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last 4.5 ka. These changes are likely caused by variability 
in atmospheric circulation akin to that associated with the 
North Atlantic Oscillation, reflecting meridionally shifted 
westerlies. We argue that these common large-scale vari-
ations in European speleothem δ18O records are in phase 
with changes in the North Atlantic Ocean circulation 
indicated by the vigour of the Iceland Scotland Overflow 
Water (ISOW), the strength of the subpolar gyre (SPG) and 
an ocean stacked North Atlantic ice rafted debris (IRD) 
index. Based on a recent modelling study, we conclude 
that these changes in the North Atlantic circulation history 
may be caused by wind stress on the ocean surface driven 
by shifted westerlies. However, the mechanisms that ulti-
mately force the westerlies remain unclear.

Keywords Speleothems · Spatio-temporal coherency · 
Palaeoclimate dynamics · Subpolar gyre · ISOW · 
Westerlies

1 Introduction

Speleothems are valuable archives of past climatic condi-
tions on the continents. Major strengths include their suit-
ability for accurate U-series age determinations (e.g. Cheng 
et al. 2013; Hoffmann et al. 2007; Richards and Dorale 
2003) and their preservation of multiple quasi-independent 
climate proxies, e.g., mineralogy, textural features, stable 
isotopes, trace elements (Fairchild et al. 2006; Fairchild and 
Treble 2009; Frisia et al. 2000; McDermott 2004). How-
ever, the interpretation of some key geochemical param-
eters (e.g. δ18O) can sometimes be ambiguous, because 
several processes influence the transport and cycling of 
oxygen isotopes, as well as their incorporation into spe-
leothem carbonate (e.g. Lachniet 2009). In order to better 
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understand the predominant processes that control oxygen 
isotope variations, forward models have been developed to 
simulate the effects of various processes on the speleothem 
climate proxies (e.g. Baker et al. 1998; Deininger et al. 
2012; Dreybrodt and Scholz 2011). Furthermore, isotope 
enabled general circulation models (e.g. ECHAM5-wiso) 
help us to understand the δ18O variability in precipitation 
that in turn can be captured by speleothems (e.g. Dietrich 
et al. 2013; Jex et al. 2013; Langebroek et al. 2011; Lohm-
ann et al. 2013; Werner et al. 2011). Laboratory and field 
experiments have also advanced our understanding of the 
processes that determine speleothem δ18O values (and other 
climate proxies) (e.g. Day and Henderson 2011; Hartland 
et al. 2012; Huang and Fairchild 2001; Polag et al. 2010; 
Riechelmann et al. 2013; Tremaine et al. 2011). While 
much progress has been made, it often remains challenging 
to distinguish between local, regional and meso- to large-
scale climate signatures within individual speleothem δ18O 
records.

A promising approach to advance our understanding of 
large-scale climate signals is through the use of compila-
tions from several coeval speleothems on a regional scale 
(Lachniet et al. 2007; McDermott et al. 2011). Our study 
builds on the initial work of McDermott et al. (2011) on 
the scale of the European continent, but explicitly takes 
age model uncertainties into account and applies Principal 
Component Analysis (PCA) to retrieve quantitative meas-
ures of regional coherence and associated uncertainties. 
Recent studies have also used other methods to analyse 
compilations of multiple speleothems using inter-system 
recurrence networks (Feldhoff et al. 2012), network analy-
sis (Rehfeld et al. 2013) and predictable components (Fis-
cher 2016). The PCA methods employed in this study offer 
a powerful tool to investigate the spatio-temporal coher-
ency (e.g. Preisendorfer 1988) of numerous meteorologi-
cal observations (e.g. sea level pressure) (e.g. Wallace and 
Gutzler 1981) and have also found use in palaeoclimatol-
ogy (e.g. Anchukaitis and Tierney 2012; Mann et al. 1998). 
Nonetheless, the use of PCA methods in palaeoclimatology 
is not straightforward, because palaeoclimate proxies pre-
sent particular technical challenges including the age uncer-
tainties that result from the dating techniques (e.g. U-series 
disequilibrium methods) and the variable temporal resolu-
tions of the proxy records (resulting from variable growth 
rates). Here we take steps to overcome these obstacles, and 
then apply PCA methods to a unique compilation of Euro-
pean speleothem oxygen isotope (δ18O) datasets, ultimately 
to test the spatio-temporal coherency of these observations 
during the last 5 ka. Though some of the selected speleo-
them δ18O records cover the entire Holocene, we restrict 
our analysis to the last 5 ka, the common growth period 
for all the analysed speleothems. Europe is a key-region 
to test PCA on speleothems because the spatial density of 

speleothem δ18O datasets is highest worldwide. It is also 
a region with strong present day spatial climate patterns 
such as the North Atlantic Oscillation (NAO) that impacts 
temperature, precipitation (Hurrell 1995) and precipitation 
δ18O patterns, especially during the winter months (Bal-
dini et al. 2008; Langebroek et al. 2011). Furthermore, the 
European climate is also closely linked to the North Atlan-
tic Ocean circulation and common modes of proxy-climate 
variability can yield insights into palaeoclimate dynamics.

Our approach demonstrates the existence of coherent 
spatio-temporal variations in European speleothem δ18O 
records, verifying that at least during the last 5 ka, speleo-
them δ18O-values successfully capture meso- to large-scale 
climate variability. Furthermore, we show that this coher-
ent climate signal is broadly in phase with previously docu-
mented variations of North Atlantic Ocean circulation, sug-
gesting a common mode for the late Holocene continental 
and oceanic climate variability.

2  Methods

For the investigation of lacustrine records from East Africa, 
Anchukaitis and Tierney (2012) used an advanced PCA 
approach, taking the age uncertainty of each record into 
account using a Monte Carlo simulation (MC-PCA). This 
is important, because as a consequence of age uncertainties 
in dating techniques (e.g. speleothem U-series ages) the 
climate-proxy records can be shifted in time within these 
uncertainties. Hence, every climate-proxy record can in 
principle be stretched and compressed within some limits 
defined by the age uncertainties. This issue becomes critical 
when compilations of climate-proxy datasets are compared 
with each other, or analysed with statistical methods (as is 
done here), because in principle the climate-proxy datasets 
could be deliberately shifted in time until, for example, a 
maximum correlation between all datasets is reached; or 
in other words, until the differences between records are 
minimized. However, this approach would require a pri-
ori assumptions about signal coherence and is therefore 
avoided in this study. For this reason we adopted the Monte 
Carlo approach of Anchukaitis and Tierney (2012). How-
ever, we have additionally modified their method to take 
account of the typically variable temporal resolution of 
speleothem δ18O record observations.

For a discussion of the basic principles of PCA we refer 
the reader to the accompanying supplementary information. 
To perform PCA on a compilation of palaeoclimate data-
sets (e.g. speleothem δ18O records), observations should be 
equally spaced in time. However, this precondition is rarely 
met in the case of speleothem data and indeed for most pal-
aeoclimate archives. Speleothem growth rates are variable 
(e.g. Baker et al. 1998; McDermott et al. 1999) leading to 



Coherency of late Holocene European speleothem δ18O records linked to North Atlantic Ocean…

1 3

irregular time spacing when the normal strategy of sam-
pling for isotope analysis at equal distances along a spe-
leothem growth axis is followed (Spötl and Mattey 2006). 
Annually-layered speleothems are exceptions, because in 
these relatively rare cases it is may be possible to ascribe 
a measured proxy value (e.g. δ18O) to a certain year (e.g. 
Baker et al. 2011). To account for these properties, a rou-
tine, which accounts for different temporal resolutions of 
speleothem proxy records and for age uncertainties of each 
speleothem was developed using a Monte Carlo simulation, 
hereafter referred to as MC-PCA.

2.1  Routine of the MC‑PCA

2.1.1  Routine for MC‑PCA accounting for different 
temporal resolutions and age uncertainties

The PCA routine is performed in four steps:
Step 1: Accounting for the age uncertainty of each spele-

othem age model: To account for age uncertainty, a Monte 
Carlo approach is used to allow each age to vary within its 
1-sigma uncertainty (assuming a Gaussian distribution), 
resulting in a “new” age model for every speleothem in 
the compilation. To avoid age-inversions, the age-model’s 
youngest age is set as the starting age, and all subsequent 
U-series ages are required to be in stratigraphic order. For 
this, the routine first calculates the youngest age (1st age) 
of the respective speleothem age model. Subsequently, the 
2nd age is calculated, and so on until the last age of the age 
model is calculated. Assuming a compilation of m speleo-
thems, this results in m “new” age models. These age mod-
els are referred to hereafter as the “new age models”.

Step 2: Calculation of the climate-proxy record using the 
new age model: To calculate the climate-proxy-age rela-
tion, we assume a linear interpolation between the ages of 
the new age model. This “simplistic” assumption has also 
been made for other algorithms to calculate speleothem age 
models (e.g. Scholz and Hoffmann 2011). This approach 
results in m “new” climate-proxy records, all of which 
typically have different temporal resolutions (here we use 
“temporal resolution” to refer to timing between two adja-
cent samples). In the following, the new calculated climate-
proxy age-depth relations are denoted by “new climate-
proxy records”.

Step 3: Equalising and temporal upscaling of climate-
proxy resolution of the new records: To ensure that all 
new climate-proxy records of the speleothem compilation 
have the same temporal resolution, a resampling proto-
col is applied that accounts for different temporal resolu-
tions of the new climate-proxy records. For this the resa-
mpling procedure upscales the new climate-proxy records 
in time to ensure that no new information is generated 
(unlike temporal downscaling). In the following, we refer 

to the climate-proxy records after resampling (i.e. upscal-
ing) as “upscaled climate-proxy records”. The upscaling 
is achieved as follows. Assuming a compilation of m spe-
leothems, the algorithm determines the overlapping growth 
history of these m speleothems. Subsequently, this period 
is subdivided into 30-year long bins, i.e., to a temporal res-
olution of 30 years. (This temporal resolution is our pre-
condition to the used speleothem climate-proxy time series 
and, therefore, no speleothems whose temporal resolution 
is lower than 30 years are used.) For every bin, the average 
climate-proxy value is calculated using a Gaussian kernel 
(as described by Rehfeld et al. 2011) applied to all climate-
proxy values within the respective bin (σ = 6.37 years). 
Hence for the calculation of the average value all climate-
proxy values that are located within ±15 years from the 
centre age of the bin are considered and weighted with 
respect to their distance from the centre age whereas proxy 
values that are closer to centre bin a more weighed. The 
Gaussian kernel method is identified to be very suitable for 
irregularly spaced palaeoclimate datasets by Rehfeld et al. 
(2011). This procedure results in m upscaled climate-proxy 
records, which have the same temporal resolution and span 
the same time period.

Step 4: Performing of Principal Component Analysis on 
the compilation of upscaled climate-proxy records: Before 
the PCA is applied to the upscaled climate-proxy records, 
all climate-proxy records are normalised to a mean value 
of 0 and a standard deviation of 1. No further data process-
ing was applied. Depending on the number of analysed 
speleothems, e.g., m, this results in m Eigenvalues, m Prin-
cipal Components (PCs) and m*m loadings, where the PC 
with the highest eigenvalue, the 1st PC, explains most of 
the variance (referred as total explained variance) of the 
entire compilation. The loading between a speleothem δ18O 
record and a PC is a value that expresses the strength of 
the coupling of the speleothem δ18O record to the com-
mon mode of variability expressed by the respective PC. 
The pattern that results from the spatial visualisation of the 
loadings is referred to here as the spatio-temporal pattern.

2.1.2  Monte Carlo approach for the Principal Component 
Analysis (MC‑PCA)

To account for the age uncertainty, Steps 1 to 4 are repeated 
2000 times. This number is based on an analysis of how 
fast the mean eigenvalues and their respective variance con-
verge to a stable value (Deininger 2013). In every run, a 
new age model is calculated (Step 1), which results in new 
upscaled climate-proxy records (Step 2 and 3). Finally, the 
upscaled climate-proxy records are analysed using PCA 
(Step 4). Assuming that Steps 1 to 4 are repeated n-times, 
this results in m*n eigenvalues and PCs, respectively, and 
m*m*n loadings, which can be analysed to evaluate the 
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spatio-temporal coherency of the compiled speleothem 
climate-proxy records. To calculate the mean value of each 
individual PC, the time covered by all PCs is subdivided 
into 30-year bins. For every bin, the arithmetic mean is 
calculated by considering only those PC values (of all MC 
simulations) that are within the respective bin. This mean 
value is assigned to the centre age of each bin. Further-
more, the respective standard deviation of the mean value 
is calculated. Hence, the mean PC has a constant temporal 
resolution of 30 years. Furthermore, the mean eigenvalue 
of a PC is calculated by the arithmetic mean of all eigen-
values derived by the PCA. The mean loading between the 
speleothem δ18O records and a PC is the median calculated 
from all received loadings.

2.2  Effects of age uncertainties

Age uncertainties can cause a “flipping-effect” of the PCs 
depending on the magnitude of the uncertainties (Figure 
S1a), which results in a bimodal distribution of the load-
ings of single speleothems (Figure S2). However, this 
effect does not impose limitations on the interpretation 
of the results of MC-PCA of speleothem compilations, 
because the results can be corrected for the flipping effect 
(see supplementary information S1). Another effect of the 
age uncertainties is that the PCs are smoothed, depending, 
again, on the magnitude of the age uncertainties (Figure 
S1b). However, this effect is likely to be negligible if only 
a small number of speleothems from the compilation has 
large age uncertainties. Further details on both aspects of 
the data treatment are found in Supplement S1.

2.3  Selection rules for principal components

To select the dominant PCs, which are likely to be mean-
ingful in terms of total explained variance or by being 
distinguishable from white noise, various criteria can be 
applied. Common criteria are that eigenvalues have to be 
greater than unity (Kaiser 1960) or a scree plot can be used 
to identify meaningful PCs by evaluating the slope (Cattell 
1966). Furthermore, North et al. (1982) developed a “rule 
of thumb” to select PCs based on an estimate of the sam-
pling error for the eigenvalues. However, more rigorous 
approaches are described by Preisendorfer (1988) based 
on Monte Carlo approaches: these selection rules are based 
on the one hand by evaluating the total explained variance 
against an appropriate null hypothesis, usually using white 
and red noise models (dominant variance rule) or on the 
other hand by testing the whiteness of each principal com-
ponent (time history rule). However, it is important to note 
that it is not the physical meaning of the PCs that is tested, 
but rather if the variance or persistence properties of a PC 
withstand certain null hypotheses.

Preisendorfer (1988) pointed out that dominant variance 
rules might not always be appropriate for selecting PCs. 
This is because some common modes recorded in the com-
pilation might not be of dominant variance. This might be 
certainly the case for speleothem δ18O compilations where 
several processes can modify the ultimately recorded δ18O 
signal (Deininger et al. 2012; Lachniet 2009; McDermott 
2004), even if the records investigated are part of the same 
hydrological cycle as it is the case for this study. In addi-
tion, a test with the isotope enabled General Circulation 
Model ECHAM5-wiso (Langebroek et al. 2011; Werner 
et al. 2011), shows that dominant mode driving modern 
winter (October–March) precipitation-weighted precipita-
tion δ18O signals accounts for about 27.6 % of the variance 
(see Sect. 4). Hence, dominant variance rules applied to 
speleothem δ18O datasets might underestimate the number 
of potentially meaningful PCs. Preisendorfer (1988) sug-
gested to apply time history rules instead of using dominant 
variance rules. For this reason, we use only the most domi-
nant PC, identified to be “potentially meaningful” by Rule 
KS2. For Rule KS2, the 95 % level of the Kolmogorov–
Smirnov (KS) test (d95 value) is used as a selection rule and 
the average d value of a PC must be above this level to be 
selected as potentially meaningful. The 95 % confidence 
levels of the white and red noise model of Rule N are used 
to better assess the strength of the common mode. These 
tests are further explained in Section S3.1 (Rule KS2) and 
S3.2 (Rule N).

An example of the application of these selection rules 
is illustrated in Fig. 1 for two investigated speleothem 
δ18O compilations: compilation 5k comprises six speleo-
them δ18O records (which cover the time period 0.1–5 ka 
BP) and compilation 1k.VIII, comprises seven speleothem 
δ18O records (which span the period from 0.01–1 ka BP). A 
detailed explanation on all compilations and the analysed 
speleothem δ18O datasets is given in the following section. 
Rule KS2 and Rule N (white noise null model) indicates 
for compilation 5k (compilation 1k.VIII) that all six (1st–
4th PC) and the 1st PC (1st–2nd PC) are potentially mean-
ingful on a 95 % confidence level, respectively. Further-
more, Rule N (red noise null model) shows that the 1st PC 
of compilation 1k.VIII exceeds the 95 % confidence level, 
indicating a particularly dominant mode of the 1st PC. For 
these compilations the 1st PCs are interpreted as poten-
tially meaningful and are compared to other palaeoclimate 
datasets.

3  Data compilation

For this MC-PCA based study, well-characterised Euro-
pean speleothems are used that fulfil quality criteria with 
regards to the age accuracy and temporal resolution. These 
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criteria are: (i) that the speleothems have been U-series 
dated by either thermal ionization mass spectrometry 
(TIMS), by inductively coupled plasma mass spectrom-
etry (ICP-MS) to have small age-uncertainties or well con-
strained age models by lamina counting and (ii) that the 
temporal resolution of the climate-proxy dataset employed 
is better than 30 years. Criterion (ii) is necessary because of 
the applied temporal upscaling to 30 years (Step 3 in 2.1.1). 
δ18O is used here as the climate-proxy, although in princi-
ple the approach can be applied to any other climate-sensi-
tive proxy (e.g. δ13C) in speleothems or other archives. The 
δ18O signal imprinted in European speleothems is mainly 
a proxy for winter climate, because most of the water is 
infiltrated into the karst system during this period. The spe-
leothem records investigated here are listed in Table 1 and 
their geographical distribution is illustrated in Fig. 2. 

Geographically, the compilation covers areas stretching 
from Northern- and Central-Europe, to the western mar-
gin of the European continent, to northern Turkey and the 
northern Levant. The temporal coverage is densest in the 

late Holocene, in particular for the last 5 ka. Six speleo-
thems cover the entire last 5 ka (BU-4, CC-3, FM-3, GAR-
01, SO-1 and SPA-12), allowing analysis of spatio-tempo-
ral coherence over this time. This speleothem compilation 
is referred to here as the 5k compilation. Because not all 
speleothem δ18O records cover the full 5 ka time window, it 
is separated into time slices of 1 ka duration, which overlap 
by 500 years. The overlapping allows us to join together 
the retrieved leading modes of the MC-PCA. Hence, in 
addition to the 5k compilation eight additional 1k compila-
tions are analysed for their coherency. In total, nine differ-
ent compilations of speleothem δ18O records are analysed 
using MC-PCA, which are listed in Table 2.

4  Isotope modelling analysis (ECHAM5‑wiso)

In order to better constrain the forcing of precipitation δ18O 
(which is the ultimate source of speleothem δ18O values) 
and the spatio-temporal pattern, which depicts the loading 

(a) (b)

(c) (d)

Fig. 1  The panels on the left hand side show the results of Rule KS2; 
those on the right hand side show the results of Rule N for compi-
lation 5k (a, b) and compilation 1k.VIII (c, d). The panels of Rule 
KS2 (a, c) show the average d values (black) and its 1-sigma standard 
deviation for every principal component; the blue line indicates the 
95 % significance level of the Kolmogorov–Smirnov test. The mean d 
value is calculated from a total of 2000 Monte Carlo simulations. The 
panels of Rule N (b, d) show the eigenvalues for every principal com-

ponent of the conducted MC-PCA. The black line indicates the mean 
eigenvalue of the respective compilation of speleothem δ18O records 
including the 1-sigma standard deviation from the mean based on a 
total of 2000 Monte Carlo simulations using MC-PCA. The blue and 
red dashed line illustrated the 95 % confidence level of the white 
noise and red noise (AR-1) null model, respectively. The solid lines 
indicate the mean value for PC for the respective null model
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(i.e. coupling) of each speleothem δ18O dataset with the 
respective PC, the precipitation δ18O dataset of an iso-
tope enabled General Circulation Model, ECHAM5-wiso 
(Langebroek et al. 2011; Werner et al. 2011), is also ana-
lysed for the period 1960–2012 AD for coherent pattern of 
the dominant mode using Principal Component Analysis 
(PCA). The analysed ECHAM5-wiso model output cov-
ers the sector from 40°W to 40°E and from 20°N to 80°N 
with a spatial resolution of 1.9° × 1.9°. (For details on the 
ECHAM5-wiso model see Werner et al. 2011 and Lange-
broek et al. 2011.) Although, the time period of the model 
simulation, being annual and covering only 42 years, is 
quite different to that of the analysed speleothem δ18O 
records, having a temporal resolution of 30 years and cov-
ering at least 1 ka, the PCA analysis of the simulated pre-
cipitation δ18O data of the ECHAM5-wiso model provide 
a first order benchmark of what could be expected in terms 
of the strength of the dominant mode and the mechanisms 
behind it, as well as the shape of the spatio-temporal pat-
tern revealed by the loadings. Hence, we assume for the 
data-model comparison that the mechanism(s) that drive 
the precipitation δ18O variability of the ECHAM5-wiso 
model are the same as for the past variability of speleothem 
δ18O records.

European speleothems imprint mainly the precipitation 
weighted δ18O signal of the winter precipitation that is infil-
trated into the karst system and reaches the caves as cave 
drip water. For this reason we analysed the precipitation-
weighted δ18O signal (δ18Opw) of the ECHAM5-wiso model 
in the sector from 40°W to 40°E and from 20°N to 80°N 
for the 4-month winter period (December–March) and an 
extended 6-month winter period from October to March 
(Fig. 3). The 4-month winter period is analysed to explore 
the effect of the North Atlantic Oscillation on δ18Opw, which 
is strongest during this period; the 6-month winter period is 
analysed, because it reflects the main infiltration period in 
Europe and, therefore, the signal that is potentially recorded 
by speleothems. Furthermore, we have conducted an addi-
tional PCA analysis of selected grid cells in which the 
investigated cave systems are located (Fig. 4). The two lead-
ing modes of the 4- and 6-month winter period were then 
compared with the dominant winter mode of atmospheric 
circulation in this sector, the North Atlantic Oscillation 
(NAO) (Hurrell 1995). The winter NAO index (wNAOi) 
is calculated as described by Langebroek et al. (2011) for 
the period from December to March and is based on the sea 
level pressure field of the ECHAM5-wiso model in the sec-
tor from 40°W to 40°E and from 20°N to 80°N using PCA.

Table 1  This table lists all speleothem δ18O records used in this study and provides information on their respective cave systems

Speleothem Cave Latitude 
(°N)

Longitude 
(°E)

Altitude (m) Mean Cave 
air tempera-
ture (°C)

Growth stop 
(ka BP)

Growth 
begin (ka 
BP)

Dating 
technique

References

BU-4 Bunker Cave 51.37 7.67 184 10.8 −0.06 8.2 TIMS Fohlmeister 
et al. (2012)

CC-3 Crag Cave 52.23 −9.44 60 10.4 −0.05 10.1 TIMS McDermott 
et al. (1999, 
2001)

CC-26 Corchia 
Cave

44.00 10.22 840 7.5 0.695 11.205 ICP-MS Zanchetta 
et al. (2007)

FM-3 Okshala 
Cave

67.00 15.00 200 3.2 −0.05 7.5 TIMS Linge et al. 
(2009)

GAR-01 La Garma 
Cave

43.43 −3.66 75 12.1 −0.03 13.9 TIMS
ICP-MS

Baldini et al. 
(2015)

J-1 Jeita Cave 33.95 35.65 100 22 1.2 12.2 ICP-MS Cheng et al. 
(2015)

K-1 Korallgrot-
tan

64.88 14.15 570 2.7 −0.06 3.8 TIMS Sundqvist 
et al. (2010)

MB-3 Milchbach 
Cave

46.37 8.05 1840 2.5 2.2 9.2 ICP-MS Luetscher 
et al. (2011)

SO-1 Sofular Cave 41.42 31.93 442 12 −0.06 50.3 ICP-MS Fleitmann 
et al. (2009), 
Göktürk 
et al. (2011)

SPA-12 Spannagel 
Cave

47.12 11.67 2531 1.8 0.02 4.8 TIMS Mangini et al. 
(2005)

SU-967 Uamh an 
Tartair

58.15 −4.98 220 7.2 −0.05 0.95 Lamina 
counting

Baker et al. 
(2011)
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For the 4-month (December–March) analysis, the spa-
tio-temporal pattern of the loadings of the 1st PC depicts 
a dipole-like pattern with positive loadings at the western 
margin and Central Europe and negative loadings over Ice-
land and East Greenland (Fig. 3a). The pattern is similar 
with the correlation map between the winter NAO index 
and winter δ18Opw values calculated by Langebroek et al. 
(2011) using also ECHAM5-wiso simulations. The NAO 
forcing of this pattern is further confirmed by the cor-
relation between the 1st PC and the wNAOi (rs = 0.61, 

p < 0.01) (Fig. 3b). The spatio-temporal pattern of the load-
ing of the 2nd PC of the 4-month analysis reveals strong 
positive loadings over the Norwegian Sea. No clear pattern 
is observed over Central Europe. Furthermore, no correla-
tion is observed between the 2nd PC and the wNAOi sug-
gesting that this mode is characteristic for the Norwegian 
Sea and adjacent regions only (Fig. 3a, b).

The spatio-temporal pattern of the loadings of the 1st 
PC for the 6-month winter period (October–March) depict 
a dipole-like pattern that is similar to that observed for 

Fig. 2  Map illustrating the spatial distribution of used speleothem 
records: open circles depict the location of cave systems from which 
speleothem δ18O records are used: (1) FM-3, Okshala Cave, Norway; 
(2) K-1, Korallgrottan, Sweden; (3) SU-69-7, Uamh an Tartair, Scot-
land; (4) CC-3, Crag Cave, Ireland; (5) BU-4, Bunker Cave, Ger-
many; (6) GAR-01, La Garma Cave, Spain; (7) MB-3, Milchbach 
Cave, Switzerland; (8) SPA-12, Spannagel Cave, Austria; (9) CC-26, 
Corchia Cave, Italy; (10) SO-1, Sofular Cave, Turkey; (11) J-1, Jeita 
Cave, Lebanon. Detailed information on the cave systems and indi-
vidual speleothems is given in Table 1. Closed circles indicate the 
position of cited sedimentary archives from the North Atlantic: (i) 
RAPiD-12-1k (Thornalley et al. 2009); (ii), GS06-144 08GC (Mjell 

et al. 2015); (iii) Various cores from “The Rockall Trough” (Copard 
et al. 2012). Furthermore, the map shows North Atlantic currents 
that are mentioned in this study: the red (violet) colour indicates sur-
face (bottom) currents. NAC North Atlantic Current, NwAC Norwe-
gian Atlantic Current, IC Irminger Current, ISOW Iceland Scotland 
Overflow Water, NADW North Atlantic Deep Water (note that the 
NADW is not only composed of ISOW but also of Denmark Straight 
Overflow Water, DSOW, and Labrador Sea Water, LSW). The cyan 
(orange) coloured ellipse indicates that approximate position of the 
subpolar (subtropical) gyre. Arrows indicate the flow direction. Note 
that not all features of the North Atlantic Ocean circulation are shown 
for simplicity
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the 4-month winter period. The dipole-like pattern of the 
loadings for the 2nd PC pictures negative values over Cen-
tral Europe and positive loadings over the Norwegian Sea 
(Fig. 3c). The correlation of both PCs with the wNAOi (1st 
PC: rs = 0.4, p < 0.01; 2nd PC: rs = −0.46, p < 0.01) sug-
gests that the North Atlantic Oscillation is the dominant 
mode for the observed spatio-temporal patterns. Note that 
the correlation between the 2nd PC and the wNAOi is nega-
tive. Therefore, if the 2nd PC is flipped (which would result 
then in a positive correlation of the 2nd PC to the wNAOi), 
the spatio-temporal pattern is suggesting negative loadings 
over Scandinavia and the Norwegian sea and positive load-
ings over Central Europe.

The 6-month spatio-temporal pattern for the 1st and 2nd 
PC of the δ18Opw values at the investigated cave locations 
reveal that the central European cave locations lie within 
a zone where the 1st and 2nd PC show a positive relation-
ship to the wNAOi. The δ18Opw values at the two Scandina-
vian cave sites are only little influenced by the 1st PC, but 
show a stronger dependence on the 2nd PC, suggesting a 
negative correlation to the wNAOi. The two cave sites in 
northern Turkey and the northern Levant do exhibit a weak 
influence of the wNAOi on δ18Opw values (Fig. 3). To better 
constrain the spatio-temporal pattern that is retrieved from 

the investigated speleothem δ18O time-series records, we 
investigate a reduced dataset of δ18Opw values. For this only 
the 6-month δ18Opw data from grid cells were used where 
the investigated caves sites are located (Fig. 4).

The spatio-temporal pattern derived from the PCA anal-
ysis of this reduced dataset provides an additional tool to 
interpret and assess spatio-temporal patterns derived from 
MC-PCA analysis of speleothem δ18O compilations (see 
Sect. 6.3). The results of this analysis indicate that the 
δ18Opw values in central Europe have a strong positive load-
ing to the 1st PC, while the δ18Opw values for the two sites 
in Scandinavia have a weak negative loading to the 1st PC. 
The two sites in northern Turkey and the northern Levant 
have a weak positive loading to the 1st PC (Fig. 4). This 
computed pattern of selected grid cells is in accordance 
with the observed spatio-temporal pattern found for all grid 
cells for the 6-month winter period (Fig. 3c). The 1st PC of 
the reduced dataset is significantly correlated to the wNAOi 
(rs = 0.42, p < 0.01) suggesting that the NAO is the domi-
nant mode that controls first order changes in δ18Opw values 
at the cave locations. Note that, although the NAO is the 
dominant mode of δ18Opw variability of the selected grid 
cells, it explains only about 27.6 % of its total variance. 
This is a rough benchmark for the total explained variance 

Table 2  This table lists the compilations of speleothem δ18O records investigated for spatio-temporal coherency using MC-PCA

The time interval, total variance (TEV) explained by the 1st PC and included speleothem δ18O records are shown for each compilation

Compilation Period from (ka 
BP)

Period to (ka BP) 1st PC Spatio-temporal  
coherency pattern

TEV of 1st PC (%) Used speleothems (# num-
ber of speleothems)

5 ka 0.1 5 Figure 5a Figure 6 24.51 ± 0.98 BU-4, CC-3, FM-3, GAR-
01, SO-1, SPA-12 (#6)

1k.I 3.5 4.5 Figure 5b Figure 7a 28.97 ± 2.03 BU-4, CC-3, CC-26, FM-3, 
GAR-01, J-1, MB-3, 
SO-1, SPA-12 (#9)

1k.II 3.0 4.0 Figure 5b Figure 7b 25.48 ± 1.81 BU-4, CC-3, CC-26, FM-3, 
GAR-01, J-1, MB-3, 
SO-1, SPA-12 (#9)

1k.III 2.5 3.5 Figure 5b Figure 7c 29.40 ± 2.35 BU-4, CC-3, CC-26, FM-3, 
GAR-01, J-1, K-1, SO-1, 
SPA-12 (#9)

1k.IV 2.0 3.0 Figure 5b Figure 7d 26.76 ± 1.74 BU-4, CC-3, CC-26, FM-3, 
GAR-01, J-1, K-1, SO-1, 
SPA-12 (#9)

1 k.V 1.5 2.5 Figure 5b Figure 8a 30.39 ± 2.06 BU-4, CC-3, CC-26, FM-3, 
GAR-01, J-1, K-1, SO-1, 
SPA-12 (#9)

1k.VI 1.0 2.0 Figure 5b Figure 8b 32.29 ± 2.37 BU-4, CC-3, CC-26, FM-3, 
GAR-01, K-1, SO-1, 
SPA-12 (#8)

1k.VII 0.5 1.5 Figure 5b Figure 8c 39.36 ± 3.53 BU-4, CC-3, FM-3, K-1, 
SO-1, SPA-12 (#6)

1k.VIII 0.01 1 Figure 5b Figure 8d 43.84 ± 2.64 BU-4, CC-3, GAR-01, K-1, 
SO-1, SPA-12, SU-967 
(#7)
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that would be expected from MC-PCA analysis of speleo-
them δ18O records whose ultimate source is δ18Opw.

5  Results

5.1  Principal components

Rule KS2 indicates that the 1st PCs of all investigated com-
pilations (Table 2) are potentially meaningful at a 95 % 
confidence level (Table 3 and Fig. 1, Figures S6–S8). Fur-
thermore, a comparison with the white noise null model 
of Rule N shows that all 1st PCs of every analysed com-
pilation, except compilation 1k.II, is above the 95 % con-
fidence level. However, the red noise null model of Rule N 
shows that only the 1st PC of compilation 1k.VIII is above 
the 95 % confidence level. For all other compilations the 
red noise model was not rejected, which suggests that the 
speleothems contain no common signal beyond red noise. 
The 1st PC, however, may be particularly dominant over 
the last 1000 years. Taking account of the results of these 
selection rules, the 1st PCs of all 1k compilations and their 
respective spatio-temporal patterns are considered further 
in this study for comparisons with other palaeoclimate 
records (Sect. 6.2).

The mean 1st PCs of the 5k and the 1k compilations are 
illustrated in Fig. 5a, b, respectively. It is noteworthy, that 
the comparison of the eight 1st PCs of the 1k compilations 
reveals that the mean 1st PCs and the respective 1-sigma 
uncertainties are similar in the overlapping periods. The 
good agreement between the individual 1st PCs of the 1k 
compilations suggests that they reflect the same large-scale 
speleothem δ18O modulating signal. Therefore, we dis-
cuss this record as a whole and not each 1st PC individu-
ally. In the following, we label the 1st PC of compilation 
5k (reflecting a common mode of speleothem δ18O vari-
ability) as the common speleothem record 5k (CSR5k) and 
the aligned 1st PC records of all 1k compilations as CSR1k 
record.

The CSR5k record shows that the values of the record 
are smaller between 5 and 4 ka BP in comparison to the 
values of the last 4 ka. Values increase gradually until 
about 4 ka BP and reached a constant average value dur-
ing the last 4 ka. In this period, a quasi-periodic variability 
is observed. The CSR5k record shows a sharp minimum at 
about 3.5 ka BP, and other minima at approximately 2.2 ka 
BP and from about 1.2 to 0.76 ka BP. Compared with the 
second and third minima, the first minima at c. 3.5 ka BP 
is a short event, whereas the second and third minima last 
for about 250 and 500 years, respectively. Between 4 and 
0.1 ka BP, the CSR5k record shows three major maxima, 
the first of which lasts for about 500 years and ranges from 
3.25 to 2.75 ka BP with a plateau-like shape, though there 

are changes of higher frequency during this time (including 
the sharp minima). The second maximum is more distinct 
than the first, and reaches the highest value between 1.75 
and 1.5 ka BP. A third maximum is observed at about 0.5 ka 
BP. The high value of the second maximum is caused by 
speleothem SO-1 (verified by an additional MC-PCA; not 
shown here) that has a maximum at about the same time 
(Figure S4).

The CSR1k record (Fig. 5b) shows a quasi-periodic 
cyclicity during the last 4.5 ka. The record shows maxima 
centred at around 4, 2.75, 1.75 and 0.5 ka BP, and min-
ima centred on c. 3.5, 2 and 0.9 ka BP. From about 0.01 
to 0.2 ka BP the values of the CSR1k record are similar 
to the minima. Although the appearance of the minima and 
maxima appears to be quasi-periodic, the course of each 
extremum is different. The first two maxima (centred on 
4 ka BP and 2.75 ka) last longer compared with the others 
(centred on 1.75 ka BP and 0.5 ka). The very positive value 
of the second maxima from 1 ka.V is caused by speleothem 
SO-1, as it is the case for the CSR5k record (not shown 
here). Interestingly, the shape of the last maximum (at 
0.5 ka BP) coincides with the Little Ice Age development 
from 0.76 to 0.1 ka BP (Lamb 2002) and its development 
is more rapid compared to all other maxima. The minima 
are comparable in duration, although the beginning of the 
last minimum, that coincides with the Medieval Climate 
Anomaly (MCA) (Lamb 2002), is reached by an intermedi-
ate state centred at about 1.25 ka BP (Fig. 5b).

Comparison of the CSR5k and CSR1k records shows 
that they differ in the period from 4.5 to 3 ka BP (Fig. 5). 
The sharp minimum of the CSR5k record at about 3.5 ka 
BP occurs at the same time as the minimum in the CSR1k 
record, but the shape of both maxima is clearly not compa-
rable. In the time between 2.5 and 0.1 ka BP the two records 
look similar, although there are differences of higher order. 
These differences are also confirmed by FFT analysis and 
a cross-wavelet transform (Grinsted et al. 2004) on the 
mean CSR1k and CSR5k records (Figure S10). This analy-
sis reveal that the two records are alike for low-frequency 
signals (c. 1000–1500 years periodicity) in the period from 
3.5 to 0.0 ka BP whereas there are no shared periodicities in 
the time between 4.5 and 3.5 ka BP. (The cone of influence 
may distort the significance tests of the cross-wavelet trans-
form at the boundaries, see Figure S10.) The differences 
between the two records, in particular in the period from 4.5 
to 3.5 ka BP can be caused by the different compilations of 
speleothem δ18O records: for the CSR5k compilation only 
six speleothem δ18O records are used, whereas nine records 
are used for compilations 1k.I to 1k.III. However, this is 
rejected by an additional MC-PCA analysis of the CSR5k 
compilation using, as for the CSR1k compilations, 1 ka-long 
time slices. The results for the 1st PC of this exercise show 
a variability that is akin to that of the CSR1k record (Figure 
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S11). We attribute the different results of the average 1st PC 
to the length of the time slices. For the entire 5 ka-long time 
slice the PCA weighted the stalagmite records the most that 
have the highest absolute variability in δ18O. If the variance 
is, however, not stationary in time (perhaps due to chang-
ing isotope disequilibrium effects that can act to amplify or 
attenuate the variability), the PCA might miss variability 
in other records. This is evident for example for stalagmite 
BU-4 that has a high variability in the period from 1.0 to 
0.0 ka BP but low variability in the period between 5.0 and 
1.0 ka BP (Figure S4). We therefore conclude that the 1 ka-
long time slices are better to constrain the spatio-temporal 
variability of all palaeoclimate proxy records. For this rea-
son, comparisons with other palaeoclimate records focuses 
hereafter on the CSR1k record, which is considered to best 
capture the dominant mode of speleothem δ18O variability.

5.2  Spatio‑temporal coherency pattern

The spatio-temporal pattern for each of the nine com-
pilations is shown in Figs. 6, 7 and 8. The median load-
ing for each speleothem and for each compilation and its 
standard deviation is listed in Table 4. A positive (negative) 
loading denotes that a speleothem’s δ18O values increase 
(decreases) if the 1st PC increases.

The spatio-temporal pattern for the 1st PC of the 5k 
compilation (Fig. 6) illustrates the mean state of the loading 
for the period from 0.1 to 5 ka BP between the 1st PC and 
each individual speleothem δ18O record. It illustrates strong 
positive loadings in Central Europe (BU-4, Germany; SPA-
12, Austria) and in Northern Turkey (SO-1, Turkey). Nega-
tive loadings are observed for speleothem δ18O records at 
the western margin of Europe (CC-3, Ireland; GAR-01, 
Spain) and northern Scandinavia (FM-3, Norway).

The spatio-temporal patterns for the 1st PC for each of 
the 1k compilations are illustrated in Figs. 7 and 8. For the 
time slices covering the period from 4.5 to 2 ka BP (com-
pilation 1k.I–1k.IV) (Fig. 7), the spatio-temporal pattern 
presents a persistent pattern of positive loadings in the Alps 
(MB-3, Switzerland; SPA-12, Austria) and negative loadings 
for BU-4 (Germany) and northern Italy (CC-26). The load-
ing for SO-1 (northern Turkey) is negative for the two time 
slices from 4.5 to 3.5 ka BP (1k.I) and from 4.0 to 3.0 ka 
BP (1k.II) but changes to positive values for the time slices 
from 3.5 to 2.5 ka BP (1k.III) and from 3.0 to 2.0 ka BP (1k.
IV). The loading for J-1 (northern Levant) show high posi-
tive loadings for the 4.5 to 2.5 ka BP (1k.I–1k.III) time slice, 
changing to a negative loading for the 3.0 to 2.0 ka BP time 
slice (1k.IV). Similar changes are observed for the other 
cave locations, in particular the sign of the loading for CC-3 
(Ireland) and GAR-01 (Spain) changes for every time slice. 
The spatio-temporal pattern for the time slices from 2.5 to 
0.01 ka BP (compilation 1k.V–1k.VIII) (Fig. 8) is more con-
tinuous through this entire period compared to the 1k time 
slices of the period of identical duration from 4.5 to 2.0 ka 
BP (Fig. 7a–d). Note that the spatio-temporal pattern is also 
similar for the two successive time slices from 3.0 to 2.0 ka 
BP (Fig. 7d) and from 2.5 to 1.5 ka BP (Fig. 8a). For the 
period from 2.5 to 1.5 ka BP (compilation 1k.V), posi-
tive loadings are observed for the speleothem δ18O records 
in the Alps (SPA-12, Austria) and northern Turkey (SO-1), 
while all other loadings are negative. The highest loadings 
are observed for CC-3 (Ireland), FM-3 (Norway), BU-4 
(Germany) and J-1 (Lebanon) (Fig. 8a). Compared with the 
previous time slice, the sign of the loadings changes in cen-
tral Europe (BU-4, Germany), northern Italy (CC-26) and 
northern Scandinavia (K-1, Sweden; FM-3, Norway) from 
negative to positive values for the 2 to 1 ka BP time slice. 
The sign of all other loadings is unchanged (Fig. 8b). For the 
time slice from 1.5 to 0.5 ka BP, only the sign of the loading 
of SO-1 changes from positive to negative (Fig. 8c); the spa-
tio-temporal pattern for the time slice from 1 to 0.01 ka BP 
is unchanged compared with the previous diagram (Fig. 8d).

A discussion of the observed spatio-temporal pattern and 
the comparison with the spatio-temporal pattern derived for 
the ECHAM5-wiso simulations follows in the next section 
after the physical meaning of the CSR records is discussed.

6  Discussion

6.1  Causes for coherency of speleothem δ18O values

Our results reveal that European speleothem δ18O data-
sets exhibit strong large-scale spatio-temporal coherency 
during the last 5 and 4.5 ka, expressed by the CSR5k and 
CSR1k records (CSR records), respectively. Interpreting 

Fig. 3  The maps and figures illustrate the results of the PCA con-
ducted on boreal winter (4 months, from December to March; 
6 months from October to March) ECHAM5wiso (T63L31) precipi-
tation-weighted precipitation δ18O time series (δ18Opw) in the period 
from 1960–2012 AD in the sector from −40 to 40°E and from 20 
to 80°N. The maps depict the spatio-temporal pattern of the load-
ing between the 1st and 2nd PC and δ18Opw time series of each grid 
cell; the figures show the temporal history of the 1st and 2nd PC and 
the winter NAO index (wNAOi). a Illustrate the spatial pattern of the 
loading of the 1st (left) and 2nd (right) PC for the 4-months winter 
period. The colour bar on the right hand side indicates the colour 
code for the loadings for both maps; in general positive (negative) 
values are indicated in red (blue). The black circles indicate the loca-
tion of the speleothems investigated in this study. b The figures for 
the time history of the 1st (left) and 2nd (right) PC (orange) and the 
wNAOi (black). Furthermore, the Spearman’s rank correlation coef-
ficient (rs) (and its p value) and the total explained variance (TEV) of 
the respective PCs are shown. The 2nd PC shows no correlation with 
the wNAOi, whereas the 1st PC is clearly correlated to the wNAOi. 
c, d The same maps and figures as for (a) and (b) but for the 6-month 
winter period δ18Opw time series. Both PCs show a significant correla-
tion to the wNAOi

◂
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the physical meaning of the CSR records requires consid-
eration of both the local and regional-scale processes that 
could have influenced speleothem δ18O values (e.g. Jex 
et al. 2013; Lachniet 2009; McDermott 2004). These pro-
cesses need to be distinguished in terms of processes that 

imprint a large-scale coherent climate-related signal in 
the speleothem δ18O records versus local site-specific pro-
cesses that may contribute to “noise” and therefore degrade 
the large-scale coherent signals. The large-scale coher-
ent signals could be forced by a common mode such as 

Fig. 4  This map illustrates the spatio-temporal pattern of the loading 
(ρs) between the 1st PC and ECHAM5wiso (T63L31) winter (Octo-
ber–March) precipitation-weighted precipitation δ18O, using only the 
time series of grid cells containing the caves of the investigated sta-
lagmites. The time series of each grid cell was normalised prior to the 
PCA procedure to ensure that all grid cells have a similar variance. 
The 1st PC explains about 27.6 % of the total variance of the selected 

grid cells (the 2nd PC about 20.1 %). The Spearman’s rank correla-
tion coefficient between the 1st PC and the wNAOi is 0.42 (p < 0.01). 
Positive (negative) loadings are indicated as red (blue) circles at the 
location of the speleothem records; the size of a circle denotes the 
strength of the loading. The open black circles show the locations of 
the caves from which the speleothems were collected

Table 3  This table lists the selected PCs for every compilation that are “potentially meaningful” for each selection rule

1st row Rule KS2 (95 % confidence); 2nd row Rule N, white noise null model (95 % confidence); 3rd row Rule N, red noise null model (95 % 
confidence); See Sect. 2.3 for details on the respective selection rules and Fig. 1, Figure S6, Figure S7 and Figure S8 for the test of the respective 
null models on the PCs. The selected PC (last row) is the most dominant PC (highest eigenvalue) found to be “potentially meaningful” by Rule 
KS2

5k 1k.I 1k.II 1k.III 1k.IV 1k.V 1k.VI 1k.VII 1k.VIII

Rule KS2 1–6 1–2 1–2 1–2 1 1–3 1, 3 1–2 1–4

Rule N (WN) 1 1 – 1 1 1 1 1 1–2

Rule N (AR1) – – – – – – – – 1

Selected PC 1 1 1 1 1 1 1 1 1
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the North Atlantic Oscillation that affects winter tempera-
ture and precipitation pattern (e.g. Hurrell 1995). Another 
aspect that has more recently come into focus is the rela-
tionship of the NAO to European precipitation δ18O val-
ues and atmospheric teleconnection patterns (Baldini et al. 
2008; Field 2010; Langebroek et al. 2011; Mischel et al. 
2015). Furthermore, the geographic pattern of NAO-related 
effects on temperature, precipitation and precipitation δ18O 
can be modified in some parts of Europe by concomitant 
variations in the East Atlantic (EA) pattern (Comas-Bru 
and McDermott 2013; Comas-Bru et al. 2016). Overall, 
persistent changes of the winter mode of the NAO (fre-
quency of NAO+ vs. NAO−) can be a reasonable forcing 

mechanism to interpret the physical meaning of the CSR 
records. This conclusion is supported by Langebroek et al. 
(2011) and by the PCA analysis of ECHAM5-wiso simu-
lations conducted in this study identifying the NAO as the 
major mode of variability for δ18Opw during the European 
winter period.

In principle, local-scale processes can also modify 
the δ18O signal recorded by speleothems. However, these 
processes typically operate at a local, site-specific scale, 
and are thought unlikely to act in concert to produce the 
observed first-order coherent spatio-temporal evolution of 
the CSR records on a large-scale. However, isotope dis-
equilibrium effects (Deininger et al. 2012; Mühlinghaus 

Fig. 5  a Illustrates the 1st 
PCs of the 5 ka compila-
tion (CSR5k) containing the 
speleothem δ18O records of 
FM-3, CC-3, BU-4, GAR-01, 
SPA-12 and SO-1. The black 
line is the mean value of the 
1st PC, calculated from 2000 
Monte Carlo simulations. The 
grey shaded area indicates its 
1-sigma standard deviation. b 
The mean 1st PCs of the 1 ka 
compilations (CSR1k) from 
compilation 1k.I though to 
1k.VIII (older to younger). 
The shaded area indicates the 
1-sigma standard deviations. 
The mean values as well as the 
standard deviations are calcu-
lated from the results of 2000 
MC simulations conducted for 
every speleothem compila-
tion. The standard deviations 
expresses the uncertainty of the 
mean 1st PC caused by vari-
able temporal resolutions and 
age uncertainties of individual 
speleothem time series. c Vari-
ous reconstruction of the NAO 
index. These reconstructions 
indicate a persistent positive 
NAO index during the MCA 
and a primarily negative NAO 
index during the LIA. Hence, 
more positive (negative) values 
of the CSR records are associ-
ated with a negative mode of 
the NAO, indicating southward 
(northward) shifted westerlies. 
LIA indicates the Little Ice 
Age development and MCA the 
Medieval Climate Anomaly
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et al. 2009) that depend on cave air temperature and drip 
interval could act in tandem with large-scale climate 
changes in temperature or precipitation to modify δ18O 
during the formation of speleothems. Thus, while we can-
not rule out a role for local site-specific processes that 
may have accentuated or dampened the speleothem δ18O 
response to European-scale climate changes, we argue that 
the observed spatio-temporal coherency in speleothem δ18O 
is likely driven by large-scale aspects of the climate sys-
tem, possibly by a NAO-type forcing. To better constrain 
the physical meaning of the CSR records, they are com-
pared with sedimentary records from the North Atlantic 
Ocean (Sect. 6.2). The derived spatio-temporal patterns are 
discussed in Sect. 6.3.

6.2  Discussion of the common speleothem records 
and there physical interpretation

In agreement with reconstructions of the winter NAO index, 
suggesting a negative (positive) NAO index during the LIA 
(MCA) (Baker et al. 2015; Trouet et al. 2009; Wassenburg 
et al. 2013), positive (negative) values of the CSR records 
are interpreted to reflect primarily NAO− (NAO+) modes, 
or southward and northward shifted westerlies, respec-
tively (Fig. 5). The good agreement of the CSR records, in 

particular of the CSR1k record with sedimentary records 
from the North Atlantic Ocean supports this conclusion and 
is discussed in the following. The location of the sedimen-
tary archives and features of the North Atlantic Ocean cir-
culation mentioned in this study are shown in Fig. 2.

A recent reconstruction of the strength of the Iceland 
Scotland Overflow Water (ISOW) (Mjell et al. 2015) indi-
cates that vigorous ISOW and related deep water formation 
in the Arctic Ocean coincide with minima in the CSR1k 
record (Fig. 9c). A recent modelling study (Yang et al. 
2016) demonstrated that the Atlantic Meridional Overturn-
ing Circulation (AMOC), which the ISOW is a compo-
nent, can be modulated by changes in the wind stress on 
the ocean surface, such that a reduced wind stress triggers 
a slowdown of the AMOC. Although the study focused 
mainly on global wind stress effects on the AMOC, the 
authors state that similar results are obtained if the wind 
stress is reduced only over the North Atlantic (Yang et al. 
2016). Based on this result, we conclude that a reduc-
tion (increase) of the ISOW can be related to a reduced 
(enhanced) wind stress over the North Atlantic, linked to 
southward (northward) shifted westerlies, akin to modula-
tion of the westerlies by a NAO-type forcing. This conclu-
sion is consistent with Visbeck et al. (2003) who showed 
that for positive modes of the NAO, the wind stress on the 

Fig. 6  This map illustrates 
the spatio-temporal pattern of 
the loading (ρs) between the 
1st PC and speleothem δ18O 
records. The loadings convey 
the strength of the coupling to 
the 1st PC for the speleothem 
δ18O records that span the last 
5 ka continuously. The open 
black circles show the location 
of the cave systems from which 
the speleothems were originally 
collected. The median of each 
loading between a speleothem’s 
δ18O record and the 1st PC is 
calculated from the ensemble 
of all loadings computed from 
2000 Monte Carlo simulations. 
Positive (negative) medians are 
highlighted as red (blue) circles 
at the location of each speleo-
them record; the size of a circle 
denotes the strength of the load-
ing. If a speleothem record is 
not used for a compilation only 
the location of the speleothem 
record is illustrated in the map. 
For this 5 ka compilation, spe-
leothems FM-3, CC-3, BU-4, 
GAR-01, SO-1 and SPA-12 
were used
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ocean increases in the sector of the subpolar gyre (SPG); 
interpreted as a meridional shift of the mean wind pat-
tern (Marshall et al. 2001). Furthermore, this comparison 
shows that a higher flux of ice rafting debris (IRD) into 
North Atlantic sediments (Bond et al. 1997, 2001) (BO-0 to 
BO-3) occurred during what we infer to be predominantly 
southward shifted westerlies (negative NAO modes) during 
the last 5 ka (Fig. 9f), because of enhanced transport of sea 
ice (Blindheim and Østerhus 2005) and cooler sea surface 
temperatures during these periods of NAO− like condi-
tions. This is further supported by the model simulations 

of Yang et al. (2016) demonstrating a southward sea ice 
expansion in the North Atlantic during reduced wind stress 
on the ocean—acting also as a positive feedback mecha-
nism for a reduced AMOC.

The comparison of the CSR1k record with a recon-
struction of the strength of the subpolar gyre (SPG) (Thor-
nalley et al. 2009) indicates that periods of a stronger 
SPG roughly coincide with minima in the CSR1k record 
(Fig. 9b) (northward shifted westerlies), more vigorous 
ISOW (Fig. 9c) and a reduced southward sea ice expan-
sion in the North Atlantic (Fig. 9f). The study of Thornalley 

Fig. 7  Similar to Fig. 6, but for the 1k compilations (1 ka.I to 1 ka.
IV). a–d The spatio-temporal pattern of the loading (ρs) for spe-
leothem compilations 1 ka.I to 1 ka.IV (see Table 2 for details of 
each compilation). Locations where the sign of the median loading 

changed compared to the preceding time slice are highlighted: neg-
ative loadings are indicated in cyan (instead of blue) if the loading 
changed from positive to negative, and in pink (instead of red) if the 
loading changed from negative to positive
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et al. (2009) linked the strength of the subpolar gyre (SPG) 
to the upper-water-column density-difference (Δσ) that is 
modulated by the water source of the near-surface layer. If 
the density difference is small, more water is sourced from 
the cold, fresh SPG. By contrast, if the density difference 
is greater, the near-surface Atlantic water at this latitude is 
dominated by warm, saline subtropical gyre (STG) water 
(Thornalley et al. 2009). This concept is further supported 
by a comparison of the density-difference record with an 
independent record from the northeastern Atlantic (The 
Rockall Trough) based on the 143Nd/144Nd isotope ratio 
(expressed as εNd)—a conservative water mass tracer-
recorded by deep-sea corals during the last 1.1 ka (Copard 

et al. 2012) (Figure S12). Thornalley et al. (2009) argued 
that changes of the wind stress on the ocean surface are 
responsible for the two-mode variability of the strength 
of the SPG during the last 5 ka. The strength of the SPG 
increases for an enhanced wind stress and decreases for a 
reduced wind stress. Hence, decreasing Δσ implies a north-
ward advance of westerlies, whereas increasing Δσ sug-
gests a southward advance of westerlies.

Compared to the mechanism proposed by Thornal-
ley et al. (2009), our comparison reveals in detail that the 
minima and maxima of the strength of the SPG lag the 
extrema of the CSR1k record—and the reconstruction of 
sea ice expansion and ISOW history, respectively (Fig. 9). 

Fig. 8  Similar to Fig. 7, but for the 1k compilations V through to VIII. See Table 2 for details of the speleothems used in each compilation
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However, if the accumulated CSR1k record is compared to 
the Δσ reconstruction, it exhibits a much better temporal 
coherence to the Δσ reconstruction (Fig. 9b). (Accumu-
lated CSR1k record means that the values of the CSR1k 
record are added together from oldest to youngest; see 
Figure S13 for detail.) A similar accumulated-NAO forc-
ing has been recently identified to modulate the Atlantic 
Multidecadal Oscillation (AMO) in which ocean circula-
tion acts as an intermediary (McCarthy et al. 2015). The 
comparison of the accumulated CSR1k record and the Δσ 
reconstruction indicates that the ocean circulation inte-
grates the CSR1k forcing—or in other words ocean circula-
tion integrates the wind stress forcing driven by the north-
ward and southward shifted westerlies. Another modelling 
study has recently shown that large amounts of fresh water 
(i.e. melting sea ice) can trigger a shift of the SPG modes 
from strong to weak (Moreno-Chamarro et al. 2016) and 
we cannot exclude such effects here. However, the tem-
poral shift between the minima and maxima of the ocean 
stacked IRD index (Bond et al. 1997, 2001) and the SPG 
reconstructions hints that this might be not the triggering 
mechanism. In summary, our comparisons between the 
marine sedimentary reconstructions support the hypothesis 
that more positive (negative) values of the CSR1k record 
indicate periods of primarily southward (northward) shifted 
westerlies—decreasing (increasing) the wind stress on the 
North Atlantic.

This conclusion is further supported by recent recon-
structions of Holocene storm periods (HSP) from estuarine 
and coastal sedimentary records from northwestern France 
(Sorrel et al. 2012), and from the coastal dune fields of Jut-
land in Denmark (Clemmensen et al. 2009) demonstrating 
that HSP II, III, IV and partially V coincide with maxima 
of the CSR1k record (Fig. 9a). These HSPs are associated 
with a southward advance of the westerlies and associated 
storm tracks and resemble NAO− like modes of atmos-
pheric circulation (Sorrel et al. 2012; Clemmensen et al. 
2009). Therefore, two independent records for Δσ and HSP 
indicate that during the last 5 ka quasi-periodic changes 
between persistent northward and southward advances of 
the westerlies occurred, resembling a northward advance 
and a southward advance of the westerlies. Comparison 
of the CSR records with these episodic changes of North 
Atlantic Ocean surface hydrology show that increasing 
values of the CSR1k record are in phase with conditions 
of southward advancing westerlies while decreasing val-
ues coincidence with conditions of a northward migration 
of the westerlies. Hence, these oceanic records support the 
conclusion that NAO-like atmospheric circulation vari-
ability was the major mode responsible for the coherent 
variability of the investigated speleothem δ18O records and 
more speculatively of European winter climate during the 
last 5 ka.Ta
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Furthermore, the results of the alternating westerlies 
are in agreement with a recent reconstruction of the west-
ern Mediterranean forest development, suggesting the 
development of western Mediterranean forests when the 
atmospheric circulation assembles NAO− like conditions 

(Fletcher et al. 2013). Climatic conditions favourable for 
forest growth in the western Mediterranean generally coin-
cide with low lake levels in central Europe as reconstructed 
by Magny (2004) and Magny (2007) (see Fletcher et al. 
2013 for detail). The general finding of the co-variability 
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Fig. 9  Comparison of the common speleothem records (CSRs) of 
the 1k compilations (CSR1k) (d) and the 5k compilation (CSR5k) (e) 
with various records of the North Atlantic Ocean circulation history: 
a Holocene storm periods (HSP) from sediment records in coastal 
NW France (grey shading vertical bars) after Sorrel et al. (2012); 
the arrows on top indicate stormy periods inferred from the evolu-
tion of coastal dune fields in Jutland, Denmark (Clemmensen et al. 
2009). These times are interpreted as stormy periods in Northern 
Europe associated with a negative mode of the North Atlantic Oscilla-
tion (NAO). b Illustration of the density difference (Δσ) in the upper-
water-column of water south of Iceland related to the strength of the 
subpolar gyre (SPG). A higher density difference is caused by more 
saline and warmer water masses from the subtropical gyre (STG) 
whereas a smaller density difference is related by a greater contribu-
tion of fresh and cold water originating from the SPG. The strength 

of the SPG, which modulates the contribution of water masses from 
the STG, depends on the local wind stress (Thornalley et al. 2009). 
The accumulated CSR1k curve is calculated from the mean of all 
1k compilations of the CSR1k records by adding the values of the 
mean CSR1k record from oldest to youngest together (see Figure S10 
for detail). c The curve show the history of the strength of the Ice-
land Scotland Overflow Water (ISOW) retrieved by the sortable silt 
records from a sediment core south of Iceland. Higher values indicate 
a more vigorous ISOW (Mjell et al. 2015). f) Illustration of the (nor-
malised) ice rafting debris (IRD) derived from several sediment cores 
in the subpolar North Atlantic that are reflecting higher occurrence of 
drift ice. Higher (lower) values of the IRD index denote more (less) 
drift ice in the subpolar North Atlantic (Bond et al. 1997, 2001) pos-
sibly related to cooler (warmer) sea surface temperatures
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of the compared records is summarised in Table 5 and is 
suitable to be used for comparisons with model simulations 
investigating Holocene climate variability and their forcing.

Combining all of these individual arguments, we inter-
pret the CSR1k record to reflect changes in the mean state 
of the winter atmospheric circulation with predominantly 
southward (northward) shifted westerlies, associated with 
increasing (decreasing) CSR1k values. This interpretation 
of the CSR1k record is broadly consistent with other NAO 
reconstructions, suggesting a predominant negative mode 
of the winter NAO during the Little Ice Age and a positive 
winter NAO mode during the Medieval Climate Anomaly 
(e.g. Baker et al. 2015; Olsen et al. 2012; Trouet et al. 
2009; Wassenburg et al. 2013) (Fig. 5). The differences 
between these NAO reconstructions, in particular between 
the long-term NAO reconstructions of Baker et al. (2015) 
and Olsen et al. (2012), and the CSR1k record can have a 
variety of factors: one is the compilation of used palaeo-
climate records. In this study 11 speleothem records are 
used, whereas most of the NAO reconstruction mentioned 
are only based on a single palaeoclimate archives from one 
region. Furthermore, it is likely that changes in ocean circu-
lation rather than the atmospheric circulation or both affect 
the local climates; another reason is that other atmospheric 
modes, like the East Atlantic (EA) pattern, can modify pre-
cipitation pattern (Comas-Bru and McDermott 2013).

The quasi-periodic alternations of northward and south-
ward advancing westerlies, expressed by the CSR1k record, 
are apparently accompanied by changes in North Atlantic 
Ocean circulation, suggesting an enhanced (decreased) 
meridional heat transport for northward (southward) shifted 
westerlies (Mjell et al. 2015), a reduced (an enhanced) 
southward expansion of sea ice (Bond et al. 1997, 2001) 
and a stronger (weaker) SPG (Thornalley et al. 2009) for 
northward (southward) shifted westerlies. A recent mod-
elling study suggests that these changes can be generated 
by changing the wind stress on the North Atlantic Ocean 
(Yang et al. 2016). Furthermore we note that the accumu-
lated CSR1k shows a better agreement to the reconstruction 
of the SPG and hints that the millennial scale variability of 
the SPG is forced by the (accumulated) wind stress on the 

ocean. We stress that the CSR1k record depicts well known 
Holocene events of rapid climate change (4.2–3.8 ka BP; 
3.5–2.5 ka BP; 1.2–1.0 ka BP; 0.6–0.15 ka BP) (Mayewski 
et al. 2004) suggesting that, although the research focus 
was here on the European continent and the North Atlantic 
region, the forcing of these coherent changes in the atmos-
pheric and ocean circulation might reflect changes on a 
much larger scale.

6.3  Discussion of the spatio‑temporal patterns of the 
speleothem compilations

In this section, the spatio-temporal patterns derived from 
the speleothem compilations and their implication for pro-
cesses that cause the observed speleothem δ18O variability 
are discussed only briefly. A detailed discussion is beyond 
the scope of this paper and will be presented in a subse-
quent publication.

Our interpretation of the CSR records implies a nega-
tive correlation to the NAO index. Therefore, to compare 
the spatio-temporal pattern of the individual speleothem 
compilations with that computed from the ECHAM5-wiso 
simulations (Fig. 4)—for which the 1st PC has a positive 
correlation to the wNAOi (rs = 0.42)—either the sign of 
the loadings of the speleothems or that of the ECHAM5-
wiso grid cells need to be inverted. For simplicity, and 
without loss of generality, we inverted the loadings for the 
ECHAM5-wiso grid cells: therefore, the loading for the grid 
cell of FM-3 and K-1 are positive; all others are negative.

Comparison of the spatio-temporal pattern of the 1st PC 
for the 5k compilation (Fig. 6) with the spatio-temporal 
pattern of the 1st PC retrieved from the ECHAM5-wiso 
model, analysing only the grid cells where investigated 
caves are located (Fig. 4), shows that the signs of the load-
ing for speleothem data from the western margin (CC-3, 
Ireland; GAR-01, Spain) are reproduced. However, the 
loading disagrees for speleothem data at cave locations in 
the Alps (SPA-12), Germany (BU-4), Scandinavia (FM-
3) and northern Turkey (SO-1). Furthermore, the strength 
of the coupling to the 1st PC of stalagmite SO-1 is much 
stronger compared with that from the model simulations.

Table 5  The table lists the 
coherent changes observed 
in the palaeoclimate archives 
compared by this study (Fig. 9) 
and its associated physical 
interpretation

This table can be used to validate model simulations in order to access if the simulations reflect the palaeo-
climate observations. See also text for detail

CSR1k HSP IRD Δσ SMOW

Proxy observation

↑ NAO− ↑ ↑ ↓
↓ ↓ ↓ ↑
Physical interpretation

↑ NAO− More sea ice, cooler SSTs Less wind stress (NAO−) Decreased heat loss

↓ Less sea ice, warmer SSTs More wind stress (NAO+) Increased heat loss
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The comparison of the spatio-temporal patterns of the 1k 
compilations reveal that the sign of the loadings for some 
speleothem δ18O records is opposite compared to the load-
ings expected from PCA of the ECHAM5-wiso simulations 
(cf. Fig. 4 with Figs. 7 and 8). For example, the sign of the 
loading of speleothem SPA-12 is different for all 1k compi-
lations compared to the sign of the loading computed from 
the model simulations.

The variation between the spatio-temporal patterns 
(model vs. speleothems compilations) can be explained 
in several ways. First, it is likely that the period simu-
lated with the ECHAM5-wiso model is not appropriate to 
depict long-term mean states of the spatio-temporal pat-
tern (42 years vs. 5 ka and 1 ka), although, the loadings 
for some locations reproduce quite well. Second, the quasi-
periodic millennial changes of the atmospheric circulation 
and the ocean circulation are not likely to be fully captured 
by the short-term model simulations of the ECHAM5-wiso 
model. This might be particularly the case for cave loca-
tions where the loading between the δ18Opw and the 1st 
PC is weak (FM-3, Norway; K-1, Sweden; SO-1, Turkey; 
J-1, Lebanon) or where the cave is situated in a boundary 
region between positive and negative loadings (e.g. CC-26, 
Italy: cf. Fig. 3c). A recent study demonstrated also that 
the correlation pattern between δ18Opw and the wNAOi in 
Europe is affected by 2nd order modes of the variability 
of the atmospheric circulation in some regions of Europe 
(Comas-Bru et al. 2016) and this may provide part of the 
explanation. However, notwithstanding these limitations, 
the spatio-temporal pattern of the 1st PC of the ECHAM5-
wiso δ18Opw simulations—which is forced by the modern-
day winter mode of the NAO – can yield important insights 
into the processes that determine speleothem δ18O variabil-
ity. When the sign of a loading of the ECHAM5-wiso simu-
lations is reproduced by the loading of the speleothem MC-
PCA, it suggests that the speleothem δ18O variability can 
be caused by variations in δ18Opw and when they disagree 
it indicates that other processes, acting on a local scale, 
are mainly responsible for the speleothem δ18O variability. 
Regional scale climate processes are unlikely to change the 
sign of the loading and so local-scale processes are only 
considered in the following discussion. Among these local-
scale processes, isotope disequilibrium effects (Deininger 
et al. 2012; Mühlinghaus et al. 2009) can change the spa-
tio-temporal pattern of the dominant mode of δ18Opw vari-
ability by changes in some the cave-specific parameters.

In this study the observed differences between the spa-
tio-temporal pattern of the dominant mode of the speleo-
them δ18O compilations and the ECHAM5-wiso model is 
explored by focusing on some cave sites as examples. In 
the first example we consider the speleothem SPA-12 (Aus-
tria) for which a different sign of the loading is observed 
for all compilations. This suggests that the determining 

variable of these speleothem δ18O records is not the δ18Opw 
signal, but rather a cave specific parameter (e.g. air tem-
perature); notwithstanding the tight coupling of data from 
these sites to the dominant mode responsible for observed 
coherency. The opposite sign of the speleothem loading 
suggest that the speleothem δ18O record is inverted com-
pared with the δ18Opw signal expected from the dominant 
mode. To invert an increasing (decreasing) δ18Opw signal, 
the cave air temperature must increase (decrease) and the 
other cave parameters (drip interval, cave air CO2 con-
centration associated with the cave ventilation and super-
saturation of the cave drip water) must decrease (increase) 
(Deininger et al. 2012).

While cave parameters such as the super-saturation of 
the drip water and cave ventilation are likely determined 
by local factors (e.g. cave topography), air temperature 
and drip intervals are cave parameters whose long-term 
variability could be coupled to the long-term variability in 
temperature and precipitation determined by the dominant 
mode. From modern day reanalysis data it is known that 
winter air temperature increase (decrease) in the Alps for 
NAO+ (NAO−) modes (e.g. Comas-Bru and McDermott 
2013). If the millennial shifts of the westerlies cause simi-
lar temperature variations in the Alps as the NAO does, the 
cave air temperature can be warmer for northward shifted 
westerlies and cooler for southward shifted westerlies. 
This temperature-mechanism would cause a speleothem 
δ18O change in the opposite direction to that expected from 
δ18Opw variations, and could therefore explain the oppo-
site loadings for the speleothems SPA-12. This conclusion 
is in agreement with the study of Mangini et al. (2005) 
who argued that the δ18O record of SPA-12 is temperature 
dominated during the last 2 ka; our study suggests that this 
might be even the case for the last 4.5 ka.

Another example is stalagmite BU-4 (Germany) whose 
loading agrees with the sign expected from the ECHAM5-
wiso model for compilation 1k.I–1k.V (4.5–1.5 ka BP) and 
disagrees for compilation 5k and compilation 1k.VI, 1k.VII 
and 1k.VIII (2.0–0.01 ka BP). This suggests that for the 
time slices covering the period from 4.5 to 1.5 ka BP (com-
pilation 1k.I–1k.V) the δ18O record of BU-4 is dominated 
by the δ18Opw signal but that the δ18O record of BU-4 is 
driven by cave specific parameter (e.g. temperature) from 
2.0 to 0.01 ka BP (compilation 1k.VI–1k.VIII) inverting 
the δ18Opw signal. It is reasonable to assume similar rela-
tionships between temperature for Bunker Cave in Ger-
many as for the previously discussed cave systems of SPA-
12. Hence, the inversion of the sign of the loading of BU-4 
between the compilations 1k.V (2.5–1.5 ka BP) and 1k.VI 
(2.0–1.0 ka BP) suggests that the determining factors con-
trolling BU-4s δ18O record have changed. Similar expla-
nations can be introduced for loadings for speleothems of 
compilations, where the loading of the speleothem has an 
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opposite sign compared to the loading derived from the 
ECHAM5-wiso model. To test the conclusions derived 
from the changes of the spatio-temporal patterns, independ-
ent speleothem based temperature-sensitive proxy-analysis 
(e.g. Meckler et al. 2015) or analysis of fluid inclusion δ18O 
values (e.g. Labuhn et al. 2015) could provide additional 
information on past δ18Opw changes.

While our approach highlights coherent variability in 
speleothem δ18O records for the last 4.5 ka, several limi-
tations remain. Chief among these is that while the spatial 
coverage of speleothem δ18O records within Europe with 
the required chronological control and sampling resolu-
tion is good compared with many regions globally, it is still 
inadequate to assess important questions such as the role of 
north–south (NAO-related) variability versus west-east var-
iability. A recent study that compares the correlation of two 
European speleothems geochemical proxy indicates that 
the NAO has reorganised in the Early Holocene (between 
9 and 8 ka BP) due primarily to the retreat of the Lauren-
tide ice sheet (Wassenburg et al. 2016) further highlighting 
that coherent changes of the state of the NAO can influence 
speleothem geochemical proxy and their spatio-temporal 
coherence. The present indications for the last 4.5 ka are 
that a west to east switch in the sign of correlations between 
individual sites and the CSR prevail (Figs. 6, 7, 8), remi-
niscent of the cross-over in the long-term trends in Holo-
cene speleothem δ18O records from the western margin into 
central Europe reconstructed by McDermott et al. (2011). 
Further evaluation of these important questions will require 
better spatial and temporal coverage in the speleothem δ18O 
datasets. In addition inter-comparisons with independent 
climate reconstructions, with model outputs simulating past 
δ18Opw pattern as well as direct measurements of meteoric 
water δ18O through speleothem fluid inclusion analyses are 
clearly required to further test these possibilities. A detailed 
discussion of the spatio-temporal pattern will be subject of 
a subsequent publication.

7  Summary

Statistical methods for analysing spatio-temporal changes 
of palaeoclimate archives are still rather underdeveloped. 
This is mainly owing to inherent difficult data properties, 
such as age uncertainties, persistence and unevenly spaced 
climate-proxy records. Further research is therefore nec-
essary to explore the full potential of these techniques, 
such as simulations with artificial time series in order to 
quantitatively examine the performance of statistical tools 
(Mudelsee 2014). The present study is a contribution 
towards these aims applying, in contrast to other studies 
(e.g. Rehfeld et al. 2013), an adaptation of Principal Com-
ponent Analysis (PCA) that accounts for age uncertainties 

in unequally spaced climate-proxy records using a Monte 
Carlo approach (MC-PCA).

We performed, for the first time, a spatio-temporal coher-
ency analysis of European speleothem δ18O records during 
the last 5 ka using the MC-PCA approach. A total of 11 spe-
leothem δ18O records was analysed that cover most of the 
European continent, with the exception of the Mediterra-
nean region, ranging from the European western margin to 
Northern Turkey and Lebanon and from the Alps to Scandi-
navia. Based on the results of the MC-PCA, common spele-
othem records (CSR5k, CSR1k) were constructed from the 
derived leading mode of the investigated speleothem com-
pilations. This results demonstrate that the investigated spe-
leothem δ18O records have imprinted a common European-
scale climate-related signal depicting a millennial cyclicity 
that was also reported by Mangini et al. (2007) for a com-
posite speleothem record from Spannagel cave (Austria). 
Our study suggests that this millennial cyclicity is not only 
a mode of speleothem δ18O variability for this single cave 
site but for European speleothems in general. These changes 
are imprinted in the speleothem δ18O records via the δ18Opw 
signal and possible oxygen isotope disequilibrium effects—
superimposed by local site-specific signals.

The good agreement between the CSR1k as well as 
accumulated CSR1k record and independent sedimentary 
records of the history of the Atlantic subpolar gyre (SPG), 
the ocean stacked North Atlantic IRD index, the vigour of 
the ISOW and late Holocene storm periods during the last 
5 ka suggests that similar climate mechanisms are respon-
sible for the variability of the strength of these records and 
European winter climate variability recorded by the spe-
leothem records. A recent study has identified that these 
changes can be forced by changes of the wind stress on the 
ocean (Yang et al. 2016), indicating the alternating north-
ward (increased wind stress) and southward (decreased 
wind stress) shifting westerlies—expressed by the CSR1k 
record—can trigger this oceanic variability. Furthermore, 
this study hints that the strength of the SPG is forced by 
wind stress as suggested by (Thornalley et al. 2009). Simi-
lar conclusions where made for the transition from the 
mid to the late Holocene (Colin et al. 2010; Morley et al. 
2014). We conclude therefore that a possible driver could 
be a behaviour of the atmospheric circulation with north-
ward and southward propagating westerlies (eventually 
akin to that of the NAO but on millennial instead if decadal 
time scales), respectively. However, the ultimate driver for 
this oscillation in the meridional position of the westerlies 
remains unclear. Finally, we note, that the proposed mecha-
nism for the late Holocene millennial variability needs to 
be further investigated by model simulations and additional 
palaeoclimate proxy records, for example, the effect of 
the millennial climate variation on the vigour of the North 
Atlantic Deep Water (NADW).
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