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Changes in climate variability are as important for society as are changes in mean climate!.
Contrasting last Glacial and Holocene temperature variability can provide new insights into
the relationship between the mean state of climate and its variability>3. However, although
glacial-interglacial changes in variability have been quantified in Greenland?, a global view
remains elusive. Here, we present the first quantitative reconstruction of changes in temper-
ature variability between the Last Glacial Maximum and the Holocene, based on a global
network of marine and terrestrial temperature proxies. We show that temperature variabil-
ity decreased globally by a factor of 4 for a warming of 3-8 °C. The decrease displayed a
clear zonal pattern with little change in the tropics (1.6-2.8) and greater change in the mid-
latitudes of both hemispheres (3.3-14). In contrast, Greenland ice-core records show a re-
duction of a factor of 73, suggesting a proxy-specific overprint or a decoupling of Greenland
atmospheric from global surface temperature variability. The overall pattern of variability

reduction can be explained by changes in the meridional temperature gradient, a mechanism
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that points to further decreasing temperature variability in a warmer future.

There is scientific consensus that the mean global temperature has been rising over the instrumental
era*. However, whether this warming has caused surface temperatures to become more® or less®’
variable, and how this variability will change in a warmer future, remain topics of debate. Here we
use paleoclimate proxy data to quantify changes in temperature variability before and after the last
major transition in global mean climate: the 3-8 degree warming® from the Last Glacial Maximum
(LGM, around 21,000 years (21 kyr) ago) into the current warm period of the Holocene (Fig. 1).
The magnitude of temperature change during this transition is in the same range as that projected

for the coming centuries®.

The global spatial pattern of the mean LGM-to-Holocene temperature change has been es-
tablished through numerous studies®~'°. However, except some studies on changes of interannual
climate variability in the tropics'!, our current understanding of variability changes is largely based
on the stable oxygen isotope records of the high-resolution central Greenland ice cores'. The lat-
ter, which are interpreted as proxy for temperature'?, show that the last Glacial appears to have
been not only cold but also highly variable on decadal to millennial timescales*?. This finding is
not limited to the magnitude of distinct events, such as the Heinrich stadials (i.e. cold periods in
Greenland) or the abrupt transitions into the Dansgaard-Oeschger (DO) interstadials. It also holds

for the background variability during the LGM (Fig. 1b).

Consequently, glacial climate has been characterized as highly variable®* whereas the Holocene
is commonly described as a stable and quiescent period. The large reduction in variability was
proposed to have supported human dispersal throughout Europe'* and cultural evolution'>. How-
ever, the evidence for an exclusively stable Holocene climate — beyond that of Greenland ice-core
records — is unclear, particularly since other proxy records for temperature in and outside of Green-

land suggest considerable variability during the Holocene!®!”.
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In this study, we derive the first quantitative estimate for global and regional change in tem-
perature variability between the LGM (27-19 kyr ago) and the Holocene (8-0 kyr ago) based on
high-resolution paleoclimate proxy records for temperature (Fig. 1a). These time periods represent
rather stable boundary conditions with minimal changes in ice-sheet size and sea level. Further-
more, our LGM time window only contains one small DO-event, thereby enabling us to focus our
analysis on the glacial background state. We compile two global datasets (Methods). The first
(’joint’) dataset contains 28 records which cover both the LGM and the Holocene. We estimate the
variability change from the LGM-over-Holocene variance ratio separately for each record and thus
independently of calibration uncertainties, as long as the calibrations are constant over time. This
is a reasonable assumption as state-dependent calibrations have only been proposed for Green-
landic ice cores'® and we take this into account. Analyzing variance ratios from single cores also
minimizes site-specific effects on the estimates such as ecological preferences of the organisms
recording the climate signal or bioturbation of marine proxies (Methods). The more extensive sec-
ond dataset (‘separate’) contains 88 records for the Holocene and 39 for the LGM. Here, we first
derive zonal mean estimates of temperature variability for each time slice and then form the ratio.
All proxy types for which multiple calibrations exist were recalibrated using a single temperature
relationship for each proxy type and region. For both, the joint and the separate dataset, we quan-
tify the variability change as the ratio of variance at timescales between 500 and 1750 years in the
spectral domain using a method that is insensitive to changes in the temporal sampling. We cor-
rect the ratio for the effects of non-climate variability in the proxy records based on independent

estimates of the proxy signal-to-noise ratio (Methods).

All three Greenlandic ice-core records display large variability changes, with an average
LGM-to-Holocene variance ratio R = Vigm/ Vi 0f 73 (90 % confidence interval (c.i.) of 50-112,
Fig. 2a). In contrast to this drastic reduction, the area-weighted average variability change for

the rest of the globe is far lower: The separate estimate indicates a decrease in variability by a
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factor of 7.0 (c.i. 2.2-16). The large uncertainty range is due to the combination of many different
proxy records affected by potential site-specific effects such as differing seasonal responses. The
magnitude of change is confirmed by the joint dataset, which offers a more precise estimate of
R = 4.4 (ci. 2.5-6.6) by circumventing these complications. Together, these datasets suggest a
significantly lower (p < 0.01) variability change outside of Greenland than is found in Greenlandic
ice-core records. The discrepancy also cannot be reconciled by considering a potentially lower
quality of marine-based temperature reconstructions (Methods). This observation suggests that
Greenlandic ice-core records cannot stand in as a sole reference for climate variability, particularly

concerning the amplitude of change.

The spatial pattern of variability change (Fig. 2b—d) shows a distinct latitude-dependency
(Fig. 3a). A small, yet statistically significant, change can be found in the tropics (20 °S-20 °N,
R = 2.1 (c.i. 1.6-2.8)). The mid-latitudes (20-50°S, 20-50°N) show a moderate decrease in
variability from the Glacial to the Holocene by a factor of 5.4 (c.i. 3.3-10) and 11 (c.i. 8.0-14).
The polar regions (50-90 °N/S) are only represented by Greenlandic and Antarctic ice-core records
and reveal an asymmetric pattern: the Greenland change is the highest globally, whereas Antarctica
displays only a small change (R = 2.5 (c.i. 2.0-3.2)), comparable to that in the tropical ocean.
Intriguingly, West Antarctic ice cores show a stronger variability change than do ice cores from
East Antarctica (Fig. 2d), a finding that is similar to the West—East contrast in the response to
anthropogenic forcing!®. The estimated pattern of variability change is similar for multicentennial
and millennial timescales (Extended Data Fig. 1), showing that our finding is not limited to one
specific frequency band. It further suggests only a minor influence of the DO-event included in the

LGM time slice.

The LGM equator-to-pole surface air temperature gradient was larger than in the Holocene,

as the high latitudes warmed more than the tropics since the LGM!° (Fig. 1a and 2b). Furthermore,
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the land—sea contrast in mid-high latitudes was stronger in the LGM as a relatively warm open
ocean contrasted with the partly ice-covered land, and changing sea-ice cover affected both the
meridional and zonal temperature gradients®. Atmospheric temperature gradients are a primary
driver for local temperature variability on synoptic timescales. Accordingly, changes of spatial
gradients due to mean climate changes have been proposed to control variability changes?!?2.
Hence, steeper temperature gradients in the LGM may have led to increased synoptic variabil-
ity. Describing climate variability as the linear response to stochastic weather forcing integrated
by the slow components of the climate system, such as the ocean®, this directly relates to an
increase of variability on interannual to millennial timescales®*. Indeed, contrasting the change
in the atmospheric equator-to-pole temperature gradient — as estimated from a combined model-
data temperature reconstruction’ — with the estimated change in variability (Fig. 3b, Extended
Data Fig. 2) reveals a consistent pattern on a global scale (r = 0.44, p = 0.02) although the
high variability reconstructed for Greenland appears as an outlier (Fig. 3b). This gradient-versus-
variability change relationship also holds for the heterogeneous pattern of temperature variability
change over Antarctic land surfaces (Fig. 2d), although the quality of the gradient estimates on
this regional scale is unclear. A reconfiguration of the large-scale oceanic circulation could also
drive temperature variability changes. Perturbation experiments in climate models suggest that the
Atlantic Meridional Overturning Circulation (AMOC) may have been less stable in the LGM than
in the Holocene?, and the temperature response to a varying AMOC that modulates the oceanic
poleward heat flux shows a first-order pattern®® that is consistent with our estimated variability
changes (Fig. 3). However, there is no evidence that the imprint of AMOC modulations should be

greater on Greenlandic air temperatures than on any other North Atlantic region.

The general meridional pattern is thus consistent with both synoptic atmospheric and oceanic
contributions to the variability change. However, neither contribution can explain the considerably

stronger variability change found in the oxygen isotope records from Greenlandic ice cores, which
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is 15-times stronger than the global mean, a polar-to-global variance change that is much larger
than the observed polar amplification during the 20th Century*. Additionally, the resultant asym-
metry between Greenlandic and Antarctic variability change contrasts with the rather symmetrical
polar amplification simulated by climate models for past and future climate states?®. The specific
discrepancy for the Greenlandic records thus points either to a decoupling of Greenlandic temper-
ature variability from global surface temperature variability, for example due to the altitude of the
ice sheet representing close to mid-tropospheric atmospheric conditions, or to strong influences on

the isotopic composition of Greenlandic ice cores beyond the local site temperature.

Sea-ice changes have been linked to temperature variability changes on interannual to decadal
timescales’, and may also contribute to the uniqueness of the Greenlandic variability estimates.

t?0, and the increased area favored increased

The glacial sea-ice extent was larger than at presen
sea-ice variability on centennial timescales, a change that is corroborated by proxy-based sea-ice
reconstructions (Extended Data Table 1). A large sea-ice lid shields more ocean heat from the
atmosphere, reduces the effective heat capacity at the surface, and thus also renders local tem-
peratures more volatile under the same forcing. Furthermore, a larger sea-ice area can change
more, which amplifies temperature variability on the Greenland ice sheet through atmospheric
feedbacks?’. Sea-ice-extent changes also influence the seasonality of snow accumulation on the

t28 which can strongly impact the ice-core isotopic composition?®. Fur-

central Greenland ice shee
thermore, changes in the moisture pathways as an atmospheric response to the large Northern
Hemisphere ice sheets could also have caused changes in isotope variability unrelated to local

temperatures>’.

On the interannual to multidecadal scale, the surface temperature variability ratio in cou-
pled model simulations from PMIP3 confirms the overall reduction in temperature variability from

the LGM to the Holocene (Methods, Extended Data Fig. 3). The spatial pattern is similar, but
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the magnitude of change is smaller (R = 1.28 (1.25-1.30)), suggesting either a difference in the
partitioning of variability between fast and slow timescales, or that the models suppress long-
term climate variability!” and thus do not display realistic variability changes. The tendency of
coupled climate models to underestimate changes in the meridional temperature gradient®® might
also contribute to this discrepancy. To establish to what extent variability change is uniform across

timescales, as predicted by linear energy balance models?**

, or is specific to certain timescales re-
lated to dynamic modes in the climate system, variability estimates at decadal to centennial scales
are needed. Possibilities include annually laminated sediment records or a better understanding
of non-climate effects on ice-core records to enable reliable high-resolution reconstructions. The
PMIP3 climate model results also suggest that the temperature variability change in Greenland is
not larger than elsewhere. Therefore, it is paramount to establish whether the Greenlandic vari-
ability change is indeed a change in local temperature variability or specific to the oxygen isotope
proxy for temperature. The representativeness of Greenlandic isotope variability for Arctic and
global temperature variability could be clarified using non-stable-water-isotope proxies for tem-

perature in Greenland'®, more data from across the Arctic, and climate modeling with embedded

water-isotope tracers.

Our results bear implications for the understanding of past and future climate variability.
The reconstruction reveals that temperature variability decreased globally by a factor of 4 for a
warming of 3-8 °C from the LGM to the Holocene. This decrease is small compared with the
73-fold reduction estimated for Greenland, and indicates that the variability change recorded by
Greenlandic ice cores is not representative of variability changes across the globe. In terms of the
magnitude of variability, these iconic datasets thus do not provide a reference for global climate
changes as is often implicitly assumed. Consequently, we have to rethink the notion of an unstable
Glacial and a very stable Holocene and their implications for societal evolution. Whilst a direct

extrapolation from the Glacial to the future would not be prudent, it is reasonable to assume that



147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

the mean-change-to-variability-change relationship holds, given our mechanistic understanding of
the drivers and the direction of future changes in the temperature gradient. Our findings thus add
support to climate modeling studies that predict a reduction in winter temperature variability under
global warming via reduced spatial gradients?"?>. Our results further suggest that this variabil-
ity (which dominates annual-mean temperature variability), might also translate to a reduction of
multidecadal and slower variability’. More high-resolution records of glacial climate, continued
quantification of recording and preserving processes of paleoclimate signals, and an extension of
similar analyses to other climate states will help to further constrain the mean-state dependency of

climate variability.
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Main text figure captions

Figure 1

Proxy records for temperature. a, Site locations (symbols) and mean LGM-to-Holocene tem-
perature change (background). The temperature change, estimated from climate model and proxy
data’, refers to the Pre-Industrial (1850 AD) but is used as a surrogate for the Holocene time slice
since we are only interested in the first-order pattern of the deglaciation. b, Greenland NGRIP
ice-core 0802 (black, expressed in %o with respect to Vienna Standard Mean Ocean Water) with
millennial trend (blue) and bandpass-filtered temperature (0.5—1.75kyr~*, red) for Holocene and
LGM (grey lines in background show full record). ¢, Mg/Ca-ratio-inferred sea surface temperature

from tropical marine sediment record S0O189-39KL>3', colors as in b.

Figure 2

Global LGM-to-Holocene variability and temperature gradient change. a, Distribution of the

11
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globally averaged area-weighted LGM-to-Holocene variance ratio (without Greenland; red denotes
the joint dataset, orange the separate dataset), and the regional Greenland variance ratio (black).
Note that for visibility the Greenland density estimates are on a separate y-axis. b—d, LGM-to-
Holocene proxy-derived variance ratios (symbols, bottom color scale) and modelled temperature
gradient change® (background, right color scale, details in Methods) for the globe (b), Greenland

(¢) and Antarctica (d).

Figure 3

Latitudinal structure of LGM-to-Holocene variability and mean changes. a, Zonal mean vari-
ability change from the proxy compilations (red barplots denote the joint, orange points the sepa-
rate estimate). b, Latitude dependence of the equator-to-pole temperature gradient change. Shown
are the 5-point smoothed zonal mean gradient change (black line) together with the gradient change
at the proxy locations (black squares), compared to the individual proxy estimates of the variability
change (red dots). Red and green shading denotes the 90 % confidence interval of the global mean
variance change without Greenland and of the mean Greenland variance change. ¢, Zonal mean

temperature change’. All error bars are 90 % confidence intervals.

Methods

Proxy data for variability estimates For the variability analyses we collected all available proxy
records for temperature that fulfilled the following sampling criteria. To be included, a record
had 1) to be associated with an established, published calibration to temperature and 2) cover
at least 4 kyr in the interval of the Holocene (8—0 kyr ago) and/or the LGM (27-19 kyr ago) at
3) a mean sampling frequency of 1/225yr~! or higher. Our definition for the LGM time slice,
based on previously published starting®?> and end'® times, covers the coldest part of the last Glacial

with the most stable boundary conditions while maintaining the same period duration as for the

12
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Holocene section. All proxy time series which fulfil the sampling criteria for both time intervals
are included in our primary ‘joint’ dataset. All time series which fulfil the criteria only for one of
the two intervals are included only for this period (‘separate’ dataset). This dataset consequently
also includes all records from the joint dataset. All selected records are listed in the Supplementary
Information along with the time intervals for which they were included. Extended Data Table 2

summarizes the individual variance ratio estimates for the joint dataset.

Model-based estimates for the temperature gradient and variability change Changes in tem-
perature gradient between the LGM and the Holocene were estimated based on the LGM-to-Pre-
Industrial (PI) temperature anomaly derived by Annan and Hargreaves®, which is based on proxy
and model data from the Paleoclimate Model Intercomparison Project Phase 2 (PMIP2). The
equator-to-pole temperature gradient change was calculated from the temperature anomaly differ-
ences between adjacent gridboxes in poleward direction, thus North relative to South, divided by
the meridional gridbox extent (222 km) and normalized to 1000 km. The model-based LGM-to-
Holocene variability change estimate was derived from surface (2 m) air temperature output for
the LGM and PI simulations available through the Paleoclimate Model Intercomparison Project
Phase 3 (PMIP3-CMIP5) archives. Model simulations were included from the CCSM4, CNRM-
CMS, FGOALS-g2, GISS-E2-R, IPSL-CM5A-LR, MIROC-ESM, MPI-ESM-P and MRI-CGCM3
models. For each model, the last 100 years of the archived simulations were used to estimate tem-
perature variance fields. The fields of the ratio of variances were then regridded to a common T63
resolution to form model-mean ratio of variances (Extended Data Fig. 3). We use the PI model re-
sults as a reasonable surrogate for the Holocene time slice since we are interested in the first-order

patterns of the gradient and variability changes which are governed by the deglaciation.

Temperature recalibration of proxy records Marine and ice-core records were recalibrated us-

ing a single temperature relationship for each proxy type and region to minimize the calibration-
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dependent uncertainty for variability estimates based on the separate dataset. Terrestrial records
based on lacustrine sediments, pollen and tree were not recalibrated due to the lack of a suitable

global calibration for these proxy types.

Recalibration of ice-core records For the calibration of ice-core stable water isotope data to
temperature (isotope-to-temperature slope in °C %. ') two distinct methods exist: either based on
the relationship of observed present-day spatial gradients in surface snow isotopic composition and

temperature (spatial slope) or on temporal gradients observed at a single site (temporal slope).

For Greenland, temporal slopes appear to lie consistently above the spatial slope, depending
on the timescale, most likely due to changes in moisture origin and seasonality of precipitation!.
For the Holocene temporal slope we used the borehole temperature calibration by Vinther et al.*?
of 2.1°C %o~ with an estimated uncertainty of +0.4 °C %o " based on the slopes reported by other
37,38,40-42

studies* . The LGM temporal slope lies by a factor of 1-2 above the Holocene slope*

as a best guess we used a factor of 1.5.

For Antarctica, direct estimations of temporal slopes are difficult. However, the difference
between spatial and temporal slopes as well as the timescale dependency of the latter is expected to
be small*’. Here, we adopted reported spatial slopes* of 1.25°C %o * for 6'30 and 0.16 °C %o "

for 62H with an uncertainty of 20 % for recalibrating the Antarctic ice-core data.

For tropical ice cores, we adopted a constant calibration slope for §'80 of 1.49 °C %o " *°.

Recalibration of marine records Marine proxy records were recalibrated if the proxy type oc-
curs more than once in our data collection and a suitable global calibration exists. Most of the

Mg/Carecords in our compilation are based on planktic foraminifera G. ruber, converted to temper-
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atures using the calibration of Anand et al.** (Mg/Ca = b-exp(a-SST), a = 0.09 (mmol/mol) °C ™,
b = 0.38 mmol/mol, standard errors s, = 0.003 (mmol/mol) °C ™', s, = 0.02 mmol/mol). For con-
sistency, we recalibrated other G. ruber Mg/Ca records to the same calibration even though it is
established using sediment trap samples and hence not a global calibration. For species other than
G. ruber, i.e./ G. bulloides (two records from different regions) and N. pachyderma s. (one record),
we kept the Mg/Ca records as published. Similarly, temperature records based on the transfer func-
tion of diatom, radiolarian and foraminifera assemblages were also kept as published. All UK’37-
based records were recalibrated using the calibration of Miiller et al.*’ (UK'37 = a - SST + b,
a=0.033°C™%, b =0.044, s, = 0.001°C™!, s, = 0.016). All TEXgs and TEX{ records were re-
calibrated to the subsurface TEXE, calibration of Ho and Laepple*® (T = a-TEXg+b, a = 40.8°C,
b=22.3°C, s, = 4.37°C, s, = 2.19 °C) as marine surface and subsurface temperature variability

are on average similar*®,

Timescale-dependent variance and variance ratio estimation The records were interpolated
onto a regular time axis given by their individual mean sampling frequency in the LGM or the
Holocene, following a previously reported procedure!’. To minimize aliasing, data were first lin-
early interpolated to 10 times the target resolution, low-pass filtered using a finite response filter
with a cutoff frequency of 1.2 divided by the target time step, and then resampled at the target reso-
lution. Linear interpolation of a process that has been unevenly sampled reduces the variance near
the Nyquist frequency, but the sampling rate of our records relative to the timescale of the variance
estimates is high enough to minimize this effect (Extended Data Fig. 4). Timescale-dependent vari-
ance estimates were obtained by integrating the raw periodogram* in the frequency band ( f1, f>)
using f1 = 1/500yr~! and f, = 1/1750 yr~! to capture multicentennial to millennial-scale tem-
perature variability. All spectra are shown in Extended Data Fig. 4. Tests with surrogate records
on the original time axes showed that our estimates are largely unbiased (Extended Data Fig. 5).

Furthermore, our results are robust under changes of the sampling criteria (Extended Data Fig. 1).
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Confidence intervals for the variance estimates were derived from the y2-distribution with
d degrees of freedom, where d is given by twice the number of spectral power estimates in the
frequency band (fi, f2). Confidence intervals for variance ratios were derived accordingly from

the F'-distribution with the degrees of freedom of the variance estimates.

For the joint dataset, zonally averaged variance ratios were derived from the bias-corrected

. . . = N dholi—2 Viem,i . :

individual ratio estimates as R = + > .. =R, where R; = ' is the noise-corrected vari-
N =1 dyo; Vhol, i

ance ratio of the ¢-th record. For the separate dataset, zonally averaged variance ratios were derived

from the ratio of the zonal mean variances with subsequent noise correction.

For both data sets, global mean variance ratios were derived from the area-weighted zonal
means. To obtain the ratio distributions (Fig. 2a) we sample 50,000 times with replacement from
the proxy estimates (joint: ratios, separate: variances). For each realization, we form the zonal
mean estimates of the variance change (for the joint dataset), or of the mean Holocene and LGM
variance and then take the ratio (for the separate dataset). We then form the area-weighted global
mean for the variance change. Confidence intervals for the global mean estimate are derived as
quantiles from the realizations. The ratio distribution for Greenland is estimated using the same
method but only considering the three Greenlandic ice cores. Shown (Fig. 2a) are kernel density
estimates using a Gaussian smoothing kernel with a bandwidth of 1/10 of the mean ratio, thus 0.4

for the global mean and 7 for Greenland.

Noise correction We derive the impact of noise on the estimated variance ratio R’ between two

climate periods,
,  var (X))

. m . (1)

Here, X; and X, stand for the proxy time series of the investigated (LGM) and the reference

climate period (Holocene), respectively. Each proxy time series contains noise. Assuming additive
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noise, and the climate signal and noise to be uncorrelated on each covered timescale, we can split

the variances in Eq. (1) into contributions from the signal .S and the noise ¢,

_ var (S7) +var(e) var (S1) N var (1) @)

R = =
var (Sp) 4 var (g9)  var (Sp) [1 4+ SNR™] ~ var(Sp) [1 +SNR™']’

where we introduced the reference period signal-to-noise variance ratio, SNR := var (.Sy) /var (o).
Identifying the true climate variance ratio, R = var (S) /var (.Sp), and denoting the noise variance

ratio by F. = var (e1) /var (), we obtain

SNR F.
;- €
=1 s Tk ©)
Solving for R yields
1+ SNR F,
=R - 4
h=H SNR SNR @

Since R cannot be negative, the parameters must always satisfy the condition F. /(1 + SNR) < R'.

For any R’ > F, the effect of noise dampens the true ratio (R > R/, Extended Data Fig. 6a).

To correct for the effect of noise on the LGM-to-Holocene variance ratio, we applied Eq. (4)
both to every individual variance ratio estimated for the joint dataset as well as to the zonal mean
variance ratios derived from the separate dataset. A reasonable assumption is that the noise level is
independent of the climate period, F. = 1, which we adopted for all analyses. For the joint dataset,
we assumed a SNR of 1.5 for the Greenland records and of 1 for all other records. For correcting

the zonal mean variance ratios derived from the separate dataset we adopted a SNR of 1.

Testing the impact of the noise correction on the variability change difference The SNR
is a considerable source of uncertainty for the noise correction. SNR values can be estimated,
amongst other approaches, by direct forward modeling of the proxy!’, or by correlation of nearby
records!”%%32, An overview over SNR values for the regions and proxies of interest are given in

Extended Data Fig. 6c. We tested the impact of the noise correction on the difference between
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the Greenland ice-core-based variance ratio estimates with those from the proxy records outside
Greenland. To bring the variance ratios into agreement, the SNR of proxies outside Greenland
would have to be less than 0.05 (Extended Data Fig. 6b), which is one order of magnitude below
published estimates for marine proxy'” and Antarctic isotope records2. It is thus unlikely that the
observed variability difference can be attributed to Greenland ice cores being better recorders (i.e.

having a higher SNR) than marine sediment or Antarctic ice-core records.

Potential effect of ecological adaption and bioturbational mixing on marine variance ratios
Variability derived from biological proxies, i.e. recorded by marine organisms, are possibly muted
relative to the actual environmental changes due to the tendency of organisms towards adapting and
seeking their ecological niche (e.g., of a certain temperature or nutrient range)>. Our results are
based on the ratio of variability and not on absolute variability estimates. Therefore, in order for
ecological adaptation to affect our results, it requires that LGM variability is muted to a much larger
extent than that for the Holocene. In the simple conceptual ecological model®?, given the same
temperature preference, larger variability would result in a stronger damping. However, the largest
part of the variability seen by marine organisms is the seasonal and vertical temperature range in
the depth habitat. This spread is controlled by insolation and stratification and not primarily by
the climate state. The interannual to millennial variability, that we find to be larger in the LGM,
only contributes a small fraction to the total variability and thus should not be a primary control
of the damping strength affecting the proxy records. Our oceanic temperature variability estimates
for the joint dataset (i.e. containing both Holocene and LGM) are based on alkenone-based UK’37
(nine sites) and the Mg/Ca of planktic foraminifera G. ruber (six sites); the latter from tropical
sites. Unlike planktic foraminifera which have their preferred temperature niche, the known major
producers of alkenones such as the coccolithophore Emiliana huxleyi occur throughout the global
ocean from the tropics to the polar waters. Their abundance is mostly controlled by nutrient and

light availability, which do not always covary with temperature. Most of our G. ruber Mg/Ca

18



391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

407

408

409

410

411

412

413

414

records are from the tropics, with Holocene temperatures (e.g., 29 °C at SO189-39KL; Fig. 1c)
close to the warm end of their temperature niche (15-29 °C>*) whereas LGM temperatures (e.g.,
26 °C at SO189-39KL; Fig. 1c) are closer to the mean of the range. Therefore, if there is ecological
adaptation, it is more likely to occur near the extremes (i.e. the Holocene) rather than in the middle

of the range. This would in fact result in an amplified variance ratio between Holocene and LGM.

Bioturbational mixing in marine sediments reduces the absolute variability preserved in ma-
rine sediments®. However, in the present study we focus our analysis on variability changes and
thus largely circumvent this problem as both the glacial and the Holocene part of the core are af-
fected by bioturbation. Bioturbation can be approximated as a linear filter>> and therefore the ratio
of variances is not affected as long as the sedimentation rate and bioturbation strength that define
the filter are similar in both time periods periods or do not change systematically between climate
states. Our dataset shows no evidence for a systematic change in sedimentation rate with seven
of the 16 marine cores in our joint dataset showing higher and nine lower sedimentation rates in
the Holocene (with a statistically insignificant change in mean sedimentation rate of 20 %). The
changes also show no detectable latitudinal dependency. There is also no evidence for a systematic
change in largely unconstrained bioturbation strength between both time periods in the manuscripts

describing the datasets.

While both non-climate effects, the ecological preference of the organisms recording the
climate signal and bioturbational mixing of the sediment, can affect variability estimates and may
thus add to site-specific variability changes, the aforementioned arguments show that their expected
effect is very small compared to the orders of magnitude difference between tropics, mid-latitudes

and ice cores.

Testing the impact of the proxy sampling locations on zonal mean variance estimates The

proxy locations are not randomly distributed in space and this could lead to sampling biases. To
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test for a potential sampling bias we analyse the 2 m temperature field of the last 7000 years from
the coupled atmosphere ocean TraCE-21K simulation®®. The time period is chosen to focus on
the continuum of climate variability and to minimize the effect of the deglaciation. The centennial

and longer timescales temperature variance field is derived by estimating the variance at every

gridpoint after applying a low-pass finite response filter with a cutoff frequency of 1/100yr~.

We sample the variance field at the actual proxy locations and average the results into the
same latitude bands as for the proxy-based variance ratio estimates. To estimate the expected dis-
tribution of mean values from unbiased locations, we sample N random locations at each latitude
band where N corresponds to the number of actual records in each band. We form the mean of this
random sample, and repeat the procedure 10,000 times from which we report the 90 % quantiles.
The results (Extended Data Fig. 7) show that the mean values from the actual proxy locations are
always inside the expected distribution. This result holds when using the full dataset as well as

when restricting the analysis to the records which cover both the LGM and the Holocene.
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Extended Data figure captions

Extended Data Figure 1

Zonal variability change pattern for different timescales and length requirements. Results
for the estimated zonal mean variance ratios based on the joint dataset are shown as a function of
the considered timescale and the minimum number of data points in the time period window: a,
500-1000-year timescale with a minimum of 25 data points; b, 1000—1750-year timescale with a
minimum of 25 data points; ¢, 650—2000-year timescale with a minimum of 20 data points; d, 500—
1750-year timescale with a minimum of 25 data points which corresponds to the results shown in
the main text. The number of records for each zonal mean ratio is indicated by blue points. The
total number of records varies depending on the timescale constraints. Error bars denote the 90 %

confidence intervals of the zonal mean.

Extended Data Figure 2

Temperature gradient vs. variability change. Scatter plot of the model-based equator-to-pole
temperature gradient change at the proxy locations vs. the variability change estimated from the
proxy records. Filled circles correspond to ice-core (red: Greenland, black: other), filled diamonds
to marine records. Error bars denote the 90 % confidence interval of the estimated variance ratios.
The data exhibit a Spearman’s rank correlation coefficient of 0.44 (p < 0.02) when including, and

of 0.38 (p < 0.08) when exluding the Greenland ice cores.

Extended Data Figure 3

Proxy- vs. model-based variability change. a, Zonal mean LGM-to-Holocene variability change
from the proxy compilations (red barplots denote the joint, orange points the separate estimate). b,
Interannual to multidecadal zonal mean variability change based on the PMIP3-CMIP5 simulations

for the LGM and the pre-industrial period. c¢. Individual variability change at the proxy locations
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from the joint dataset. Error bars in a show the 90 % confidence interval of the mean, error bars in

¢ the 90 % confidence interval of the individual variance ratios.

Extended Data Figure 4

Raw periodograms of all records. Thin blue lines show the spectra of the Holocene, thin green
lines of the LGM time slice. Logarithmically smoothed spectra are given as thick lines with 90 %
confidence intervals as shading. Grey areas shade the frequency response outside the bandwidth
used for the timescale-dependent variance ratio estimate. X-axis scaling is in periods in years, y-
axis scaling denotes power spectral density. Text insets give the time-slice variances in K2, variance

ratios for the records from the joint dataset are listed in Extended Data Table 2.

Extended Data Figure 5

Surrogate tests for the magnitude of variance change. The magnitude of potential biases in the
variance ratio estimates were derived using 1,000 realizations of power law noise (slope 5 = 1) of
constant variance on the original time axes of the records. Analyses for variability quantification
were performed as for the primary analyses and described in the Methods. a, Histogram of the
bias of the estimated variance ratio from the surrogate data. The mean of the distribution is not
significantly different from zero. b, Estimated zonal mean ratios from the surrogate data. The
individual surrogate zonal mean ratios (black) are all close to 1 and show no latitudinal pattern, in
contrast to the zonal mean ratios from the proxy data (joint dataset, green). Error bars show the
90 % confidence interval for the proxy data and +2 times the standard error of the zonal mean for

the surrogate data (n = 1, 000).
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Extended Data Figure 6

Impact of Holocene proxy signal-to-noise ratios on the noise correction of the estimated vari-
ance ratios. a, Noise correction as a function of the Holocene SNR. The ratio of the true over the
estimated variance ratio, R/ R/, is displayed depending on the SNR for estimated variance ratios R’
of 0.5 and 5 (dashed lines) for a noise variance ratio of F. = 1. The shaded area denotes the region
where for R = 0.5 no R/R' > 0 exists. b, Test for the comparability of marine and Greenland
ice core variance ratios depending on the SNR. The expected true variance ratio R for the mean
over all records of the joint dataset below 70 °N is shown under the assumption of a wide range
of SNRs (solid blue line) with uncertainty (dashed) of £2 times the s.e.m. (n = 25). Within the
realistic range of Holocene SNRs (shaded blue area based on the published estimates listed in ¢),
the noise-corrected global variance ratio (excluding Greenland) spans from 1.7 to 11.4, which can-
not be brought into agreement with the mean variance ratio of the Greenland ice cores (horizontal
green line, shading denotes full uncertainty including the range of Greenland SNRs (c¢) used in the
noise correction). ¢, Overview over published proxy SNR estimates for the Holocene. Greenlandic

and Antarctic estimates refer to 5'80.

Extended Data Figure 7

Representativeness of the proxy data locations. Shown is the centennial temperature variabil-
ity in the TraCE-21K simulation, sampled at the proxy locations (black circles), the zonal mean
variability (green line) and the mean of the variability in the zonal box, either formed only from
the variance at the proxy sites (blue) or formed using all gridpoints (red). The red vertical lines
show the 90 % quantiles from the mean of /N random samples of the variance field, with N being
the number of proxy sites in the zonal box. Panel (a) shows the results when sampling from the
proxy locations of the separate dataset, panel (b) when sampling from the joint dataset. In all cases
the mean of the proxy sites is inside the distribution of random samples showing that, under the

assumption of this variance field, the proxy estimates are unbiased.
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Extended Data Table 1
North Atlantic sea ice variability ratios. Listed are the variance ratios R based on sea-ice recon-

structions from three North Atlantic records (two sites, one based on two different sea ice proxies).

Extended Data Table 2

Individual variability ratio estimates for all records from the joint dataset. The estimate
used throughout the paper is the noise-corrected variance ratio Ry (first data column). R
(lower/upper) denotes the results for the variance ratios when using the calibration parameters with
the lower/upper limits of the calibration uncertainty for the LGM and the upper/lower calibration
uncertainty limits for the Holocene. Data columns four and five give the 5 and 95 % quantiles of
the used estimate (R, ), and data column six the raw uncorrected ratio (R, ). Numbers refer to the
list of records given in the Supplementary Information. For ODP976-4, no calibration uncertainty

estimate is available.
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