) 9000e0 6000e100 8000e0 10000e0 6000e0 10000e0 7949e0 12.000e0* 21.000e0*
Citation Shi et al.

(2020,
2021)

CESM Software
Engineering Group CSEG
(2020)

Zhang et al.
(2021)

Hopcroft and
Valdes (2022)

Braconnot
et al. (2019)

Yin et al.
(2021)

Dallmeyer
et al. (2020)

Sun et al.
(2020)

NCAR (2011)

Hopcroft and
Valdes (2021)

Bader et al.
(2020)
Mauritsen
et al. (2019)

Institution AWI Fudan Uni. Stockholm
Uni.

Uni. Of
Birmingham

LSCE/IPSL Uni. catholique
de Louvain

MPI Nanjing
Normal Uni.

NCAR

Table 3
Forcings included in the differentiated forcing simulations.

Forcing

Orbital Solar irradiance GHG Volcanic Land use Ice sheet Melt water flux

HadCM3 OrbGHGICE x x x
HadCM3 þSol x x x x
HadCM3 þSolVolc x x x x x
HadCM3 þSolVolcHYDE x x x x HYDE 3.2 x
HadCM3 þSolVolcKK10 x x x x KK10 x
MPI-ESM all x x x x x
MPI-ESM OrbGHG x x
LOVECLIM Orb x
LOVECLIM OrbGHG x x
LOVEVLIM OrbGHGICE x x x
NNU 12k ORBIT x
NNU 12k TSI2 x x
NNU 12k LUCC x x
NNU 12k GHG x x
TraCE ORB x
TraCE CO2 x
TraCE MWF x
TraCE ICE x
Trace all x x x x
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of the Holocene as the other three models, e.g., large NH ice sheets
are still present. NNU 12k does not have a simulation with all its
forcings included, so the GHG simulation is chosen to represent this
model alongside the full forcing simulations from the other models.
For HadCM3, the þSolVolcKK10 experiment is used as the full
forcing scenario, and the þSolVolcHYDE includes the same forcings
4

but with a different source for anthropogenic land use. MPI-ESM
has a simple scenario, OrbGHG, with only orbital and greenhouse
gas forcing and a full scenario (labelled all) which also includes
solar irradiance, volcanic eruptions, and anthropogenic land use,
although land use is only partially included in the last 1000 years
(850-1849 CE) of the simulation.
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2.3. Spectral analysis

As multi-centennial variability is the focus of this work, we have
removed the high-frequency noise using a low-pass Butterworth
filter in both the proxies and model data. As the Butterworth filter
works on regularly spaced time series, the proxy data are inter-
polated with an Akima interpolation (Akima, 1970) to a 10 year,
evenly spaced resolution as some of the original records have
irregular sampling intervals. As the orininal resolution of the proxy
records spans from 1 to 50 year, some records are downsampled by
the resolution while others are upsampled by the interpolation.
After the interpolation, the butterworth filter is used to filter out
oscillations with frequencies higher than 20 years. This procedure
is applied to all the records, regardless of the archive or proxy type
to provide a uniform handling of the records in the pre-processing
stage and effectively mainly filter the records where it is necessary
(where the original resolution is better than 20 years). The pro-
cedure does open up for potential interpolation biases, but the
alternative of using different approaches to different proxy types
would not be free of uncertainties either and when the aim of this
study is to compare a large and diverse proxy group (archive and
proxy type, location, record length, etc.) the uniform approach is
chosen.

The model data generally contains more high-frequency vari-
ability than the proxies due to the better temporal resolution and
because some proxies naturally filter climate signals (Evans et al.,
2013; Dee et al., 2015). Therefore, we set the filtering value to 60
years instead of 20 years for the model data, which is found to be
more suitable even though multi-centennial variability can still be
seen with the 20-year filter, as too much spectral density is
distributed over the multi-decadal range, potentially clouding
some of the slower multi-centennial oscillations. The upper part of
the multi-decadal range is still preserved with the 60-year filter
and the detail in the multi-centennial range is better. Therefore the
60-year filter is chosen for the analysis of the model data.

The spectral analysis is done with the program ‘REDFIT’ devel-
oped by Mudelsee (2002) in a version adapted to the R package by
Bunn et al. (2021), which also includes a significance test against
red noise at the 95% significance level. A large amount of data
generate many spectra, and we therefore apply kernel density
distributions to help illustrate the results in the different proxy and
model groups. The kernel density distribution is calculated with a
Fourier transform and linear approximation to estimate the density
at different points (Sheather and Jones, 1991) and thereby how the
significant periods are distributed over the centennial range.

3. Results

3.1. Multi-centennial variability in proxy records

The spectral analysis of the proxy data reveals significant vari-
ability cycles inmost records. Only 10 out of the 120 records contain
no significant spectral peaks. Fig. 1 shows the location of the proxy
records and a colour grouping based on the period of the significant
oscillation. Only the peak with the highest spectral density is
included on the map. Fig. 1 shows no apparent distinction in the
oscillation period based on the geographical location (on a global
scale at least). The same can be said of the 10 records with no
significant oscillations. The different oscillations are not confined to
specific regions, and we find the shortest (50e100 years) and
longest groups (601e1000 years) in both the Northern and South-
ern hemispheres. The same is true for the 10 records that did not
show any significant oscillations. Fig. 1 also shows the number of
records in the different groups of the oscillation period. The two
groups between 101 and 300 are the largest, with 31 and 27 records
5

between 101-200 and 201e300, respectively. We provide the de-
tails of the individual records and their periods in Table 2.

As many records have more than one significant spectral peak,
Fig. 2 shows the distribution of the oscillation periods found in the
proxies, and includes up to three significant peaks per record.
Considering all proxies in one group (Fig. 2a), the most common
oscillation period at multi-centennial timescales is between 100
and 250 years, and the average is 240 years. There are also many
records in the upper part of the multi-decadal range (50e100
years), but the number of significant oscillations longer than 300
years is few in comparison.

The two big groups of climate variables, temperature and SST
(Fig. 2b and c), generally show the same distribution when
considering them individually. However, SST is slightly flatter and
less concentrated around the 100e250 years period. The other
climate variables are too few to make any conclusions on their
distribution, but they are not confined to any specific part of the
multi-centennial range.

As the temperature records are the most extensive group, they
are also made from the highest number of different archives, so
they can be further sub-grouped based on the archive type, as
shown in Fig. 2d. The grouping indicates that the different kinds of
archives contain the multi-centennial oscillation signal, so there is
no indication that the few outlying long oscillations are caused by a
specific archive type, as the four longest oscillations found are from
four different types (speleothems, midden, ice core and peat).

As mentioned earlier, there is a bias toward NH mid-to-high-
latitudes. Despite this, the lack of dependencies on region,
climate variable and archive type for the oscillation period indicates
that multi-centennial variability has indeed been a large-scale
feature of the Holocene climate, according to the proxy evidence.

3.2. Multi-centennial variability in transient model simulations

The evolution of the global mean temperature in transient
simulations is shown in Fig. 3. There is a large spread between the
models of almost 5 �C at 10.000 BP and 4 �C at present. To this point,
it should be noted that some are surface temperature (ts) while
others are near surface air temperature (tas), but neither of the two
groups is consistently warmer or colder. The amplitude of vari-
ability in the different time series also varies between the models,
with EC-Earth showing the highest amplitude up to ~ 0.5 �C and
down to ~ 0.1 �C in LOVECLIM and CESM1. So, despite all being
transient simulations, there are some apparent distinctions be-
tween the models, which could be related to different forcings in
the simulations, and overall model performance, including model
resolution.

The spectra from the full forcing simulation GMT (Fig. 4) show
that all models exhibit significant spectral power in the multi-
centennial range, with most at frequencies corresponding to pe-
riods of 100e200 years. There are some longer oscillations up to
400 years in HadCM3 and CESM1, while AWI-ESM has the peak
with the highest spectral density below 100 years. The other
models have the highest spectral peak in the 100e200-year range.
We also observe significant multi-decadal peaks, indicating the
filter does not dampen the oscillations too much. The exact timing
of the spectral peaks varies between the models alongside the
spectral density. There are differences in the variability signals they
produce, as indicated by their time series in Fig. 3. The overall re-
sults show a good agreement among the models regarding the
presence of significant oscillations of 100e200 years in the GMT.

The spectra for the different latitude bands show significant
peaks at frequencies corresponding to 100e200 years (Fig. 5),
indicating the multi-centennial variability has no obvious de-
pendencies on latitude. Comparing the latitude bands within each



Fig. 3. Global Mean Temperature time series of the full forcing transient Holocene simulations filtered with a 60-year low-pass Butterworth filter. Age before present (BP) is relative
to 1950.

Fig. 2. Length of the significant oscillations found in the proxy data. Up to three spectral peaks are included per record. All records are included on a, b and c are separated into
climate variables, and d is air temperature separated into archive type.

T.G. Askjær, Q. Zhang, F. Schenk et al. Quaternary Science Reviews 296 (2022) 107801
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Fig. 4. Spectra of model GMT from transient Holocene simulations filtered with a 60-year low-pass Butterworth filter. The red Lines show the 95% significance level from red noise.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

T.G. Askjær, Q. Zhang, F. Schenk et al. Quaternary Science Reviews 296 (2022) 107801
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Fig. 5. Spectra from transient Holocene model simulations in different latitude bands, separated into Northern and Southern hemisphere for each model.

T.G. Askjær, Q. Zhang, F. Schenk et al. Quaternary Science Reviews 296 (2022) 107801
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model to each other, we noted the following four points: 1) most
spectral density is distributed over the 90oNe60oN band, which
could indicate extra sensitivities to the variability or potential
driving mechanisms arising from the region. 2) The 60oNe30oN
and 30oNe0o bands generally follow the same trajectory as the
90oNe60oN band, with the 60oNe30oN band always being situated
higher in spectral density. 3) The 60oSe30oS and 30oSe0o bands are
very similar in both trajectory and spectral density for all models,
and therefore have the same variability signals, which could indi-
cate that the drivers and feedbacks affect these two bands in a
similar fashion. 4) The 90oSe60oS band contain subtly different
spectra from the other bands in several models. However, in some
such as EC-Earth and HadCM3, it still follows the same general
trajectories, so there are discrepancies between how the models
reproduce the Antarctic variability. This is also the case when
looking at the spectral density relative to the Northern hemisphere
bands, where it can be either higher or lower than the 60oNe30oN
band, depending on the model. However, it consistently has the
highest spectral density in the SH, which could potentially be
induced by the bipolar seesaw modulated by AMOC strength, if the
variability is NH driven.

The models support the proxies regarding the absence of any
notable latitude dependency upon having significant oscillations at
multi-centennial timescales. There is an indication of the Arctic
being a region of interest for feedback mechanisms or potential
drivers as more spectral density is distributed over this latitude
band. Further investigation of multi-centennial variability in this
region is a highly relevant topic. To this point, it should also be
noted that the cryospheric feedbacks in the Arctic could be a po-
tential source of this increased variability, so these results might
not be surprising.

The spectra from the differentiated forcing simulations in Fig. 6
all show significant peaks at frequencies corresponding to a
100e200-year period. This is also the case in the most basic tran-
sient setup using only orbital forcing. The other forcings all induce
some variability to the system and, in some cases, alter the exact
oscillation period or the trajectory of the spectra, but the multi-
centennial variability is always present. Anthropogenic land use
seems to have a lesser impact than the other forcings, which could
be due to minor change before ~4000 BC. Solar irradiance and
volcanic eruptions alter the spectra, impacting the variability sig-
nals produced as they contribute to multi-decadal variability. In
HadCM3, the volcanic eruptions clearly have a larger impact on
multi-decadal variability than solar irradiance, so this appears to be
an important forcing for the variability in this frequency range,
which is also supported by Mann et al. (2021). However, the results
do not support any of them being the main driver on multi-
centennial timescales. For example, not all the models include so-
lar irradiance, but they still produce significant multi-centennial
variability.

3.3. Proxy-model comparison

To see how the variability in the proxies compares to the model
results, we plot the kernel density distribution of the proxies with
those from the model latitude bands and GMT in Fig. 7 (differen-
tiated/single forcing simulations not included). We created two
kernel density distributions from the proxies, with the dark red
being all proxy records and the pink being only those representing
temperature, as it is the most comparable to the model results.
However, Fig. 7 shows barely any difference between these two,
even though the pink distribution only includes temperature and
the dark red have all the climate variables from the proxy ensemble,
implying that this distinction is not important.
9

The kernel density distributions from the proxies peak at ~120
years, so they are situated very close to those from the model data,
which peak around 100 years on average. The average period for
the proxies is ~240 years, and hence clearly longer than those from
the models, which have an average period of around 130e160
years. In the analysis of the proxies, we also find significant oscil-
lations with periods of up to 1000 years, so this will naturally make
the average higher compared to the models, where only one
oscillation longer than 400 years is found (a 410-year oscillation for
60oNe30oN in HadCM3).

The kernel density distributions from the proxies are flatter than
those from the models, but this is logical when considering the
more diverse origin of the proxy records. Even though the climate
models have their differences in both the model cores and the
forcings included in these simulations, they still share the same
principles that render them more homogeneous. The same cannot
be said for the heterogeneous collection of proxies, where the
natural processes that capture the climatic signal, the way they are
reconstructed, the climatic variable they represent, and their
temporal resolution all differ in the analyzed records. Some dis-
crepancies therefore exist between the proxy and model data, as
the two distributions in Fig. 7 still have their differences, so it is still
possible that somemodes of natural variability are not produced by
the models even with solar irradiance and volcanic forcing.
Combining the oscillations from the models into individual kernel
density distributions (three oscillations from each latitude band
and GMT) in Fig. 8 shows that HadCM3 is the model which distri-
butionmatches best with the proxies, as this is the model that most
consistently produces longer periods in the different latitude
bands. The distribution from MPI-ESM is also oriented more to-
wards longer periods and is the second closest to the proxies in
mean value after HadCM3. As these two models also have the
complete forcing scenarios (see Table 2), with volcanic eruptions,
solar irradiance, and land use, it indicates that these external
forcings still are important to the variability signals, despite not
finding clear evidence of any being the main driver in the differ-
entiated forcing simulations.

Despite some discrepancies between the proxies and individual
models, there is still a good agreement that there is significant
multi-centennial temperature variability globally, with the major-
ity of the oscillations having periods around 100e200 years and a
~100 longer average for the proxies due to the slightly flatter
distribution.

4. Discussion

4.1. Proxy records

Most of the proxy records and all the model data examined with
spectral analysis show significant variability on multi-centennial
timescales, despite having different origins and characteristics.
The proxies show more variety in terms of period lengths with a
more spread-out kernel density distribution in Fig. 7 and longer
periods than in the model data. The proxy records represent a more
diverse data group with the different proxy types and re-
constructions methods used to produce the records, which may
alter how variability is captured. Although this is logical reasoning,
it is not an inevitable fact, as no clear distinction is found between
the different groupings used in the analysis. Also the precipitation
and moisture records only come from the Arctic compilation of
Sundqvist et al. (2014), we cannot attest to the universal nature of
multi-centennial variability in all climate variables. For example, it
may be the case that monsoon rainfall shows no multi-centennial
variability and that the Arctic variability only occurs due to the



Fig. 6. Spectra of GMT from differentiated forcing simulations. The dash line marks the 95% significance level relative to a red noise spectrum. The included forcings in the individual
simulations can be seen in Table 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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strong temperature dependence of snowfall in the region. Further
work would be needed to explore that possibility.

The generic uncertainties related to dating, local factors and
seasonality bias are potential sources of error in this analysis. Age
uncertainty is not assessed in this study, but the analysis relies on
the quality assessment done by Sundqvist et al. (2014) and
Kaufman et al. (2020). As the analysis only depends on the relative
age sequence and not the absolute values and synchronicity
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between the records, it is not expected to be considerable uncer-
tainty in the results. Weaknesses in the chronology would, in this
analysis, mainly obscure the results by adding noise, as we only
examine the existence of low frequencies and not precisely when
they occur and whether they are synchronous or not. Future work
needs to consider the potential temporal changes in the variability
signals in more detail, and here chronological and synchronicity
uncertainties will be even more important to account for.



Fig. 7. Kernel density distribution of the oscillations found in the proxy and model data for the GMT and different latitude bands (up to three spectral peaks per time series). The
dash line marks the mean of the group. All the groups not named proxy are from the model data.

Fig. 8. Kernel density distribution of the oscillations found in the proxy and model data, where all latitudes bands and GMT are combined for each model (up to three spectral peaks
per time series). The dash line marks the mean of the group. The upper part of the proxy distribution (>600 years) is not included, see Fig. 7 instead.
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Uncertainties related to local factors are mainly mitigated in this
work via using a large ensemble of records and focussing on the
general variability evidence. Focussing more on individual records
would require the inclusion of this. The outliers with longer periods
might be related to local factors at these sites.

In the original publications for the individual proxy records,
multi-centennial variability is often mentioned as an apparent
feature in the constructed time series, and it has only been exam-
ined with spectral analysis in a few cases. Generally, the significant
peaks in the original papers are similar to the ones found in this
analysis, but sometimes without complete alignment, as different
methods and approaches are used for the analysis (Staubwasser
et al., 2002; Sarnthein et al., 2003; Helama et al., 2010; Berner
et al., 2008; Ersek et al., 2012; Yu, 2013; Kuhnert et al., 2014).
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Some papers on the proxy records have noted multi-centennial
variability but did not quantify it with statistical analysis (Lamy
et al., 2002; Andresen et al., 2004a, 2004b; Kim et al., 2004,
2007; Williams et al., 2005; Anne de Vernal et al., 2005; Weldeab
et al., 2007; Ojala et al., 2008; Sepp€a et al., 2009; Belt et al., 2010;
Berner et al., 2010; Martin-Chivelet et al., 2011; Larsen et al., 2012;
Balascio and Bradley, 2012; Zhao et al., 2013; Salzer et al., 2014;
Boldt et al., 2015; Shuman and Marsicek, 2016; Baker et al., 2017;
Mezgec et al., 2017). Our analysis now confirms their initial quali-
tative observations. In addition, the periods in this analysis agree
with a proxy study by Taricco et al. (2015), who finds common
oscillations of 100e200 years in 26 proxy records across different
latitudes.
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4.2. Model evidence

The model results in this analysis agree with the proxy-based
study by Taricco et al. (2015) regarding period length and a lack
of latitudinal dependency in showing significant oscillations.
However, the studies based on long transient model simulations to
compare with are limited, as the simulations only recently have
become available. Model performance over such long timescales is
thereby also a relatively new issue. Some of the model differences
in their time series and the spectral density could be related to this.
It could be associated with the different experimental setups,
because these simulations are not created to be a uniform
ensemble. Organised coordination with specific protocols, such as
standard setups with orbital, GHG and ice forcings and a realistic
scenario with volcanic and solar irradiance included, would benefit
studies like this one, as model ensembles are essential to mitigate
model biases and uncertainties.

The TraCE simulations have been available for the longest time.
The simulations have been used in a study by Zhu et al. (2019),
which is the only study with spectral analysis of a transient simu-
lation longer than the past millennium with a GCM. The study by
Zhu et al. (2019) used the entire length of the TraCE simulation and
the spectral peak they identified at 170e180 years is close to 160
years in our analysis (for GMT). Variability at multi-centennial
timescales is also observed (without spectral analysis) in
Braconnot et al. (2019) and Bader et al. (2020), and this analysis
then confirms its presence.
4.3. Potential drivers

Finding the drivers of variability can be difficult, as it is hard to
distinguish between forced variations projected on natural mech-
anisms and internal variability (Laepple and Huybers, 2014a). The
different forcings in the differentiated forcing simulations do alter
the distribution of spectral density slightly (some forcings more
than others) in the individual models. However, no major differ-
ences are observed in having significant oscillations at multi-
centennial timescales. Instead, the exact period lengths change
with the differentiated forcing simulations. This is also the case
with the simulations that only include the slow orbital forcing,
although the amount of spectral density is often situated slightly
lower. The spectral analysis of the differentiated forcing simula-
tions implies that the different forcings induce some variability to
the climate system. Still, none is the primary driver of the multi-
centennial variability, as it is always present.

Internally driven centennial variability is in contrast to some
papers from proxy reconstructions, including some used for this
analysis that suggests solar irradiance be the primary driver (e.g.
Sarnthein et al. (2003); McKay and Kaufman (2014); Salzer et al.
(2014)). The hypothesis of solar-driven variability often stems
from period alignments between climate reconstructions and solar
irradiance. The Suess/De Vries solar cycle, which oscillates with
190e210 years Stefani et al. (2021), is also in good alignment with
the periods found in this analysis, and it is a well-accepted feature
of the sun's behaviour from both proxy studies (Beer et al., 1994;
Beer, 2000; Bond et al., 2001; Ogurtsov et al., 2002; Stefani et al.,
2021) and modelling of the solar system dynamics (Wilson,
2013), so it is still possible that it impacts the variability signals
(Sun et al., 2022).

Solar irradiance is, however, not the only proposed driver as
other internal mechanisms, such as the AMOC (Stuiver et al., 1995;
McDermott et al., 2001; Rimbu et al., 2004; Wirtz et al., 2010) and
Arctic sea ice (Müller et al., 2012; H€orner et al., 2017; Lapointe et al.,
2020) is suggested as potential drivers or at least related feedbacks
12
in other proxy studies. The higher amount of spectral density in the
NH high latitudes found in this analysis indicates the high relevance
of driving mechanisms and/or feedbacks concentrated in this re-
gion. It is plausible that some internal mechanisms operate on
multi-centennial timescales. Several climate modelling studies
using long control simulations attribute the source of multi-
centennial variability to fluctuations of AMOC (Vellinga and Wu,
2004; Park and Latif, 2008; Friedrich et al., 2010; Delworth and
Zeng, 2012; Jiang et al., 2021). Vellinga and Wu (2004) pointed
out that AMOC drives the northward shift of the intertropical
convergence zone (ITCZ), leading to the tropical salinity anomaly
and propagating to the subpolar North Atlantic. Park and Latif
(2008) and Delworth and Zeng (2012) emphasized the impor-
tance of freshwater anomalies from the South Atlantic transporting
northward alongside AMOC. Some studies argue that salinity
anomalies come from the Arctic Ocean dominated by freshwater
exchanges between the Arctic and North Atlantic regions (Hawkins
and Sutton, 2007; Yin et al., 2021). Recently, using simple concep-
tual models, Li and Yang (2022) identified theoretically a self-
sustained multi-centennial mode in the AMOC by introducing an
enhanced mixing mechanism in the subpolar ocean.

The multi-centennial variability may consist of external forcing
and internal mechanisms. If the timing and period lengths do not
always align, it will leave a complex signal when the contributors
go in and out of phase with each other. If that is the case, the
variability signal would be irregular through time. Analyzing the
temporal dependency of the variability would help uncover this
further, as that has not been a part of this analysis and some proxy
time series are characterized by a change of frequency during the
late Holocene (Allan et al., 2018; Bae and Chatzidakis, 2022).
5. Conclusions

This study has first attempted to analyze coherent variability
signals at multi-centennial timescales in transient Holocene model
simulations from GCMs and a compilation of 120 proxy records.
This was done with the aim of finding the overall conclusions
related to period length and potential latitudinal dependencies, as
well as discussing the potential drivers through differentiated
forcing simulations.

Broad scale multi-centennial variability with significant oscil-
lation periods of 100e200 years is evident across both the model
simulations and proxy data, and we found that it is a global signal.
There is, however, more spectral density distributed across the NH
high latitudes, which could be related to extra sensitivity or po-
tential driving mechanisms concentrated in the region.

None of the external forcings is found to be the sole driver of the
variability, which further highlights the importance of future
studies of the Arctic to find potential internal drivers and/or
essential feedbacks. As the external forcings still induce some
variability to the system and variations in solar irradiance are a
well-documented feature of the sun at multi-centennial timescales,
a set of drivers may have impacted the multi-centennial variability
in the Holocene. Volcanic forcing does also contribute to the vari-
ability and increases the spectral density, when included in the
model, so further research is needed to examine potential drivers
more closely and thoroughly. In addition, both themodel and proxy
data vary in their age coverage despite all being located in the
Holocene and the proxies are not synchronized, so further research
into any potential changes in the variability pattern through time
with, e.g., wavelet analysis, is a relevant aspect of both future
research into potential drivers and testing/elaborating on the re-
sults of the analysis of this paper.
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Appendix

Table 4
Details on the proxy records from Sundqvist et al. (2014) and Kaufman et al. (2020) used f
spectral density (only the three highest density cycles). Effective moisture is shortened to
control by Kaufman et al. (2020), it is marked “y” in the “QC com” column.

Record Lat
(�)

Lon
(�)

Elev
(m)

Archive Proxy Max
age

Min
age)

893A 34 �120 �588 Marine d18O 10002 9
Agassiz 81 �73 1730 Ice d18O.ice 11640 0
Alsopahok 47 17 126 Peat pollen 10679 95
Ammersee 48 11 533 Lake d18O 15588 �12
AMP112 80 11 35 Lake alkenones 12353 1145
Arapisto 61 25 133 Lake pollen 8889 0

ARC-3 74 �91 �347 Marine IP25 10021 439
ARC-4 69 �101 �61 Marine IP25 7731 83
Beef Pasture 37 �108 3060 Lake pollen 6025 0
BJ8_03_13GGC �7 115 �594 Marine Mg/Ca 10593 179
Bledowo Lake 53 21 78 Lake pollen 10996 156
Braya Sø 67 �51 170 Lake alkenones 6119 �55

Camp Century 77 �61 1890 Ice d18O.ice 11650 �10
Cape Ghir 31 �10 �900 Marine alkenones 10502 �28
D13882 39 �9 �88 Marine alkenones 13106 442
Devon Ice Cap 75 �83 Ice d18O.ice 20539 39
Devon Island Glacier 75 �83 1800 Lake pollen 8689 �23
Dune Lake 64 �150 134 Lake d13C.bulk 11326 �43
DurvilleTrough �66 139 �746 Marine diatom 10843 1000
Dye-3 65 �44 Ice d18O.ice 11640 �20
EDML �75 0 2892 Ice deterium excess 12992 1193
Eleanor Lake 48 �124 710 Lake BSi 10877 �49
Ennadai-2 61 �101 325 Lake pollen 5392 636
EPICA Dome C �75 123 3233 Ice deterium excess 12978 38
Fauske 67 16 160 Speleothem d18O 7515 �47
Ferndale 34 �96 263 Lake pollen 7362 0
Fiskebølvatnet 68 15 23 Lake mass flux 9495 381

GeoB12605_3 �6 39 �195 Marine Mg/Ca 9710 1335
GeoB3313e1 �41 �74 �852 Marine d18O 6953 13
GeoB5901_2 36 �7 �574 Marine alkenone 9920 1130
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or spectral analysis and their significant periods displayed in the order of the highest
moisture and LST is lake surface temperature. If comments are made in the quality

dt
(yr)

Variable Seasonality Citation Period length
(yr)

QC
com

30 SST Annual Kennett et al. (2007) 230 190 100 y
20 Air temp Annual Vinther et al. (2009) 170 140 80
36 Air temp Annual Zatyk�o et al. (2007) 1000
11 Air temp Annual Czymzik et al. (2013) 350 260 190 y
48 LST Summer van der Bilt et al. (2018) None y
18 Air temp Annual Korjonen and Sepp€a

(2007)
420 320 250

16 Sea ice Spring Vare et al. (2009) 80
17 Sea ice Spring Belt et al. (2010) 70 120
33 Air temp Winter Petersen (1985) 340 y
42 SST Annual Linsley et al. (2010) 190 150 100
41 Air temp Annual Binka et al. (1988) 240 170
44 LST Summer William D’Andrea et al.

(2011)
290 22 y

20 Air temp Annual Vinther et al. (2009) 140 90 y
29 SST Annual Kim et al. (2007) None y
22 SST Annual Rodrigues et al. (2010) 410 530 160
50 Air temp Annual Fisher et al. (1983) 250 210 160
42 Air temp Summer McAndrews (1984) 450 340 160
31 moisture Annual Finney et al. (2012) 190 110
20 SST Summer Crosta et al. (2007) 120 150 90
20 Air temp Annual Vinther et al. (2006) 280 70
9 Air temp Annual Stenni et al. (2010) 120 170 y
19 Air temp Summer Gavin et al. (2011) 170
31 Air temp Winter Nichols (1975) 420 320 250
19 Air temp Annual Stenni et al. (2010) 90 110 y
26 Air temp Annual Linge et al. (2009) 250 160 110
50 Air temp Winter Marsicek et al. (2018) 160
27 moisture Annual Balascio and Bradley

(2012)
140 170 70

28 SST Annual Kuhnert et al. (2014) 180 90
46 SST Annual Lamy et al. (2002) 610 370 310 y
20 SST Annual Kim et al. (2004) 130

(continued on next page)



Table 4 (continued )

Record Lat
(�)

Lon
(�)

Elev
(m)

Archive Proxy Max
age

Min
age)

dt
(yr)

Variable Seasonality Citation Period length
(yr)

QC
com

GIK17940_2 20 117 �1727 Marine d18O 41107 14 28 SST Annual Pelejero et al. (1999) 570 400 330
GiK18515_3 �4 119 �688 Marine Mg/Ca 26421 214 50 SST Annual Schr€oder et al. (2016) 850 500 85 y
GIK23258e2/3 75 14 �1768 Marine d18O.foram 13987 0 35 SST Summer Sarnthein et al. (2003) 240 290 140
GISP2 73 �38 3216 Ice d18O.ice 49981 95 31 Air temp Annual Alley (2000) 950 150 90 y
Graham 45 �77 381 Lake pollen 10980 1 39 Air temp Summer Fuller (1997) 180 80
Great Basin 38 �117 0 Tree TRW 4524 �56 1 Air temp Summer Salzer et al. (2014) 110 70
Grenadier 44 �79 76 Lake pollen 4631 �27 44 Air temp Annual McAndrews (1984) 270 140
GRIP 72 �38 3230 Ice d18O.ice 32380 �20 20 Air temp Annual Vinther et al. (2006) 90
Hallet Lake 62 �146 1128 Lake OM, BSi 7913 �52 35 Air temp Summer McKay and Kaufman

(2009)
None

Haukdalsvatn 65 �21 32 Lake d13C.bulk 10000 �1 3 Air temp Summer Geirsd�ottir et al. (2013) 240 140 y
High 45 �77 192 Lake pollen 10566 0 41 Air temp Winter Fuller (1997) 130 90
Holzmaar 50 7 425 Lake pollen 10881 �23 40 Air temp Winter Litt et al. (2009) 170 240 110 y
Hurleg lake 37 97 2817 Lake alkenones 8661 481 42 Air temp Summer Zhao et al. (2013) 110 80
Hvitarvatn 65 �20 422 Lake BSi, d13C.bulk 10181 �38 6 Air temp Summer Larsen et al. (2012) 330 260 170 y
Jinchuan Peat Bog 42 126 600 Peat d18O 5752 20 24 Air temp Summer Yu (2013) 240 120 80
JR01 70 �95 120 Lake chironomids 6916 �24 43 LST Summer Fortin and Gajewski

(2016)
240 170 110

Kaite Cobre Mayor 43 �4 1173 Speleothem d13C 3899 �50 3 Air temp Annual Martin-Chivelet et al.
(2011)

None

Kinderlinskaya Cave 54 57 240 Speleothem d18O 11704 �50 9 Air temp Winter Baker et al. (2017) 90
KNR166_JPC26 24 �83 �546 Marine Mg/Ca 34490 640 10 SST Annual Schmidt and Stieglitz

(2011)
None

KNR166_JPC51 24 �83 �198 Marine d18O 9149 1488 25 SST Annual Schmidt et al. (2012) 200 100 70
KNR195_5_CDH23 �4 �81 �370 Marine alkenones 14094 1273 33 SST Annual Bova et al. (2015) 90
Komsomolskaia �74 97 3499 Ice dD 14934 0 17 Air temp Annual Ciais et al. (1992) 550 370 250
Kortlandamossen1 60 12 112 Peat humification

index
9759 226 45 moisture Annual Borgmark and

Wastegård (2008)
380 300

Kurupa Lake 68 �155 920 Lake chlorophyll 5594 �53 3 Air temp Summer Boldt et al. (2015) 440
Lac Aurelie 50 �74 440 Lake chironomids 8282 �19 47 Air temp Summer Bajolle et al. (2018) 280 240 140
lapland 69 25 Tree width 7450 �55 1 Air temp July Helama et al. (2010) 80 260 310
Le Grand Lemps 45 5 680 Peat pollen 10964 �4 28 Air temp Summer Beaulieu (2006) 560 390
Leviathan 38 �116 2400 Speleothem d18O 13308 �60 5 Air temp Annual Lachniet et al. (2014) 430 240 150
Lingreville 49 �2 5 Marine pollen 4000 �34 29 Air temp Annual Billard et al. (1995) 340 y
LO09e14 59 �30 Marine diatoms 10976 368 32 SST August Berner et al. (2008) 230 150 190
Lone Spruce Pond 60 �159 135 Lake BSi 14524 �5 40 Air temp growing Kaufman et al. (2012) 140
M39008_3 36 �7 �577 Marine d18O 21497 875 38 SST Annual Eynaud et al. (2009) None
M40-4-SL78 37 13 �470 Marine alkenones 11380 20 40 SST Annual Emeis and Dawson

(2003)
420 320 260 y

MD02_2515 27 �112 �881 Marine GDGT 24989 6825 47 SST Annual McClymont et al. (2012) 160 60 100
MD03_2707 3 9 �1295 Marine d18O 155420 360 40 SST Annual Weldeab et al. (2007) 140 190 90
MD95e2011 67 8 �1048 Marine d18O.foram 6026 �45 15 SST August Berner et al. (2010) 720 60 y
MD97_2141 9 121 �3633 Marine d18O 146440 4286 44 SST Annual Rosenthal et al. (2003) 300 150 90
MD98_2161 �5 117 �1185 Marine d18O 25046 �6 34 SST Annual Fan et al. (2018) 370 300 240
MD98_2176 �5 133 �2382 Marine d18O 20333 126 43 SST Annual Stott et al. (2007) 280 360 190
MD98_2178 4 119 �1984 Marine Mg/Ca 25014 1630 24 SST Annual Fan et al. (2018) 210 90 110
MD98_2181 6 126 �2114 Marine Mg/Ca 21869 3 36 SST Annual Stott et al. (2007) 280 200 150 y
MD99e2269 67 �21 Marine diatoms 11477 �16 37 SST August Justwan et al. (2008) 470 250 190 y
MD99e2284 62 1 �1500 Marine foraminifera 11996 998 24 SST Annual Risebrobakken et al.

(2003)
420 320 250 y

Meerfelder Maar 50 7 336,5 Lake pollen 10990 163 20 Air temp Annual Litt et al. (2009) 150 80 y
Midden Cluster 1 38 �110 1835 Midden macrofossils 15211 0 27 Air temp Annual Harbert and Nixon

(2018)
900 y

Milandre Cave 47 7 491 Speleothem dD 13923 �20 35 Air temp Annual Affolter et al. (2019) 280 210 170
Minnetonka Cave 42 �112 2347 Speleothem d18O 11122 7 7 Air temp Winter Lundeen et al. (2013) None y
Mj�auv€otn 62 �7 200 Lake XRF, d13C 11611 �40 13 Air temp Annual Olsen et al. (2010) 210 180 130
Moose Lake 61 �144 437 Lake chironomids 6008 �20 47 Air temp July Clegg et al. (2010) 280 180 60
MSM5/5e723e2 79 5 �1349 Marine IP25 7010 180 35 Sea ice Spring Müller et al. (2012) 290 180
MV99_PC14 25 �113 �541 Marine Mg/Ca 13812 2222 42 SST Annual Marchitto et al. (2010) 740 180 270
N14 60 �44 101 Lake BSi 14377 320 22 Precipitation Annual Andresen et al. (2004b) 110
Nattmålsvatn 69 17 170 Lake MS 10956 1101 23 moisture Winter Janbu et al. (2011) None
NAUJG1-1 67 �52 300 Lake mineral content 9498 429 13 Air temp Summer Willemse and T€ornqvist

(1999)
110 80 y

Nautaj€arvi 62 25 103,7 Lake pollen 8998 51 37 Air temp Annual Ojala et al. (2008) 400 250 130 y
Sepp€a et al. (2009)

Nerfloen 62 7 938 Lake multi-
proxy_PC_score

7775 �20 50 moisture Winter Vasskog et al. (2012) 430 220

NGRIP 75 �42 2917 Ice d18O.ice 41700 �40 20 Air temp Annual Vinther et al. (2006) 120 70 y
OregonCaves 42 �123 1390 Speleothem d18O 7992 234 3 Air temp Winter Ersek et al. (2012) None y
P1003 64 5 �875 Marine d18O.foram 7881 �48 5 SST JAS Sejrup et al. (2011) 900 60
P1B3 74 �163 �201 Marine dinocyst 9626 126 50 SST Summer de Anne de Vernal et al.

(2005)
650 250

Path Lake 44 �65 15 Lake pollen 9121 7 43 Air temp Annual Neil et al. (2014) 160 140 290
PC6 40 144 �2215 Marine alkenones 27018 325 41 SST Annual Minoshima et al. (2007) 160 120 90
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Table 4 (continued )

Record Lat
(�)

Lon
(�)

Elev
(m)

Archive Proxy Max
age

Min
age)

dt
(yr)

Variable Seasonality Citation Period length
(yr)

QC
com

Penny Ice Cap 67 �67 1900 Ice d18O.ice 11787 �33 10 Air temp Annual Fisher et al. (1998) 120 80
Plateau Remote �84 43 3330 Ice d18O 3955 5 10 Air temp Annual Mosley-Thompson

(1996)
240

Praz Rodet 47 6 1040 Peat pollen 10680 �43 43 Air temp Winter Shotyk et al. (1997) 90
Renland 71 �27 2350 Ice d18O.ice 11650 �10 20 Air temp Annual Johnsen et al. (1992) 130 80
Rystad 1 68 14 40 Peat humification

index
8793 �158 30 moisture Annual Vorre et al. (2012) 560 340 160

Saegistalsee 47 8 1940 Lake pollen 8948 �41 35 Air temp Annual Wick et al. (2003) 380 230 170
Sahara Sand

Wetland
48 88 2450 Peat d13C 11030 �25 37 Air temp Summer Rao et al. (2019) 390 230 180

Sellevollmyra 69 16 0,75 Peat humification
index

6852 455 50 moisture Annual Vorren et al. (2007) 210 170

SFL-1 67 �50 247 Lake OM 7400 12 12 Air temp Summer Willemse and T€ornqvist
(1999)

220 110 160

Sharkey 45 �93 308 Lake pollen 13038 634 31 Air temp Annual Shuman and Marsicek
(2016)

130 90

Siple Dome A �82 �149 621 Ice melt layer 11705 1 1 Air temp Summer Das and Alley (2008) 650 280
SO189_039 KL �1 100 �517 Marine d18O 45330 410 50 SST Annual Mohtadi et al. (2014) 420 330 190
SO90_56 KA 25 66 �695 Marine alkenones 4883 6 17 SST Annual Doose-Rolinski et al.

(2001)
420 320 250 y

SO90_63 KA 25 66 �316 Marine d18O 12754 �40 13 SST Annual Staubwasser et al. (2002) 90
South Island �42 172 990 Speleothem d18O 29876 508 25 SST Annual Williams et al. (2005) 240 300 160 y
Spannagel 47 12 2524 Speleothem d18O 9931 �13 2 Air temp Annual Fohlmeister et al. (2013) 60 y
SS1381 67 �51 196 Lake OM.flux,

mineral.flux
8429 46 48 moisture Annual Anderson et al. (2012) 340 210 180

Starvatn 62 �7 94 Lake flux grains, BSi 11077 1521 43 Air temp Winter Andresen et al. (2004a,
2004b)

530 290 200

Søylegrotta 67 14 280 Speleothem d18O 9955 137 42 Air temp Annual Lauritzen and Lundberg
(1999)

750 550 110

TALDICE �73 159 2315 Ice d18O 12015 �41 18 Air temp Annual Mezgec et al. (2017) 180 100 60
TN057e17 �50 6 �3700 Marine diatom 12563 0 45 SST Summer Nielsen et al. (2004) 420 320 250 y
Tornetr€ask 68 20 400 Tree width 7356 �47 1 Air temp JJA Grudd et al. (2002) 310 420 250
Unit Lake 59 �97 294 Lake ARM/IRM 8752 �61 44 moisture Annual Camill et al. (2012) None
Vikjordavatnet 68 14 23 Lake OM.flux 11643 355 42 Air temp Annual Balascio and Bradley

(2012)
180 140 310

Vostok �79 108 3488 Ice dD 9840 0 20 Air temp Annual Vimeux et al. (2002) 250 120 90 y
WAIS Divide �79 �112 1806 Ice hybrid-ice 67771 �56 2 Air temp Annual Cuffey et al. (2016) 640 400
Wilder See beim

Ruhestein
49 8 910 Lake pollen 9644 387 30 Air temp Annual R€osch (2009) 260 210 130

Wolverine Lake 67 �159 Lake MAR 7407 24 33 moisture Annual Mann (2002) 60
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