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350 year, with an increase of productivity, as suggested by 
the Ba/Al ratio. Lastly changes in the Mediterranean ther-
mohaline circulation, indicated by a selected redox proxy 
(the U/Th ratio), are observed. These results support that 
the oceanic response triggered the atmospheric response to 
the Bond cycle in the western Mediterranean. Changes in 
the North Atlantic Oscillation mode and in the Inter-Trop-
ical Convergence Zone migrations with variations in the 
monsoon activity or Saharan winds system, are considered 
as main forcing mechanisms, with a complex relationship 
of the involved phenomena.

Keywords Cross-spectral · Bond cycle · Western 
Mediterranean · Marine record · Paleoenvironmental 
proxies

1 Introduction

A comparison of climate records, especially at the mil-
lennial-time scale and between the northern and southern 
hemispheres, has allowed to document an asynchronous 
phase response to climate variability known as climate see-
saw (Steig and Alley 2002; Denton and Broecker 2008). 
Study of the out of phase response (lead–lag) between pale-
oclimate records at different latitudes underlines the com-
plexity between climate forcings and the responses of the 
climate system (Broecker 1997; Alley et al. 2002). Climate 
variability has been related to different forcing mecha-
nisms—including external solar cycles, volcanic forcing, 
melting of large amounts of icebergs and sea ice and solar 
irradiance changes—resulting in ocean and atmospheric 
circulation changes that determine millennial-scale cycles. 
The three most widely recognized periodicities are those at 
approximately 2800–2000  year, 1500 and 1000  year (see 
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Smith et  al. 2016 and references therein). Yet although 
multi-decadal to multi-century time scale Holocene cold 
events are well-known, the mechanisms determining these 
changes are still under debate (see Wanner et al. 2015 for 
a recent review). One of the most controversial climate 
variations is that associated with the so-called Bond cycles 
(Bond et  al. 1993, 1997, 2001; Broecker 1994). Origi-
nally a comparison between Greenland oxygen isotope 
records and North Atlantic sea surface temperature records 
showed a series of rapid warm-cold oscillations—called 
Dansgaard–Oeschger events—for the last 90  kyr (Bond 
et  al. 1993). These cycles, lasting on average 10–15  kyr, 
culminated in a southerly transport of ice-rafting debris 
(IRD) in the North Atlantic (a Heinrich event) before an 
abrupt shift to a warmer condition (Bond et al. 1993, 1997, 
2001; Smith et  al. 2016). Moreover, these cycles docu-
mented a previously unrecognized link between ice sheet 
behaviour and ocean–atmosphere temperature changes.

These cold episodes paced at about the same time dur-
ing the last glaciation and the Holocene with a cyclicity 
close to 1470 ± 500  years, although operated indepen-
dently of the glacial-interglacial climate state (Bond et al. 
1997). An important question that remains to be resolved 
is whether the cycles are driven by external factors, such 
as orbital forcing, or by internal ice-sheet dynamics. Bond 
et al. (2001) argued that a solar forcing mechanism could 
have forced these millennial-scale Bond events at least dur-
ing the Holocene.

The Bond cycle has been described as quasi-periodic 
slowdowns of North Atlantic Deep Water (NADW) pro-
duction feeding into the Atlantic Meridional Overturning 
Circulation (AMOC), and ensuing cold climate in Europe 
at the millennial-time scale (Bond et al. 1993, 2001; Broe-
cker 1994). This cycle has been persistently detected in the 
North Atlantic and Mediterranean climate regions (Bond 
et  al. 1993; Moreno et  al. 2005; Debret et  al. 2007; Pena 
et  al. 2010; Rodrigo-Gámiz et  al. 2014a) related to solar 
activity and oceanographic circulation. Furthermore, 
atmospheric processes like the North Atlantic Oscillation 
(NAO), described as the major forcing behind moisture 
penetration, North Atlantic westerlies position and the con-
sequent penetration of winter storm tracks into the western 
Mediterranean region (Hurrel 1995; Trigo et al. 2004), has 
been suggested as millennial-scale phenomenon controlling 
the ~1500 year cycle (Thompson and Wallace 2001; Debret 
et al. 2007). Recently, this cycle has also been interpreted 
as a high frequency extension of the Milankovitch preces-
sional cycles, incorporating orbital, solar and lunar forcing 
through interaction with the tropical and anomalistic years 
and the Earth’s rotation (Kelsey et al. 2015). Thus, a single 
theory explaining the formation of this cycle does not exist, 
and it is interpreted as caused by a combination of several 

forcing mechanisms (Wanner and Bütikofer 2008; Wanner 
et al. 2011, 2015; Smith et al. 2016, and references therein).

Previous spectral analysis based on the Lomb–Scargle 
method on time series from the westernmost Mediterranean 
Sea (Alboran Sea basin) has revealed four significant cli-
mate cycles over the last 20  kyr, including the 1500  year 
cycle, which was interpreted as related to the coupling of 
North Atlantic climate variability and the African mon-
soon system (Rodrigo-Gámiz et  al. 2014a). However, the 
response of different paleoclimate proxies to the forcing 
and the phase relationships between the different responses 
of the climate system relatives to this cycle have been less 
investigated. Here we present further detailed cross-spec-
tral analysis performed on existing high-resolution paleoen-
vironmental data sets in order to evaluate leads or lags in 
the 1500  year climate cycle. This analysis provides fur-
ther insights into the incidence of the Bond cycle and time 
shifts of the different components of the climate system to 
the forcing, highlighting the complex interaction between 
ocean and atmosphere responses to forcing mechanisms in 
the westernmost Mediterranean.

1.1  Present climate and oceanographic conditions 
in the western Mediterranean

The Alboran Sea basin is located in the westernmost 
Mediterranean Sea, SE of Iberia and NW of North Africa 
(Fig. 1). This basin presents exceptional high sedimentation 
rates, where terrigenous sediments are mainly supplied by 
riverine discharge from the southern Iberian rivers, and by 
eolian dust pulses from Morocco, Mauritania, Mali, Niger 
and Algeria (Martínez Ruiz et  al. 2015; Rodrigo-Gámiz 
et al. 2015a).

The present-day climate in this area is characterized by 
a strong seasonal contrast, featuring hot, dry summers and 
humid, mild winters (Lionello et al. 2006). At the decadal 
scale, climate is strongly influenced by the North Atlantic 
Oscillation (NAO), governed by the difference between 
surface sea-level pressure of the subpolar Icelandic cyclone 
and the subtropical Azores anticyclone (Trigo et al. 2004). 
An intensified Azores anticyclone and a deeper Icelandic 
cyclone, translated as a positive NAO phase, generate the 
northward migration of the Atlantic westerly jet, leading 
to wetter and warmer winter conditions in northwestern 
Europe and drier conditions in the southern Mediterranean. 
Conversely, during a negative NAO phase, the Azores anti-
cyclone is weaker and the Icelandic cyclone shallower, 
resulting in humid westerlies in the southern Mediterra-
nean and increased precipitation (Wanner et  al. 2001). In 
addition to exerting inter-annual control over the Euro-
pean climate, NAO-like conditions are thought to persist 
over longer centennial timescales, due to a relatively stable 
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positioning of the westerlies during periods of the Holo-
cene (Olsen et al. 2012).

The climate conditions are also modulated by the Inter-
Tropical Convergence Zone (ITCZ) over North Africa 
and the variability of the west African monsoon rain-
fall (Nicholson 2009). The ITCZ is the system where the 
moisture available for convection is strongly coupled to 
the strength of the uplift, which in turn is controlled by the 
characteristics of the African Easterly Jet–African Easterly 
Wave system (AEJ–AEW) (Cornforth et  al. 2009). The 
AEJ–AEW system is developed over northern Africa dur-
ing the boreal summer season (Mekonnen et al. 2006). Dur-
ing boreal summer, the dry subtropical air shifts northward 
and the ITCZ is located around 20°N, marking the onset of 
the rainy season (summer monsoon) in North Africa—that 
is, heavy rainfall and higher river runoff. Conversely, in 
winter, the equator-ward displacement of the ITCZ (10°N) 
causes a southward shift of dry subtropical air masses. The 

Saharan air layer (SAL) and its northern branch (NSAL) 
are the wind systems that allow propagating dust transport 
over the tropical Atlantic and the Mediterranean through 
the atmosphere depending on the vertical extent of the 
dust layer and the upper level winds. Thus perturbations in 
SAL significantly interact with regional climate variability 
through the AEJ–AEW system (Zipser et al. 2009). AEWs 
have also been found to play a role in mobilizing and trans-
porting Saharan dust within Africa and globally (Jones 
et  al. 2003; Knippertz and Todd 2010). Enhanced (sup-
pressed) dust in NSAL are significantly correlated to robust 
mid-level dipole vorticity disturbances downstream of the 
AEJ core, along with strengthened (weakened) correlative 
low-level trade winds in northern and southern edges of the 
Atlantic ITCZ (Hosseinpour and Wilcox 2013).

From an oceanographic standpoint, the western Medi-
terranean Sea is characterized by a thermohaline circu-
lation driven by excessive evaporation with respect to 

Fig. 1  Location of marine sedi-
ment record 293G studied in the 
Alboran Sea basin. Blue dashed 
arrows represent theoretical sur-
face sea water circulation in the 
westernmost Mediterranean, i.e. 
the influx of Atlantic Surface 
Water (ASW), the circulation 
of Modified Atlantic Water 
(MAW) in the Alboran Sea, 
and the Mediterranean Outflow 
Waters (MOW) to the Atlantic 
Ocean. Blue arrows repre-
sent deeper sea water masses, 
Western Mediterranean Deep 
Water (WMDW) formation in 
the Gulf of Lion, and Levantine 
Intermediate Water (LIW). 
Orange dashed arrows indicate 
theoretical wind trajectories of 
the northern branch of Saharan 
Air Layers (NSAL) over North 
Africa. The white dashed line 
shows the southward position of 
the Inter-Tropical Convergence 
Zone (ITCZ). Map designed 
with Ocean Data View applica-
tion, ODV4 Release 4.7.9. 
(Schlitzer R, Ocean Data View, 
http://odv.awi.de, 2017)

http://odv.awi.de
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precipitation and runoff (e.g. Béthoux 1979). Hence, the 
Atlantic jet stream becomes saltier and denser when it 
flows into the Mediterranean Sea (modified Atlantic water, 
MAW), and two anticyclonic gyres are produced when it 
progresses eastward to the Algerian Basin (Western and 
Eastern Alboran Gyres) (Millot 1999). The MAW is offset 
by a deep-water outflow (Mediterranean Outflow Water; 
MOW) consisting of Levantine Intermediate Water (LIW) 
and Western Mediterranean Deep Water (WMDW), respec-
tively originated in the Levantine Mediterranean Sea and in 
the Gulf of Lion (e.g. Millot 2008).

2  Data sets and cross‑spectral analysis

The data sets used for this study derive from a selected 
sediment record, core 293G, recovered in the East Albo-
ran Sea basin (Fig. 1) (lat. 36’10.414N, long. 2’45.280W, 
depth 1840  m), during the oceanographic cruise Train-
ing Through Research-12 (Comas and Ivanov 2003). The 
entire record of 402 cm length was sampled at very high-
resolution, each 1.5 cm, obtaining a total of 267 samples. 
Previous data obtained from this sediment record provided 
new insights into the paleoclimate and paleoceanographic 
responses in the westernmost Mediterranean over the last 
20 kyr (Rodrigo-Gámiz et al. 2011, 2014b, 2015a). More-
over, the cyclostratigraphic analysis of the existing data 
sets (N = 267 samples with a temporal resolution of ca. 
75  years) has shown four main climate periodicities evi-
denced by selected paleoenvironmental proxies (terrig-
enous input, redox conditions, productivity, temperature 
and salinity), also allowing for the identification of climate 
cycles and forcing mechanisms during this time period 
(Rodrigo-Gámiz et al. 2014a).

2.1  Paleoenvironmental proxies

The selected detrital proxies used, the K/Al and Zr/Al 
ratios, are related to different sediment transport mecha-
nisms, respectively fluvial runoff and eolian input (e.g. Cal-
vert and Pedersen 2007). Bottom water oxygen conditions 
are revealed by redox sensitive element ratios such as the 
V/Al and U/Th ratios, widely used in the Mediterranean 
for paleoenvironmental reconstructions (e.g. Martínez-
Ruiz et  al. 2015, and references therein). In particular, V 
is reduced to an insoluble species of lower valence under 
anoxic conditions, while U may also form a complex with 
dissolved fulvic acid in hemipelagic sediments (e.g. Calvert 
and Pedersen 2007, and references therein). Marine pro-
ductivity variations are indicated by the Ba/Al ratio, since 
Ba excess derives from marine barite accumulated during 
high productivity periods (e.g. Griffith and Paytan 2012). 
Sea surface temperature and salinity variations have been 

reconstructed from an organic proxy, in particular the  UK′
37 

index (Prahl and Wakeham 1987), and oxygen stable iso-
topes composition (Urey 1947; Fischer and Wefer 1999), 
whereas further salinity calculations have been obtained 
using the equation proposed by Rostek et al. (1993).

2.2  Cross‑spectral analysis

Cross-spectral analysis allows hidden relationships between 
pairs of variables in the spectral domain to be discovered 
(Chatfield 1991). It should be noted that the classic cross-
spectral analysis, applied here, assumes that the relations 
between variables are linear. Although there are different 
methodologies for direct spectral analysis, not all of them 
can be adapted to cross-spectral analysis, a problem further 
complicated by the fact that most time series in cyclostratig-
raphy have an uneven sampling. For instance, even when 
sampling is continuous along a borehole core, the trans-
formation to a time scale using different datings would 
produce an uneven time series because the sedimentation 
rates are rarely constant over long periods. Thus, one ver-
satile possibility is to use the Lomb-Scargle periodogram 
(Lomb 1976; Scargle 1982; Press et al. 1992) extended to 
perform cross-spectral analysis using the CSLOMBS pro-
gram (cross-periodogram, squared coherence and phase), 
which lies in the evaluation of the statistical significance 
of the peaks by the permutation test (Pardo-Igúzquiza and 
Rodríguez-Tovar 2012; Pardo-Igúzquiza et  al. 2014). In 
the realm of cyclostratigraphy, the most interesting func-
tions of cross-spectral analysis are the cross-spectrum, the 
squared coherence spectrum and the phase spectrum (Wee-
dom 2003). Our approach to cross-spectral analysis does 
not stem from the cross-covariance function but rather from 
smoothing the cross-periodogram [see first and second 
approaches in Chatfield (1991)]. The statistical significance 
of the cross-spectral analysis is calculated by means of the 
permutation test, a non-parametric method described by 
Pardo-Igúzquiza and Rodríguez-Tovar (2000, 2005).

In the case of two or more time series, cross-spectral 
analysis may reveal the correlation of each pair of time 
series in the frequency domain. In this study, we work with 
eight different data sets with uneven sampling but from the 
same time series, i.e. each data set has N experimental data 
(up to N = 267) but all were measured over the same time 
interval (eight paleoenvironmental proxies from a marine 
sediment record covering the last 20  kyr). The resolution 
of the sampling interval (N = 267 samples with a temporal 
resolution of ca. 75 years), can be considered good enough 
when working with the Lomb-Scargle periodogram analy-
sis here conducted [see Rodrigo-Gámiz et al. (2014a) for a 
detailed explanation].

The results of cross-spectral analysis using the pro-
gram CSLOMBS (see details in Pardo-Igúzquiza and 
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Rodríguez-Tovar 2012) and the statistical significance for 
each pair of time series are displayed in three profiles: (a) 
the squared coherence spectrum with the frequency cycles 
obtained; (b) the achieved confidence level, or coherence 
(in %) for the 1400 year cycle; and (c) the phase spectrum 
in degree, which shows in phase (0° and 360°), out of phase 
(180°) or intermediate phase (90° and 270°).

In addition, phase relationships for the data sets in 
degrees—i.e. leads (0–180°) and lags (0 to −180°), or the 
equivalent time shifts in years—are illustrated in phase 
wheel diagrams (Weedom 2003). The vector angle rep-
resents in phase to intermediate leads (0  to 90°) or lags 
(0 to −90°) and the intermediate to out of phase leads 
(90° to 180°) or lags (−90° to −180°).

3  Results

Obtained results are illustrated in Fig.  2, showing the 
squared coherence spectrum with the frequency cycles, the 
achieved confidence level, and the phase spectrum.

According with the squared coherence spectrum 
between the pair of time series K/Al and Ba/Al ratios from 
marine record 293G shows frequency cycles at 2.7  kyr, 
1.4 kyr, 442 yr and 373 yr (Fig. 2a). The coherence of the 
1.4 kyr cycle is very high, giving a confidence level over 
95% (Fig. 2b), and the phase spectrum is out of phase with 
an angle of 112° (Fig. 2c). This cycle, associated with the 
Bond cycle, is considered equivalent to the 1515 yr cycle 
described in Rodrigo-Gámiz et  al. (2014a) due to the 
uncertainty is of the order of 100 years, similar to the sam-
pling interval (75 years).

The cross-spectral analysis profiles for each pair of time 
series from marine record 293G are shown in the Sup-
plementary Material. Non-correlation was obtained in the 
cross-spectral analysis of the δ18O signal with any of the 
other proxies used.

Each angle implies a time lead or lag for the 1.4  kyr 
cycle that is represented in the phase wheels (Fig. 3) and as 
summary in Table 1. Note that the possible uncertainty is 
marked with colour shaded areas in Fig. 3, approximating 
the value obtained to the nearest, i.e. to ¼ of phase (close to 
90° equivalent to 350 year), to out of phase (close to 180° 
equivalent to 700  year), or to ¾ of phase (close to 135° 
equivalent to 525 year).

The K/Al–U/Th and K/Al–Ba/Al relationships present 
an angle of 101°–112°, respectively, which imply a time 
leads of 350–436 year (Fig. 3a). The K/Al vs Zr/Al ratios 
are also out of phase with an angle of 138° or time shift of 
537 year (Fig. 3a). The K/Al ratio vs both  UK′

37 and salin-
ity present respective angles of 170° and 168°, meaning 
time leads of ca. 700 year (661 and 653 year, respectively) 
(Fig. 3a).

The V/Al ratio and  UK′
37 present an angle of 101° or 

time shift of 350–392  year, meanwhile V/Al ratio and 
Salinity are almost completely out of phase, with an angle 
of 175° and consequently a time lead of 681–700  year 
(Fig. 3b).

In turn, the U/Th ratio and  UK′
37 show an angle of 119° 

or a time shift of 350–430 year when translated to a time 
lead (Fig. 3c).

Fig. 2  a Squared coherence cross-spectrum between the pair time 
series K/Al-Ba/Al from marine record 293G showing the cross-
spectral peaks obtained; b achieved confidence level (ACL, %); and c 
phase spectrum (degree), where red bands show the phase spectrum, 
blue bands show the intermediate phase, and the green band shows 
out of phase. The Bond cycle is colored in orange 
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4  Discussion

The Bond climate cycle has been previously evidenced in 
the western Mediterranean during the last 20 kyr through 
a rapid response in both oceanic and atmospheric sys-
tems, as indicated by diverse geochemical ratios (Rod-
rigo-Gámiz et al. 2014a). Typical fluvially derived prox-
ies, certain eolian input proxies, redox and productivity 
proxies showed this periodicity at very high (>95%) con-
fidence level, but with no significance in the δ18O signal, 
used as the paleotemperature–paleosalinity proxy (Rod-
rigo-Gámiz et  al. 2014a). This short-term periodicity 
has also been recorded in other western Mediterranean 
records during the last glacial cycle and the Holocene by 
proxies such as the Si/(Si + K) ratio as indicator of eolian 
input and wind intensity (Moreno et al. 2005), the δ18O in 
foraminifera (Sierro et al. 2005), changes in thermohaline 
circulation (Cacho et al. 1999, 2000; Martrat et al. 2007), 
and Mediterranean vegetation variations (Fletcher et  al. 
2013).

The lead–lag relationships between diverse paleoenvi-
ronmental proxies have not been previously investigated, 
however this analysis makes possible to evaluate the time 
response of the different components of the climate system 
to the Bond cycle. Thus, the cross-spectral analysis per-
formed here on the existing data sets provides additional 
information about the time shifts for each paleoenviron-
mental response to the input of the Bond climate cycle. 
Out of phase (non-correlation) relationships were obtained 
in the cross-spectral analysis of the δ18O signal with any 
of the other proxies used. The planktic foraminifera δ18O 
signal integrates a more local signal, not only involving the 
global ice volume and temperature, but also local changes 
in the hydrological cycle. Recent models simulating local 
salinity and δ18O (relative to 18O abundance in sea water) 
for the glacial-interglacial cycles show that variations are 
not coeval, and the relationship is not maintained over time 
(Ganopolski and Roche 2009).

Taking as reference the terrigenous fluvial input 
proxy determined by the K/Al ratio, all the other 

Fig. 3  Cross-spectral phase wheels of the pairs of paleoenvironmen-
tal proxies with very high correlation (>95% ACL) for the last 20 kyr. 
Vector angle represents intermediate to phase (0  to  90°) and inter-
mediate to out of phase (90° to 180°). Numerical values next to each 
proxy show the time leads in years (yr) equivalent to each angle. Col-
our shaded areas show the range of uncertainty considered. Due to 
the time series are very short, the value is approximated to the near-

est, i.e. to ¼ of phase (close to 90° equivalent to 350 year), to out of 
phase (close to 180° equivalent to 700 year), or to ¾ of phase (close 
to 135° equivalent to 525 year). Detrital proxies (Zr, K) are in orange, 
oxygenation proxies (V, U) are in blue, productivity proxy (Ba) is in 
green, temperature proxies  (UK′

37, δ18O) are in purple, and salinity 
proxy (Sal) is in gray 

Table 1  Climate significance of 
the different paleoenvironmental 
proxies analyzed and time lead 
(in years) obtained

Paleoenviron-
mental proxy

Provenance Climate significance Lead (years)

K/Al Illite Detrital component, fluvial input Reference
Zr/Al Zircon Detrital component, eolian input 537
V/Al Trace element in sediment Bottom water oxygen conditions –
U/Th Trace element in sediment Bottom water oxygen conditions 392
Ba/Al Detrital/biogenic barite Paleoproductivity 436
δ18O Planktonic forams Temperature and salinity –
Salinity Planktonic forams/Haptophyte Salinity 653
UK′

37 Haptophyte algae Temperature 661
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paleoenvironmental proxies were out of phase, showing 
different time shifts or leads–lags, driving one change that 
prevailed over others (Fig. 3; Table 1). The first lead was 
shown by the SST proxy  UK′

37, and salinity, indicating the 
highest time shift, ca. 700  year (661–653  year) (Fig.  3a). 
It supports an initial oceanic response to the Bond cycle 
in the western Mediterranean with the inflow of cold and 
less salty Atlantic waters (Fig. 4). This finding would be in 
agreement with the nature of this climate cycle, described 
as the penetration of cold surface waters into the North 
Atlantic driving changes in the North Atlantic thermoha-
line circulation (Bond et  al. 1993, 2001; Broecker 1994). 
Previous wavelet analysis performed in paleorecords from 
Atlantic, Mediterranean, Pacific and circum-Antarctic 
regions spanning the Holocene also evidenced that the 
1500  year climate cycle may be associated with oceanic 
internal forcing, and not only with changes in the sun’s 
intensity (Debret et  al. 2007, 2009; Denton and Broecker 
2008; Sorrel et al. 2012), possibly representing a threshold 
response in North Atlantic Ocean circulation to external 
solar cycles (Dima and Lohmann 2009).

The interplay between Atlantic and Mediterranean water 
mass circulation is essential for a better understanding of 
the evolution of the Modified Atlantic Water (MAW) from 
the Atlantic to the Mediterranean and the Mediterranean 
Outflow Water (MOW) from the Mediterranean towards the 
Atlantic, playing a major role in North Atlantic circulation 
resumption (Voelker et al. 2006). Under an inflow of cold 
North Atlantic waters into the westernmost Mediterranean, 
towards a dominant positive NAO mode and a southward 
position of the ITCZ, progressively more arid conditions in 
the area showed a lead of ca. 525 year (537 year) (Fig. 3a), 
noted by the eolian input proxy Zr/Al ratio (Fig.  4). The 
Zr/Al signal, which is related to heavy minerals transported 

by intense winds, indicates an atmospheric intensification 
of the northern branch of Saharan Air Layers (NSAL) or 
the African Easterly Jet–African Easterly Wave system 
(AEJ–AEW) over the arid Sahara region (Zipser et  al. 
2009; Knippertz and Todd 2010), transporting eolian dust 
to the western Mediterranean (Fig. 4).

Eolian dust input transported by trade winds from 
northwestern Africa has been previously linked with the 
1500  year cycle (deMenocal and Rind 1993), apparently 
modulated by a positive NAO mode (Trigo et  al. 2004) 
generating dry and cold conditions over southern Europe. 
NAO-like mechanisms have likewise been invoked to 
explain SST-cooling events recorded in the western Medi-
terranean (Cacho et  al. 1999). The ITCZ migrations over 
North Africa involve detrital input variations into the west-
ern Mediterranean basin, shown by climate models (Lee 
et  al. 2011), where dry conditions and eolian dust pulses 
in North Africa are triggered by the southward migration 
of the ITCZ and the AEJ-AEW system (Cornforth et  al. 
2009). These atmospheric variations would have occurred 
after the SST-cooling of the surface waters (Fig. 4). Never-
theless, feedbacks between changes in insolation and oce-
anic–atmospheric circulations have also explained fluctua-
tions in the West African monsoon (Gasse 2000).

Later on, changes in the Mediterranean thermohaline 
circulation, noted by the U/Th ratio, showed a time shift 
of 392 year (ca. 350 year) (Fig. 3a). Furthermore, SST led 
both redox proxies, V/Al and U/Th ratios, with a time shift 
of ca. 350  year (Fig.  3b, c), while salinity showed a lead 
of ca. 700 year with V/Al ratio (Fig. 3b). Nevertheless, the 
dynamical response of both SST and salinity led changes 
in oxygen concentration in the sediment or water column, 
pointing out that the internal oceanic response had a more 
complex evolution than a simple linear response.

Fig. 4  Schematic map of the western Mediterranean with the dynam-
ical response and time lead in years, considering as reference the K/
Al ratio (fluvial input proxy), of the different paleoenvironmental 

proxies used in the cross-spectral analysis for the last 20  kyr. Map 
designed with Ocean Data View application, ODV4 Release 4.7.9. 
(Schlitzer R, Ocean Data View, http://odv.awi.de, 2017)

http://odv.awi.de
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Following both oceanic and atmospheric responses, the 
Ba enrichments indicated by the Ba/Al ratio lead the fluvial 
response by ca. 350 year (436 year) (Figs. 3a, 4). Although 
both authigenic and detrital barite may have contributed to 
enhanced Ba concentration in the Alboran Sea sediment 
records, variations in Ba profiles seem to be related to pro-
ductivity oscillations associated with a greater supply of 
nutrients, also linked to variations in the wind systems over 
the western Mediterranean (Bassetti et al. 2010). Still, the 
biogeochemistry of Ba is not fully understood in the west-
ernmost Mediterranean and further studies are required. 
During the last two millennia, the Ba contents appear to 
be associated with a detrital origin, fluvially derived, and 
linked to alumino-silicates (Nieto-Moreno et  al. 2011). In 
contrast, the significant Ba enrichments during cold and 
arid periods such as the Younger Dryas and the last Hein-
rich event would also suggest an important contribution 
from productivity (Rodrigo-Gámiz et  al. 2011). Further-
more, productivity changes with a near 1500 year periodic-
ity has been documented in a marine record spanning the 
last 15 kyr from the Sicily Channel (Incarbona et al. 2008), 
reporting oceanic and atmospheric circulation variability 
with consequent relocation of the nutricline within the fotic 
zone as one of the most important forcing mechanism for 
Holocene coolings in the Mediterranean. An intensification 
of the NSAL or the AEJ–AEW system and dust transport 
to the western Mediterranean could have triggered a bio-
logical response with an increase of productivity as showed 
the lead in the Ba/Al ratio (Fig. 4). Nevertheless, a detailed 
study of the barite minerals would be required to elucidate 
the provenance of Ba in this area over the last 20 kyr.

A progressively change in the NAO mode (towards 
negative), a northward migration in the ITZC with an 
increase of the monsoon activity, or just sporadic rain-
falls in the western Mediterranean area, would results in a 
final enhance of humidity and runoff with a latest fluvial 
response represented by the K/Al ratio (Fig.  4). Phases 
of high storm activity during the Late Holocene in cold 
periods at the ~1500 year cycles of IRD have also been 
documented in the northwestern Mediterranean (Degeai 
et al. 2015), thus evidencing the oceanic and atmospheric 
teleconnection between Atlantic and Mediterranean cli-
mate variability.

In sum, the variety of paleoenvironmental proxies 
used in this study evidence different time shifts leading 
the Bond cycle, supporting a first oceanic response to 
this cycle followed by its interplay with the atmospheric 
response, liked to changes in the Atlantic circulation, the 
meridional atmospheric variability and the West African 
monsoon system, and the NAO indices as have been pre-
viously documented (e.g. Tuenter et al. 2007; Scheinwald 
and Billups 2012).

5  Conclusions

Previous cyclostratigraphic studies on a marine sediment 
record (293G) from the western Mediterranean spanning 
the last 20  kyr have evidenced four main climate cycles, 
including the Bond cycle, in terrigenous, redox and produc-
tivity, sea surface temperature (SST) and salinity proxies. A 
new cross-spectral analysis of these existing paleoenviron-
mental time series reveals the time shift response of the dif-
ferent components of the climate system to the input of the 
1400 year cycle. Considering as reference the terrigenous 
fluvial input proxy determined by the K/Al ratio, all the 
other paleoenvironmental proxies were out of phase. The 
first time leads were shown by  UK′

37, as SST proxy, and 
salinity, with a time shift of ca. 700 year (661–653 year). 
Then the Zr/Al ratio, as the eolian input proxy, leads by ca. 
525 year (537 year). The U/Th ratio showed a time shift of 
392 year (ca. 350 year). In addition, SST and salinity led 
changes in redox proxies, both V/Al and U/Th ratios, show-
ing leads of ca. 350 year (392 and 430 year respectively), 
evidencing a more complex oceanic evolution with changes 
in the Mediterranean thermohaline circulation. Following 
the oceanic and atmospheric responses, the enrichments 
in Ba, indicated by the Ba/Al ratio, also lead ca. 350 year 
(436 year), although both authigenic and detrital barite may 
have contributed to enhanced Ba concentrations. These 
results suggest a prior oceanic response to the Bond cycle 
in the western Mediterranean tied to changes of the NAO 
mode, and the ITCZ with variations in the African mon-
soon activity and the Saharan winds system, with a com-
plex relationship between the involved phenomena.
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