N

N
N

HAL

open science

Time scale evaluation and the quantification of obliquity
forcing

Christian Zeeden, Stephen Meyers, Frederik Hilgen, Lucas Lourens, Jacques
Laskar

» To cite this version:

Christian Zeeden, Stephen Meyers, Frederik Hilgen, Lucas Lourens, Jacques Laskar.
evaluation and the quantification of obliquity forcing. Quaternary Science Reviews, 2019, 209, pp.100-

113. 10.1016/j.quascirev.2019.01.018 . hal-03171885

HAL Id: hal-03171885
https://hal.science/hal-03171885
Submitted on 22 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Time scale


https://hal.science/hal-03171885
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S027737911830756X
Manuscript_eb002e416306bcf02¢6537925¢616816

Time scale evaluation and the quantification of obliquity forcing

Christian Zeederf Stephen R. MeyetsFrederik J. Hilgef Lucas J. LoureAsJacques

Laskar

1) PSL, IMCCE, Observatoire de Paris, 77 Av. Denfert-Rochereau, 75014 Paris, France,

christian.zeeden@obspm.fr
2) Faculty of Geosciences, University of Utrecht, Utrecht, Netherlands
3) LIAG, Leibniz Institute for Applied Geophysics, Stilleweg 2, 30655 Hannover, Germany

4) Department of Geoscience, University of WiscosMadison, Madison, Wisconsin, USA

Abstract

The geologic time scale serves as an essential instrument for reconstructing Earth history.
Astrochronology, linking regular sedimentary alternations to theoretical quasi-periodic
astronomical rhythms, often provides the highest resolution age models for strata that underlie
the time scale. Although various methods for testing astronomically-tuned time scales exist,
they often present challenges, such as the problem of circularity. Here, we introduce an
approach to extract a reliable obliquity envelope from astronomically tuned data, avoiding the
effects of frequency modulations that can artificially introduce astronomical beats. This
approach includes (1) the application of a broad obliquity filter followed by (2) a Hilbert
transform and (3) a low-pass filter of the amplitude envelope to (4) test the significance of
correlation between amplitude envelope and astronomical solution. These data amplitudes
provide a robust means to evaluate the climate response to obliquity forcing and, more
specifically, to test the significance of correlation with the theoretical astronomical solution,

in a manner similar to the phase-randomized surrogate approach previously introduced for the
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evaluation of precession tuning. Synthetic astranalfice-sheet models and numerous
Quaternary climate proxy records — where obliquay be a dominant component of
astronomically driven climate variability — are dde demonstrate the feasibility of the

proposed method and yield new insight into clingtgtem evolution.

Keywords: Quaternary; Paleoclimatology; Data treattnData analysis; Obliquity; Tilt;
Timescale testing; Astrochronology; Orbital clim&tecing

1. Introduction

Astrochronology is an approach for developing higbelution time scales, by linking
cyclic variations observed in the stratigraphicorélcto climate variability induced by changes
in Earth’s orbit and rotational axis. The applioatof astrochronology as part of integrated
stratigraphy has fundamentally advanced our unaiedstg of the Earth’s climate system.
Approaches combining astronomical tuning and maxgtegttigraphy were first developed for
the late Quaternary (Hays et al., 1976), and thenessively applied to older stratigraphic
records (e.g. Shackleton et al., 1990; Hilgen, 188lhen et al., 1995; Westerhold et al.,
2008; Westerhold and Ro6hl, 2009). A combinationaafioisotopic dating and
astrochronology has also proven powerful in comsitng high-precision age models (e. g.
Kuiper et al., 2008; Rivera et al., 2011; Meyeralet2012; De Vleeschouwer and Parnell,
2014; Sageman et al., 2014; Wotzlaw et al., 20&€dén et al., 2014b; Hilgen et al., 2015),
often in tandem with magneto- and biostratigraghy.(Lourens et al., 1996b; Channell et al.,
2010; Husing et al., 2010; Zeeden et al., 2013%. fBsulting geological time scales have an
unprecedented accuracy, precision and resolutaxemplified by the Astronomically
Tuned Neogene Time Scales 2004 and 2012 (ATNTS]j<Bm et al., 2004, 2012; Lourens

et al., 2004; Hilgen et al., 2012), among many iithe



The accuracy and precision of such astronomicad s8oales relies upon correct
identification of the — sometimes noisy — astrormhsignal embedded in the stratigraphic
record (e.g. Meyers et al., 2008; Meyers, 20195tifig geological datasets for astronomical
forcing is not always straightforward, due to latkndependent time control and because
formulation of the most appropriate null hypothesis be challenging as a consequence of
practical and conceptual differences between maelseal geological data, including the
presence of a range of noise sources and comgtoctithnal relationships between time and
stratigraphic depth (Ripepe and Fischer, 1991; &egeal., 2008; Meyers, 2012;
Proistosescu et al., 2012; Hilgen et al., 2015d2eeet al., 2015; Meyers, 2019). However, to
address this problem, a number of statistical tegles have been proposed to evaluate a
potential astronomical imprint within “un-tuned” @ scales and astronomically tuned time
series (e.g. Meyers and Sageman, 2007; Hinnov,, ZIB; Hilgen et al., 2015; Meyers,

2015; Zeeden et al., 2015; Meyers, 2019).

A standard test for validating stand-alone astnuinally-tuned time scales (those
lacking detailed independent time control) agaihstr astronomical-insolation tuning curves
has been previously established for precessiontaed time series (Zeeden et al., 2015).

Shackleton et al. (1995) proposed that complepligte demodulation (or the
Hilbert transform; see e.g. Bloomfield (2000)) ip@wverful tool to test for the expected
eccentricity amplitude modulation of the precessigated signal in paleoclimate records.
They state that eccentricity amplitude modulatibprecession is the “most important feature
through which the orbital imprint may be unambigsiguecognized in ancient geological
records”. This implies that cyclostratigraphers mag the hierarchical pattern of precession
amplitudes, as modulated by eccentricity, to testalidity of proposed astrochronologies,
either by eye or statistical methods (Shackletaal.e995; Meyers, 2015; Zeeden et al.,

2015; Meyers, 2019). In this study, we build uplis philosophy by exploring the potential



use of the ~40 kyr obliquity cycle, and its ampl#umodulations by inclination associated
with ~175 kyr and ~1.2 Myr cycles (Boulila et &Q18; Laskar et al., 2004), as a means for

astrochronologic testing in records that presehblioity forcing.

A number of approaches have been used to evalogiktade modulation of
geological proxy data corresponding to astrononpedterns, including bandpass filter output
(Tiedemann et al., 1994; Channell and Kleiven, 20U8sterhold et al., 2005, 2008, 2014;
Abels et al., 2010; Holbourn et al., 2013; Lauretahal., 2015; Valero et al., 2014) and
amplitude demodulation techniques (e.g. Shackletal., 1995; Shackleton and Crowhurst,
1997; Pélike et al., 2001, 2004, 2006; Westerholl.e2007; Wu et al., 2013, 2014, Zeeden
et al., 2013, 2015). However, it is also known tatentricity-like amplitude variations can
be artificially introduced into paleoclimate datathining and data processing (Neeman,
1993; Shackleton et al., 1995; Huybers and Ahanon2010; Zeeden et al., 2015). In theory,
bandpass filtering procedures can also generatigiattamplitude modulations that are
similar in character to those of the theoreticdicguiity modulation, complicating their use for

astrochronologic testing.

To assess whether artificial amplitude variatiolse @merge in obliquity-tuned
astrochronologies, we developed a new approacitiftaimvents the issue of introducing
amplitude modulations during tuning and data prsicgsof obliquity influenced records.
This approach is similar, but in detail more soptaded, than the procedure proposed for
precession and its amplitude modulation by ecagtytr{Zeeden et al., 2015). As will be
demonstrated, even wide-band (conservative) oljidiiers do not fully remove artificial
modulation effects (see Fig. 1, compare 1c, 1feré&fore, we include a new simulation
approach that fully counters frequency modulatifiects. The proposed method involves
seven steps: (1) the application of a wide-bandyjaly filter to astronomically-tuned

paleoclimate data, to deminish the potential faregation of strong artifical amplitude



modulations that mimic obliquity amplitude, (2) &pation of a Hilbert Transform to

calculate instantaneous amplitude, (3) lowpasgsriiig of the instantaneous amplitude to
extract long-term obliquity modulations, (4) a nadaptive noise addition test, to identify the
noise threshold at which residual artificial obiigumodulations are supressed, (5) addition of
the threshold noise level to the astronomicallyetlipaleoclimate data, (6) calculation of the
Spearman Rank correlation coefficient (Spearma®4)LBetween modulations observed in
the tuned data and in the astronomical solutioney@luation of the statistical significance of
the results using phase-randomized (or auto-reigee98R 1) surrogates that preserve the
power spectrum structure of the data, but haveomimed amplitude modulations (Ebisuzaki,

1997).

Obliquity is known to be an inportant driver of @atlimates of various regions and
latitudes (e.g. Lee and Poulsen, 2008; Liu, 19982; Suchodoletz et al., 2010; Zech et al.,
2011; Bosmans et al., 2014; Laurin et al., 2016;dtial., 2015; Levy et al., 2019). Although
classically prescribed as a high latitude sigred,dgradient between low and high latitudes
(Raymo and Nisancioglu, 2003) and the summer imtgrical insolation gradient (SITIG)
suggest the potential for a low latitude influenceobliquity forcing (Reichart, 1997;
Leuschner and Sirocko, 2003; Bosmans et al., 20%.contribution of obliquity to global
climate change is not constant in time, and haelspecially strong influence during the Early
Quaternary (e.g. Ruddiman et al., 1989; Raymo asdrdioglu, 2003). Thus, potential
applications of the new method are wide rangingaAast of the technique, we apply it to the
(Imbrie and Imbrie, 1980) ice model, the LR04 béntkotope stack (Lisiecki and Raymo,
2005), a dust deposition record from off NW Afri@@aedemann et al., 1994) and a lake
record from Siberia (Melles et al., 2012; Nowaceylal., 2013). In addition to providing a
rigorous test of obliquity influence on these climeecords, the new robust derived amplitude

modulations yield a valuable tool for constrainthg mechanisms of climate change.



2. Frequency and amplitude properties of obliquity

The amplitude variations of obliquity are dissemito those associated with
precession (Hinnov, 2000). Generally, obliquityipds are a combination of the precession
constant, here denoted k, and fundamental plangtgqyencies associated with the so-called
precession of the nodes, here denoted s,- rangingg1 to s9, with the planets numbered
from the Sun outwards. Importantly, drift in theimabliquity frequencies over time is
expected to result from a change in the Earth/Mo@tem and the precession constant (e.g.
Berger et al., 1989a, 1989b; Laskar et al., 190842Hinnov, 2013; Meyers and Malinverno,
2018), but these changes do not directly influestljuity amplitude variations because the
associated precession constant terms cancel dashatt with only the orbital inclination
component remaining. Consequently, obliquity amgis are reliable back in time as far as
eccentricity (ca. 50 Ma, see Laskar et al., 201&siafrhold et al., 2012), while its phase is
less well constrained beyond 10 Ma (Zeeden e2@l4a). Therefore obliquity amplitudes are

valuable tuning targets in e.g. the Eocene (Boelilal., 2018).
2.1. Obliquity frequencies

Several obliquity frequency components occur wihiqds around 40-41 kyr, collectively
resulting in the prominent ~40 kyr obliquity cycla.particular, the k+s3, k+s4 components
and the k+s3+g4-g3 term are dominant, but more corapts are found in this frequency
band (Laskar, 1999). Further, obliquity comprisesiponents with periods around 29 and 54
kyr, above all caused by k+s1 and k+s6, respegtivdie obliquity frequencies (black)

compared to amplitude frequencies (red) are shoviigure 1g.

2.2. Obliquity amplitude modulations



Obliquity amplitude variations are the result adindual obliquity frequencies and their
interference. The amplitude variations have dontipaniods of ~1.2 and ~2.5 Myr, and of
~175 kyr, with other weak components present ($gell§, red, and also Hinnov, 2000,
2013). The ~1.2 Myr cycle is already clearly saean obliquity time series (Fig. 1a), and
results from the two strongest obliquity compondhkts s3) and (k + s4), which produce the
amplitude modulation (s3 — s4, related to Mars Barth) through interference. Filtering of
these components (Fig. 1b, h) results in a cleéaMyr cycle, while also a lower frequency
cycle of about twice the period emerges. This A5 cycle results from the combination of
k+s4 and k+s3+g4-g3. A shorter obliquity amplitugele with a period around 175 kyr (Fig.
1q, i) originates from the interaction of the k¥s64 kyr) component with components
around 41 kyr duration, dominated by the interactbEarth and Saturn (Boulila et al., 2018;
Hinnov, 2000). A relatively weak ~100 kyr amplitudgcle (Fig. 1g, i) results from

combining k+s1 (29 kyr) with components around #d. k

Both narrow- and wide-band obliquity filters minabliquity and its frequency components,

where narrow-band filters mainly represent the Ma2component (compare Fig. 1b, c, h, i).
2.3. Obliquity frequency- versus amplitude modulatns

As is the case for precession (Zeeden et al. 20b&jjuity has the property of being
both amplitude- and frequency modulated (Hinno@®0the latter of which is the source of
spurious amplitude modulations that can be impalsgihg astronomical tuning and data
processing (see Huybers and Aharonson, 2010; Zextddn 2015). Amplitude and
frequency are related (see Supplementary Fig.d aéso (Hinnov, 2000)), and the obliquity
frequency deviates most from its mean value duomgobliquity amplitude intervals (see
Figs. 1, 2 and Supplementary Fig. 1). Howeves &lso important to note that for the ~1.2
Myr component, the amplitude modulation is mucbrsger than the frequency modulation,

when compared to the other modulating terms (Hin26@0). To evaluate the effect of these



frequency modulations on astrochronologic testimg present a synthetic test series
comprised of amplitude demodulated obliquity (Rid), spanning the last 6 Ma (using the
‘astrochron’ R package (Meyers, 2014; R Core Te20i/); see supplementary R code for
model generation). This synthetic series is analado a stratigraphic record that has been
tuned to the theoretical obliquity solution (Laskarl., 2004), but lacks expected amplitude
modulation (it plays the same role as axial préoassoes in the study by Zeeden et al.,

2015).

Relatively narrow-band filtering of the demoduthty/nthetic test series (Fig. 1e, 1k),
here exemplified as a ~37-43 kyr Taner bandpass {iTaner, 1992), expresses amplitude
properties similar to the original ~1.2 Myr modidat of obliquity (Fig. 1b, 1h). In contrast,
using a wider bandpass filter (here exemplified a26-67 kyr Taner bandpass filter; the
cutoff at 26 kyr is used to avoid precession conepts) shows deminished amplitude
modulation (see Figs. 1f, 1l) relative to the nerfdter (Fig. 1e, 1k). Weak correlative
features during extreme minima in the obliquity &itnge (Fig. 1f, especially around 3.2 and
4 Ma; Spearman Rank correlation between obliquitpléude and demodulate obliquity
amplitude is 0.07, compare Fig. 1a, 1f) persistaiestrating that wide filters cannot
circumvent possible modulations introduced by thrertg process. Problematically,
substantial correlation of demodulated obliquitiefiamplitudes and real obliquity
amplitudes persists when applying wide-band filtarsd correlations are particularly strong
in obliquity amplitude minima, affecting filtersftérently in different time intervals (Figs. 1,
2). Thus, amplitude modulation expressed in reqmimate data may either represent the
true amplitude modulation, or may be artificiallgrggrated during the tuning process by

interactions between the bandpass filter and #euiEncy modulation imposed during tuning.

3. Validating obliquity-dominated astronomically tuned datasets



Similar to precession, one means to overcome thiglgmn of artificially imposing
obliquity amplitude modulation is via a minimal tng approach (Lourens and Hilgen, 1997,
Zeeden et al., 2015). However, minimal tuning apphes for obliquity may be challenging
to impossible in practice, because tuning to ting4term obliquity amplitude variation (~1.2
Myr) is not very helpful in records with sedimemdat rates that vary on shorter time-scales.
Additionally, the exact position of these long temmima and maxima may be difficult to
pinpoint in geological datasets. However, tuningg®ne tie point per ~175 kyr (s3-s6)
obliquity amplitude variation cycle may be feasilsiecases where this modulation is clearly

visible in data (Boulila et al., 2018).

In contrast to precession (Zeeden et al., 201&ueiventing the potential problem of
introducing amplitude modulations during comprehengcycle-by-cylce) tuning, by specific
filter designs, is not fully possible for obliquitFigs. 1 and 2). This problem is likely to
persist for time series tuned to obliquity or targgrves containing obliquity, such as e.g. the
65° N insolation or p-0.5t (see e.g. Lourens etl&l96a, 2001; Abels et al., 2009). However,
of critical importance, artificial amplitude modtitasns are weak (see Fig. 1d and f) compared
to true obliquity amplitude modulation (Fig 1a ar)dFor the test data sets in Fig. 1, the
standard deviation of the low-pass filtered obligamplitude is much higher than that
resulting from the demodulated obliquity case (careFig. 1a, 1d). We take advantage of

this key attribute in our astrochronologic testaigorithm.

We implement a test similar to ‘testPrecessionéykts, 2014; Zeeden et al., 2015),
but modify the algorithm to include a contributiohnoise to the dataset, which counters the
expression of artificial modulations, proving aable test. There are several key issues at
hand. First, the noise that is added should expihessame general broadband structure as the
data. Second, we want to add enough noise to aotl@expresion of artificial modulations,

but not too much to destroy true modulations; #lative amount of noise that must be added



to a given record will be specific to the time i under investigation (Fig. 2). To address
the first concern, noise is generated using an ARdel, with the same lag-1 autocorrelation
coefficient as the real geologic data. Regardimegsicond concern, the appropriate level of
noise to add is determined by starting with a dameddd test series from the same time
interval (generated from Laskar et al., 2004), liocl increasing levels of noise are added
until the correlation between the synthetic amgits (demodulated obliquity plus noise) and
true obliquity are<0. Once the appropriate level of noise is iderdifieis added to the
geologic data. This noise addition process wilub&ue to each dataset (adaptive), because
the amount of noise required depends on the lenglbjution and autocorrelation of a dataset
and its age. For filtering obliquity, a relativelyde taner filter is used from 0.015 [1/kyr] to
0.038 [1/kyr] with a roll-off rate of 13, see also Figures li and 1l for a visualisatiothef
filter properties. Obliquity amplitudes are low-pd#tered at 0.0015 with a roll-off rate of

10* (deviating from the standard setting of the testihction). It is important to note that the
specific characteristics of the wide-band obliqaitd lowpass filters used here have been
chosen to faciliate the detection of the ~1.2 Myliquity amplitude modulations, but other
possible filter designs are possible. In particulaing different lowpass filters to include the

~175 kyr obliquity amplitude modulation may be useéf some cases.

To provide a quantitative measure of fit, the clatren between theoretical obliquity
amplitude and the filtered (data) instantaneouslitude is determined using the Spearman
Rank correlation coefficient (Spearman, 1904), wrattows for a degree of non-linearity
between forcing and response. The obliquity refezeseries (Laskar et al., 2004) is processed
using an identical approach as the data, to gendrattheoretical obliquity amplitude target
used for comparison. Evaluation of the statistsigiificance of correlation between
theoretical obliquity modulations and the lowpakeried obliquity amplitude (including data

+ noise) is conducted via Monte Carlo simulatiopbése-randomized surrogate datasets, as



implemented in the R ‘astrochron’ package (EbisyzZe897; Meyers, 2014; R Core Team,
2017). Each simulation uses surrogates that harei@hl power spectra to the the
paleoclimate data and the theoretical obliquity, veith randomized phase. Comparison of the
observed data correlation with those from Montddsimulations of surrogates allows a
rigorous evaluation of the null hypothesis (no etation between obliquity target and
observed modulations). In cases where no surragateeach a better correlation than the
tuned record, the p-value is given as 1/N*10, wiktrepresents the number of simulations
(Meyers, 2014; Zeeden et al., 2015). The full atpar is outlined in Figure 3, illustrating
results for a tilt series (left; correlation 0.9%dgp-value <0.01 based on 5000 surrogate
simulations), for an amplitude-demodulated obliggignal (middle; correlation 0.54, p-value
0.8), and for an amplitude-demodulated obliquityspAR1 noise series (right; correlation -
0.05; also negative after noise addition; agaipivalue is useful because of negative
correlation when noise is included to remove fremyemodulation effects). This
demonstrates the suitability of the method to eireant frequency modulation and tuning
effects. Complementary to this study, a functi@stTilt’ that conducts the full analysis has

been developed for “astrochron: An R Package faro&sronology” (Meyers, 2014).

4. Testing time series

To determine if obliquity amplitude modulations arely present in datasets we use
the filtering procedure as outlined above. Thiscpdure tests if obliquity amplitude
variations may derive from frequency modulatioradticed by the astronomical tuning and
data processing procedure, or whether they aralarent property of the datasets. As test
cases for the new validation approach using oliligwe investigate the (Imbrie and Imbrie,
1980) ice model, as parameterized as by (Lisientli Raymo, 2005), followed by the LR04

benthic isotope stack (Lisiecki and Raymo, 2005 WNen investigate relatively long and



continuous Quaternary datasets, specifically thé>(e 659 dust record (Tiedemann et al.,
1994) and the magnetic susceptibility record fronctid Lake EI'Gygytgyn (Melles et al.,
2012; Nowaczyk et al., 2013). Tests with thesedhtatasets use a cutoff frequency of 1/500
[1/kyr] to focus on the low-frequency componentdhad obliquity amplitude; to compensate
for secular drifts, the obliquity envelopes (notgoral data) of the datasets were linearly
detrended before comparison with theoretical olitjguhe cut off frequency deviates from
standard setting of the testTilt function, and ttiiemice made deliberately here to obtain a
useful and comparable outcome and basis for irg@pon (various settings were tested).
Following this, we use the new reconstructed oliijgamplitudes to evaluate mechanisms of
climate change during the Pleistocene. Table 1 samaes properties of the described case
studies. Please note that procedures include siimleand therefore results from different
runs will not be identical. Here we used 10,000utations to obtain robust p-values, where
we consider p-values below 0.05 significant. Theicd of which p-value can be considered

significant is subject to debate, and other chomag be made but should be reported.
4.1. Testing the Imbrie & Imbrie (1980) ice model

The (Imbrie and Imbrie, 1980) ice model, whichresggnts a nonlinear response to
northern hemisphere insolation forcing, was useal asing target for the LR04 bentl&t?O
stack, using the specific parametrization describgtisiecki and Raymo, 2005). This ice
model, forced by 65° northern latitude June 21latsan, results in an obliquity amplitude
envelope significantly correlated to obliquity (pve <0.001; Fig 4). It should be noted here
that the amplitude variation of the Imbrie ice miodiecreases over the last 5 million years,
while the amplitudes of most proxy data, includihg LR04 stack, show increasing
amplitudes over this time frame (Fig. 4). As thétia ice model uses insolation including

obliquity as input, orbitally-driven obliquity amipldes may be expected.

4.2. Testing the LR045'®0 benthic isotope stack



A benthic foraminifer oxygen isotope stack for thst 5.3 Ma was published (LRO4;
Lisiecki and Raymo, 2005), which serves as a stahdderence dataset for numerous
studies. The LR04 stack is often used as correlasinget for time scale construction or
consistency testing (e.g. Necula and Panaiotu, 280@)gle et al., 2009; Marka¥et al.,

2012; Basarin et al., 2014; Kaboth et al., 20168 TR04 stack was correlated to the Imbrie
and Imbrie (1980) ice model, which uses northemibphere summer insolation as model
input, and therefore exhibits patterns of precesaitd obliquity, as well as non-linear
features. As a secondary constraint, obliquity wsed to fine-tune portions of the LR0O4 stack

(Lisiecki and Raymo, 2005).

The LRO4 stack has a trend towards higher vaiiglihd heavieb™0 values towards
recent (Fig. 5). Testing this dataset results sigaificant (p-value is 0.015) correlation
between the astronomical obliquity amplitude areddhliquity amplitude as reconstructed
from this dataset, when focusing on the ~1.2 Ma@{tarm component. We choose to linearly
detrend the data amplitudes before comparisonusedhe trend toward high&t’O
variability and heavier values is unique to glotlahate evolution, and not a feature of the

predicted astronomical variations.
4.3. Testing the Lake EI'Gygytgyn time scale for th last 2.8 Ma

An exceptional lacustrine record from Lake EI'Gtgyn in northeast Russia was
recovered in the frame of the International ComttakDrilling Project (Melles et al., 2012,
2011). The time scale of this record is based oimt@grated approach using information
from magnetostratigraphy, correlation to the LRtk and astronomical tuning (Nowaczyk
et al., 2013). Investigating the obliquity compoinehthe magnetic susceptibility record
(which represents a proxy for lake oxygenatiord@gng anoxic phases magnetic minerals
were dissolved; Melles et al., 2012; Nowaczyk et2013; Fig. 5) indicates a p-value of

<0.049 for the correlation between the dataset-aamtidbnomical obliquity amplitudes,



significant at >95% confidence. All three long-temmaxima in the obliquity amplitude
envelope are seen as such in the EI'Gygytgyn datmsaddition, increased obliquity
amplitude is seen at ~700-800 ka and ~1900 kaestigpg changes in climate system
sensitivity to obliquity. Such an interpretatioreds to be taken with care, because other

influences may also play a role (se chapter 5.1.).
4.4. Testing a Quaternary and Pliocene dust recorfiflom offshore NW Africa

High-resolution records of benthic foraminiferayggn isotopes and dust flux from
ODP Site 659 in the north-eastern subtropical Aittalmave been tuned to the Ber90
astronomical solution (Berger and Loutre, 1991 )tfer last ~5 Ma with an average tie point
spacing of 24 kyr (Tiedemann et al., 1994). Acaagdio Tiedemann et al. (1994), the good fit
between the amplitude modulation of the filtereelgession component in the dust flux record
and eccentricity as well as that between the lengt(i.e. 1.2 Myr) obliquity amplitude
modulation in the benthic oxygen isotope recordwhiat of the astronomical obliquity cycle
provide robust arguments in favor of their tunedetiscale. Note that Clemens (1999) discuss
a tuning option deviating by one 41 kyr obliquitycte for the lower Pliocene part of the
record due to uncertainties in the Ber90 (Bergeérlasutre, 1991) solution. To evaluate the
time scale and astronomical interpretations of &iednn et al. (1994), we applied the same
methods as described above to test whether thenastically tuned records of ODP 659
reveal true obliquity amplitude or artificial fregrucy modulated amplitudes (Fig. 6); as
reference we used the La2004 (Laskar et al., 288d}ion, where the original study used the
(Berger and Loutre, 1991) solution. These solutemesalmost identical over the last 5 Ma
(Supplementary Figure 3). It should be remindedl it orbital part of the solution published
in (Berger and Loutre, 1991) is the one originalbtained by (Laskar, 1988). It is thus
expected that the envelope of obliquity of is thme as in Laskar et al. (1993), and very

similar to Laskar et al. (2004) over the last 5 Ma.



Figure 7 shows the comparison between theoraitdajuity amplitude and data tilt
amplitude from the dust flux record using the tgnloy Tiedemann et al. (1994). Obliquity
amplitudes from these two datasets are in gooceaggat, with a Spearman Rank correlation
of 0.67, and a p-value of 0.0041; agreement isa@aibegood in the time interval between ca.
3 and 1 Ma. In general, the obliquity amplitudehs dust flux record (Tiedemann et al.,
1994) confirms the proposed astrochronology on.a Myr scale. Investigation of the
precession amplitude (Fig.7 d, e) yields higheolgsn confirmation, and indicates a
superior fit of the older portion of the record éapman Rank correlation of 0.41), with a p-
value of <0.001 for the entire interval. We con@ubat frequency modulations introduced by
the tuning process play a minor role for time seadaluation in this example, and that real

data amplitudes dominate the record.

5. Discussion

5.1. Time scale validation

In prior studies, precession and eccentricity feegpy properties (Hinnov and Park,
1998; Rial, 1999; Huybers and Aharonson, 2010)anglitude modulations (e.g. Wu et al.,
2014; Meyers, 2015; Zeeden et al., 2015) have hesed for time scale evaluation and
paleoclimatic investigations, while obliquity antplle modulations are less commonly
investigated (e.g. Liu, 1992, 1995, 1998; Mélicalet2001; Meyers, 2019). Here a validation
approach for obliquity dominated time series isspraged allowing for robust evaluation of
the correlation between tuned data amplitude epesloand those of the astronomical
obliquity target. This approach is similar to theegession/eccentricity case (Zeeden et al.,
2015), but requires additional care because freguamodulations cannot fully be avoided by
specific filter properties. The method is testethgigwo model series (obliquity, Fig. 3; the

Imbrie ice model, Fig. 5), and three proxy dataieserlt is critical to note that in our



assessment of data sets, the specific tuning apinwestigated may not be the only ones that
would result in a statistically significant relatghip. A good fit of the data amplitude
envelope and ~1.2 Myr obliquity amplitudes probadlipws for a shift in tuning by several
individual obliquity cycles. Misfits between datadatuning target may be the result of
various issues. Further, the choice of cut-off fiextgies for investigating long-term obliquity

variations influences results.

In the late Quaternary, and specifically the lab#4~Ma, obliquity is not a dominant
property of most datasets (e.g. Lisiecki and Ray2@@5), and amplitude investigations may
give a less good fit than for the time intervalnfre-3-1.4 Ma. Shackleton et al. (1995) noted
that amplitude demodulation is not always applieablevaluate paleoclimate time series, but
requires data showing a strong/dominant signahénftequency to be analyzed. As obliquity
is not always a dominant astronomical influencepaleoclimate, the approach described may
not be as widely applicable as a similar methodidsting precession dominated time scales
(Zeeden et al., 2015). When both strong precessidrobliquity are present in a paleoclimate
record, however, demodulation results from botmgeprovide the opportunity for cross-

validation, as demonstrated in our analysis of tfata ODP Site 659 (Fig. 7).

Here, we present several cases where the obligmiplitude as observed in geological
data is linked to the initial orbital forcing, ghg confidence to astronomical time scales. In
cases where no statistically significant link arafrelation between data and template is
obtained, an inadequate time scale representsom\out of several possible interpretations.
As discussed here, also a change in the paleodifiesidback as recorded by proxy data may
result in such an unfortunate outcome. Where therall fit between obliquity as
reconstructed from data is only convincing in dertatervals, time scales may require
adjustment, or the obliquity imprint may be strongend/or different in these intervals.

Generally, time scales based on insignificant ¢atien to orbital templates should be treated



with adequate care, and information from integraedtigraphy will be necessary for further

evaluations.

5.2. Investigating Earth’s climate response to oljuity forcing

The ‘testTilt’ method extracts obliquity amplituevith minimal bias from frequency
modulations, and can thus be applied for purpodésrothan time-scale testing. This
specifically includes the investigation of proxytaldrom the Cenozoic and beyond, where
‘testTilt" extracts obliquity amplitude, and proes a statistical comparison to the La2004
solution (Laskar et al., 2004). All data sets irigeged here (but not the Imbrie and Imbrie
(1980) model) show a rather high obliquity amplé@uaiound ca. 750 ka (Fig. 8), during the
Mid-Pleistocene transition (e.g. Mudelsee and Sgagtr, 1997). This has been observed
before in the detrended power of obliquity (Lisieehkad Raymo, 2007) and in evolutive
harmonic analyses (Meyers and Hinnov, 2010). Enddirabliquity is seen in paleoclimate
records from the north Atlantic (e.g. Mudelsee &taktegger, 1997; Raymo et al., 2004) and
South Atlantic IRD (Becquey and Gersonde, 2002)plying that Earth’s high latitude
climate system had an amplified obliquity feedbawckthis specific time interval. This

motivates future work to evaluate specific mechasisor obliquity amplification.

The long-term influence of obliquity on paleoclimacan be assessed using the
proposed testTilt method. With an ever-increasingmber of high-resolution records
becoming available, this method is likely to becamseful beyond the Quaternary. A similar
approach may be used to detect obliquity amplitualéations which can be indicative of

chaotic solar system behavior (e.g. Ma et al., 2017

Nonlinearities such as skewed and rectified rexandd age model uncertainties, may
impose complications when attempting to extracigoily and its amplitudes from geological

data. However, the wideband filters applied herey rha expected to counter effects of



skewness and age model uncertainties in at least sases. This assertion is supported by
our evaluation of a nonlinear ice sheet model aawkl proxy data sets. In cases where
obliquity is a minor contributor to the overall datariability, it may only be clearly expressed
for time intervals when other (precession, ecceity)i components have rather low
variability (e.g. Lourens et al., 2010; Zeedenlet2013). This may complicate the extraction
of true obliquity amplitudes, as these would cailecivith eccentricity minima rather than
obliquity amplitude maxima. Generally, amplitudevastigations need to be treated with

caution when the investigated component is not danti(Shackleton et al., 1995).

6. Conclusions

Time scales tuned to obliquity can be influencgdhe tuning process and introduce
artificial amplitude modulations (linked to impos&dquency modulation), as the variations
in Earth’s axial tilt exhibit both frequency- andhplitude variations. This study develops
methodologies to circumvent the introduction ofifaial amplitude modulations by
astronomical tuning and data processing, allowhrey use of these amplitude variations for
robust interpretation. Similar to methods developed precession, we introduce a
guantitative statistical technique that employs Hilbert Transform, a series of filters to
extract true obliquity amplitude modulations fromalgoclimate proxy data, and an adaptive
noise addition step for reliable significance tegtiwhere necessary. The method includes
simulations to evaluate the null hypothesis of narrelation between observed data
modulations and the theoretical obliquity targeiese Both the ~1.2 Myr and also the ~175
kyr obliquity amplitude components can be seen irat@rnary paleoclimate proxy data and
may be used for time scale evaluation and alsampheate research. We suggest to generally
use wideband filters when amplitudes are to be stigated, which are less affected by

frequency modulation effects than narrowband Sltdacilitating ‘robust amplitudes’. We



consistently find elevated obliquity amplitudes wrd 750 ka in three geological datasets

from the northern hemisphere, which may be reltaatie Mid-Pleistocene transition.
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Figure 1. Analysis of the astronomical solution from Laskaal. [2004], and the obliquity
amplitude modulation, including (a) theoreticaliqblty. Also shown are (b) output from a
narrowband obliquity filter, (c) output from a wislend obliquity filter (d) a demodulated
obliquity time series, note that the amplitudeesyow, (e) output from a narrowband filter



(filtering the demodulated signal), (f) output fr@enbroadband filter (filtering the
demodulated signal). The narrowband obliquity figenploys a Taner filter with cut off
frequencies (half power points) at 0.0235 and 0@&ZTes/kyr, and a roll-off rate P The
broadband obliquity filter employs a Taner filteitlwecut off frequencies at 0.015 and 0.038
cycles/kyr, and a roll-off rate D Instantaneous amplitude for each record, deteuniia
Hilbert Transform, is shown in red. Panels (g-§pdiay power spectra (the squared modulus
of the Fourier Transform) for each amplitude enpel¢red), along with the spectra of the
filtered series (black) and the Taner bandpassavinased (blue lines).
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Figure 2: Frequency modulations of obliquity introducedfiiiering over the last 50 Ma
(50,000 ka). The top panel (a) shows the resuleswide band obliquity filter as in Fig. 1l
applied to a demodulated obliquity series, the meidkanel (b) shows the same for (not
demodulated) obliquity, and the bottom panel (gvehthe moving average Spearman Rank
correlation using a 1000 ka window.
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Figure 3: Demonstration of the complete algorithm as apjpieea normalized obliquity series
of the last 6 Ma (a-c), demodulated obliquity (defi)d demodulated obliquity including 40%
red noise (g-i). The first example (a-c) showsdkgaction of obliquity, the second example
(d-f) shows the persisting effect of frequency matians even when using wideband filters
and the third case (g-i) demonstrates the remduhii®effect when incorporating noise. (a)
Obliquity model series, (b) obliquity model filtefevith a broadband obliquity filter (black),
and its instantaneous amplitude (red). (c) Compardcs the final model (La2004) amplitude
envelope (black) and the obliquity amplitude enpelgblue; processed using the same

filtering algorithm).



Imbire & Imbrie (1980) model, parametrized as by Lisiecki & Raymo (2005)
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Figure 4: Evaluation of the (Imbrie and Imbrie, 1980) icedrl. (a) Imbrie ice model series,
(b) the model filtered with a broadband obliquitiet (black), its instantaneous amplitude
(red), and the final amplitude envelope followingphcation of a lowpass filter (blue), (c)
comparison of the Imbrie ice model amplitude enpel(lue), and the amplitude envelope
for theoretical obliquity (black; processed usihg same filtering algorithm). For plotting
purposes, all data series have been standardieemr{ean, unit standard deviation).



Proxy data (benthic d180 stack)
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Figure 5: Evaluation of the LR04 benthic foraminifera oxpgeotope data (Lisiecki and
Raymo, 2005). (a) Oxygen isotope data series,dta) filtered with a broadband obliquity

filter (black), its instantaneous amplitude (reah)d the final amplitude envelope following
application of a lowpass filter (blue), (c) comgan of the isotope data amplitude envelope
(blue), and the amplitude envelope for theoretitdiquity (black; processed using the same
filtering algorithm). For plotting purposes, alltdaeries have been standardized (zero mean,
unit standard deviation).



Proxy data (magnetic susceptibility)
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Figure 6: Evaluation of the Lake EI'Gygytgyn magnetic sysidality record. (a) The Lake
EI'Gygytgyn magnetic susceptibility record, (b) adiltered with a broadband obliquity filter
(black), its instantaneous amplitude (red), anditied amplitude envelope following
application of a lowpass filter (blue), (c) coman of the amplitude envelope for the Lake
El'Gygytgyn magnetic susceptibility data (blue) ahd amplitude envelope for theoretical
obliquity (black; processed using the same filtg@tgorithm). For plotting purposes, all data
series have been standardized (zero mean, unitssthdeviation).



Dust flux at ODP Site 659
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Figure 7: Evaluation of the ODP Site 659 dust record (Tieden et al., 1994) using both
obliquity and precession amplitudes, for preces#ierftestPrecession’ method is used
(Meyers, 2014; R Core Team, 2017; Zeeden et a5R2@a) Dust flux record, (b) data

filtered with a broadband obliquity filter (black)s instantaneous amplitude (red), and the
final amplitude envelope following application ofaavpass filter (blue), (c) comparison of

the dust flux amplitude envelope (blue) and theldoge envelope for theoretical obliquity
(black; processed using the same filtering algor)th(d) data filtered with a broadband
precession filter (black), its instantaneous amgét(red), and the final amplitude envelope
following application of a lowpass filter (bluehé (e) comparison of the amplitude envelope
(blue) and the amplitude envelope for theoreticatpssion (black; processed using the same
filtering algorithm). For plotting purposes, alltdaeries have been standardized (zero mean,
unit standard deviation).



Comparison of obliquity (black) and signals (blue: LR04, red: Dust, green: |l model, orange: EI'Gygytgyn) amplitude
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Figure 8: Comparison of theoretical obliquity amplitudeatik), the three paleoclimate data
sets investigated (blue: LR0O4, red: dust recorthf@DP Site 659, orange: Lake
El'Gygytgyn), and the (Imbrie and Imbrie, 1980) im@del (green). Note that all datasets
show higher than expected obliquity amplitude i tiime interval from 700-900 ka, but this
feature is not seen in the ice model nor the thmaleobliquity.



apbw NP

37

Table 1: Properties of tested datasets. MS demagggetic susceptibility, * denotes correlationsg@pman rank) between obliquity amplitudes. The
p-values, adjusted correlation and noise additremat useful to determine for several datasetsause original correlation is negative. See the tex
for interpretations.

(Investigated) average data AR(1) standardized original adjusted

dataset time spanin ka | Figure | resolution [kyr] | correlation | noise added | correlation* | correlation* | p-value
Obliquity 0-6000 3 1 0.988 0.376 1 0.99 <0.01
demodulated Obliquity 0-6000 3 1 0.988 0.291 0.54 -0041 -
demodulated Obliquity + noise 0-6000 3 1 0.976 0.239 -0.06 -0.28 -
LRO4 benthic isotope stack 0-5000 5,8 2.5 0.975 0.112 0.638 0.632 0.0145
Imbrie & Imbrie 1980 ice model 0-5000 4,8 1 0.975 0.071 0.884 0.886 <0.001
Lake EI'Gygytgyn MS 0-2800 6,8 0.5 0.911 0.004 0.652 0.655s 0.0490
ODP Site 659 dust flux 0-5208 7,8 3.7 0.969 0.080 0.610 0.593 0.0135






