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We report on the existence and nature of Holocene solar and climatic variations on centennial tomillennial time-
scales. We introduce a new solar activity proxy, based on nitrate (NO3

−) concentration from the Talos Dome ice
core, East Antarctica. We also use a new algorithm for computing multiple-cross wavelet spectra in time–fre-
quency space that is generalized for multiple time series (beyond two). Our results provide a new interpretive
framework for relating Holocene solar activity variations on centennial tomillennial timescales to co-varying cli-
mate proxies drawn from a widespread area around the globe. Climatic proxies used represent variation in the
North Atlantic Ocean, Western Pacific Warm Pool, Southern Ocean and the East Asian monsoon regions. Our
wavelet analysis identifies fundamental solar modes at 2300-yr (Hallstattzeit), 1000-yr (Eddy), and 500-yr
(unnamed) periodicities, leaves open the possibility that the 1500–1800-yr cycle may either be fundamental
or derived, and identifies intermediary derived cycles at 700-yr and 300-yr that may mark rectified responses
of the Atlantic thermohaline circulation to external solar modulation and pacing. Dating uncertainties suggest
that the 1500-yr and 1800-yr cycles described in the literature may represent either the same or two separate
cycles, but in either case, and irrespective too of whether it is a fundamental or derived mode in the sense of
Dima and Lohmann (2009), the 1500–1800-yr periodicity is widely represented in a large number of
paleoclimate proxy records. It is obviously premature to reject possible links between changing solar activity at
these multiple scales and the variations that are commonly observed in paleoclimatic records.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

In 1973, Denton and Karlen published a pioneering study of glacier
expansion and contraction activity and associated tree-line fluctuations
during the Holocene. Since then, numerous other paleoclimatic proxy
studies have documented a rich pattern of Holocene climate variation
and oscillation on multiple timescales. Our use of the terminology
“centennial to millennial”1 in description of such variability follows
the order-of-magnitude tradition in geological literature, whereby the
terms encompass several hundreds to several thousands of years.

Climatic rhythmicities2 previously identified in proxy studies include
the solar 50–100 year Gleissberg–Yoshimura cycle, a distinct 120-
year cycle, the 200 year solar deVries–Suess cycle, the millennial Eddy
cycle (see Kanda, 1933 for an earlier speculation of this scale identified
based on ancient records of sunspots and auroras) and the bi-millennial
Hallstattzeit rhythm. We recognize the Hallstattzeit signature in this
paper at a periodicity of 2200–2400 years, which is consistent with its
former identification at timescales of “~2000 year” by Obrochta et al.
(2012), and of “~2400 year” by Vasiliev and Dergachev (2002) and
“2500 year” by Debret et al. (2009) and Dima and Lohmann (2009).
We also study other apparently derived climate modes on multi-
centennial and millennial timescales include the well known 1500-
year cycle as those proposed recently in Dima and Lohmann (2009).

Mayewski et al. (2004),Wanner et al. (2008) andDebret et al. (2009)
have shown that the amplitudes of these centennial tomillennial climate
variations are quite large, generally accounting for between 10 and 30%
of the total variance of a given paleo-time series. Mayewski et al.
(1997) report that 40% of the variance of both the residual 14C and the
polar circulation index derived from the Greenland Ice Sheet Project 2
(GISP2) Holocene glacio-chemical time series can be explained by just
the three bandpass-combined components of 2300 + 1450 + 512 year
variability (see Fig. 9 of their paper).

Throughout this paper, we refer to 1500-yr or 1800-yr rhythms in-
terchangeably because the underlying solar and climatic proxy records
so far described do not have sufficient resolution to discriminate accu-
rately between them. But we do consider the 1500-yr or 1800-yr
solar-climatic rhythm to be statistically different from those of 1000-yr
and Hallstattzeit period of 2200–2300-yr and hence a distinction useful
for physical interpretation.

An important reason for studyingmillennial scale variation (ormore
generally any other repeating rhythmic timescale) is the possible use of
the signals for diagnosing and contrasting between the competing
1 This term refers to orders of magnitude, i.e. to century-scale or millennial-scale, fol-
lowing an established usage in parts of the literature.

2 We note that we have adopted and used phrases like “periodicities”, “cyclicities”, “os-
cillations”, “timescales” and “rhythmicities” throughout the paper in the loose limit and
constraint of our wavelet time–frequency analysis. Such use of course contrasts with the
strict periodicity as often used and interpreted in the traditional Fourier transform sense.
But we find that our usages stick more closely to the current state of our understanding of
climate variations over the Holocene, rather than pretending any precise knowledge or
definition of climate and its variations.We refer those readers interested in the rather poor
state of development of climate theory in this regard to Essex (2011) and Essex (2013).
physical processes that may have caused them. This was highlighted
in the recent study by Konecky et al. (2013). Those authors showed ev-
idence for the persistence of a millennial-scale intensification of the
rainfall in southwestern Indonesia, through their precipitation proxy,
δDwax, from Lake Lading, East Java, and suggested that periods of higher
rainfall were connected to the strengthening of the tropical Pacific
Walker circulation. In contrast, if the precipitation signals were to be
controlled by the migrations of Intertropical Convergence Zone (ITCZ)
on multidecadal timescales, the authors suggested that they should
have seen a drying tendency rather than seeing the rainfall increase
persisting into the 20th century.

In seeking to better understand centennial to millennial solar and
climatic cyclicities, we have deliberately restricted our study to Holo-
cene time-series. In this way, we avoid the complexity of the ocean-
atmosphere interactionswith large ice-sheets that are known to be rep-
resented by the abrupt, warming–cooling Dansgaard–Oeschger events
and their associated Heinrich events of iceberg discharges during the
Late Pleistocene and earlier glacial periods. It is probable that the broad-
band 1600-year pacing of the large and abrupt 8–16 °C warming, and
the roughly equivalent 45 m of sea level rise that occurred during
Dansgaard–Oeschger events (Schulz et al., 1999; Schulz, 2002; Pisias
et al., 2010; Petersen et al., 2013), involve a different set of physical
processes3 than those that were operating during the Holocene. In addi-
tion, MacKay et al. (2013) have recently shown that millennial-scale
variability during the Last Interglacial was more muted than Holocene
variability, perhaps because of a diminished influence of freshwater dis-
charge on the Atlantic Meridional Overturning Circulation (AMOC) dur-
ing times of higher global temperature.

Our study of climate variability on intermediate, sub-orbital time-
scales utilized the following techniques:

(1) The introduction of a new solar activity proxy based on nitrate
concentration, using ice core data from Talos Dome, East
Antarctica (Traversi et al., 2012). The physical reasoning is that
nitrate concentration in polar regions, beside having tropospher-
ic sources mainly located in low latitude areas, has a direct con-
nection to the stratospheric production sources that result from
the effects of solar irradiation and/or persistent modulation by
extra-terrestrial fluxes of energetic particles (see for instance,
Savarino et al., 2007).

(2) The development of a new multiple-cross-wavelet transform
algorithm that is capable of incorporating multiple time series,
a method that is akin to standard statistical multi-regression
analysis.

(3) The deployment of this algorithm to study a range of hydro-
climatic proxies from the North Atlantic Ocean, Western Pacific
3 One analysis and interpretation by Ditlevsen et al. (2005, 2007) concluded that
Dansgaard–Oeschger events during glacial intervals are probably climate shifts that “are
purely noise driven with no underlying periodicity”. We assume no position nor view
on this possibility because our study of millennial-scale variations during the Holocene
strives to understand physical processes and mechanisms involved without the use of
any particular favorite statistical models.
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Warm Pool, Southern Ocean and East Asian Monsoon regions of
the world ocean (see Section 2 for detailed descriptions).
We have deliberately chosen to analyze publishedHolocene time
series whosewavelet spectral contents have not been previously
studied, including: (i) a new Relative Gray Index (RGI) time
series from Retreat Lake in Taiwan (previously unpublished);
(ii) a Total organic carbon (TOC) content time series from sedi-
ments in the southern Okinawa Trough (Kao et al., 2005);
(iii) a western Pacific warm pool sea surface temperature
(SST) record (Stott et al., 2004); and (iv) a δ18O record of two
species of planktonic foraminifera (Globigerina bulloides and
Globigerinoides ruber) from a sediment core collected from the
Murray Canyon, off southern Australia (Moros et al., 2009).

(4) The identification of possible physical relationships thatmight link
solar variability and climate variation on intermediate (i.e.,
multidecadal, centennial,multi-centennial andmillennial) climat-
ic timescales. In particular, intrinsic changes in the Sun's magnetic
and radiative outputs may correlate with centennial to millennial
patterns of change in climate proxy measurements, in a way that
is quite distinct from the orbital changes in Sun–Earth precession,
obliquity and eccentricity that provide climate forcing on scales of
tens to hundreds of thousands of years.Wemade this assumption
in our initial approach, but we note that our result may ultimately
be expanded within the generalized stochastic-statistical frame-
works of the so-called Hurst–Kolmogorov dynamics recently
demonstrated and outlined by Markonis and Koutsoyiannis
(2013).

In drawing our overall conclusions, we emphasize the multi-
wavelength and broadband nature of the varied climatic responses to
solar forcing (Wunsch, 2000; Markonis and Koutsoyiannis, 2013), and
that intrinsically cyclic but aperiodic variations also exist in both the
magnetic and radiative outputs of the Sun (see Gough, 1990; Tobias
Table 1
List of various solar and climatic proxy records (see Fig. 1 for all the ten time series) subjected

Name of dataset Location (with altitude/water depth) Start date
(BP)

TALDICE Talos Dome, East Antarctica 645
Antarctic ice core 74°49 S, 159°11 E

2315 m a.s.l.
Retreat Lake Retreat Lake, NE Taiwan 5
Core R, Taiwan 24°29′30″N, 121°26′15″ E

2230 m a.s.l.
IMAGES VII Southern Okinawa Trough 157
Core MD012403 25.07° N, 123.28° E, 1420 m
Solar Modulation Function Greenland Ice Core Project

(Summit, Central Greenland)
329

14C Worldwide (IncCal98) 85

Iceland-Scotland OverflowWater Gardar Drift, South Iceland Basin 0

(ISOW) Record Cores NEAP-15 K
and NEAP-16B

56°21.92′ N, 27°48.68′ W, 2848 m

Holocene stacked Records of
drift ice

Northern North Atlantic Region 0

Core MC52 55°28′ N, 14°43′ W, 2172 m
Core VM29-191 54°16′ N, 16°47′ W, 2370 m
Core MC21 44°18′ N, 46°25′ W, 3959 m
Core GGC22 44°18′ N, 46°25′ W, 3958 m
West Pacific Warm Western Tropical 125
Pool SST Stack Pacific Ocean off Indonesia
Core MD81 6.3° N, 125.83° E, 2114 m
Core MD76 5°00.18′ S, 133°26.69′ E, 2382 m
Core MD70 10°25.52′ S, 125°23.29′ E, 832 m
Murray Canyon, South Australia Murray Canyon off South Australia 0
Core MD03-2611 36°43.8′S, 136°32.9′E, 2420 m
Murray Canyon South Australia Murray Canyon off South Australia 0
Core MD03-2611 36°43.8′S, 136°32.9′E, 2420 m
and Weiss, 2000; Gough, 2002; Usoskin et al., 2007; Spiegel, 2009;
Weiss, 2011; Usoskin, 2013).

2. Methods and choice of data series

Table 1 lists a summary of the three solar activity and seven climate
proxies that we study in this paper. Fig. 1 shows the time series of all
these 10 time series in their original units and can serve as further clar-
ification of the highly clumped, solar and climatic time series plotted at
the top panels of Figs. 3 and 4, respectively.

2.1. Three Solar Activity Proxies: Nitrate Talos Dome Ice Core (TALDICE),
solar modulation parameter from 10Be and 14C

We consider first the nitrate concentration record from TALDICE ice
core (Talos Dome, East Antarctica, 72° 49′ S, 159° 11′ E, 2315 m a.s.l.),
which covers roughly the last two glacial–interglacial cycles. The Talos
Dome site is found to be suitable for retrieving a reliable data series
for nitrate, at least in the Holocene period because its glaciological char-
acteristics allow the preservation of this species in the snow layers
(Stenni et al., 2002; Traversi et al., 2012). The nitrate content in such a
favorable location is proposed to be mostly affected by changes of its
production in thepolar atmosphere by cosmic rays, and thus by solar ac-
tivity, on multi-decadal to millennial time scales (Traversi et al., 2012).
The link between nitrate in polar ice and solar activity is however still
a debated issue, because multiple sources and post-depositional pro-
cesses that affect nitrate make it rare to have available a fully reliable
and long enough record to investigate its variability across all time
scales from decadal to multi-millennial. Moreover, a complete model
describing nitrate production and transport from the polar stratosphere
is not available so far. Here, however, we stress that the relation be-
tween nitrate and solar activity on the long-term scale is completely dif-
ferent from that caused by solar energetic particle events on the time
to wavelet analysis in the present study.

End date
(BP)

Resolution
(years)

Proxy used Reference

11,400 12–30 Nitrate (NO−
3) Traversi et al. (2012)

9812 1–10 Relative Gray Index (RGI) Selvaraj et al. (2007, 2011)

32,513 84–913 Total organic carbon (TOC) Kao et al. (2005)

9279 25 10Be Vonmoos et al. (2006)

11,405 10 14C Usoskin and Kromer (2005);
Usoskin et al. (2007)

10,388 25–211 Sortable silt mean size
(10–63 μm)

Bianchi and McCave (1999)

10,550 70 Percentages of lithic grains
or Ice-rafted debris

Bond et al. (2001)

14,875 250 Mg/Ca derived SST record Stott et al. (2004)

10,984 38 G. bulloides δ18O Moros et al. (2009)

10,984 38 G. ruber δ18O Moros et al. (2009)



Fig. 1. The time series for the 3 solar activity proxies [(1) Nitrate, (2) 10Be, and (3) 14C] and 7 climatic proxies [(4) Relative Gray Index-RGI, (5) Total Organic Carbon-TOC, (6) Sortable Silt
mean size, (7) Hematite stained grains-HSG, (8) Sea surface temperature-SST, (9) G. bulloides δ18O, and (10) G. ruber δ18O] over the Holocene used in this study. The original sources for
these time series are summarized in Table 1.
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scale of days-weeks-months (McCracken et al., 2001). The very short-
term connection between solar activity and ice core nitrate has been
disputed by the recentwork ofWolff et al. (2012), where nitrate records
from Antarctic and Greenland ice cores covering the time of the
Carrington event (September 1–3, 1859) were taken into account. No
large nitrate spike was found in the considered Antarctic cores around
1859 whereas the large nitrate spikes observed at that time in Green-
land cores were ascribed to bio-mass burning events occurred in
Europe. The paper by Wolff et al. (2012) seriously challenges the
possibility of using nitrate in polar ice as specific proxy of solar energetic
events, although only a selection of the many available highly resolved
records fromAntarctica and Greenlandwas considered and the potenti-
ality of nitrate record from the Antarctic Windless Bight ice core
(McCracken et al., 2001) was not ruled out. Hence, this possible solar
energetic particle event and nitrate connection has been put into ques-
tion but not definitively resolved yet.

Traversi et al. (2012) have recently stressed that nitrate concentra-
tion has the potential to be used as a plausible and reliable tracer of
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solarmagnetic variations on awide range of timescales (see also Laluraj
et al., 2011). Ogurtsov and Oinonen (2014) recently reported “distinct
century-scale (50–150 yr) variability” in nitrate record of Laluraj et al.
(2011) fromEast Antarctica and another record fromCentral Greenland.
Based on this assumption of solar activity-nitrate link, Traversi et al.
(2012) have shown that nitrate concentration yields higher correlations
and coherency with the two cosmogenic isotopes that represent stan-
dard solar proxies (14C and 10Be) thanwith any regional climate proxies
(see the results in Table 1 of that paper).We shall also adopt this general
assumption, and we provide below additional analysis and discussion
on the connection of nitrate to both the solar modulation parameter,
Φ (see the formalism in Usoskin et al., 2005), derived from 10Be of the
Greenland Ice Core Project (Vonmoos et al., 2006), and to 14C produc-
tion rates (Usoskin and Kromer, 2005; Usoskin et al., 2007), especially
at the 1000, 1500–1800 and 2300 year timescales.

Using firn core data, Traversi et al. (2012) have already related solar
activity signals in the nitrate proxy to the modulation of the 11-yr
Schwabe and 50–100-yr Gleissberg–Yoshimura cycles, but strong inter-
annualmeteorological noisemakes the detection and resolution of such
cycles hard to confirm.4 This is why we have focused our study on ice
core samples from 73 to 665 meter depth, roughly corresponding to
the Holocene interval from 560 to 11,400 years BP. The sampling reso-
lution across this interval averages 20 years.

We have also assumed in this study that all three of the solar activity
proxies adopted represent intrinsic changes in the Sun's magnetism. At
the same time, we leave open the question posed by St-Onge et al.
(2003) as to whether plausible coherence exists between the Earth's
relative paleomagnetic intensity index and the 10Be and 14C-related
time series on 1250-yr and 420-yr timescales. The recent picture
sketched by Panovska et al. (2013), who suggested that Holocene geo-
magnetic records possessed not discrete periods but a continuous
broadband spectrumwith a power law exponent of−2.3 ± 0.6 for pe-
riods from 300 to 4000 years, certainly add a healthy dose of caution to
any simplistic interpretation or premature conclusion.

2.2. Choice of Holocene paleoclimatic time series from regions of the East
Asian Monsoon, North Atlantic Ocean, Western Pacific Warm Pool and
Southern Ocean

2.2.1. Relative Gray Index (RGI) time series (Retreat Lake, Taiwan)
The RGI is a measure of the degree of sediment lightening or darken-

ing, and usually reflects the relative proportion of organic to inorganic/
minerogenic materials present in sediments. In the subalpine lake sedi-
ments of Taiwan, this ratio primarily depends on the catchment vegeta-
tion type (C3 and C4), as well as the intensity of erosion and weathering
of rocks in the catchment; both processes are intimately related to the
strength of the East Asian monsoon (EAM). For these reasons, we inter-
pret the RGI data as a proxy for the varying intensity of the summer com-
ponent of EAM conditions in subtropical Taiwan (Lou and Chen, 1997).

On our adopted RGI scale of 0 (dark) to 255 (white), higher RGI
values (N80–170) between ~170 and 155 cm and in the top ~45 cm of
the time series studied, indicate the presence of lighter (TOC content
~ 2% with lower C3/C4 ratio) more minerogenic (Al content ~8–10%)
sediment during the early and late Holocene intervals, respectively.
These intervals correspond to cool-wet and cool-dry climates and a rel-
atively weak EAM in subtropical Taiwan. By contrast, the low RGI values
(b80) that characterize sediments between ~155 and 45 cm of the core
identify the presence of organic-rich (TOC content ~40% with higher
C3/C4 ratio), peaty sediments. The dark, peaty sediments cored in
Taiwan indicate the presence of dense C3 vegetation in the catchment,
which is nourished during strong monsoon seasons. In turn, the same
monsoonal signal is reflected by enhanced total organic carbon content
and a lowered carbon isotope (δ13C) value, as shown by earlier
4 It is also clear that the detection of any periodicities depend on the quality of datasets
and the methods of analysis adopted.
measurements on sediments from the same lake (Selvaraj et al., 2007,
2011). Our interpretation of such paleoclimatic proxies is broadly simi-
lar to vegetation changes during the Holocene that have been described
from South Korea (see e.g., Lim et al., 2012, 2013).

The RGI record from Retreat Lake provides a complete Holocene re-
cord at better than decadal resolution. The record documents the pres-
ence of a mid-Holocene period of optimum climate (~7500–5500 cal yr
BP), when enhanced monsoonal activity occurred, and a number of
weak monsoon intervals before ca. 9400 and at 8200, 6900, 5500–4500
and 3500 cal yr BP, some of which also occur in other high resolution
Asian monsoon records (e.g. Gupta et al., 2003; Wang et al., 2005).

2.2.2. Total Organic Carbon (TOC) time series (Okinawa Trough)
A Holocene TOC time series has been reconstructed from a piston

core (MD012403) raised by RV Marion Dufresne during May, 2001
from a water depth of 1420 m in the southern part of the Okinawa
Trough (122.28° E, 25°07 N) (Kao et al., 2005). The core chronology
back to the Last Glacial Maximum (LGM) has been firmly established
based upon accelerator mass spectrometry radiocarbon (AMS 14C) dat-
ing of planktonic foraminifers (Globigerinoides and Orbulina universa).

Based on the sedimentary TOC, TOC/total nitrogen (TN) ratio and
total sulfur (TS) time series, Kao et al. (2005) observed low TS content
in sediments of the Holocene compared to sediments of the last glacial
period. Further they showed that low TS content during the Holocene
was not controlled by TOC (refer Fig. 2 in Kao et al., 2005), since the
TOC content of marine sediments primarily represents residual organic
material that has been oxidized to varying degrees along a variety of
pathways (i.e. oxygen, iron and sulfate). Although the Okinawa TOC
content varied insignificantly after the LGM, distinctly low TS content
in the Holocene part of the core indicates that less organic material
was mineralized via sulfate reduction then, which in turn can be in-
ferred to result from an intensification of the Kuroshio Current (KC), to-
gether with a parallel enhancement of deepwater circulation.

By providing additional oxygen to maintain a higher redox potential
at the sediment water interface, such oceanographic conditions dimin-
ished sulfate reduction during the Holocene, a time when the East
Asian monsoon was also intensified as a result of increased Northern
Hemisphere insolation (Berger and Loutre, 1991). Therefore, the in-
creased EAM inferred from the RGI record from Taiwan and the intensi-
fied KC phases implicated from TOC and TS records from the southern
Okinawa Trough act in the same direction as the KC. Together, these
processes carry huge amounts of heat from the equatorial Pacific to
the northern North Pacific; thereby, strongly influencing climate over
a wide region of East Asia and the northwest Pacific Ocean.

Noting these climatic links, we selected the RGI and TOC time series
for wavelet analysis in order to identify any periodicities that may per-
tain to climate-forcing mechanisms, and especially to solar forcing of
the East Asian monsoonal hydroclimate during the Holocene.

2.2.3. Other time series
In addition to the RGI record from Retreat Lake and TOC record from

Okinawa Trough,we have also included in our analysis several other key
climatic and oceanic proxies. These are derived from the North Atlantic
Ocean – the sortable silt index (SSI) time series of Bianchi and McCave
(1999) and the 4-records stacked drift ice index of Bond et al. (2001),
the western Pacific Warm Pool – the 3-core records stacked sea surface
temperature (SST) series of Stott et al. (2004), and the SouthernOcean –

time series of δ18O in Globigerina bulloides and Globigerinoides ruber
from a deep sea sediment core collected from Murray Canyon off
South Australia by Moros et al. (2009).

2.2.4. Multiple-Cross-wavelet for time-frequency analysis with multiple
time series

We introduce here a new algorithm that is designed to analyze
multiple time series in time-frequency space. This algorithm is clearly
a more efficient and effective method of examining common and
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coherent signals inmultiple time series thanwas able to be provided by
previous, simpler algorithms that only allow computation based on in-
formation from amplitude of each time series. Some brief introduction
and discussion of using wavelet transform for time series analysis can
be found in Frick et al. (1997) and Soon et al. (1999).

Here we use the Morlet wavelet as the mother function (ψ0(η))
because it provides a higher periodicity (frequency) resolution and be-
cause it is complex, which allows us to calculate the phase information
(Soon et al., 2011). The Morlet wavelet ψ0(η), which consists of a com-
plex exponential function modulated by a Gaussian, is defined as:

ψ0 ηð Þ ¼ π
−1
4 eiω0 ηe

−η2

2

where η is a nondimensional “time” (Torrence and Compo, 1998). For
the Morlet wavelet to be a mother wavelet, it must have finite energy
and a zero mean (i.e., satisfying the admissibility condition, ω0 = 6
(Farge, 1992).

The cross wavelet analysis, as introduced by Hudgins et al. (1993)
and defined for two time series X1 and X2, with wavelet transforms
(WX1 ) and (WX2 ), respectively, is:

WX1X2 ¼ WX1
W�

X2
;

where (*) denotes complex conjugation. Torrence and Webster
(1999) defined the cross-wavelet energy as, WX1X2

n

��� ���2.
For analysis of two (X1 and X2) ormore time series (X1, X2, X3,…, Xm),

the multi cross-wavelet was used which measures the common power
among these time series accounting for the synchronization in phase,
frequency and/or amplitude.

We define the multiple cross wavelets as:

WX1 ;X2 ;X3 ;…;Xm ¼ WFi
∏
n

k¼1
W�

Gk

� �
;

where F(t) andG(t) are matrices within which each element represents
a time-dependent function itself and b ∙ N indicates an average of the
multiple cross wavelets.

The phase angle ofWX1 ;X2 ;X3 ;…;Xm describes the phase relationship be-
tween the X1, X2, X3,…, and Xm series in time–frequency space. The sta-
tistical significance of the multiple-cross wavelet is estimated using
Monte Carlo methods with red noise to determine the 5% significance
level (Torrence and Webster, 1999).

The arrows in the multiple-cross-wavelet spectra show on average
the degree of linear or nonlinear dependence between the X1, X2, X3,…,
and Xm in time–frequency space and the phase among these time series:
arrows at 0° (pointing to the right) indicate that both time series are per-
fectly positively correlated (in phase) and arrows at 180° (pointing to the
left) indicate that they are perfectly negatively correlated (180° out of
phase). It is important to understand that these two perfect cases
imply a linear relationship between the considered phenomena. Non-
horizontal arrows indicate an out of phase situation, meaning that the
studied phenomena have a more complex non-linear relationship.

The mathematical basis of the new multiple-cross-wavelet algo-
rithm is a generalization of Wiener (1930)'s original cross function,
but we compute in time–frequency space. Also, instead of considering
the functions F and G, we consider two matrices F(t) and G(t). We de-
scribe in the Appendix A the details of our new algorithm, together
with calculations and some tests that have been applied to it.

3. Results and discussion

3.1. Wavelet spectra of three solar proxies

Fig. 2 shows the wavelet spectrum for the new solar activity proxy
based on nitrate concentration. Concentrations of power occur at
3358-yr and 1585-yr, across a broad-band peak that ranges from
about 900-yr to 500-yr, 120–140-yr, and at roughly the Gleissberg–
Yoshimura 50–100 yr periodicity. All of these frequencies are potential-
ly physically relevant for linking climate to intrinsic variations of
the Sun's magnetic activity. We note that both the 1585-yr and
50–100-yr cycles present in the solar nitrate proxy agreewith previous-
ly recognized solar periodicities, namely the 1500-yr and 93-yr periods
found for a surface salinity proxy from Florida Straits for the early-to-
mid Holocene interval of 9.1 to 6.2 kyr BP (Schmidt et al., 2012; these
authors also identified 87-yr and 60-yr peaks in their high-resolution
data series). Using the solar modulation potential function for the past
9400 years, determined from the two cosmogenic radionuclides 10Be
and 14C, Abreu et al. (2012) found the periodicities of 88, 104, 150
and 506 years using the Fourier Transform method and Hanslmeier
et al. (2013) using wavelet analysis reported the period of about
1000 years, Velasco Herrera (2013) also applying wavelet transform
found periodicities of 60, 128, 240, 480, 1000 and 2100 years.

Themost surprising andnovel aspect of our results in Fig. 2 is the de-
tection of 1500-yr cycles in a new solar activity proxy record. Wemake
this identification cautiously because it is not yet fully established that
this periodicity is physically connected to solar magnetism, despite the
encouraging presence of 1500-yr cycles in a recent toy-model of a non-
linear solar dynamo (Pipin et al., 2012). Brandenburg and Spiegel
(2008), using another toy αω-dynamo model, have provided evidence
for the possible existence of 200–500 year solar magnetic variation, a
frequency that is observedwhen their model is parameterized to adjust
for the long-term memory of the so-called α-effect. It remains a chal-
lenge for solar physics to fully explore, and demonstrate the robustness
of, the possible 200–500 year and likely 1500-yr quasi-regular oscilla-
tions in the Sun's magnetic and radiative outputs. In the meantime,
however, little doubt now exists that fluctuations at these intervals
are present in proxy-climate datasets.

In general, the solar dynamo theory supports the idea that long-term
quasi-periodic variations of solar magnetic activity can result from the
nonlinear interplay between the magnetic field, differential rotation
and helical convective motions. The most important timescales are re-
lated to the time taken to re-establish the angular momentum balance
(differential rotation) and the magnetic helicity balance (associating
with the α-effect) in the convection zone caused by perturbations in
the large-scale magnetic field. Both processes, i.e. relaxation of the an-
gular momentum transport and the magnetic helicity balance, corre-
spond to about 10 solar cycles (see, Pipin, 1999; Pipin et al., 2012).
Pipin et al. (2012) also found that a combination of the random fluctu-
ations of the dynamo governing parameters and the nonlinear relaxa-
tion of the principal dynamo mechanisms can produce the quasi-
periodic variations on millennial timescales. However, the stability of
the revealed periods can be questioned, because the dynamo may be-
come non-stationary under random fluctuations. Moreover, it happens
that the dynamical properties of the solar dynamo on the millennial
timescale look very similar to the properties of the Brownian motions
(Pipin et al., 2013). This is another reason why we think our current
choice of subjective wordings in describing solar and climate variations
as noted under footnote 3 is more physically accurate and honest than
any deliberate attempt to impose a falsely precise vocabulary.

Given the relatively short time series considered in Fig. 2 (or see
Fig. 1 for all the ten series), the prominent 3358-yr peak in the nitrate
solar activity proxy (Fig. 2) may be given less scientific weight. How-
ever, results from previous researchers suggest that it may also repre-
sent a real feature. For example, Stuiver et al. (1995) have recorded a
3300-yr period in their Holocene bidecadal-resolution record of δ18O
from GISP2, and Mayewski et al. (1997) reported a highly significant
peak at 3200-yr in a record of Holocene polar circulation. Cleroux
et al. (2012) show the presence of the 3300-year period for a
δ18Oseawater Holocene series from the sediment core off Cape Hatteras
(although the 3300-yr scale obviously lies outside the cone-of-
influence of their wavelet analysis where edge effects, owing to a finite
length of time series, become important). Finally, a roughly 3000-yr



Fig. 2.Wavelet transform analysis of the newly proposed solar activity proxy, nitrate concentration from TALDICE ice core (Traversi et al., 2012), time series from 11,400 to 560 years BP
(shown as black curve in the top panel) illustrating the wavelet powers at centennial tomillennial timescales (center panel). Dotted blue/white contours highlight some of the millennial
periods, including especially the 1500- to 1800-yr scale, discussed in this paper. The left panel shows the global spectrum of thewavelet power averaged over time. Dashed line represents
the significance level referenced to the power of red noise level at the 95% confidence interval. Shaded regions outline the cone of influence limitwhere the calculatedwavelet powers can
bedistorted (hence less reliable) owing to the “edge”-effects of any time series. (For interpretation of the references to color in thisfigure legend, the reader is referred to thewebversion of
this article.)
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period has also been detected in a lacustrine sedimentary proxy for
storminess in the Northeastern United States (Noren et al., 2002).

Fig. 3 shows the results of our analysis of the three most significant
solar activity proxies that are available for the Holocene: namely nitrate
concentration at Talos Dome, the Solar Modulation Parameter,Φ, based
Fig. 3. Results of themulti-variable crosswavelet analysis of the three solar activity proxy time s
Parameter,Φ, derived from 10Be of the Greenland Ice Core Project (Vonmoos et al., 2006; blue s
2007; black series in top panel). Dotted blue contours highlight the 1885-yrmillennial period d
the time series at each timescale; arrows at 0° (pointing to the right) indicate that both time se
indicate that they are perfectly negatively correlated (180° out of phase), both of these two
horizontal arrows indicate an out of phase situation and a more complex non-linear relationsh
cillatory timescales common to all three solar activity proxies in order to allowa better interpret
those representing the East Asian monsoon and the Arctic–North Atlantic meridional overturn
this figure are explained in the caption for Fig. 2 and in the Appendix A. Unlike in Fig. 2, we add
neous phase (black curve) and amplitude (blue curve) for the 1400–2000-yr bandpassed scale
ship among the 3 solar activity proxies but a highly time-dependent nature of the amplitude o
legend, the reader is referred to the web version of this article.)
upon 10Be analyses from the Greenland Ice Core Project, and the Solar
Modulation Parameter, Φ, based upon 14C production rate from the ac-
curate annually-dated tree-ring chronology. In studying the wavelet-
transform results in Figs. 3 and 4, it is important to consider not only
thepeaks in the time-averaged global spectra (left panel in each figures)
eries: Nitrate concentration (Traversi et al., 2012; red series in top panel), SolarModulation
eries in top panel) and from 14C production rate (Usoskin and Kromer, 2005; Usoskin et al.,
iscussed in details in themain text. The orientation of the arrows shows relative phasing of
ries are perfectly positively correlated (in phase) and arrows at 180° (pointing to the left)
perfect cases implying a linear relationship between the considered phenomena; non-
ip (see Appendix A for further explanation). This result seeks to establish the baseline, os-
ation of physical bases and processes involved in several climate variation signals, including
ing circulation systems (see further results and discussion in Fig. 3). Additional features in
ed the information of the global phase (right panel) averaged over time and the instanta-
over the Holocene (bottom panel). The result shows a rather in-phase and linear relation-
f the millennial scale variation. (For interpretation of the references to color in this figure



Fig. 4. Results of the multi-variable cross wavelet analysis of the nitrate, 10Be and 14C solar activity proxies and a total of seven paleoclimatic series from the North Atlantic (sortable silt
mean size series from Bianchi and McCave, 1999; and stacked drift ice indices in Bond et al., 2001), Western Pacific Warm Pool (stacked SST series from Stott et al., 2004), East Asian
Monsoon (Relative Gray Index series from Retreat Lake in Taiwan and Total organic carbon content in sea sediment from Okinawa Trough; see Kao et al., 2005) and Southern Ocean
(δ18O in Globigerina bulloides and Globigerinoides ruber, from deep sea sediment core at Murray Canyon off southern Australia; see Moros et al., 2009). Dotted blue contours highlight
the 1500–1800-yr time scales discussed in this paper. For explanation of arrow orientations, see caption to Fig. 3, and the Appendix A. Additional features in this figure are explained
in the captions for Figs. 2 and 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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but also the instantaneous time-frequency spectra shown in the central
panel of Figs. 3 and 4.

Several prominent common signals occur in Fig. 3. First, the signal of
the 1885-yr periodicity has strong time dependence in the amplitude of
its variation, with relatively larger amplitude during the early to mid-
Holocene and relatively muted amplitude for late Holocene (see blue
curve in the bottom panel of Fig. 3). This signal can only be obtained
using the unique, inverse multiple cross wavelet transforms presented
here. It is important to highlight the fact that a common 1800-yr solar
variation timescale has been captured by three very different solar prox-
ies which represent different geographic and climatic parts of the
Earth's climate system. The most important result concerning the
1800-yr scale variation from Fig. 3 is its relatively in-phase or linear re-
lationship (see black curve in the bottom panel of Fig. 3) for the three
different solar activity proxies. This result, in turn, emphasizes the pace-
maker role of the solar activity forcing on millennial scale rather than
any strict persistence from the sense of amplitude modulation through
the solar radiative forcing on Earth climatic responses.

Our independent result therefore reaffirms the conclusion and anal-
yses in Traversi et al. (2012), and our conclusion on the clear time-
dependence of the amplitude of the 1885-yr millennial scale variation
is also broadly consistent with the previous results of Debret et al.
(2007, 2009).

If only one of the solar proxies showed a coherence at ~1800-yr with
climatic indices, this might reflect a regional climatic influence upon the
proxy record. However, since all the three proxy series showa similar re-
lation, and since each has quite a different fate in the terrestrial system
(nitrate are expected to be mostly affected by the tropospheric air
mass transport and snow deposition in Antarctica; 10Be—by stratospher-
ic air mass transport and snow deposition in Greenland; 14C—mostly by
the global ocean circulation), a tripartite simultaneous influence of re-
gional climate on the proxy data sets is unlikely. Accordingly, we view
the 1500–1800-yr scale as representing a fundamental periodicity of
the spectrum of solar variation rather than a mere derived mode in the
framework of Dima and Lohmann (2009; see further discussion in
Section 3.2 and 3.3 below).

Fig. 3 also exhibits significant spectral power on timescales of
2200–2400-yr, 1000-yr, 500–700-yr, 350-yr, 120-yr and 50–100-yr.
Almost without exception, the amplitudes of all these periodicities
vary over time during the Holocene. This empirical observation implies
a very rich nonlinear interaction for the relevant underlying physical
processes and dynamics, without the predominance of any particular
operational timescales.

3.2. Wavelet spectra of individual paleoclimatic data-series

Before discussing the master multiple-cross-wavelet analysis based
upon the three solar proxy time series and seven paleoclimatic records
(Section 3.3 and Fig. 4), we comment first on the wavelet spectra that
occur in some of the individual climate proxies used in this study,
since most of them have not been previously published and discussed.

First, wavelet analysis of δ18O in the Globigerina bulloides record iden-
tifies a dominant 1585-yr scale power, which is closely similar to the
1567-yr signal reported previously using conventional Fourier-based
time series analysis (Moros et al., 2009). The wavelet analysis also iden-
tifies a further significant concentration of power at about 560-yr in
this series. Applying wavelet analysis to the available δ18O record for
the planktonic species Globigerinoides ruber from the same sediment
core identifies prominent concentrations of power at about 2048-yr,
1000-yr and 512-yr, consistent with our other results and with solar ac-
tivity forcing.

Second, direct wavelet analysis of the composite Western Pacific
Warm Pool SST time series (binned MD81, MD 76 andMD 70 Holocene
series) of Stott et al. (2004) also identifies a convincing signal at the
1800-yr scale that persists throughout the Holocene. A similar 1800-yr
variability is also found in the East Asian monsoonal RGI index from
Retreat Lake, and an 1800-yr periodicity also appears in the Holocene
wavelet spectrum for the SST-Mg/Ca proxy from Cape Hatteras pub-
lished in Cleroux et al. (2012). Finally, the direct wavelet analysis of
the sortable silt size time series (a direct proxy for the North Atlantic
THC/AMOC) from the NEAP-15 K core in Bianchi and McCave (1999)
yields not only a prominent 1400-yr periodicity, but also significant
peaks at 700-yr and 2700-yr scales.

Fig. 4 presents these results, and the co-variations of all the solar and
climatic proxy series, in compact form in a single chart. With the aid of
the newmultiple-cross-wavelet algorithm, we have been able to study,
in a consistentway and for the first time, the common signals contained
in three different solar activity proxies (nitrate concentration and solar



5 Once again, we restrict our first study to the Holocene but it is not uncommon to find
the millennial-scale variability in other geological epochs. For example, the “1500-year”-
like oscillations (distinct from the 1000-year and Hallstattzeit periods) have been found
in the Late Miocene lake sedimentary records in South-eastern Europe by Kern et al.
(2012). Franco et al. (2012) detected clear millennial-scale climatic cycles during the
Permian–Carboniferous era from two glaciogenic rhythmites from the Parana basin,
southeastern Brazil. Jin and Jian (2013) presented an even more exciting evidence for
the existence and persistence of the 2.2 kyr, 1.6 kyr and 1.4 kyr peaks and the 2.4 kyr,
2.1 kyr, 1.7 kyr, 1.4 kyr and 1.3 kyr peaks in their δ18OG.ruber andMg/Ca-derived SST records
fromODP Site 1144 in the northern South China Sea during themid-Pleistocene transition
period. Such new evidence adds further motivation to clarify the true physical nature of
the millennial-scale climate variation which apparently operated rather consistently re-
gardless of the background environmental, climatic and geological conditions.

6 It is important to point out that studies of sediments from various locations around
Iceland shelf by Andrews (2009) and Andrews et al. (2009) did not yield similar drift ice
proxy records to the results presented by Bond et al. (2001) from the VM129-191 core
west of Ireland.
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modulation parameter, Φ, from 10Be and 14C discussed in Fig. 3) and
in seven climate proxy time series which cover geographical regions
and climatic regimes from theNorth Atlantic Ocean, East Asia, theWest-
ern Pacific Warm Pool area and the Southern Ocean. It should be noted,
of course, that the illustrative results shown in Fig. 4 are an incomplete
representation of 1500–1800 year co-variations for the whole globe
(see the fuller list in the references cited in Section 3.3 below: we
have deferred the most complete assembly and analysis of this
1500–1800 yr variation to future studies).

In Fig. 4, the 1885-yr scale periodicity is very prominent and per-
sists throughout the entire Holocene, and another broadband con-
centration of power at 500–1200-yr timescales is also noteworthy.
The relative phase information (indicated by the black curve shown
in the bottom panel of Fig. 4), indicates that the common signal for
the 1885-yr co-variations are somewhat linear for the combined
total of ten solar and climatic time series. The results are nonetheless
consistent with the rectification of solar activity forcing by the North
Atlantic THC/AMOC threshold-dependent filter, as outlined by Dima
and Lohmann (2009).

Our results, and especially those represented by Fig. 4, suggest
periodic/rhythmic suborbital-scale variability of both solar activity and
of climatic proxies is the general rule rather than exception during the
Holocene. Rejection of a sun-climate connection, for example on the
1500-yr or 1800-yr timescales, by demanding that a stronger solar
forcing is required is simply untenable given the known operation of
nonlinear physical processes that can delay, rectify or modulate a
solar-originated signal (see also e.g. Weng, 2012a,b). For example, and
as already discussed by Dima and Lohmann (2009), rectification by
the Atlantic THC/MOC deep-water circulation can produce a 1500-yr
or 1800-yr signal in climate proxies even though the original solar forc-
ingmay not contain a 1500-yr or 1800-yr cycle, or at best an extremely
low-amplitude one. In accepting the existence of a persistent solar forc-
ing on the 1500-yr and 1800-yr scales, we are simply accepting a reality
that has long been known to paleoceanographers like Bianchi and
McCave who have emphasized the importance of “an oceanic internal
oscillation in conveyor strength” (e.g. Bianchi and McCave, 1999). In
this sense, the scenario of a “wobbly ocean conveyor circulation” as
sketched byDenton and Broecker (2008) should also be studied careful-
ly, especially in terms of the full list of paleoclimatic evidence for
millennial-scale climate variations across the whole globe assembled
under Section 3.3 below.

Finally, we should comment on the plausible, though rather improb-
able, claimed link between 1800-yr climatic variability and tidal forcing
by the nearby Moon, as hypothesized by de Rop (1971) and Keeling
and Whorf (2000). We prefer instead the careful conclusions reached
by Munk et al. (2002, p. 370), who interpreted the 1800-yr periodicity
as representing the repeated co-alignment of the Sun, Moon and Earth.
Regarding this, Munk et al. assert that the “[t]idal forcing is very weak
and an unlikely candidate for millennial variability; the Keeling and
Whorf proposal is considered as the most likely among the unlikely
candidates.”

3.3. Solar-related variability on centennial and millennial scales

In their discussion of the 1500-yr or 1800-yr climatic cycle, which
many writers assign to a solar origin, Dima and Lohmann (2009) intro-
duced the distinction between fundamental and derived modes of cli-
matic variation. They consider a fundamental mode to be one that is
forced directly by changes in solar output which correspond to an asso-
ciated physical mechanism. In contrast, a derived mode is one that has
no necessary solar physical process operating at its characteristic time-
scale, but instead represents the rectification of a solar forcing by an in-
termediate dynamic planetarymechanism (such as oceanic oscillation).
In such a fashion, a derivedmode results from the linear representation
in Fourier space of non-linearly transformed fundamental modes. The
~1500-yr “solar” cycle, and the associated Dansgaard–Oeschger and
Heinrich events,5 were proposed by Dima and Lohmann to represent
an internal threshold response of the global thermohaline circulation
to solar forcing, and thus to represent derived climatic modes.

Our results herein fit well with the Dima and Lohmann analysis, and
their insightful distinction has the capability to lead to a correct inter-
pretation for solar phenomena that have been perceived on a wide
variety of timescales, through the interaction of solar forcings and
large planetary-scale systems such as the THC or AMOC. Although it is
worth repeating that we have focused strictly on solar and climatic var-
iations over the Holocene.

Regarding the 1500-yr or 1800-yr cycle in particular, our results are
also generally consistent with other recent analyses (e.g. Debret et al.,
2009; Darby et al., 2012; Obrochta et al., 2012; Sorrel et al., 2012). None-
theless, and bearing Dima and Lohmann's distinctions inmind aswell as
our new results shown in Figs. 2 and 3,we suggest that it is premature to
reject yet the possibility that the ~1500-yr or ~1800-yr climatic-THC
variation may be connected to intrinsic variations in solar radiative
and charged-particle output. Our reason for this is simply that the prox-
imate 1500-yr or 1800-yr scale periodicity appears in the wavelet spec-
tra of both the nitrate-based (Fig. 2) and combined 3-record-based
(Fig. 3) solar activity proxies analyzed in this paper (and, earlier, at a
“1600-yr” scale for both the 14C production rate and 10Be-related time
series in Debret et al., 2007), despite the fact that the signals may not
persist through the entire Holocene. These thoughts notwithstanding,
we wish to highlight that the nonlinear climate dynamics framework
of Dima and Lohmann (2009) also provides a clear alternative physical
basis for a 1500-yr cycle to be associated with climatic responses across
the globe without any necessity for an actual persistent solar forcing at
that periodicity.

Irrespective of its fundamental or derived nature, a solar-related
character for the 1500-yr or 1800-yr periodicity is consistent with the
fact that almost all of the proposed millennial-scale solar-climate
connections correspond to quasi-regular repetitions of weaker solar
activity/low solar irradiance. The effects of this include periods of colder
temperature, expansion of glacier ice-mass or sea-ice, increased
ice-drafted debris, increased storminess and a more negative Arctic
Oscillation index. Other specific responses that have been documented
include windy episodes in Iceland, forest decline in western Mediterra-
nean region, relatively drier condition in Cuba, enhanced primary
productivity in the Cariaco basin (associated with a southern migration
of the Atlantic ITCZ), increased rainfalls and wetter environment on the
South American Altiplano, cooling events in the Southern Ocean (South
Georgia), lower lake salinity in Southeastern Australia, more or domi-
nant El-Nino-like tropical Pacific conditions and weaker East Asian
monsoons (Bray, 1968, 1971, 1972; Johnsen et al., 1972; Denton and
Karlen, 1973; Naidu and Malmgren, 1995; O'Brien et al., 1995; Stuiver
et al., 1995; Thompson et al., 1995; Sirocko et al., 1996; Mayewski
et al., 1997; Campbell et al., 1998; Thompson et al., 1998; Bianchi and
McCave, 1999; Chapman and Shackleton, 2000; deMenocal et al.,
2000; Giraudeau et al., 2000; Jian et al., 2000; Sarkar et al., 2000; Arz
et al., 2001; Bond et al., 20016; McDermott et al., 2001; Moy et al.,



7 This is one of the reasonswhy the proposition of a “stable” climate, saywith a regional
warming and cooling range within ±0.5 °C, during the entire Holocene is an untenable
idea that can be rejected by paleoclimatic evidence (Mayewski et al., 2004; Wanner
et al., 2008).

10 W. Soon et al. / Earth-Science Reviews 134 (2014) 1–15
2002; Fleitmann et al., 2003; Hu et al., 2003; Marchitto and deMenocal,
2003; Risebrobakken et al., 2003; Rosqvist and Schuber, 2003; Kim et al.,
2004; Moros et al., 2004; Nielsen et al., 2004; Stott et al., 2004; Baker
et al., 2005; Gupta et al., 2005; Jackson et al., 2005; Turney et al., 2005;
Yu et al., 2006; Asmerom et al., 2007; Crosta et al., 2007; Selvaraj
et al., 2007; Thamban et al., 2007; Ekdahl et al., 2008; Goni et al.,
2009; Isono et al., 2009; Moros et al., 2009; Thornalley et al., 2009;
Giraudeau et al., 2010; Helama et al., 2010; Marchitto et al., 2010;
Pena et al., 2010; Selvaraj et al., 2011; Strikis et al., 2011; Cleroux
et al., 2012; Darby et al., 2012; Kemp et al., 2012; Schmidt et al., 2012;
Sorrel et al., 2012; Fensterer et al., 2013; Fletcher et al., 2013;
Kravchinsky et al., 2013; Santos et al., 2013; Wilkins et al., 2013; Zhao
et al., 2013). This is an impressive range of empirical evidence, the
existence of which leaves no room to doubt as to the reality of a
1500-yr or 1800-yr solar-related, though not necessarily directly
solar-forced, cycle.

Perhaps even more remarkable is the strong historical and archaeo-
logical evidence for the repetitious occurrences of a 500-yr long “Little
Ice Ages” every 1300-yr or so over the Holocene as pointed out in
Perry and Hsu (2000). Human history and civilization had apparently
experienced adversities and hardships during cold and dry intervals
every 1800-yr or so. As an independent test of Perry and Hsu (2000)'s
hypothesis, Dixit et al. (in press) recently pointed to a clear evidence
for an abrupt weakening of the Indian summer monsoon around
4100 yr BP from their study around the paleolake Kolta Dahar, Haryana,
Northwest India. A prolonged monsoonal drought event between
4.6–3.6 ka BP, marked by the presence of evaporative gaylussite,
has also been found in Lonar Lake, Central India (Prasad et al.,
2014). This event fits well with the event “K” in Perry and Hsu
(2000) where they noted that “[g]lobal cooling started as early as
4400 BP and ended some 600 years later. Archaelogical evidence
indicate that the years 4200–3900 BP were coldest and most arid
in western Asia.” (p. 12436).

It has been clear for some time that the empirical correlation on cen-
tennial and millennial scales between weak solar forcing and various
cold-related climatic phenomena worldwide may not be accidental.
The physical relationships involved may include the application of
weak solar forcing at the ocean surface and the intensity of Atlantic
deep-water formation in response. This is because actively convecting,
downwelling cold perturbations will communicate any near-surface
anomaly to deeper North Atlantic intermediate waters much more ef-
fectively than a warm (buoyant) surface anomaly can (see, e.g. the the-
oretical study by Xie and Vallis, 2012). In contrast, an anomalous
perturbation in warm surface water will mostly be limited and commu-
nicated by much slower diffusive transport processes. It is perhaps also
relevant that 1500-year is roughly equivalent to the time constant for
global ocean turn-over circulation, which may physically cause a near-
resonant oceanic response to external solar pacing and modulation, no
matter how weak the original 1500-yr scale solar forcing variation
might be.

In addition to the 1500-yr cycle, good empirical evidence exists also
for solar modulation of climate-related events on multidecadal, centen-
nial and bicentennial timescales (Soon, 2009; Soon et al., 2011; van
Loon et al., 2012; Weng, 2012a,b; Soon and Legates, 2013). This modu-
lation is manifest in variations in the equator-to-pole (Arctic) tempera-
ture gradient, the surface temperature in the Arctic, the Arctic-North
Atlantic freshwater budget and the Atlantic THC/MOC. In addition, re-
motely teleconnected impacts on these timescales have been shown
to occur in the surface temperature (Wang et al., 2009; Soon et al.,
2011) and precipitation (Wang et al., 2009) in China and the East Asia
region. Although computer climate/ocean modeling is only in its early
stage for such solar-climatic variations, it is encouraging to see two re-
cent results reporting on thepenetration of the externally-forced signals
on 60–90-yr and 200-yr timescales deep into not only theNorthAtlantic
deepwater region (at about 2000 m depth) but also other parts of the
inter-connected world oceans (Park and Latif, 2012; Seidenglanz et al.,
2012), as may be indicated also by some paleoceanographic observa-
tions (e.g. Morley et al., 2011).

However, whether and how these various physical variations might
be scaled-up to fit the 1500-year quasi-regular climatic cycles remains
unclear. On the other hand, and so far confined to the admittedly ideal-
ized analogy world of electronic signals interaction and processing,
several careful analyses (Damon and Jirikowic, 1992; Vasiliev and
Dergachev, 2002; Peristykh and Damon, 2003) have shown direct
evidence for the modulation of the Gleissberg–Yoshimura cycle ampli-
tude by the longer Hallstattzeit in time domain. The Hallstattzeit
~2400-yr cycle is also found as a clustering of the grand minima of
solar activity (Usoskin et al., 2007). Clemens (2005) proposed that the
broad peak at ~1470-yr identified in the GISP2 δ18O record related to
Dansgaard–Oeschger events consists instead of three narrower peaks
centered around 1190-, 1490- and 1667-yr periods and that these
millennial-scale periods may be explained by the beating phenomena
(heterodynes) among the solar-derived centennial-scale cycles seen in
Holocene record of 14C production time series. This is why it is not en-
tirely trivial to presume that all the identified multidecadal, centennial
to millennial timescales are unrelated or simply independent oscilla-
tions (see also Markonis and Koutsoyiannis, 2013).

More empirical support for a 1500-yr solar modulation of climatic
events throughout the Holocene occurs in the persistent millennial, bi-
millennial or 1500-yr-signals that have been recorded from many re-
gions despite the dramatic changes in external boundary conditions
that occurred during the Holocene. For example, in regions adjacent to
former ice-caps glacioisostatic rebound has caused local relative sea-
level to vary by more than 50 m between the early and late Holocene,
with corresponding variations in extremes inwinter-summer insolation
contrast (Mayewski et al., 2004; Wanner et al., 2008).7

An early example of dramatic changes in intermediate water flow
through the Holocene was documented by Bianchi and McCave
(1999). These authors showed that the temperature and flow rate of
Iceland–Scotland Overflow Water (ISOW) relationship switched from
the original mode of a warm climatewith slower ISOW flow rate during
the early Holocene to the second mode of a faster ISOW flow rate, and
hence more North Atlantic deep water formation, during the warmer
conditions that pertained in Greenland and Northern Europe after
about 7.5 kyr BP. Supporting this, Dima and Lohmann (2009; their
Fig. 6d) showed that the 1400-yr variation was relatively muted from
10–7.5 kyr BP, after which it oscillated at larger amplitudes during the
middle to late Holocene. The proxy record of forest vegetation from
western Mediterranean marine core MD95-2043 shows a strong 900-
yr scale variation during the early Holocene and a switch into the dom-
inant 1750-yr periodicity after 6 kyr BP (Fletcher et al., 2013). Another
example is the persistent millennial-scale signal that appears through-
out the Holocene in lacustrine δ18O and δ13C sediment records from
Lake Grinnell, northern New Jersey (910-yr periodicity, as identified in
Zhao et al., 2010). As these authors point out, their data imply a nonlin-
ear response in atmospheric circulation during the Holocene. A possible
causal chain is that a decreased winter-summer seasonal contrast in in-
solation led to the observed transition between a large-amplitude 330-
yr oscillation and a low-amplitude 500-yr oscillation in the mid-
Holocene (ca. 4.7 kyr BP). Such a nonlinear switch in conditions is con-
sistent with a switch between the fundamental and derived climatic
modes hypothesized by Dima and Lohmann (2009).

Our overall conclusion is to concur with Munk et al. (2002, p. 382)
who insightfully commented that further investigations into the
1500-yr cycle should be conducted in a spirit that favors “processes
with millennial time constants (not yet identified) inherent in
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ocean-atmosphere dynamics as the source of the millennial climate
variability”, and who added that “millennial variability in solar radi-
ation (not yet discovered) is a possibility.”

4. Conclusions

We have used multiple-cross wavelet analysis of three solar activity
proxies and seven paleoclimate proxies to demonstrate the ubiquitous
nature of both solar and climatic rhythmicities at centennial andmillen-
nial timescales throughout the Holocene. The climatic proxies used rep-
resent variation in the North Atlantic Ocean, Western Pacific Warm
Pool, Southern Ocean and the East Asian monsoon regions, and along-
side the conventional 10Be and 14C solar activity proxies we have intro-
duced a new solar proxy that is based upon the variation of nitrate
(NO3

−) concentration in the Talos Dome ice core, East Antarctica.
Our interpretations have been greatly aided by the introduction of a

novel algorithm for computing multiple-cross wavelet spectra in time–
frequency space that is generalized for multiple time series (more than
two).

Our results provide a new interpretive framework for relating Holo-
cene solar activity variation on centennial tomillennial timescales to co-
varying climate proxies drawn from a widespread area around the
globe, and include the following specific conclusions:

o Fundamental solar modes (in the sense of Dima and Lohmann,
2009) exist at 2300-yr (Hallstattzeit), 1000-yr (Eddy), and 500-yr
(unnamed) periodicities.

o Dating uncertainties allow that the commonly remarked 1500-yr
and 1800-yr cycles, which are also present in our wavelet analysis,
may represent either the same or discrete cyclicities. Nonetheless,
the TALDICE nitrate record clearly identifies the 1500-yr signal
(Fig. 2), while the cross-wavelet analysis of the three solar activity
proxies show a strongly modulated and time-dependent signal for
the 1800-yr (blue line at the bottom panel of Fig. 3).

o Thus an important implication of our study is that the widely ob-
served 1500–1800-yr oscillation may yet turn out to correspond to
a fundamental solar mode. The suggestion by Dima and Lohmann
(2009) that the 1500–1800-yr cycle is of derived rather than funda-
mental character, and the rejection of the 1500–1800-yr scale as a
solar-originated oscillation at all (Debret et al., 2009; Darby et al.,
2012; Obrochta et al., 2012; Sorrel et al., 2012), are therefore both
premature.

o Nonetheless, it remains possible that the 1500–1800-yr cycle is in-
deed distinct in character from the fundamental solar cycles that
we describe and instead represents an internal threshold response
of the global thermohaline circulation to solar forcing, and is there-
fore of derived nature, all as argued by Dima and Lohmann (2009).
Similarly, intermediary cycles that our analysis identifies at 700-yr
and 300-yr periodicities may also be of derived nature, and perhaps
mark the rectified responses of the Atlantic thermohaline circulation
to external solar modulation and pacing.

We conclude that is premature to reject possible links between solar
activity and terrestrial climate at the multiple scales that are commonly
represented in paleoclimatic records. Instead, we find that strong em-
pirical evidence supports the existence of sun–climate relationships
on a number of centennial-to-millennial, suborbital timescales, and
that these relationships are represented by climate proxy variations
from nearly all the Earth's major climatic zones and regimes.

This broad conclusion needs clarification in terms of both the phys-
ical nature of the solar variability and of theprecisemechanisms that are
involved in the manifestation of solar changes in variable and varying
local and regional climate patterns. Inter alia, knowledge is needed as
to howdifferent climatic regionsmay respond to solar changes at differ-
ent time scales, including knowledge of the physical processes that are
related to the high polar regions, the North Atlantic MOC and the
tropical coupled ocean–atmosphere deep convection and ENSO phe-
nomena. It is also yet to be established whether a dominant climatic
center-of-action exists (i.e., polar, mid-latitude or tropical) that domi-
nates the global climatic pattern.

Identifying and understanding the spatial–temporal relationships
between solar variability and climatic response may well be aided by
the application of our new cross-wavelet algorithm to additional and
new high resolution paleoclimate proxy records.
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Appendix A. A new algorithm for multiple-cross-wavelet analysis
with multiple time series

The generalized multiple-cross-wavelet transform algorithm to
study coherent variations in multiple (N2) time series is briefly de-
scribed. The cross function is a technique for measuring the similarity
of one signal to another and was proposed by Wiener (1930).

Our algorithm is the generalization of the Wiener's (1930) cross
function, but instead of considering the functions F and G, we consider
two matrices F(t) and G(t) in which each of its elements are the time-
dependent functions itself:

F tð Þ ¼

F1
F2
F3
⋮
Fn

2
66664

3
77775; G tð Þ ¼ G1G2G3⋯Gm½ �:

The wavelet of the matrices F and G is respectively:

W F tð Þ½ � ¼ WF ¼

WF1
WF2
WF3
⋮
WFn

2
66664

3
77775; W G tð Þ½ �� ¼ W�

G

¼ W�
G1

W�
G2

W�
G3

…W�
Gm

h i
:

The hyper cross-matrix wavelet is defined as:

WFW
�
G ¼ WFG ¼

WF1G1
WF1G2

WF1G3
⋯WF1Gm

W F2G1
WF2G2

WF1G3
⋯WF1G1

⋮ ⋮ ⋮ ⋱ ⋮
WFnG1

WFnG2
WFnG3

⋯WFnGm

2
664

3
775
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where each element of the hyper cross-matrix are one cross wavelet
matrix:

WFiGk
sð Þ ¼ WFi

sð ÞW�
Gk

sð Þ:

We next define the multiple cross wavelets as:

WFiGk
¼ WFi

∏
n

k¼1
W�

Gk

� �

where b ∙ N indicates an average of the multiple cross wavelets and Π
means multiplication.

The phase angle ofWX1 ;X2 ;X3 ;…;Xm describes the phase relationship be-
tween theX1, X2, X3,…, Xm series in time–frequency space. Statistical sig-
nificance of the multiple-cross-wavelet coherence is estimated using
Monte Carlo methods with red noise to determine the 5% significance
level (Torrence and Webster, 1999).

The panels on the right of Figs. 3 and 4 show the global phase infor-
mation, which is an average phase angle of each periodicity in the
multiple-cross-wavelet spectra. The bottom panels in Fig. 3 and 4 give
the instantaneous phase and amplitude for the selected millennial-
scale oscillatory scale of 1885-years. Therefore, these panels provide in-
formation on the lead–lag relationship of the time series involved.
Fig. A1. (Top) Crosswavelet analysis for the 3 idealized time series: cos (10 t), cos (10 t)+cos (5
at 10 time units. (Bottom) Cross wavelet analysis for the 3 idealized time series: cos (10 t), cos
In order to test and illustrate the accuracy and correctness of our
new multiple-cross-wavelet for multiple time series, we offer the fol-
lowing two contrasting examples:

(1) analyzes the multiple-cross wavelet transform spectrum for the
following 3 time series

(a) cos (10 t)
(b) cos (10 t) + cos (50 t)
(c) cos (10 t) + cos (50 t) + cos (100 t)
(2) analyzes the multiple-cross wavelet transform spectrum for the

following 3 time series

(a) cos (10 t)
(b) cos (50 t)
(c) cos (50 t) + cos (100 t)

where for former is intended for finding a common scale of 10 time
units and the later is intended to yield no common scale for the three
time series.

Fig. A1 confirms this fact and hence the feasibility of our new algo-
rithm for time series analysis of real data records. Fig. A1 also confirms
that in order for the algorithm to identify a true common signal, it is
not sufficient to have only two out of three of the time series to have
0 t) and cos (10 t)+ cos (50 t)+cos (100 t). A commonperiodicity is successfully detected
(50 t) and cos (50 t) + cos (100 t). No common periodicity is found for the 3 time series.
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the common scale, i.e., the 50 time units was not picked up in the final
cross wavelet of the 3-time series.

Finally, we wish to explain and clarify that more details about the
mathematics of our new algorithm will be fully spelled out in a future
paper that focuses on methodology rather than application as intended
in the current paper. Here we simply wish to state that there is simply
no clear nor direct way to inter-compare this study with any previous
methods (especially those based on Fourier transform) because no pre-
vious analysis has simultaneously cross-correlated information on both
a time and frequency basis for multiple (N2) time series. This is the rea-
son why we have chosen to illustrate the nature of our new algorithm
with the simple example demonstrated in Fig. A1.
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