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A B S T R A C T   

We use the benefits of the full-resolution methodology for time-series decomposition singular spectrum analysis 
to assess the quantitative impact of orbital and, for the first time, millennial-scale Sun-related climate responses 
from EPICA records. The quantitative impact of the three Sun-related cycles (unnamed ~9.7-kyr; proposed 
‘Heinrich-Bond’ ~6.0-kyr; Hallstatt ~2.5-kyr), cumulatively explain ~4.0% (δD), 2.9% (CO2), and 6.6% (CH4) in 
variance, demonstrating for the first time the minor role of solar activity in the regional budget of Earth’s climate 
forcing. A cycle of ~3.6 kyr, which is little known in literature, results in a mean variance of 0.6% only, does not 
seem to be Sun-related, although a gravitational origin cannot be ruled out. According to the recurrence analysis 
of Heinrich events (6.03 ± 1.4 kyr) and their correlation with EPICA stack ~6.0-kyr cycle, it is proposed that this 
band of solar activity be named the ‘Heinrich-Bond cycle’. On these basis, it is deemed that the ‘Heinrich-Bond’ 
solar cycle may act on the ice-sheet as an external instability factor both related to excess ice leading to calving 
process and IRD-layers (‘cold-related’ Heinrich events), and surface heating with meltwater streams (‘warm- 
related’ Heinrich events). The Hallstatt cycle is found in a number of solar proxies, geomagnetic secular vari
ations, paleoclimatic oscillations, combination tones of Milankovitch forcings and resonant planetary beats, 
indicating an apparent ‘multi-forcing’ origin possibly related to planetary beat hypothesis. The orbital compo
nents consistently reflects the post-Mid-Pleistocene transition nature of the EPICA records in which the short 
eccentricity results in most of the variance (51.6%), followed by obliquity (19.0%) and precession (8.4%). 
Beyond the Milankovitch theory, evidence is emerging of a multiple-forcing cosmoclimatic system with sto
chastic interactions between external (gravitational resonances, orbitals, solar activity) and Earth’s internal 
(geodynamics, atmosphere composition, feedback mechanisms) climate components, each having a strong dif
ference in terms of the relative quantitative impact on Earth’s climate.   

1. Introduction 

In recent years, several attempts have been made to reconstruct high- 
resolution paleoclimatic ‘reference’ sections, such as the Pliocene- 
Pleistocene record of the global ice volume and deep-ocean tempera
ture (LR04 benthic δ18O stack; Lisiecki and Raymo, 2005) or the Pleis
tocene 800,000 years-long time series of atmospheric greenhouse gas 
(GHG) concentration (CO2, CH4) and temperature proxy (δD) from the 
European Project for Ice Coring in Antarctica (EPICA) (Luthi et al., 2008; 
Loulergue et al., 2008; Bereiter et al., 2015; Past interglacials working 
group of PAGES, 2016). These records provide a common framework 
and a good opportunity to study different aspects of the Plio-Pleistocene 
climate system. This research applies advanced signal decomposition 
procedure to the Pleistocene ice-core records of EPICA Past Interglacials 
Working Group (Past interglacials working group of PAGES, 2016) to 

estimate the quantitative impact of climate components. The aim of the 
present study is to investigate the changes of the Pleistocene climate 
over the last 800 kyr (thousand years) of EPICA temperature and GHG 
records by using the benefits of the full-resolution methodology for 
time-series decomposition singular spectrum analysis (SSA) (Elsner and 
Tsonis, 1996), with a special focus on Sun-related signals. In fact, owing 
to the high resolution and the relatively homogeneous sample interval of 
the δD, CO2, and CH4 records, the methodology allowed these signals to 
be decomposed from orbital up to sub-Milankovitch frequency bands 
(2.5-kyr Hallstatt cycle), providing a more complete picture of these new 
Antarctic high frequency signals. These 800-kyr-long suborbital records, 
which include some possible Sun-related signals, fill an important gap in 
the field of solar cycles offering for the first time an estimate of their 
quantitative impact on the Pleistocene climate system and their pre
sumed correlation with the glaciological events of North Atlantic and 
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Greenland (Channell et al., 2012; Rasmussen et al., 2014). The Sun is the 
main source of energy for the Earth’s climate system through two main 
variations in solar radiation: changes in the Earth’s orbit around the Sun 
over several tens and hundreds of thousands of years, which affect the 
amount and distribution of radiant energy hitting the Earth (astro
nomical forcing) (Berger, 1988; Imbrie et al., 1992; Pillans et al., 1998; 
Laskar et al., 2011); second, internal stellar processes over several tens 
and thousands of years affect the total radiant energy emitted by the Sun 
- i.e. solar activity (SA; solar forcing) (Clemens, 2005; Haigh 2011; 
Vieira et al., 2011; McCracken et al., 2014; Zhao and Feng, 2015; 
Usoskin, 2017; Zharkova et al., 2019). The Earth’s climate can be un
derstood as the balance between the energy input from the Sun and the 
energy dispersed into space through the action of the Earth’s atmo
spheric GHGs and internal feedback processes of the climate system. 
However, the degree to which SA has affected the Earth’s climate in the 
past and in the present owing to recent climate change is still a matter of 
debate, especially with regard to future developments in solar activity 
which might either moderate or amplify the climate change (Svensmark 
and Friis-Christensen, 1997; Neff et al., 2001; Sun and Bradley, 2002; 
Ogurtsov et al., 2002; Bard and Frank, 2006; Gray et al., 2010; Vieira 
et al., 2011; Engels and van Geel, 2012; Mörner et al., 2013b; Wu et al., 
2018b; Shindell et al., 2020). Several reasons for this long debate 
include the relatively short length of continuous data of direct or proxy 
observations in SA (Zhao and Feng, 2015), the low resolution of some 
climate records, together with traditional methods of spectral analysis 
sometimes little resolutive in discriminating high frequency cycles, and 
with a non-implicit approach to the quantitative estimation of signal 
variance (Kominz and Pisias, 1979; Wunsch, 2004; Viaggi, 2018). 

2. Materials and methods 

The EPICA δD, CO2, and CH4 records (Jouzel et al., 2007; Luthi et al., 
2008; Loulergue et al., 2008; Bereiter et al., 2015; Past interglacials 
working group of PAGES, 2016) were considered as materials for signal 
processing. The time-series provided by Past interglacials working group 
of PAGES (2016) were chosen because they are recalibrated on the 
AICC2012 age model (Bazin et al., 2013) and the CO2 oldest EPICA 
Dome C section was published by Luthi et al. (2008) and Siegenthaler 
et al. (2005), which was subsequently updated by Bereiter et al. (2015). 
Therefore, the differences in the age model between the EPICA records 
should be negligible. The AICC2012 age model has been constructed 
combining glaciological inputs and data constraints, including a wide 
range of relative and absolute gas and ice stratigraphic markers. The 
uncertainty of AICC2012 is ± 2.6 kyr on average during the past 
100–720 kyr (Bazin et al., 2013). The δD, CO2, and CH4 records provided 
by Past interglacials working group of PAGES (2016) exhibit a mean 
data-spacing of 1.00 ± 0.06 kyr, 0.83 ± 0.48 kyr, and 1.05 ± 0.24 kyr, 
respectively. The δD proxy depends on Antarctic site temperatures 
derived from the ratios of water isotopes in ice cores (Jouzel et al., 
1997). CO2 and CH4 concentrations can be determined directly from 
measurements in the air within ice cores (Luthi et al., 2008; Loulergue 
et al., 2008). The CH4 content results from changes in wetlands in the 
tropics and high northern latitudes (Loulergue et al., 2008; Past in
terglacials working group of PAGES, 2016). Thus, ice core CH4 may be 
viewed as a signal integrating parts of the northern hemisphere terres
trial biosphere (Loulergue et al., 2008; Luthi et al., 2008; Past in
terglacials working group of PAGES, 2016). The NGRIP δ18O data on 
GICC05 age model (NGRIP Community Members, 2007) were used to 
correlate the glaciological events of the North Atlantic and Greenland 
regions. 

The δD, CO2, and CH4 records were partitioned in signal components 
using singular spectrum analysis. The SSA is an advanced method for 
time-series analysis used to isolate full-resolution independent signal 
components based on the signal strength (variance) (Vautard and Ghil, 
1989; Elsner and Tsonis, 1996; Ghil et al., 2002; Hassani, 2007; Viaggi, 
2018). In contrast with Fourier analysis with a fixed basis of sine and 

cosine functions, SSA uses an adaptive basis generated by the time series 
itself. As a result, the underlying model in SSA is more general and can 
extract amplitude-modulated wave components with higher resolution 
than Fourier analysis. Indeed, the most important feature of the SSA is 
the high-resolution separation of signal components containing little 
power (according to Nyquist’s condition), together with an implicit 
approach towards the quantitative estimation of the signal strength by 
variance, which is a fundamental task in paleoclimatology. SSA can be 
effectively applied as a non-parametric method for the detection of 
structural changes in the time series, reflecting the main physical phe
nomena underlying the data (Vautard and Ghil, 1989; Hassani, 2007). 
SSA requires evenly spaced records. The δD, CO2, and CH4 records were 
resampled at constant time intervals of 0.5 kyr by robust cubic spline 
interpolation algorithm which prevents artifacts generation. The SSA 
enabled each of the resampled signals to be decomposed into 
nine-component time-series without overcoming the resolution limits of 
the original data, according to Nyquist’s condition (δD~2.0 kyr; CO2 
~1.7 kyr; CH4 ~2.1 kyr) (see Additional file 1, section 2). Consequently, 
the highest frequency identified in the present work is in the ~2.5-kyr 
band with a good quality signal, statistically significant and highly 
coherent with the filtered Hallstatt component from the total solar 
irradiance (TSI) proxy of Steinhilber et al. (2012) (Additional file 1, 
section 4). The slight oversampling at 0.5-kyr is functional in preserving 
this last cycle by cubic spline interpolation which did not generate any 
frequency artifacts (Additional file 1, Table S3). In fact, the high fre
quency cycles here identified by SSA are natural and statistically sig
nificant components of the original records. The SSA is achieved by the 
computation of forward-backward covariance matrices with a 60-order 
(embedding dimension) using the singular-value decomposition pro
cedure. A nested-SSA approach has been applied to some high-variance 
components to better separate some frequency bands and to correctly 
estimate the variance fraction, and this is done by increasing the 
embedding dimension up to 255 and partitioning the component into 
subcomponents (Viaggi, 2018). More details on parameter selection 
criteria can be found in Additional file 1. A very small residual variance 
still superimposed to some subcomponents has been resolved by 
Wavelet and Savitzky-Golay filtering algorithms. Wavelet filtering with 
complex Morlet continuous wavelet transform and adjustable parameter 
of 8, was used to isolate the obliquity modulation cycle (~160–240 kyr) 
with the frequency range 0.0035–0.007 kyr− 1, while Savitzky-Golay 
filter is particularly useful for highlighting weak trends and therefore 
was applied to isolate the mid-term oscillation. The Savitzky-Golay filter 
used is a 4-order least squares polynomial fitting across a moving win
dow of 400. The variance strength of the δD, CO2, and CH4 reconstructed 
records by forcing is computed as the sum of the absolute variance of the 
related components and subcomponents identified, and their signals are 
calculated as a weighted mean by variance. The EPICA stack by forcing 
is calculated as weighted mean by variance of the standardized δD, CO2, 
and CH4 signals (detailed explanations in Additional file 1). The 
SSA-components are then investigated by Fourier frequency spectrum 
(FFS) with data window to analyse the frequency power and test for 
component significance by first-order autoregressive AR(1) process. The 
data tapering used in this study is the cs2-Hann window and the Prime 
Factor fast Fourier transform algorithm. The peak detection uses 
peak-based critical limit significance levels. For this type of robust 
confidence limit, one seeks to disprove the null hypothesis, where one 
postulates either a red or white noise background. Unless otherwise 
indicated, the frequency peaks shown in this study are the most signif
icant peaks above a 99.9% critical limit. Thus, the high frequency cycles 
discussed in the text are natural and statistically significant components 
related to tangible physical processes. For each peak, the time-integral 
squared amplitude (TISA) power is computed as a relative percentage. 
The summed power reported in the frequency analysis is merely the sum 
of the component powers, and not the power of the composite signal that 
would result from the addition of the components. Finally, the phase 
relationships of the δD vs. CO2 and CH4 standardized (mean = 0; 
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standard deviation = 1) components were examined by cross-spectral 
analysis with Hann window. In the present study, additional in
vestigations (FFS, long-term smoothing by Savitzky-Golay filter and 
cross-spectral analysis) were performed on three recent Holocene solar 
proxies (Vieira et al., 2011; Steinhilber et al., 2012; Wu et al., 2018a) to 
further support the discussion on the EPICA millennial-scale Sun-related 
cycles. The Savitzky-Golay filter used in solar proxies is a 4-order least 
squares polynomial fitting across a moving window of 100 (Steinhilber 
et al., 2012), 200 (Vieira et al., 2011) and 250 (Wu et al., 2018a). In 
particular, Steinhilber et al. (2012) combined different 10Be ice core 
records obtained from Greenland and Antarctica with the global 14C tree 
ring record using principal component analysis, and the new cosmic 
radiation record was then used to reconstruct a TSI signal which mini
mized the Earth’s system effects influencing the radionuclide signal (e.g. 
climate-induced transport and deposition changes, changes in the car
bon cycle) (Mayewski et al., 1997; Solanki et al., 2004; Steinhilber et al., 
2012; Charvátová and Hejda, 2014; Usoskin, 2017). Thus, this TSI re
cord is considered by the authors as a valuable proxy of the SA, and was 
used in cross-spectral analysis to support the interpretation of the 
Hallstatt cycle. Further details on the applied methodology in this study 
and a discussion of the quality and reliability of the time series pro
cessing can be found in Additional file 1. The dataset of the EPICA 
SSA-components and stacks can be found in Additional file 2. The soft
ware used in this research is AutoSignal™. 

3. Results and discussion 

3.1. Signals decomposition and interpretation 

Nine SSA components (abbreviated as comp) were identified from 
each δD, CO2 and CH4 records spanning from mid-term oscillation to 
astronomical and suborbital signals. The first three components were 
processed into subcomponents (abbreviated as subcomp) to better 
separate some oscillatory terms. A detailed description of extracted 
components and subcomponents can be found in Additional file 1. From 
an interpretative perspective, the sub-Milankovitch comp-5-6s, -7-8s, -9- 
15s, -16-23s, and -24-26s are discussed in the dedicated section 3.2 with 

a special focus on the Sun-related signals. Next, the main features of the 
SSA-components are described by records in descending order of 
periodicity. 

3.1.1. EPICA δD 
The δD SSA-components cumulatively explain 99.95% of the original 

variance (δD filtered). The spectral analysis of these δD components 
ranged from 159 kyr to 2.4 kyr periodicity (Fig. 1, Table 1). 

δD component-1: This component explains 46.9% of the total vari
ance without any evident signal trend. The FFS shows a dominant 93-kyr 
short eccentricity cycle (TISA power 79.9%) with an ancillary term of 
159 kyr close to the obliquity modulation cycles (~160–200 kyr) 
(Boulila et al., 2011; Viaggi, 2018) and a low significance obliquity 
signal. The subcomponents analysis (see Additional file 1) reveals a 
weak mid-term oscillation (not detected by FFS) from which a variance 
of 2.0% may be estimated, along with a 3.7% variance of the obliquity 
modulation cycle. The mid-term oscillation shows a mild warming phase 
centred at ~400 kyr, and correlates to the wide swing of LR04 δ18O 
depletion that peaks at approximately 400–300 kyr, which is referred to 
as the Mid-Brunhes Oscillation (MBO) (Viaggi, 2018), and containing 
the Mid-Brunhes Event at approximately 430 kyr (Berger and Yin, 
2012). Note that the MBO is not related to the long eccentricity band 
(~400-kyr) because 400 kyr ago this cycle was on a minimum (Laskar 
et al., 2011). 

δD component-2: Component-2 explains 30.8% of the total variance 
and exhibits a 41-kyr obliquity cycle (power 52.8%) envelopes in a 92 
kyr (26.5%) and 75 kyr (20.7%) short eccentricity framework (Fig. 1). 
This feature is similar to that shown by global δ18O and equatorial Site 
846 sea surface temperature (SST) components-3-4 after the Mid- 
Pleistocene transition (MPT), showing the envelope of two to three 
obliquity cycles in a weak eccentricity 93-kyr framework (Fig. 4 and 
Fig. 8 in Viaggi, 2018). 

δD component-3: This signal explains 10.1% in the variance modu
lated by a 23-kyr precession cycle (power 54.7%) within an obliquity 
framework of 41 kyr (25.7%) and 31 kyr (19.6%). 

δD component-4: This is a 4.2% variance 21-kyr precession 
component. 

Fig. 1. Time-series panel of the nine δD components isolated from the EPICA record by singular spectrum analysis, together with the δD-filtered record (left) ob
tained by combining these data components (99.95% total variance). See Table 1 for Fourier frequency results and forcing interpretation. The x-axis scale (‰) is 
variable in relation to the variance fraction of the data components (in brackets). EPICA original data from Past interglacials working group of PAGES (2016). Time 
scale in kyr. 
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δD component-5-6: This component of the 3.5% variance is paced by 
the 13-kyr cycle, which is related to the half-precession band of equa
torial origin modulated at 11–12 kyr (Hagelberg et al., 1994; Berger 
et al., 2006; Sun and Huang, 2006; Viaggi, 2018). 

δD component-7-8: Component-7-8 incorporates 1.7% of the δD 
variance at the 9.2-kyr periodicity band. 

δD component-9-15: This explains the 2.2% variance in the fre
quency band at 5.7 kyr. 

δD component-16-23: A 3.4 kyr period is shown by this component, 
explaining 0.5% of the δD variance. 

δD component-24-26: this last component includes 0.05% of the 
signal variance, and shows an oscillatory beat at 2.4 kyr. 

Table 1 
Quantitative estimation of signal magnitude (percentage variance) and Fourier frequency results of the nine EPICA δD components isolated by singular spectrum 
analysis. Interpretation of the suborbital forcings in the section “New Evidence of Solar Cycles from EPICA records”. Unless otherwise indicated, the frequency peaks 
are the most significant peaks above a 99.9% critical limit. EPICA original data from Past interglacials working group of PAGES (2016).  

δD component 
rank 

δD component 
variance 

Frequency 
(kyr− 1) 

TISA power 
(%) 

Period 
(kyr) 

Weighted mean period 
(kyr) 

Forcing 

1 46.9% 0.01071420 79.9 93  Short eccentricity (with obliquity modulation 
cycle) 0.00628129 17.6 159  

0.02460160 2.5 41 low significance 
2 30.8% 0.02458230 52.8 41  Obliquity with short eccentricity envelopes 

0.01090870 26.5 92  
0.01341453 20.7 75  

3 10.1% 0.04262501 54.7 23  Precession and obliquity 
0.02455350 25.7 41  
0.03261513 19.6 31  

4 4.2% 0.04274945 59.6 23 21 Precession 
0.05841370 31.1 17 
0.05460236 9.3 18 

5–6 3.5% 0.08695223 44.5 11.5 13 Half-precession 
0.08281695 32.0 12.1 
0.06577397 23.6 15.2 

7–8 1.7% 0.09781210 36.0 10.2 9.2 Sun 
0.11021661 34.7 9.1 
0.12489587 29.3 8.0 

9–15 2.2% 0.15272879 36.3 6.5 5.7 Sun 
0.17509093 31.9 5.7 
0.21732064 31.8 4.6 

16–23 0.5% 0.30638180 43.8 3.3 3.4 Unclear 
0.27912013 28.7 3.6 
0.29903889 27.5 3.3 

24–26 0.05% 0.43138037 47.2 2.3 2.4 Sun 
0.43613177 31.2 2.3 
0.37534885 21.6 2.7 

>26 0.05%     Noise  

Fig. 2. Time-series panel of the nine CO2 components isolated from the EPICA record by singular spectrum analysis, together with the CO2-filtered record (left) 
obtained by combining these data components (99.8% total variance). See Table 2 for Fourier frequency results and forcing interpretation. The x-axis scale (ppm) is 
variable in relation to the variance fraction of the data components (in brackets). EPICA original data from Past interglacials working group of PAGES (2016). Time 
scale in kyr. 
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3.1.2. EPICA CO2 
The CO2 SSA-components cumulatively explain 99.8% of the original 

variance (CO2 filtered). The spectral framework of these CO2 compo
nents ranges from 239 kyr to 2.5 kyr periodicity (Fig. 2; Table 2). 

CO2 component-1: This explains 60.2% of the variance with any 
evidence of signal trend. The FFS shows a dominant 96-kyr short ec
centricity cycle (power 72.5%) with an ancillary term of 239 kyr 
(26.6%), which may be related to the obliquity modulation cycles 
(~160–200 kyr). The subcomponents analysis exhibits a mid-term 
oscillation (not detected by FFS) similar to that of the δD component- 
1, from which a variance of 7.7% may be estimated, along with a 
5.8% variance related to the obliquity modulation cycle. 

CO2 component-2: This component explains 25.3% of the variance in 
the 46-kyr obliquity (power 23.4%) and 95–76-kyr short eccentricity 
bands (50.0% and 26.6%, respectively), with similar features as the δD 
component-2 (Fig. 2). 

CO2 component-3: This explains the variance of 5.6%, which results 
from a 23-kyr precession cycle (power 73.7%) with obliquity envelopes 
at 41 kyr and 31 kyr. 

CO2 component-4: This component constitutes 2.9% of the EPICA 
CO2 variance and exhibits a weight mean period at the 21-kyr precession 
band. 

CO2 component-5-6: This high-frequency component explains 2.5% 
of the variance paced by the 13-kyr band related to the half-precession 
cycle. 

CO2 component-7-8: Component-7-8 incorporates 1.1% of the CO2 
variance at the 9.8-kyr weighted mean periodicity. 

CO2 component-9-15: this signal explains 1.7% of the variance, and 
exhibits a weighted mean periodicity of 5.9 kyr. 

CO2 component-16-23: A 3.6-kyr cycle is shown by this component, 
explaining 0.4% of the CO2 variance. 

CO2 component-24-26: this last component has a signal variance of 
only 0.1%, and exhibits an oscillatory beat at 2.5 kyr. 

3.1.3. EPICA CH4 
The CH4 SSA-components are responsible for 99.6% of the signal 

variance (CH4 filtered), with oscillations ranging from 165 kyr to 2.5 kyr 
periodicity (Fig. 3, Table 3). 

CH4 component-1: component-1 describes 44.7% of the total vari
ance, and shows a dominant 96-kyr short eccentricity cycle (power 
83.5%) with an auxiliary term of 165 kyr (14.3%) relative to the 
obliquity modulation cycle. The analysis of the subcomponents shows a 
mid-term oscillation (not detected by FFS) similar to that of the previous 
ones, from which a variance of 3.5% may be estimated, along with a 
2.5% variance related to the obliquity modulation cycle. 

CH4 component-2: This signal explains 27.5% of the variance in the 
41-kyr obliquity (power 47.5%) and 96-75-kyr short eccentricity bands 
(30.7% and 21.8%, respectively). The CH4 component-2 has similar 
features as the CO2 component-2 (Fig. 3). 

CH4 component-3: This shows a total variance of 9.3% resulting from 
a 22-kyr precession cycle (42.0%) with obliquity envelopes at 41 kyr and 
29 kyr. 

CH4 component-4: This component explains a variance of 5.2% 
resulting from a mean precession period of ~20 kyr. 

CH4 component-5-6: The high-frequency component-5-6 exhibits 
5.3% of the variance with a weighted mean periodicity of ~13 kyr 
relative to the half-precession cycle. 

CH4 component-7-8: This signal contains a frequency beat at 9.0 kyr 
with a 2.6% variance covering. 

CH4 component-9-15: This component exhibits 3.8% of the variance 
and exhibits a mean periodicity at about 5.4 kyr. 

CH4 component-16-23: A 1.0% variance in the 3.6-kyr frequency 
band characterizes component-16-23. 

CH4 component-24-26: This results in a signal variance of 0.2% with 
a 2.5-kyr periodicity. 

Table 2 
Quantitative estimation of signal magnitude (percentage variance) and Fourier frequency results of the nine EPICA CO2 components isolated by singular spectrum 
analysis. Interpretation of the suborbital forcings in the section “New Evidence of Solar Cycles from EPICA records”. Unless otherwise indicated, the frequency peaks 
are the most significant peaks above a 99.9% critical limit. EPICA original data from Past interglacials working group of PAGES (2016).  

CO2 component 
rank 

CO2 component 
variance 

Frequency 
(kyr− 1) 

TISA power 
(%) 

Period 
(kyr) 

Weighted mean period 
(kyr) 

Forcing 

1 60.2% 0.01046401 72.5 96  Short eccentricity (with obliquity modulation 
cycle) 0.00419271 26.6 239  

0.01790364 0.9 56 low significance 
2 25.3% 0.02162145 23.4 46  Obliquity with short eccentricity envelopes 

0.01050971 50.0 95  
0.01324018 26.6 76  

3 5.6% 0.04270651 73.7 23  Precession and obliquity 
0.03216239 15.7 31  
0.02450036 10.6 41  

4 2.9% 0.04276472 58.0 23 21 Precession 
0.05834638 36.6 17 
0.06172018 5.3 16 

5–6 2.5% 0.06632120 26.5 15.1 13 Half-precession 
0.07404669 25.3 13.5 
0.08001619 48.1 12.5 

7–8 1.1% 0.09520119 27.1 10.5 9.8 Sun 
0.09805263 36.9 10.2 
0.11222552 36.0 8.9 

9–15 1.7% 0.15264722 34.9 6.6 5.9 Sun 
0.16891074 28.1 5.9 
0.19058835 37.0 5.2 

16–23 0.4% 0.25642887 41.8 3.9 3.6 Unclear 
0.27835945 29.0 3.6 
0.31717431 29.2 3.2 

24–26 0.1% 0.39283997 44.6 2.5 2.5 Sun 
0.39637938 28.5 2.5 
0.39937111 26.9 2.5 

>26 0.2%     Noise        
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3.2. New evidence of solar cycles from EPICA records 

The SSA processing has enabled the δD, CO2, and CH4 records 
(abbreviated as DCM) to be split into new statistically significant sub- 
Milankovitch 800,000-yr long time-series, ranked for the first time by 
signal strength and discussed in this section (DCM comp-5-6s, -7-8s, -9- 
15s, -16-23s, -24-26s). The sub-Milankovitch bands (1-15-kyr period
icity) are millennial-scale oscillations that occur over a wide spectrum of 
paleoceanographic, paleogeographic, paleoclimatic and paleoenvir
onmental conditions for time periods spanning from Cambrian to the 
Quaternary (Elrick and Hinnov 2007). Although extensively studied, no 
conclusive hypothesis explains their origin, even though recent studies 
on multi-millennial solar proxies and solar magnetic fields imply a 
Sun-related origin for some suborbital bands (Table 4). The occurrence 
of these quasi-periodic climate changes is interpreted as being related to 
internal mechanisms, such as ice sheet dynamics or ocean-atmosphere 
system variations (MacAyeal, 1993; Alley et al., 1999), or to external 
mechanisms, including (1) the biannual passage of the Sun across the 
intertropical zone induces hemi-precession (~12 kyr) cycles (Berger 
et al., 2006; Sun and Huang, 2006); (2) nonlinear signal transformation 
produces suborbital harmonics or combination tones of primary 
Milankovitch cycles (Pestiaux et al., 1988; Rodrìguez-Tovar and Par
do-Igùzquiza, 2003; Franco and Hinnov 2012; Franco et al., 2012; Da 
Silva et al., 2018) and (3) solar forcing (Dergachev, 2004; Elrick and 
Hinnov 2007; Xapsos and Burke, 2009; Vieira et al., 2011; Steinhilber 
et al., 2012; McCracken et al., 2014; Usoskin et al., 2016; Usoskin, 
2017). A debated planetary beat hypothesis (PBH) on SA (Charvátová, 
2000; Abreu et al., 2012; Scafetta 2012, 2014a; Mörner, 2013; Mörner 
et al., 2013a; Holm, 2014; Cauquoin et al., 2014; McCracken et al., 2014; 
Yndestad and Solheim, 2016; Sánchez-Sesma, 2016; Scafetta et al., 
2016; Zharkova et al., 2019) could reconcile the apparent contradiction 
of suborbital cycles with similar quasi-periods across solar proxies and 
nonlinear harmonics and/or combination tones of primary Milankovitch 
cycles (Table 4). In fact, according to PBH, the motion of the giant 
planets generates a beat on the Sun in the form of gravity (tidal force) 
and angular momentum with respect to the solar system’s barycenter, 

which is called solar inertial motion (SIM) (Charvátová, 2000; Paluš 
et al., 2007; McCracken et al., 2014; Scafetta et al., 2016; Zharkova 
et al., 2019). The planetary beat may thus affect the Earth both directly 
via its gravity pulse, as well as indirectly via its effects on the solar 
dynamo, acting the solar wind control on the incoming cosmic rays, and 
thus also on the production of cosmogenic radionuclides (Charvátová, 
2000; Paluš et al., 2007; Abreu et al., 2012; Mörner et al., 2013b; 
McCracken et al., 2014; Zharkova et al., 2019), although the physical 
problem remains unclear (McCracken et al., 2014; Scafetta, 2014b). 

Indeed, none of the known solar cycles (11–22, 60–65, 80–90, 
110–140, 160–240, ~500 and 800–1200 year bands) can be explained 
using current physical models based on mainstream solar theories, and 
this may be because solar dynamics is not determined by internal solar 
mechanisms alone (Scafetta, 2012). Another possible reason is that the 
physics explaining the dynamical evolution of the Sun is still largely 
unknown (Scafetta, 2012). Recently discovered long-term oscillations of 
the solar background magnetic field associated with double dynamo 
waves generated in inner and outer layers of the Sun were found to be 
related to the long-term SIM of the solar system, and are closely linked to 
total solar irradiance (Zharkova et al., 2019). Thus, the solar system can 
be considered as a resonator of planetary orbital periods characterized 
by a specific harmonic planetary structure that also synchronizes the 
Sun’s activity and the Earth’s climate (McCracken et al., 2014; Scafetta, 
2014a; Scafetta et al., 2016). The SA – i.e. the emission of heat, elec
tromagnetic waves, and particles – is known to change with cycles 
ranging from several years to decades, centuries, and millennia (Kern 
et al., 2012; Mörner et al., 2013b; Usoskin, 2017; Wu et al., 2018a). 
Direct satellite measurements or historical observations can be used to 
study short-term solar cyclicity, such as the 11-year Schwabe cycles 
(also known as sunspot-cycle) and the Gleissberg cycle, which have a 
characteristic double periodicity of 50–80 years and 90–140 years, 
respectively (Ogurtsov et al., 2002; Kern et al., 2012; Scafetta, 2012). 
Proxy data are necessary to test much longer periodicities. Cosmic-ray 
produced radionuclides, such as 14C and 10Be, which are stored in tree 
rings and polar ice cores, offer the opportunity to reconstruct the history 
of cosmic radiation and SA over millennia by removing the Earth’s 

Fig. 3. Time-series panel of the nine CH4 components isolated from the EPICA record by singular spectrum analysis, together with the CH4-filtered record (left) 
obtained by combining these data components (99.6% total variance). See Table 3 for Fourier frequency results and forcing interpretation. The x-axis scale (ppb) is 
variable in relation to the variance fraction of the data components (in brackets). EPICA original data from Past interglacials working group of PAGES (2016). Time 
scale in kyr. 

P. Viaggi                                                                                                                                                                                                                                          



Quaternary Science Advances 4 (2021) 100037

7

system effects which influence the radionuclide signal (e.g. 
climate-induced transport and deposition changes, changes in the car
bon cycle) (Mayewski et al., 1997; Solanki et al., 2004; Steinhilber et al., 
2012; Charvátová and Hejda, 2014; Usoskin, 2017). Within the range of 
the sub-Milankovitch bands detected in the EPICA records (from 13 kyr 
to 2.5 kyr), and considering the temporal extension limit of the studied 
Holocene solar proxies (Vieira et al., 2011; Steinhilber et al., 2012; Wu 
et al., 2018a) in recording the ~9–10 kyr cycle, the FFS identifies a 
long-term cycle of 5.6–6.76 kyr (mean 6.2 kyr) from the TSI data of 
Vieira et al. (2011) (Fig. 4a and b), and of 5.6 kyr from TSI data of 
Steinhilber et al. (2012) (Fig. 4d). This cycle has also been recognized by 
Savitzky-Golay filtering, showing long-term TSI cycles in the range of 
5.0–6.5 kyr, which is equivalent to a mean cycle of 5.6 kyr (Fig. 5). A 
stable TSI cycle of 2.3–2.4 kyr is recognizable by the frequency spectra, 
while the ~3.4–3.6 kyr cycle appears to be completely absent from the 
solar proxies (Fig. 4). 

3.2.1. EPICA 9.7-kyr cycle 
SA oscillations were analysed by Sánchez-Sesma (2015, 2016) and 

extrapolated based on reconstructed solar-related 14C and 10Be records. 

The author reported ~9.5-kyr solar patterns, and linked this SA cycle to 
a planetary gravitational forcing (PGF) affecting solar dynamo mecha
nisms originated by a 5:1 resonance (9.56 kyr) between the inner and 
outer planets secular frequencies and the solar periodicity detected. 
Sánchez-Sesma (2016) presented a qualitative verification of the TSI 
~9.5-kyr recurrent patterns with an explosive demographic expansion 
of bivalve Sinucongeria primiformis in a Tortonian lacustrine system of 
Lake Pannon obtained from data by Harzhauser et al. (2013), showing 
the geological-scale persistence of the SA patterns, which can be 
explained by a PGF. Elrick and Hinnov (2007) investigated 17 different 
Paleozoic rhythmite successions from across North America. The 
rhythmic alternation between carbonate-rich and carbonate-poor layers 
is interpreted as millennial-scale paleoclimatic changes (~11–13; ~9.0; 
~5–6; 3.0–3.8 and 2.1–2.3 kyr) of the Earth’s ocean–atmosphere sys
tem, which points to an external driver such as solar forcing. Wu et al. 
(2012) reported 8.9–10.0 kyr cycles from South China Early Triassic 
rock magnetic cyclostratigraphy. 

EPICA DCM component-7-8s all exhibit periodicities of 9.2 kyr, 9.8 
kyr and 9.0 kyr, respectively. These oscillations are equivalent to an 
EPICA stack of 9.7 kyr, which is very close to the ~9.5-kyr SA oscillation 

Fig. 4. Fourier frequency spectra with two different algorithms of selected detrended Holocene solar proxies: (a-b) TSI (Vieira et al., 2011); (c-d) TSI (Steinhilber 
et al., 2012); (e-f) sunspot number (Wu et al., 2018a). Prime factor FFT algorithm (left spectra), Radix 2 FFT algorithm (right spectra) (SeaSolve, 2003). The red 
arrows indicate the frequency region of the 3.4–3.6-kyr cycle. 
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found by Sánchez-Sesma (2016), and to the 8.9–9.2-kyr solar-related 
cycle of Elrick and Hinnov (2007). However, some studies report a 
9.0–9.5-kyr quasi-period, which is interpreted as nonlinear harmonics or 
combination tones of primary Milankovitch cycles (Pestiaux et al., 1988; 
Franco and Hinnov 2012; Franco et al., 2012), showing an apparent 
‘multi-forcing’ beat (Table 4). 

3.2.2. EPICA 6.0-kyr cycle 
Mayewski et al. (1997) provide indications of a 6.1-kyr cycle from 

the Greenland Ice Sheet Project 2 (GISP2) glaciochemical series of the 
last 110,000 years, and found a very strong association with the timing 
of Heinrich events (H). These last glacial H0–H6 events are North 
Atlantic marine layers rich in carbonate ice-rafted debris (IRD), which 
result from massive iceberg discharge and the attendant cooling of 
surface waters with a quasi-periodic return interval of ~6 kyr (Heinrich, 
1988; Andrews et al., 1995; Alley, 1998; Bond et al., 2001; Hodell et al., 
2008; Channell et al., 2012). Channell et al. (2012) extend a North 
Atlantic Heinrich-like detrital-layer stratigraphy at the Integrated Ocean 
Drilling Program (IODP) Sites U1302–U1303 (SE flank of Orphan Knoll, 
Labrador Sea) up to the last 750 kyr within a robust chronological 
framework, representing a history of iceberg discharges from the Lau
rentide Ice Sheet. Mayewski et al. (1997) interpret the 6.1-kyr cooling 
cycle as not being related solely to ice sheet dynamics, but also linked to 
other mechanisms that allow suborbital-scale changes in insolation, 
perhaps of solar origin, to be translated through the 
ocean-atmosphere-cryosphere system into climate changes. Xapsos and 
Burke (2009) analysed the reconstructed sunspot numbers reported by 
Solanki et al. (2004) based on 14C in tree rings and 10Be in ice cores. 
Their spectral result was a prominent peak of SA, equivalent to a period 
of 5.68 kyr not previously reported. Xapsos and Burke (2009) introduced 
the possibility that evidence of such a ~6.0-kyr solar cycle has been 
recorded in proxy data, such as the glaciochemical series reported by 
Mayewski et al. (1997) with indications of a 6.1-kyr cycle. Olsen and 
Hammer (2005) showed that between 45 and 11-kyr BP, semi-cycles of 
glacial fluctuations comparable to the Bond cycle bundles of 

Dansgaard-Oeschger cycles (DO) are recorded from both marine and 
terrestrial data obtained from Norway, and follow a cyclical pattern of 
~6.0 kyr. The authors conclude that the causal mechanisms for the 
observed periodicity are not likely to be limited only to the internal 
processes in the Earth’s climatic system, but that external forcing, such 
as periodic changes in the magnetic field, may be the primary cause. 
Bond et al. (1997, 2001) propose that changes in the flux of solar energy 
on a ~1.5-kyr scale may be correlated to the DO cycles, and in turn to 
the Heinrich events. The authors propose that Earth’s climate system is 
highly sensitive to extremely weak perturbations in the Sun’s energy 
output, and that the observed large effects require at least large positive 
feedback processes acting within the Earth’s system. Wu et al. (2012) 
investigate rock magnetic cyclostratigraphy from the Early Triassic 
Lower Daye Formation (South China), and find a 4.7–5.6-kyr cycle 
interpreted as millennial-scale fluctuations in the solar output. Creer and 
Tucholka (1983) and Hagee and Olson (1989) have found geomagnetic 
secular variations of 5.0–5.8 kyr worldwide from Late 
Pleistocene-Holocene lacustrine sediments. Again, some studies report 
~5.5–7.0-kyr oscillations interpreted as nonlinear harmonics or com
bination tones of primary Milankovitch cycles (Pestiaux et al., 1988; Da 
Silva et al., 2018), or as 4–5-kyr sun-planetary mass centre eccentricity 
beat (Scafetta et al., 2016), suggesting an apparent ‘multi-forcing’ na
ture of this cycle. 

Antarctic DCM component-9-15s show periodicities of 5.7 kyr, 5.9 
kyr and 5.4 kyr, matching an EPICA stack of 6.0 kyr. This is very close to 
the ~5.7-kyr SA cycle reported by Xapsos and Burke (2009), and to the 
~5.8-kyr TSI mean cycle found in this study based on data reported by 
Vieira et al. (2011) and Steinhilber et al. (2012) (Figs. 4 and 5). It is also 
similar to ~5.0–6.0-kyr solar-related cycles found in literature 
(Mayewski et al., 1997; Bond et al. 1997, 2001, 2001; Olsen and 
Hammer, 2005; Elrick and Hinnov 2007; Wu et al., 2012). 

3.2.3. EPICA 3.7-kyr cycle 
Based on the recent literature on millennial-scale solar cycle proxies 

(Xapsos and Burke, 2009; Vieira et al., 2011; Steinhilber et al., 2012; 

Table 3 
Quantitative estimation of signal magnitude (percentage variance) and Fourier frequency results of the nine EPICA CH4 components isolated by singular spectrum 
analysis. Interpretation of the suborbital forcings in the section “New Evidence of Solar Cycles from EPICA records”. Unless otherwise indicated, the frequency peaks 
are the most significant peaks above a 99.9% critical limit. EPICA original data from Past interglacials working group of PAGES (2016).  

CH4 component 
rank 

CH4 component 
variance 

Frequency 
(kyr− 1) 

TISA power 
(%) 

Period 
(kyr) 

Weighted mean period 
(kyr) 

Forcing 

1 44.7% 0.01037445 83.5 96  Short eccentricity (with obliquity modulation 
cycle) 0.00607497 14.3 165  

0.02080875 2.2 48 low significance 
2 27.5% 0.02462184 47.5 41  Obliquity with short eccentricity envelopes 

0.01042284 30.7 96  
0.01339629 21.8 75  

3 9.3% 0.04517588 42.0 22  Precession and obliquity 
0.03424407 33.2 29  
0.02464058 24.8 41  

4 5.2% 0.04532866 39.0 22 20 Precession 
0.05268014 24.6 19 
0.05775437 36.4 17 

5–6 5.3% 0.07126878 19.4 14.0 13 Half-precession 
0.07579715 50.8 13.2 
0.08269068 29.8 12.1 

7–8 2.6% 0.10377296 61.0 9.6 9.0 Sun 
0.11101707 17.1 9.0 
0.13985521 21.9 7.2 

9–15 3.8% 0.15918553 29.5 6.3 5.4 Sun 
0.17518809 36.6 5.7 
0.22862689 33.9 4.4 

16–23 1.0% 0.25310536 37.4 4.0 3.6 Unclear 
0.29041320 25.9 3.4 
0.29438171 36.7 3.4 

24–26 0.2% 0.39871067 26.1 2.5 2.5 Sun 
0.40341315 29.0 2.5 
0.40681530 44.9 2.5 

>26 0.4%     Noise  
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Sánchez-Sesma, 2016; Usoskin et al., 2016; Wu et al., 2018a), of note is 
the absence of the periodicity at ~3.6 kyr (Table 4). The FFS analysis 
performed in the present study on some Holocene solar proxies (Fig. 4) 
shows that the frequency region between 0.28 and 0.30 cycles per kyr 
has no peaks, thus confirming the possible absence of the ~3.6-kyr cycle 
in solar proxies. Instead, a trace of this oscillation is reported in the 
glaciochemical GISP2 polar atmospheric circulation index at 3.2–3.6 kyr 
as a >99% significant level cycle (Fig. 3 in Mayewski et al., 1997). A 
strong period of ~3.6 kyr in 10Be deposition rates from Vostok ice-core 
raw data was detected by Omerbashich (2006), and was interpreted as 
an extrasolar galactic-burst signature. It is interesting to note that 
Gogorza et al. (2000) found secular variations of 3.4 kyr in the decli
nation and inclination of the geomagnetic field from four lake sediment 
records in south-western Argentina. The oscillations are characterized 
by alternating clockwise and counter-clockwise looping of the 
geomagnetic vectors during the last 6700 years. Other authors have 
found similar geomagnetic secular variations of 3.0–3.8 kyr worldwide 
(Creer and Tucholka, 1983; Hagee and Olson, 1989). The North America 
Paleozoic 3.0–3.8-kyr rhythmic alternation between carbonate-rich and 
carbonate-poor layers, is interpreted as solar-related paleoclimatic 
changes of the Earth’s ocean–atmosphere system (Elrick and Hinnov 
2007). Pestiaux et al. (1988) demonstrate that a 2.9–3.1-kyr periodicity 

may be the result of a nonlinear oscillator of primary Milankovitch 
frequencies. 

In summary, EPICA DCM component-16-23s exhibit a 3.4-kyr at
mospheric temperature and 3.6-kyr GHG oscillation, matching an EPICA 
stack of 3.7 kyr, apparently absent from solar proxies, and close to a 
geomagnetic secular variation of 3.0–3.8 kyr (Creer and Tucholka, 1983; 
Hagee and Olson, 1989; Gogorza et al., 2000; Wu et al., 2012), as well as 
close to 2.9–3.1-kyr beat of nonlinear Milankovitch oscillator (Pestiaux 
et al., 1988). Therefore, this cycle does not seem to be of solar origin, 
although a gravitational forcing cannot be ruled out. 

3.2.4. EPICA 2.5-kyr cycle 
SA at 2.31 ± 0.30 kyr is known in literature as the Hallstatt cycle 

(Dergachev, 2004; Xapsos and Burke, 2009; Steinhilber et al., 2012; 
Sánchez-Sesma, 2016; Usoskin et al., 2016; Usoskin, 2017). The wavelet 
spectrum of TSI shows that the de Vries cycle (210 yr) amplitude has 
varied with a period of about 2.2 kyr, and is called the Hallstatt cycle 
(Steinhilber et al., 2012). A stable TSI cycle of 2.3–2.4 kyr is also 
recognizable by the FFS employed in the present study (Fig. 4). Despite 
some initial interpretative uncertainties, the Hallstatt cycle is currently 
considered to be of solar origin, and is manifested through clustered 
occurrence of grand minima and grand maxima around its minima and 

Table 4 
Comparison of sub-Milankovitch cycles (in kyr) identified in the EPICA records by SSA (present work) with other signals and their interpretation (forcing) from 
literature. Despite large differences in signal type, sample resolution, age models and spectral methods, of note is the coupling of suborbital cycles with similar quasi- 
periods across solar proxies (sun electromagnetic activity), geomagnetic secular variations, paleoclimate oscillations, nonlinear harmonics or combination tones of 
primary Milankovitch cycles, and resonant planetary beats.  

Signal Age sub-Milankovitch cycle 

EPICA stack m Middle Pleistocene-Holocene 13 9.7 6.0 3.7 2.5 
EPICA δD m Middle Pleistocene-Holocene 13 9.2 5.7 3.4 2.4 
EPICA CO2 

m Middle Pleistocene-Holocene 13 9.8 5.9 3.6 2.5 
EPICA CH4 

m Middle Pleistocene-Holocene 13 9.0 5.4 3.6 2.5 
LR04 δ18O Pliocene-Pleistocene 13 d – – – – 
ODP Site 846 SST Pliocene-Pleistocene 12 d – – – – 
Lithological rhythm Lower Kimmeridgian 13–14 e – – – – 
GISP2 glaciochemical series i Late Pleistocene-Holocene 11.1 – 6.1 3.2 2.3 
Dates distribution of ice-free intervals j Late Pleistocene – – 6.0 – – 
Solar proxies (14C; 10Be) Middle Pleistocene-Holocene – 9.5 a 5.0–6.7 b – 2.2–2.7 b,q 

Solar background magnetic field o Late Pleistocene-Holocene – – – – 2.0–2.1 
Indian Ocean δ18O f Late Pleistocene 12.8–13 9.1–9.3 5.6–5.9 2.7–3.7 2.5 
Rhythmites cyclostratigraphy k Paleozoic 11.0–12.7 8.9–9.2 4.7–6.0 3.0–3.8 2.1–2.3 
Rhythmites (coupled thickness and magnetostratigraphy) l Late Carboniferous-Early Permian 11.1–13.6 8.8–10 5.1–6.2 3.4–3.6 2.4–2.7 
Rock magnetic cyclostratigraphy g Early Triassic 12.3–12.6 8.9–10.0 4.7–5.6 3.8 – 
Geomagnetic secular variations c Late Pleistocene-Holocene 13.5 – 5.0–5.8 3.0–3.8 2.1–2.6 
Titanium cyclostratigraphy h Early Devonian 10–12 – 6–7 – 2.5 
Orbit of the planetary mass center relative to the Sun n Late Pleistocene-Holocene – – 4–5 – 2.3 
Forcing Age sub-Milankovitch cycles 
Solar activity – 11–13 k ~9.0 k 5–6 b,g,i,j,k 3.0–3.8 k 2.2–2.7 b,h,i,k,l,m,q 

Planetary beat on Sun – – 9.6 a 4–5 n – 2.1–2.4 n,o,p,q 

Nonlinear Milankovitch oscillator f – 12.4–13 9.0–9.5 5.5–5.8 2.9–3.1 2.3–2.7 
Combination tones of Milankovitch cycles – 10–12 h 9.2 l 6–7 h – – 
AM of Milankovitch cycles – 13.9 e – – – – 
Intertropical half-precession – 11–13 d,g,l – – – –  

a Sánchez-Sesma (2015, 2016). 
b Dergachev (2004); Xapsos and Burke (2009); present study from data of Vieira et al. (2011) and Steinhilber et al. (2012); Usoskin et al. (2016); Usoskin (2017). 
c Creer and Tucholka (1983); Hagee and Olson (1989); Gogorza et al. (2000). 
d Viaggi (2018). 
e Rodrìguez-Tovar and Pardo-Igùzquiza (2003). 
f Pestiaux et al. (1988). 
g Wu et al. (2012). 
h Da Silva et al. (2018). 
i Mayewski et al. (1997). 
j Olsen and Hammer (2005). 
k Elrick and Hinnov (2007). 
l Franco and Hinnov (2012); Franco et al. (2012). 
m This work. 
n Scafetta et al. (2016). 
o Zharkova et al. (2019). 
p Charvátová (2000). 
q McCracken et al. (2014). 

P. Viaggi                                                                                                                                                                                                                                          



Quaternary Science Advances 4 (2021) 100037

10

Fig. 5. Long-term smoothing by Savitzky-Golay filter of selected detrended Holocene solar proxies: (a) TSI (Vieira et al., 2011); (b) TSI (Steinhilber et al., 2012); (c) 
sunspot number (Wu et al., 2018a). Notably, the long-term Sun-related cycles are in the range 5.0–6.5 kyr, which is equivalent to a mean cycle of 5.6 kyr, close to the 
EPICA stack ~6.0-kyr cycle. The possible Sun-related cycles are discussed according to descending period in the following sections. 
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maxima, respectively, indicating that the Hallstatt cycle is a long-term 
feature of SA that needs to be considered in solar dynamo models 
(Steinhilber et al., 2012; Usoskin et al., 2016; Usoskin, 2017). Interest
ingly, McCracken et al. (2014) and Scafetta et al. (2016) show that this 
oscillation is coherent to a repeating pattern in the periodic revolution of 
the four Jovian planets (Jupiter, Saturn, Uranus, and Neptune) around 
the Sun, which has a stable resonance period of ~2.3 kyr, supporting 
PBH. Even Zharkova et al. (2019) found oscillations of ~2.1 kyr of the 
baseline of a solar magnetic field close to the Hallstatt cycle, and this is 
likely to be caused by the SIM about the barycentre of the solar system 
caused by large planets, and affecting the TSI. Pestiaux et al. (1988) 
show a 2.5-kyr cycle from Indian Ocean δ18O interpreted as the 
2.3–2.7-kyr nonlinear response of a Milankovitch oscillator. The Hall
statt cycle is found in a number of sedimentary signals through the 
geological record: from North America Paleozoic rhythmite successions 
(2.1–2.3 kyr) (Elrick and Hinnov 2007); from glaciogenic rhythmites 
(coupled thickness and magnetostratigraphy) from the Brazil Late 
Paleozoic Itararé Group (2.4–2.7 kyr) (Franco and Hinnov 2012; Franco 
et al., 2012); from Early Devonian Titanium cyclostratigraphy (2.5 kyr) 
(Da Silva et al., 2018) and from Greenland Late Pleistocene-Holocene 
GISP2 glaciochemical series (2.3 kyr) (Mayewski et al., 1997). It 
should be noted that Hallstatt-like cyclicity of 2.1–2.6 kyr has been 
observed worldwide from Late Pleistocene-Holocene geomagnetic 
secular variations (Creer and Tucholka, 1983; Hagee and Olson, 1989; 
Gogorza et al., 2000). Antarctic DCM component-24-26s exhibit oscil
lations at 2.4 kyr, 2.5 kyr and 2.5 kyr, which are equivalent to an EPICA 
stack of ~2.5 kyr, close to the 2.31 ± 0.30-kyr period known in literature 
as the Hallstatt cycle. Finally, the phase relationships determined by 
cross-spectral analysis (details in Additional file 1, section 4) indicate an 
excellent coherence (0.93) between the EPICA stack 2.5-kyr cycle and 
the Hallstatt TSI wavelet filtered signal from data of Steinhilber et al. 
(2012) in the common band at ~2.3-kyr, with a phase lags of EPICA 
response of about 130 yr. These results confirm that the EPICA stack 
2.5-kyr is a good quality signal with a solar origin linked to the Hallstatt 
cycle. 

3.3. ‘Multi-forcing’ beat of the suborbital cycles: the Hallstatt cycle case 

As previously discussed with the support of Table 4, despite the large 
differences in signal type, sample resolution, age models and spectral 
methods, it is interesting to note an apparent coupling of suborbital 
cycles with similar quasi-periods across solar proxies (sun electromag
netic activity), geomagnetic secular variations, paleoclimatic oscilla
tions, nonlinear harmonics or combination tones of primary 
Milankovitch cycles, and resonant planetary beats. This suggests an 
intriguing hypothesis of a multifaceted effect of the planetary gravita
tional forcing. For discussion purposes, we focus on the well-known 
~2.3-kyr Hallstatt cycle, which is currently interpreted to be a prop
erty of the millennial-scale SA. As such, it is logical to expect its 
occurrence even in paleoclimatic-related sedimentary signals, as attes
ted by literature (Mayewski et al., 1997; Elrick and Hinnov 2007; Da 
Silva et al., 2018) and documented in the present work by Antarctic 
records. However, Hallstatt-like cyclicity has also been recognized as a 
Jovian planets beat resonance (McCracken et al., 2014; Scafetta et al., 
2016; Zharkova et al., 2019) and as a nonlinear response of the Milan
kovitch oscillator (Pestiaux et al., 1988), which pose striking interpre
tative questions. In addition, it is unclear how it explains Hallstatt-like 
cycles even in worldwide geomagnetic secular variations (Creer and 
Tucholka, 1983; Hagee and Olson, 1989; Gogorza et al., 2000). 
Higher-frequency geomagnetic variations are generally considered to be 
external in origin (e.g. daily variations due to the Earth’s rotation, 
variations due to changes in SA and interactions between the solar wind 
and the magnetic field), whereas the long-period geomagnetic field 
variability could originate in the geodynamo (e.g. sudden acceleration 
of the metallic fluid flow at the boundary of the Earth’s outer core; 
torsional oscillations in the Earth’s core) and is known as the 

geomagnetic secular variation (De Michelis et al., 2005; Roberts and 
Turner, 2013). However, the cut-off between these two domains may not 
be as distinct as is sometimes argued (De Michelis et al., 2005). The 
Earth can be considered a probe reacting to interplanetary disturbances, 
which are manifestations of the solar magnetic fields, and thus records of 
the geomagnetic activity may be used as diagnostic tools for recon
structing the evolution of previous solar magnetic fields (Georgieva 
et al., 2013). The authors find the correlations between the geomagnetic 
activity and the 11-yr sunspot magnetic cycle, and estimate the varia
tions in the sunspot magnetic field from geomagnetic data. Can the solar 
activity of the Hallstatt cycle affect the geomagnetic field by modulating 
Hallstatt-like geomagnetic secular variation ? The study of secular var
iations in the geomagnetic field helps to determine both physical and 
chemical properties of the Earth’s interior and the fluid flow of the 
outer-core (Liu et al., 1999; De Michelis et al., 2005). Geomagnetic 
secular variations have been found to undergo rapid accelerations 
(geomagnetic Jerk), which can provide constraints on the deep mantle 
conductivity. The variation in the fluid flow in the outer-core caused by 
the core-mantle coupling is a plausible explanation of the changes in 
geomagnetic Jerk (Liu et al., 1999). The Jerk is related to the 
core-mantle electromagnetic coupling, and may be caused by the Earth’s 
angular momentum (Liu et al., 1999). One could therefore speculate that 
the ~2.3 kyr gravitational stress of the planetary system (McCracken 
et al., 2014; Scafetta et al., 2016; Zharkova et al., 2019) affect the 
geodynamo through the Earth’s angular momentum (Mörner, 2013). 
PBH is a fascinating hypothesis that has the potential to unify the 
apparent contradictions of ‘multi-forcing’ suborbital cycles. However, 
there is the need for in-depth studies related to the understanding of the 
physical processes that would regulate the electromagnetic activity of 
the Sun (McCracken et al., 2014; Scafetta 2012, 2014b; Zharkova et al., 
2019) and the possible direct and indirect effects on the Earth, especially 
considering the very low magnitude of the planetary gravitational beat. 

3.4. Recurrence analysis of Heinrich events vs. sun-related cycles 

A variety of mechanisms have been proposed to explain Heinrich 
events generally in terms of internal variability of ice sheets. One of 
these mechanisms is the “binge-purge” model stating that as an ice sheet 
thickens, it acts as an insulator trapping geothermal and frictional heat 
at its base (MacAyeal, 1993). Once the pressure melting point is reached, 
the melted unconsolidated base acts as a slip plane resulting in surging. 
Channell et al. (2012) note that the detrital layers at the Sites 
U1302–U1303 are distributed in both glacial and most interglacial 
stages, although interglacial detrital layers are not always associated 
with IRD and may include a component deposited from suspension 
derived from Northwest Atlantic Mid-Ocean Channel-related turbidity 
currents and flood events. Heinrich-like detrital layers in peak glacial 
stages are bunched into groups with a persistent ~6–10 kyr recurrence 
time, possibly related to cyclic changes in basal temperature of the 
Laurentide Ice Sheet (Channell et al., 2012). Fig. 6 exhibits a new 
recurrence analysis of Heinrich and Heinrich-like events obtained from 
age data published by Channell et al. (2012) on Sites U1302/03 within a 
robust chronological framework (Table 5). The mean age is reported 
when multiple dating is available from different sites. The Sites 
U1302/03 age model is built by tandem matching of relative geomag
netic paleointensity and δ18O data from Neogloboquadrina pachyderma 
(sin.) to reference records to improve the resolution of stratigraphic 
correlation, the reference curves being the relative geomagnetic paleo
intensity stack (Channell et al., 2009) and the LR04 benthic δ18O stack 
(Lisiecki and Raymo, 2005). The age model enables correlation of Sites 
U1302/03 to IODP Site U1308 in the heart of the central Atlantic IRD 
belt. Ages of Heinrich layers H1, H2, H4, H5 and H6 are within ~2 kyr at 
the two sites (H0, H3 and H5a are not observed at Site U1308), and agree 
with previous work at Orphan Knoll within ~3 kyr (Channell et al., 
2012). Twenty Heinrich and Heinrich-like events (10 consecutive pairs 
of min or max) of the Sites U1302/03 have an average recurrence time of 
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6.03 ± 1.4 kyr, which is close to the ~6.0-kyr Sun-related cycle of the 
EPICA stack signal (Fig. 6a), as supported by statistical tests (Fig. 6b). In 
fact, the one-sample t-test shows the Heinrich events recurrence time of 
6.03 kyr to be statistically close to the ~6.0-kyr cycle of EPICA with 
respect to the other 9.7-kyr, 3.7-kyr and 2.5-kyr EPICA cycles, which 
significantly differ from the recurrence time of Heinrich events. These 
results are consistent with those known in literature, which indicate a 
quasi-periodic return interval of ~6 kyr (Heinrich, 1988; Andrews et al., 
1995; Mayewski et al., 1997; Alley, 1998; Bond et al., 2001; Hodell 
et al., 2008; Channell et al., 2012). Fig. 6c shows the age crossplot be
tween the Heinrich events and the nearest 6.0-kyr peak of the EPICA 
stack signal (Table 5). 

The proposed correlation pattern of the Heinrich and Heinrich-like 
events with EPICA stack ~6.0-kyr cycle shown in Fig. 7, as well as in 
Fig. 8 for the last 60,000 years, is basically in agreement with that of 
Channell et al. (2012) which recognise Heinrich-like events even in an 
interglacial context, along with the common notion that Heinrich events 
occur toward the end of glacial cycles as cold-related events. Despite the 
inevitable inaccuracies due to age model differences, the nearest-6.0 
peak correlation criterion should produce non-systematic errors in the 
definition of the polarity of the cycle. Although the alleged polarity of 
some correlated Heinrich events may therefore not be correct, the fact 
that a large number of events (~63%), and especially those of 
Heinrich-like events, can be traced back to the heating phases of the 

Sun-related ~6.0-kyr cycle, could suggest destabilization of the 
ice-sheet for surface heating and meltwater runoff/ice front disruption 
(‘warm-related’ Heinrich event). These processes may have favoured 
meltwater streams and the deposition of mud suspensions associated to 
turbiditic currents and flood events as observed by Channell et al. (2012) 
in the North Atlantic region. This interpretation is in agreement with 
that of Turney et al. (2004), which correlate three periods of increasing 
‘warm’ El Nino/Southern Oscillation (ENSO) activity identified from 
Lynch’s crater record (northern Queensland, Australia) with H1, H2 and 
H4 events in the GISP2 δ18O, although H1 does not match the same 
polarity proposed in EPICA. One explanation for the relationship be
tween ENSO states and Heinrich events is that during an El Nino phase, 
there is warming on a northwest–southeast transect across North 
America, causing the potential melting of an ice front (Turney et al., 
2004). On the other hand, as proposed by Hodell et al. (2008), the 
‘cold-related’ Heinrich events may result from instability associated 
with excess ice and frictional heat at its base leading to increase of ice 
calving process and IRD-layers. 

According to Channell et al. (2012), the prominent detrital layers at 
Sites U1302/03 and U1308 may be correlated to millennial-scale fea
tures in the Chinese speleothem record over the last 400 kyr, implying a 
link between monsoon precipitation and Laurentide Ice Sheet insta
bility. Fig. 8 also exhibits the approximate correlation of EPICA 
Sun-related (~9.7-kyr; ~6.0-kyr; ~2.5-kyr) and ~3.7-kyr signals with 

Fig. 6. Recurrence analysis of Heinrich and Heinrich-like events from age data of Channell et al. (2012); (a) Histogram and descriptive statistics of the recurrence 
time of 10 consecutive pairs of min or max compared to the suborbital cycles of EPICA stack signals (2.5-, 3.7-, 6.0- and 9.7-kyr); (b) One-sample t-test of Heinrich 
events 6.03 kyr mean recurrence time, showing its statistical proximity to the ~6.0-kyr cycle of EPICA with respect to the 9.7-kyr, 3.7-kyr and 2.5-kyr cycles, which 
significantly differ from the recurrence time of Heinrich events; (c) Age crossplot between the Heinrich events and the nearest 6.0-kyr peaks of EPICA stack signal and 
their polarity (Table 5). EPICA original data from Past interglacials working group of PAGES (2016). 

P. Viaggi                                                                                                                                                                                                                                          



Quaternary Science Advances 4 (2021) 100037

13

NGRIP δ18O (NGRIP Community Members, 2007) and North Atlantic 
glaciological events: Greenland Stadials (GS) from Rasmussen et al. 
(2014) and Dansgaard-Oeschger cycles from EPICA Community Mem
bers (2006). As discussed in the previous section, the occurrence in solar 
proxies of a ~5.7-kyr SA cycle from reconstructed sunspot numbers 
reported by Xapsos and Burke (2009), as well as a ~5.8 kyr TSI mean 
cycle found in this study from data presented by Vieira et al. (2011) and 
Steinhilber et al. (2012) (Figs. 4 and 5), support a Sun-related origin of 
the EPICA ~6.0-kyr cycle. According to the recurrence analysis of 
Heinrich events and their correlation with EPICA ~6.0-kyr oscillation, it 
is proposed to name this plausible band of SA as the ‘Heinrich-Bond 
cycle’ because Heinrich (1988) and Bond et al. (1993) first noted the 
occurrence of IRD layers linked to SST from North Atlantic sediments. 
On the basis of the correlations made in this study and the results of 
Channell et al. (2012), it is deemed that the ‘Heinrich-Bond’ solar cycle 
may act on the ice-sheet as an external instability factor both related to 
excess ice and basal frictional heat which increase the ice-calving pro
cess (‘cold-related’ Heinrich events), and surface heating with meltwater 
streams (‘warm-related’ Heinrich events). This interpretation does not 
disagree with the “binge-purge” model because it introduces a possible 
external control to variations in the thickness of the ice-sheet and its 
instability in both cold and warm phases of the ‘Heinrich-Bond’ 
~6.0-kyr Sun-related cycle. 

3.5. Quantitative impact of EPICA components by forcing 

The quantitative ranking of the Pleistocene climate responses by 
forcing is summarized in this section. Table 6 shows the quantitative 
impact of the EPICA reconstructed responses by forcing for the last 
800,000 years. Figs. 9 and 10 show the time-series panel of δD, CO2, CH4 
and stack signals by forcing with their magnitude as % variance. It is 
important to highlight that the signal strength obtained by variance is a 
relative concept, and is inversely proportional to the total variance of 
the time series which was investigated, and thus to its temporal exten
sion. Therefore, for a short time series, the same signal exhibits a 
strength that appears to be more relevant compared to a long record 
because of the former ‘defect’ in total variance due to the lack of high- 
order cycles or long-term trend. For this reason, the variance strength 
of the 800,000-yr-long EPICA records is apparently higher than that 
shown by Viaggi (2018) in the Pliocene-Pleistocene global δ18O and 
equatorial SST signals, and this is because of the absence of long-term 
trend components in current EPICA records. Each component is dis
cussed by forcing in the following lines. 

Mid-term oscillation - All of the studied EPICA signals exhibit a mid- 
term oscillation showing a mild warming phase centred at ~400 kyr, 
which correlates to the wide swing of LR04 δ18O long-term component 
depletion at ~400-300 kyr, referred to as MBO (Viaggi, 2018). This 
mid-term oscillation is not related to the long eccentricity 400-kyr cycle 
(Laskar et al., 2011). The δD and CH4 variance fractions driven by this 
mid-term component are 2.0% and 3.5%, respectively, and reach the 
CO2 maximum value of 7.7%. The mean variance for the stack signal is 
4.4%. This Antarctic mid-term component is here considered as a trace 
of the final stage of the Plio-Pleistocene long-term trend component 
(Viaggi, 2018), which cannot be registered in the current EPICA record. 
Viaggi (2018) observes the Late Pleistocene was a period of quiescence 
of the circum-Pacific explosive activity (Jicha et al., 2009) a possible 
cause of the MBO. In fact, the feedback mechanism related to the 
reduced supply of ash that fertilized the Pacific Ocean waters might have 
mitigated algal growth and CO2 uptake (Jicha et al., 2009; Viaggi, 
2018). The MBO peak supports the hypothesis that MIS-11, which is not 
proportional to eccentricity (Imbrie et al., 1993) or cool 
insolation-induced interglacials (Luthi et al., 2008; Berger and Yin, 
2012; Berger et al., 2012; Past interglacials working group of PAGES, 
2016), may be an astronomical event boosted by this GHG mid-term 
recovery (Viaggi, 2018). The main difference in this interpretation 
compared to the literature lies in attributing the amplitude ‘boosting’ at 
least in part to a specific long-term component of the climate system, 
whose most recent expression is the MBO. 

Obliquity amplitude modulation cycles – The DCM signals all exhibit 
a ~160-240-kyr periodicities superposed to the mid-term components, 
for which a 2.5–5.8% variance may be estimated. The mean variance on 
the stack signal is 4.0%. These oscillations may be linked to the obliquity 
amplitude modulation cycles (~160–200 kyr) (Boulila et al., 2011) 
recognized by Viaggi (2018) also in the Pliocene-Pleistocene global δ18O 
and equatorial ODP Site 846 SST records. 

Short eccentricity – As expected in a post-MPT record, the short ec
centricity is primarily responsible for the variance of the EPICA com
ponents being estimated as 50.5% (δD), 58.9% (CO2) and 45.5% (CH4), 
and is equivalent to a stack mean variance of 51.6%. 

Obliquity – this band of orbital frequencies accounts for a variance of 
23.4% (δD), 11.9% (CO2) and 21.7% (CH4). The mean variance on the 
stack signal is 19.0%. 

Precession - The variance driven by precession may be estimated to 
be within the range 5.9–9.9%, which is equivalent to a stack mean 
variance of 8.4%. 

Half-precession - A 2.5–5.3% range in variance is paced by the ~13- 
kyr cycle related to the half-precession band of equatorial origin. Other 
studies demonstrated that the effect of the half-precession cycle could be 
transferred from lower latitudes to higher latitudes via seawater surface 
and atmospheric heat advection (Hagelberg et al., 1994; Turney et al., 

Table 5 
Dating of Heinrich events (H0–H6) and Heinrich-like events of the Sites U1302/ 
03 (data from Table 1 of Channell et al., 2012) and comparison with the ages of 
plausibly correlative features of EPICA stack nearest-6.0 kyr cycle and their 
climate polarity. The age is reported as the mean age (with standard deviation) 
when multiple dating are available from different sites (Core HU91-045-94P, 
Orphan Knoll; Core MD95-2024, Orphan Knoll; Site U1308; Chinese speleo
them record).  

Heinrich 
event 

Heinrich age 
(kyr) 

Std. Dev. 
(kyr) 

EPICA near-6.0 
peak age (kyr) 

EPICA Cold/ 
Warm peak 

H0 12.3 0.4 12.5 C 
H1 16.5 0.8 17.5 C 
H2 24.4 1.2 23.5 W 
H3 30.8 1.8 30.5 C 
H4 38.7 1.8 37.5 W 
H5 47.3 1.4 46.0 W 
H5a 55.7 2.7 56.0 C 
H6 61.6 1.9 61.5 C 
H6.1 (H11) 129.6 1.6 131.0 C 
H6.2 137.1 2.2 136.0 C 
H6.3 146.9 3.7 147.0 C 
H6.4 159.4 3.4 159.5 W 
H6.5 169.6 0.9 170.0 W 
H7.1 200.5 1.1 200.0 W 
H7.2 216.9 1.0 217.0 W 
H8.1 243.0 0.8 243.5 W 
H8.2 249.6 0.3 249.5 W 
H8.3 259.0 – 260.5 W 
H8.4 266.0 – 266.0 W 
H10.1 337.7 1.2 338.5 C 
H10.2 342.0 – 342.0 W 
H10.3 352.0 – 351.0 W 
H10.4 355.0 – 355.5 W 
H12.1 424.0 – 425.5 W 
H12.2 430.0 – 430.5 W 
H12.3 438.0 – 438.5 W 
H12.4 444.0 – 443.0 W 
H12.5 458.0 – 459.5 W 
H12.6 465.0 – 465.5 W 
H12.7 478.0 – 478.5 W 
H16.1 625.0 – 624.5 W 
H16.2 640.0 – 641.0 C 
H16.3 647.0 – 646.5 C 
H16.4 663.0 – 661.0 W 
H18.1 697.0 – 696.0 C 
H18.2 709.0 – 711.5 C 
H18.3 733.0 – 732.5 C 
H18.4 743.0 – 741.0 W  
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2004). The EPICA stack signal results in a variance of 3.8%. Viaggi 
(2018) isolates 12–13-kyr periodicity components from global LR04 
δ18O (Lisiecki and Raymo, 2005) and equatorial SST records (Herbert 
et al., 2010), which is interpreted as a half-precession cycle at 10–12 kyr 
of equatorial origin owing to the twice-yearly passage of the Sun across 
the intertropical zone (Berger and Loutre, 1997; Berger et al., 2006). The 
results of the magnetic susceptibility and particle-size analysis from the 
Northwestern Chinese Loess Plateau reveal well-defined half-precession 
cycles during the last interglaciation, and this is interpreted as a direct 
response to low-latitude forcing through its modulation of the East Asian 
summer monsoon (Sun and Huang, 2006). Both the polar atmospheric 
circulation index and the mid- to low-latitude atmospheric circulation 
index of Mayewski et al. (1997) glaciochemical series display an 
11.1-kyr cycle with a stronger power in the latter signal; this is consis
tent with a possible low-latitude half-precession origin. Wu et al. (2012) 
have found 12.3–12.6-kyr cycles from South China, Early Triassic rock 
magnetic cyclostratigraphic record. Cycles expressed by variations in 
magnetic susceptibility were likely to have resulted from changes in the 
input of fine-grained detrital magnetite, which in turn may have been 
driven by half-precession induced changes in monsoon intensity in the 
equatorial eastern Paleotethys during the Early Triassic by the biannual 
passage of the Sun across the intertropical zone (Wu et al., 2012). The 
DCM component-5-6s variability (13 kyr) recorded in Antarctica 
ice-cores supports the hypothesis of a direct response of equatorial 
forcing to high latitudes via advective transport (Hagelberg et al., 1994; 
Turney et al., 2004; Sun and Huang, 2006; Viaggi, 2018). Interestingly, 
several studies report Late Pleistocene-Holocene worldwide geomag
netic secular variations at sub-Milankovitch frequency bands, including 
as well a 13.5-kyr cycle (Creer and Tucholka, 1983; Hagee and Olson, 
1989; Gogorza et al., 2000). On the other hand, Pestiaux et al. (1988) 

have found 12.8–13-kyr paleoclimatic oscillations from Late Pleistocene 
δ18O Indian Ocean core records, interpreted as 12.4–13 kyr nonlinear 
oscillator combination tones of primary Milankovitch forcing. Da Silva 
et al. (2018), by studying Early Devonian hemipelagic carbonate Tita
nium cyclostratigraphy, found a 10–12-kyr cycle which is interpreted as 
combination tones of Milankovitch cycles. It is therefore possible that 
the origin of this cycle is more complex than generally thought. 

Sun – New results of the present study indicate that the three EPICA 
Sun-related cycles (stack signals ~9.7-kyr, ~6.0-kyr and Hallstatt 2.5- 
kyr), which are recognized for the first time as 800,000-yr-long time- 
series, cumulatively explain ~4.0% (δD), 2.9% (CO2) and 6.6% (CH4) 
of the total variance (Fig. 10, Table 6). The cumulative mean variance of 
the stack signals is 4.5%. In terms of individual contribution, the EPICA 
~9.7-kyr cycle results in a variance of 1.7% (δD), 1.1% (CO2) and 2.6% 
(CH4). The quantitative impact of the ~6.0-kyr cycle on the Antarctic 
signals is estimated to be 2.2% (δD), 1.7% (CO2) and 3.8% (CH4), and 
the contribution of the Hallstatt cycle is estimated in 0.05% (δD), 0.1% 
(CO2) and 0.2% (CH4). The fact that Sun-related periodicities are 
recorded in the Antarctic atmospheric temperature (δD) as well as in the 
atmospheric content of CO2 and CH4 indicates a link between SA, at
mospheric temperature and GHGs. These Antarctic evidences of 
millennial cycles indicate that SA is characterized by long-term dy
namics which likely affect the Earth’s climate system and atmospheric 
circulation, considering that the CH4 content results from changes in 
wetlands in the tropics and high northern latitudes (Loulergue et al., 
2008; Past interglacials working group of PAGES, 2016). However, it 
should be noted that the cumulative magnitude of the climate responses 
induced by these frequency bands of solar forcing is limited to just 
~4.0% in terms of Antarctic atmospheric temperature (δD) during the 
last 800,000 years, suggesting a minor role of the SA in the regional 

Fig. 7. Time-series panel of the EPICA stack ~6.0-kyr cycle and proposed correlation pattern of the Heinrich and Heinrich-like events of Channell et al. (2012). Light 
blue label: ‘cold-related’ Heinrich event; red label: ‘warm-related’ Heinrich event (see text for discussion). For the first seven Heinrich events, see also Fig. 8. Data 
standardized (0-mean, 1-std.dev.). 
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budget of Earth’s climate forcing. 
Unclear ~3.6-kyr cycle – Finally, a 0.4–1.0% DCM signal variance is 

referred to as a 3.4–3.6-kyr cycle of unclear origin, which is not well 
known in literature. The mean variance of the stack signal is 0.6%. This 
cycle is close to a geomagnetic secular variation of 3.0–3.8 kyr (Creer 
and Tucholka, 1983; Hagee and Olson, 1989; Gogorza et al., 2000; Wu 
et al., 2012), as well as similar to a 2.9–3.1 kyr beat of nonlinear 
Milankovitch oscillator (Pestiaux et al., 1988), but it appears to be ab
sent from solar proxies (Fig. 4). 

3.6. Lead-lag patterns of Antarctic signals by forcing 

The phase relationships determined by cross-spectral analysis of the 
δD vs. CO2 and CH4 standardized components are shown in Table 7 by 
forcing. The mid-term oscillation phase analysis is based on peak 
detection and delta age average (Fig. 9). As the original EPICA records 
are all recalibrated on the AICC2012 age model (Bazin et al., 2013; Past 
interglacials working group of PAGES, 2016), there should be negligible 
differences between the records in the age model. The coherency of the 
signals is quite variable, but an average decreasing trend towards the 
short periodicities is observed. In particular, the sub-Milankovitch fre
quencies exhibit a very low coherency. 

Even the phase shift is diversified with a general delayed pattern on 
both mid-term oscillation and orbital frequency bands (with an excep
tion in the obliquity CH4 signal). On the contrary, the sub-Milankovitch 
bands (from ~9.3 kyr to 2.5 kyr) exhibit low coherency and unstable 
phase patterns, resulting in an average leading pattern (again, with the 
exception of 6.3-kyr CH4 signal). The phase relationships contain useful 

information to address the causal mechanisms at the origin of paleo
climatic responses. In the following lines the possible mechanisms are 
discussed with a special focus on the Sun-related signals. 

A lagging GHGs pattern of astronomical climate responses is in 
general agreement with reports by many authors (Imbrie et al., 1993; 
Shackleton, 2000; Lisiecki and Raymo, 2005; Tziperman et al., 2006; 
Hansen et al., 2007; Schneider et al., 2013; Past interglacials working 
group of PAGES, 2016; Viaggi, 2018), and suggest a climate system 
affected by feedback processes that are induced by initial temperature 
change on the Earth’s surface, which are even the most likely mecha
nisms behind non-linearities in the climate (Archer et al., 2004; Rial 
et al., 2004; Lisiecki and Raymo, 2007; Brovkin et al., 2007; Hansen 
et al., 2007; Kohler et al., 2010; Viaggi, 2018). The main positive 
feedback mechanisms, such as the CO2 exchange between the ocean and 
the atmosphere (Hain et al., 2010), the water-vapour feedback (Kohler 
et al., 2010), the GHG release from permafrost peat bogs and from hy
drates (Tarnocai et al., 2009) and the surface albedo feedback (Willeit 
and Ganopolski, 2018), lead to an amplified climate response to primary 
forcing. 

Recent studies shed new light on the link between SA and Earth’s 
climate, although there are substantial uncertainties in the magnitude 
and mechanisms of Sun-climate interactions (Shindell et al., 2020). 
Almost all the incoming TSI at the top of the Earth’s atmosphere is in the 
ultraviolet, visible and infrared regions, and approximately 50% of this 
radiation penetrates the atmosphere and is absorbed at the surface (Gray 
et al., 2010). The direct absorption of TSI by oceans is likely to be sig
nificant because of the large oceanic heat capacity, which can ‘integrate’ 
long-term variations in heat input. Further, some of the radiation is 

Fig. 8. Time-series panel of the last 60 kyr of EPICA δD, CO2, CH4 and stack Sun-related (~9.7-kyr; ~6.0-kyr; ~2.5-kyr) and ~3.7-kyr signals with their approximate 
correlation with NGRIP δ18O (NGRIP Community Members, 2007) and North Atlantic glaciological events: Greenland Stadials (GS) from Rasmussen et al. (2014); 
Dansgaard-Oeschger cycles (DO) from EPICA Community Members (2006); Heinrich events (H) from Channell et al. (2012). YD = Younger Dryas; OD = Oldest Dryas; 
HCO = Holocene Climatic Optimum; Holocene GSSP boundaries from Walker et al. (2019). Sunspot numbers Grand minima (blue circles) and Grand maxima (red 
diamonds) centres from Usoskin et al. (2016). Age models: NGRIP (GICC05 adjusted to BP); EPICA (AICC2012). Data standardized (0-mean, 1-std.dev.). EPICA 
original data from Past interglacials working group of PAGES (2016). 
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absorbed in the atmosphere, primarily by tropospheric water vapour in 
several wavelength bands and by stratospheric ozone in the ultraviolet 
region, the latter having a non-negligible effect (Haigh et al., 2005; Gray 
et al., 2010; Shang et al., 2013). The direct effect of ultraviolet irradi
ance is amplified by an important feedback mechanism involving new 
ozone production, which is an additional source of heating and tem
perature gradients (Gray et al., 2009; Shang et al., 2013). Thus, 
solar-induced variations in the ozone layer can directly affect the radi
ative balance of the stratosphere, with indirect effects on tropospheric 
circulation leading to changes in the zonal wind and planetary wave
–mean flow interactions, affecting Earth’s regional climate (Haigh et al., 
2005; Claud et al., 2008; Gray et al., 2010). These tropospheric changes, 
which are partly due to stratosphere-troposphere coupling by the 
‘top-down’ mechanism, appear to work in the same direction as the 
‘bottom-up’ mechanisms based on solar heating of the sea surface and 
dynamically coupled sea-air interaction (Meehl et al., 2008). These 
changes could be additive to produce the response in the climate system 
to solar forcing (Rind et al., 2008). The ‘bottom-up’ mechanism domi
nate the tropical response to solar forcing, whereas both ‘top-down’ and 
‘bottom-up’ mechanisms can be important at mid-to-high latitudes, 
especially during the boreal cold-season. However, their relative 
importance remains unclear (Shindell et al., 2020). Another Sun-related 
physical mechanism concerns a cosmic ray-cloud cover feedback on 
climate (Svensmark and Friis-Christensen, 1997). Clouds play an 

important part in establishing the heat and radiation budgets of the 
atmosphere. They reflect about 15% of the incoming solar radiation 
directly back to space, but they also trap infrared radiation acting in a 
similar way to greenhouse gases (Haigh 2011). According to Svensmark 
and Friis-Christensen (1997) the cosmic ray flux, modulated by 11-yr 
solar activity, by increasing the number of ions in the atmosphere 
leading to enhanced condensation of water vapour and cloud droplet 
formation, may modify global cloud cover and global surface tempera
ture. The feedback is larger at higher latitudes in agreement with the 
shielding effect of the Earth’s magnetic field on high-energy charged 
particles. However, this hypothesis is not confirmed by the work of Sun 
and Bradley (2002). The cosmic ray-cloud cover feedback mechanisms 
are physically plausible but evidence for a significant impact remains 
elusive (Haigh 2011). Hypothesizing similar processes on Sun-related 
millennial time scales, these mechanisms should lead to an advance of 
the temperature on GHGs, in contrast to the EPICA observations. 
Interestingly, Viaggi (2018) finds that the exponential growth of the 
Plio-Pleistocene δ18O orbitals variance towards the Late Pleistocene is a 
function of the global increasing trend of ice-volume with an increasing 
rate as being related to the period, from half-precession to eccentricity. 
This observation appears to indicate that the sensitivity of orbital re
sponses to feedback lagged processes is decreasing towards short-period 
forcing. Thus, the suborbital and Sun-related cycles may be less sensitive 
to the delayed mechanisms of feedbacks and be more influenced by 
other processes, like ocean heat inertia. The large heat inertia of the 
Southern Ocean (Stocker and Johnsen, 2003) could overlap a delayed 
temperature response, leading to an unstable low coherency phase 
pattern at the scale of suborbital bands. 

4. Conclusions 

The main conclusions of this research can be summarized as follows: 

1) The quantitative impact of the three EPICA Sun-related cycles (un
named ~9.7-kyr, unnamed ~6.0-kyr and Hallstatt 2.5-kyr) cumu
latively explain the total variance of ~4.0% (δD), 2.9% (CO2) and 
6.6% (CH4), demonstrating a minor role of the SA in the regional 
budget of Earth’s climate forcing.  

2) The occurrence in solar proxies of a ~5.7-kyr SA cycle and ~5.8-kyr 
TSI cycle support a Sun-related origin of the EPICA stack ~6.0-kyr 
oscillation. According to the recurrence analysis of Heinrich events 
(6.03 ± 1.4 kyr) and their correlation with EPICA ~6.0-kyr cycle, it 
is proposed that this band of SA be named the ‘Heinrich-Bond cycle’ 
because Heinrich (1988) and Bond et al. (1993) first noted the 
occurrence of IRD layers linked to the SST from North Atlantic sed
iments. The quantitative impact of the Heinrich-Bond cycle on the 
Antarctic signals is estimated as 2.2% (δD), 1.7% (CO2) and 3.8% 
(CH4). Some Heinrich and Heinrich-like events would appear to be 
related to the heating phases of the ~6.0-kyr cycle, suggesting a 
destabilization of the ice-sheet for surface heating and meltwater 
streams (‘warm-related’ Heinrich event), along with the traditional 
notion of ‘cold-related’ Heinrich events. 

3) The quantitative impact of the ~2.5-kyr Hallstatt cycle on the Ant
arctic signals is estimated as 0.05% (δD), 0.1% (CO2) and 0.2% 
(CH4). This cycle is found in a number of solar proxies, geomagnetic 
secular variations, paleoclimatic oscillations, nonlinear harmonics, 
or combination tones of primary Milankovitch cycles as well as 
resonant planetary beats, indicating an apparent ‘multi-forcing’ 
origin possibly related to PBH. 

4) A cycle of ~3.6 kyr of unclear origin, which is little known in liter
ature, has been detected in EPICA records, and results in a variance 
of 0.5% (δD), 0.4% (CO2), and 1.0% (CH4). This cycle is close even to 
a geomagnetic secular variations of 3.0–3.8 kyr, as well as similar to 
the 2.9–3.1-kyr beat of the nonlinear Milankovitch oscillator, but it 
appears to be absent from solar proxies. Therefore, this cycle does 

Table 6 
Complete suite of EPICA δD, CO2, and CH4 signals by forcing and their quanti
tative impact (% variance) on the Pleistocene climate system. The stacks by 
forcing are calculated as weighted mean by variance of the δD, CO2, and CH4 
signals (details in Additional file 1). The frequency peaks are the most significant 
above a 99.9% critical limit.  

Forcing Record Period (kyr) Variance (%) 

Mid-term oscillation δD – 2.0 
CO2 – 7.7 
CH4 – 3.5 
Stack – 4.4 

Obliquity mod. cycle δD 157 3.7 
CO2 240 5.8 
CH4 239 2.5 
Stack 184 4.0 

Short eccentricity δD 93 50.5 
CO2 96 58.9 
CH4 96 45.5 
Stack 95 51.6 

Obliquity δD 41 23.4 
CO2 45 11.9 
CH4 43 21.7 
Stack 42 19.0 

Precession δD 23 9.3 
CO2 23 5.9 
CH4 21 9.9 
Stack 22 8.4 

Half-precession δD 13 3.5 
CO2 13 2.5 
CH4 13 5.3 
Stack 13 3.8 

Sun δD 9.2 1.7 
CO2 9.8 1.1 
CH4 9.0 2.6 
Stack 9.7 1.8 

Sun δD 5.7 2.2 
CO2 5.9 1.7 
CH4 5.4 3.8 
Stack 6.0 2.6 

Unclear δD 3.4 0.5 
CO2 3.6 0.4 
CH4 3.6 1.0 
Stack 3.7 0.6 

Sun δD 2.4 0.05 
CO2 2.5 0.10 
CH4 2.5 0.20 
Stack 2.5 0.12  
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not seem to be Sun-related, although a gravitational origin cannot be 
ruled out.  

5) The fact that Sun-related periodicities are recorded in the Antarctic 
atmospheric temperature (δD) as well as in the atmospheric content 
of CO2 and CH4 indicates a link between the SA, atmospheric tem
perature and GHGs with millennial-scale dynamics affecting the 
Earth’s climate system, albeit with a low quantitative impact.  

6) An EPICA Mid-term oscillation named MBO showing a mild warming 
phase centred at ~400 kyr ago results in a variance of 2.0% (δD), 
7.7% (CO2) and 3.5% (CH4), and correlates to the wide swing of the 
LR04 δ18O long-term component depletion at ~400–300 kyr ago. 
The MIS-11 could be an astronomical event boosted by this GHGs 
mid-term recovery, although some doubts about its effectiveness 
concern its low quantitative impact.  

7) The quantitative impact of the EPICA astronomical components 
consistently reflects the post-MPT nature of the records in which the 
short eccentricity results in most of the variance being estimated at 
50.5% (δD), 58.9% (CO2) and 45.5% (CH4), whereas the obliquity 
accounts for 23.4% (δD), 11.9% (CO2) and 21.7% (CH4), respec
tively. The precession has a variance of 9.3% (δD), 5.9% (CO2) and 
9.9% (CH4). A small variance of 3.7% (δD), 5.8% (CO2) and 2.5% 
(CH4) is related to the obliquity amplitude modulation cycles.  

8) The EPICA half-precession components have variances of 3.5% (δD), 
2.5% (CO2) and 5.3% (CH4), and support the hypothesis of a direct 
response of intertropical forcing to high latitudes via advective 
transport. However, the occurrence of a similar periodicity in 
worldwide geomagnetic secular variations as well as nonlinear 
oscillator combination tones of primary Milankovitch forcing might 
suggest that the origin of this cycle is more complex than generally 
thought.  

9) The EPICA phase relationships generally show a delayed pattern 
between the carbon-GHGs and the δD atmospheric temperature both 
on mid-term and orbital bands, suggesting a climate system affected 
by feedback processes and delay mechanisms after temperature 
change. On the contrary, the sub-Milankovitch bands show low co
herency and unstable lead/lag patterns. The large heat inertia of the 
Southern Ocean could superimpose a delayed temperature response 
on a suborbital band less sensitive to the carbon-GHGs feedback 
mechanisms, leading to an unstable low coherence phase pattern. 

PBH is an intriguing hypothesis that has the potential to unify the 
apparent contradictions of ‘multi-forcing’ suborbital cycles. However, it 
requires in-depth studies related to the understanding of the physical 
processes that would regulate the electromagnetic activity of the Sun, as 
well as the possible direct and indirect effects on the Earth, considering 
especially the very low magnitude of the planetary gravitational beat. 
The recent discoveries by Zharkova et al. (2019) appear to be going in 
the right direction. Beyond the Milankovitch theory, evidence is 
emerging of a multiple forcing cosmoclimatic system with stochastic 
interactions between external (gravitational resonances, orbitals, SA) 
and Earth’s internal (geodynamics, atmosphere composition, feedback 
mechanisms) climate components, each having a strong difference in the 
relative quantitative impact on Earth’s climate. 
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Supplementary information files are included in this published 
article. 

Fig. 9. Time-series panel of EPICA δD, CO2, CH4 and stack signals of mid-term and orbital components with their magnitude as % variance. Mid-Brunhes oscillation 
(MBO) (Viaggi, 2018). MIS from Lisiecki and Raymo (2005). Data standardized (0-mean, 1-std.dev.). EPICA original data from Past interglacials working group of 
PAGES (2016). 
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comp: component 

Fig. 10. Time-series panel of EPICA δD, CO2, CH4 and stack sub-Milankovitch signals with their magnitude as % variance. Data standardized (0-mean, 1-std.dev.). 
EPICA original data from Past interglacials working group of PAGES (2016). 

Table 7 
Results of the cross-spectral analysis among the EPICA δD vs. CO2 and CH4 standardized (mean = 0, standard deviation = 1) SSA-components by forcing. Mid-term 
oscillation analysis by peak detection (delta age mean). Orbitals (Hann window); suborbitals (15-points smoothed Hann window).  

Forcing Signal Cross-spectrum freq. (kyr− 1) Cross-spectrum period (kyr) Coherency Phase shift (Deg, kyr) 

Mid-term oscillation1 δD vs. CO2  – – – − 21.8 CO2 lags δD 
CH4 – – – – − 51.3 CH4 lags δD 

Obliquity mod. cycle δD vs. CO2 0.00625 160.0 0.98 − 21.9 − 9.7 CO2 lags δD 
CH4 0.00625 160.0 0.97 − 39.7 − 17.6 CH4 lags δD 

Short Eccentricity δD vs. CO2 0.01 100.0 0.98 − 7.4 − 2.06 CO2 lags δD 
CH4 0.01 100.0 0.96 − 13.8 − 3.83 CH4 lags δD 

Obliquity δD vs. CO2 0.025 40.0 0.45 − 25.9 − 2.88 CO2 lags δD 
CH4 0.025 40.0 0.88 7.7 0.86 CH4 leads δD 

Precession δD vs. CO2 0.0425 23.5 0.95 − 28.1 − 1.84 CO2 lags δD 
CH4 0.0425 23.5 0.64 34.3 2.24 CH4 leads δD 

Half-precession δD vs. CO2 0.08125 12.3 0.53 − 1.3 − 0.044 CO2 lags δD 
CH4 0.08000 12.5 0.43 − 19.1 − 0.663 CH4 lags δD 

Sun δD vs. CO2 0.11125 9.0 0.22 18.2 0.454 CO2 leads δD 
CH4 0.10500 9.5 0.15 8.8 0.233 CH4 leads δD 

Sun δD vs. CO2 0.15250 6.6 0.74 1.2 0.022 CO2 leads δD 
CH4 0.15750 6.3 0.58 − 16.6 − 0.293 CH4 lags δD 

Unclear δD vs. CO2 0.28000 3.6 0.22 27.8 0.276 CO2 leads δD 
CH4 0.30625 3.3 0.28 37.8 0.343 CH4 leads δD 

Sun δD vs. CO2 0.39375 2.5 0.20 30.2 0.213 CO2 leads δD 
CH4 0.40500 2.5 0.18 7.3 0.050 CH4 leads δD  
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DCM δD, CO2, and CH4 EPICA records 
DO Dansgaard-Oeschger cycle 
ENSO El Nino/Southern Oscillation 
EPICA European Project for Ice Coring in Antarctica 
FFS Fourier frequency spectrum 
GHG green-house gas 
GISP2 Greenland Ice Sheet Project 2 
GS Greenland Stadials 
H Heinrich event 
IRD ice-rafted debris 
MBO Mid-Brunhes oscillation 
MIS marine isotope stage 
MPT Mid-Pleistocene transition 
NGRIP North Greenland Ice Core Project 
PBH planetary beat hypothesis 
PGF planetary gravitational forcing 
SA solar activity 
SIM solar inertial motion 
SSA singular spectrum analysis 
SST sea surface temperature 
subcomp subcomponent 
TISA time-integral squared amplitude 
TSI total solar irradiance 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.qsa.2021.100037. 
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Paluš, M., Kurths, J., Schwarz, U., Seehafer, N., Novotná, D., Charvátová, I., 2007. The 
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