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Abstract

Several large abrupt climate fluctuations during the last glacial have been recorded in Greenland ice
cores and archives from other regions. Often these Dansgaard-Oeschger events are assumed to have
been synchronous over wide areas, and then used as tie-points to link chronologies between the proxy
archives. However, it has not yet been tested independently whether or not these events were indeed
synchronous over large areas. Here, we compare Dansgaard-Oeschger-type events in a well-dated record
from south-eastern France with those in Greenland ice cores. Instead of assuming simultaneous climate
events between both archives, we keep their age models independent. Even these well-dated archives
possess large chronological uncertainties, that prevent us from inferring synchronous climate events at
decadal to multi-centennial time scales. If possible, comparisons between proxy archives should be
based on independent, non-tuned time-scales.

Introduction

Some of the most intriguing climatic features of the last glacial period are the large abrupt temperature
fluctuations that recurred at millennial time-scales. These Dansgaard-Oeschger (D-O) events, originally
seen in 80 variations in Greenland ice cores (Dansgaard et al., 1993), have subsequently been reported
from proxy archives around the North Atlantic (Bond et al., 1997; Allen et al., 1999; Cacho et al., 1999;
Shackleton et al., 2000; Sanchez-Goiii et al., 2002; Voelker et al., 2002; Tzedakis et al., 2004; Roucoux
et al., 2005; Andersen et al., 2006; Vautravers and Shackleton, 2006; Wohlfarth et al., 2008) and beyond
(Wang et al.,2001; Hendy et al., 2002; Voelker et al., 2002; Burns et al., 2003; Rohling et al., 2003;
Hughen et al., 2004; Turney et al., 2004). D-O events have been hypothesized to result from major
shifts in North Atlantic meridional overturning circulation (Knutti et al., 2004; EPICA Community
Members, 2006). A rapid atmospheric transmission of the signal could have led to more or less
synchronous D-O style events within the Northern Hemisphere. Indeed, abrupt climatic events
recognized in marine and terrestrial proxy time series are frequently reported to have been synchronous
with Greenland D-O events (Bond et al., 1997; Allen et al., 1999; Cacho et al., 1999; Wang et al., 2001;



Séanchez-Goii et al., 2002; Burns et al., 2003; Hughen et al., 2004; Roucoux et al., 2005; Vautravers
and Shackleton, 2006).

However, the inference of synchroneity between regions is constrained by numerous factors, including
the response of the analysed marine or terrestrial proxies to local, regional and global climate signals,
the temporal resolution of the studied sequence, and the applied age models. The lack of an
internationally accepted radiocarbon (*C) calibration curve beyond 26 thousand calibrated years before
present (Reimer et al., 2004; van der Plicht et al., 2004) (cal ka BP), uncertain and time-dependent
radiocarbon “reservoir age” offsets for glacial marine records (Muscheler et al., 2008) and
chronological uncertainties of up to 2600 years (at 2 standard deviations) in the Greenland ice cores
(Andersen et al., 2006) further add to this complexity. In order to overcome these difficulties, time
scales and events in marine and terrestrial records are often tuned (artificially synchronized) to ice core
chronologies (e.g., Bond et al., 1997; Cacho et al., 1999; Walker et al., 1999; Tzedakis et al., 2004;
Skinner, 2008).

Tuning assumes synchronicity of major climatic/environmental events between multiple proxy archives.
According to the tuning line of reasoning, major climatic events were so large that they must have been
expressed in a wide spatial range of fossil proxy records. These synchronous proxy changes are then
used as tie-points (points of equal age) between the archives, thus providing age-depth estimates for one
core based on the age-model of a better dated “mother” time series (e.g., orbital forcing, Greenland ice
cores, Hulu cave speleothems or stacked marine "0 curves; Bond et al., 1997; Cacho et al., 1999;
Tzedakis et al., 2004; Lisiecki and Raymo, 2005; Hughen et al., 2006). A good example of a tie-point is
the North Atlantic Ash Zone II tephra, resulting from a single volcanic eruption, and deposited over a
wide area as it has been encountered and identified geochemically in Greenland ice as well as in a range
of North Atlantic marine sediment cores (Austin et al., 2004). This tephra, dated at c. 55,330+£1184 cal
BP in NGRIP (Svensson et al., 2008), was deposited during a major environmental event found both in
marine and ice cores, and thus this event can safely be assumed to have been synchronous (interstadial
15, Bond et al., 1997; Austin et al., 2004). Even so, this tephra might have been produced by two
volcanic eruptions separated by up to 2000 yr (Wastegard et al., 2006).

Many other environmental events used to align glacial proxy archives are not accompanied by uniquely
identifiable “finger prints”. Instead, tie-points are often inferred based on the order, amplitudes and
shapes (e.g., “tooth-like” or “w-shaped”) of proxy curves, which in turn reflect the size and abruptness
of climate change events (Bond et al., 1997; Shackleton et al., 2000; Tzedakis et al., 2004). Besides the
tephra tie-point discussed above, only few event-based glacial tie-points have been dated independently
(e.g., using radiocarbon dates); dating densities were often low and discrepancies between tuning and
independent dates were at millennial scales (Hendy et al., 2002; Rohling et al., 2003; Shackleton et al.,
2004; Svensson et al., 2006; Skinner, 2008). The “mother” chronologies themselves also possess
considerable chronological uncertainties (e.g., 5000 yr for SPECMAP; Martinson et al., 1987), so any
tuned “daughter” chronology will necessarily obtain larger errors (a combination of the uncertainties of
the mother chronology, of the tuning process, and of the uncertain sedimentation histories between tie-
points). The assumption of synchronicity between regions eliminates any potential for objective
evaluation of relative timing in different time scales (Walker et al., 1999; Wunsch, 2006; Blaauw et al.,
2007a). Moreover, these climate-driven linkages are based on plausible yet unproven assumptions on
regional to hemispheric connectivity (Wunsch, 2006), especially when many “stepping stones” are
involved (e.g., from Greenland ice via the North Atlantic Ocean to the European mainland).



Here, we test a different approach to compare D-O signals in Greenland ice cores (Andersen et al.,
2006) with abrupt events recorded in the high resolution dated sediment sequence from the site Les
Echets in south-eastern France (Wohlfarth et al., 2008). This multi-proxy lake record is dated with
numerous radiocarbon and infra-red stimulated luminescence (IRSL) measurements, and covers the
time period ca. 45-15 ka BP. The record displays pronounced environmental changes which show
striking similarities to D-O events in the Greenland ice cores. Instead of imposing synchroneity through
tuning of the proxy events, we apply Bayesian techniques (Blaauw et al., 2007a) to systematically
compare the timing of the events recognized in the Les Echets sequence with those in the NGRIP ice
core.

2 Methods

Core EC1 was drilled in the deepest part of the former lake at Les Echets (LE, 45°54' N, 4°56'E, 275 m
above sea level) and analysed at high temporal resolution for multiple environmental proxies (Wohlfarth
et al., 2008). The alternating organic and inorganic sediments between 30.06 and 5 m depth were dated
using 46 accelerator mass spectrometry (AMS) radiocarbon dates on plant remains, pollen grains, and
the insoluble sediment organic fraction, as well as 21 IRSL dates (Wohlfarth et al., 2008). The major
source of uncertainty for the "“C dates lies in the calibration to calendar ages, whereas for the IRSL
dates uncertainty resides in the variability of the water content of the sediments. Differential
compaction of the organic and inorganic sediments indicates that their water content changed during
and after deposition. Therefore present day moisture measurements were corrected using an estimated
average water content of 80+10% over time.

Most of the LE radiocarbon ages are older than the limit of the IntCal04 calibration curve at 26 cal ka
BP (Reimer et al., 2004). Although several curves for estimating calendar ages beyond that range are
potentially available (Kitagawa and van der Plicht, 1998; Beck et al., 2001; van der Plicht et al., 2004;
Fairbanks et al., 2005; Hughen et al., 2006; Danzeglocke et al., 2008), we chose here the curves of
Hughen et al. (2006, hereafter called Hughen06), and Fairbanks et al. (2005, hereafter called
Fairbanks05), because of their long time-spans, high-dating resolution and reasonable between-curve
agreements. Both Kitagawa and van der Plicht (1998) and Beck et al. (2001) provide alternative glacial
curves with a reasonably high density, but both curves are in disagreement with each other and with
Hughen06 and FairbanksO5 during at least parts of our period of interest. While the calendar ages of
Hughen06 are based on tuning Cariaco Basin sediment palaecoclimate records to the high-resolution U/
Th dated Hulu cave 80 record (Wang et al., 2001), those of Fairbanks05 were constructed from non-
tuned, independently obtained U/Th dates on corals. Both curves have uncertainties in their calendar
age models (errors 300-500 yr for Hughen06, 50-100 yr for Fairbanks05), and imprecisely known and
possibly varying local marine reservoir effects (Muscheler et al., 2008) create additional uncertainties
in the radiocarbon ages of both curves. In order to take into account the uncertainties on the calendar as
well as the radiocarbon age scales, we re-sampled each data point of the Hughen06 or Fairbanks05
curve assuming normally distributed errors of the radiocarbon and calendar age estimates, and repeated
this process 10,000 times. For each iteration we interpolated linearly between the sampled “C and cal
BP points, to produce “C age point estimates at 50 calendar year intervals between 60 and 15 kcal BP.
For each of these calendar years, histograms of all “C age estimates were drawn to calculate 1 sd
highest posterior densities on the radiocarbon age scale. Calendar ages from the comparison curves



produced above should not be considered to be as reliable as those derived from “official” IntCal
calibration curves, and thus we refrain from using the term cal BP (van der Plicht et al, 2004).

The age models were constrained by prior information (for detailed explanations of the priors see
Blaauw and Christen, 2005; Blaauw et al., 2007b): i) the depositional setting dictates that the dated
depths must be ordered chronologically; i) given that 25 m of sediment had accumulated over c. 25 kyr,
deposition rates of c. 5-20 yr/cm are considered most likely, and other (positive) accumulation rates are
possible although less likely (Fig. 1a; AlphaM=12, AlphaStd=4); iii) the variable stratigraphy suggests
that rapid accumulation rate changes and hiatuses could have occurred (Fig. 1b; Epsilon=2); iv)
between sections hiatuses are most likely to be short or absent, but could at times last millennia (Fig.
Ic; HiatusA=10", HiatusB=107); and v) every date has a prior probability of being outlying (5% for
most (57) dates; 50% for 7 “C dates which could not be pre-treated, had a sample weight <1 mg or were
possibly altered by a hard-water effect). Because there were no stratigraphical or other indications for a
hiatus at 1653 and 1605 cm (as opposed to around 2700 cm; Wohlfarth et al., 2008), we assumed that
the two dates at those depths were erroneous, and adapted their prior outlier probabilities to 95%. The
lowermost date (3097 cm depth) has not been pretreated and is therefore not considered to be reliable
either. This part of the sediment sequence has several sand layers with sharp, erosive upper and lower
boundaries, which indicate reworking and redeposition of sediments and likely also sedimentary
hiatuses. This observation gives further evidence that the sediments in the lowest part of the analysed
sequence might be older than suggested by the radiocarbon dates. Therefore we assigned 95% prior
outlier probabilities (see below) to the lowermost two radiocarbon dates. Outlying dates were not
removed but were identified and down-weighted automatically (see Blaauw and Christen, 2005). The
IRSL and “C dates of LE were combined with the above prior information, producing >1.7 billion
Markov Chain Monte Carlo age-depth models. Of these age-model iterations, through thinning 10,000
were retained for subsequent age-model analysis (Blaauw and Christen, 2005).

Most dates fit within 1 standard deviation (sd) of the comparison curves (radiocarbon) or the 1:1 curve
(IRSL), with the exceptions of i) the lower part of the sequence where IRSL dates suggest much older
ages than the radiocarbon dates, ii) the upper part where IRSL dates suggest somewhat older ages than
the radiocarbon dates, and ii7) outlying radiocarbon dates between ca. 37-26 ka BP. The Bayesian age-
modelling process automatically identifies and down-weights outlying dates; mean posterior outlier
probabilities were c. 25% and 27% respectively for the Hughen06 and FairbanksO5 runs. During the
age-modelling, all dates are used together while taking into account their stratigraphical ordering
(Blaauw and Christen, 2005); as a result the age-model confidence intervals are generally much
narrower than those of the individual dates. Histograms of the calendar age distribution can be obtained
for every depth through calculating the assigned calendar age for each of the 10,000 iterations, and
graphed as grey-scales where more likely calendar ages (appearing more frequently in the sampling
process) are darker (Fig. 2c—d). The intervals with conflicting IRSL and radiocarbon dates obtained
much larger chronological uncertainties (wide grey areas). We therefore focus on the high-resolution
dated middle part of the sequence, between 40 and 26 ka BP, where average 1 sd uncertainties are ca.
400 years.

The probability that an event took place in a proxy archive during a certain period depends on i) the
archive’s chronological uncertainty (Fig. 2), ii) the strength of the proxy evidence for an event (i.e.
signal strength) (Fig. 3), and iii) the duration of the period or window width (indicated by colours in
Fig. 4). Here we assess all of these uncertainty sources together by calculating the event probability



within a time window for the individual archives. The LOI and planktonic diatom proxies of LE were
normalized to 100% and re-sampled assuming normally distributed errors (1% for LOI, 2% for
diatoms), after which a running median was calculated (smoothing 25 for LOI, 11 for lower resolution
diatom data). All depths d where the running median increased beyond the error threshold were
“flagged”. This process was repeated 1000 times, after which for all depths of the individual proxies,
the ratios of flagged iterations were plotted (Fig. 3a-b). The means of the ratios of both proxies
estimate the probabilities of enhanced lake productivity (Fig. 3¢). Depths with probabilities <5% were
neglected. For all age-model iterations of LE or NGRIP, we find those depths d, with event probabilities
p(eq), that fall within a time-window with boundaries y,.., and y,., . The probability that an event took
place in an archive during this time-window is equal to /—I1(1—p(e,)). In other words, we calculate the
probability that no event took place within the time-window, which is the product of 1-p(e;), and
subtract this probability from 1 to find the probability that at least one event took place.

All calculations were performed in R (R Development Core Team, 2009; current version 2.9.0).

3 Results

Intervals of higher lake organic productivity (LE events A-G in Fig. 3), interpreted to reflect warmer
and more humid climatic conditions, are indicated by rising values for loss-on-ignition (LOI) and
planktonic diatom concentrations, synchronously with many other analysed proxies in LE sediments
(Ampel et al., 2008; Wohlfarth et al., 2008; Veres et al., 2009). In contrast, low lake organic
productivity, interpreted to reflect a colder and drier climate, is suggested by low values of LOI and
planktonic diatom concentrations. Most of the LE warm events were accompanied by clear increases in
arboreal pollen within the same core (Wohlfarth et al., 2008), suggesting that the environmental
changes were regional at least. Peaks A—D clearly denote events of increased lake organic productivity
(high event probabilities), whereas events E-G appear more subtle. Wohlfarth et al. (2008) suggested
that the shifts between higher and low lake organic productivity phases resemble D-O and Greenland
Interstadial (GI) events in the Greenland ice cores. Although it would be tempting to tune these
intervals by eye to GI events 8-3 (Fig. 3), instead we calculate the statistical probability that both
independently dated archives reacted simultaneously within certain time windows, taking into account
their chronological uncertainties (Blaauw et al., 2007a).

Significant LE event probabilities (95%) are only reached by employing time windows of 400 years or
wider. The choice of "C comparison curve has a considerable effect on the timing of events A-D in
particular, owing to disagreements between Hughen06 and FairbanksO5 around 37-34 ka BP. This
disagreement is partly caused by FairbanksO5 having fewer evenly spaced data points for this time
interval, and thus more kinks than Hughen06. Overlapping, closely spaced GI events (Fig. 4c) can
hardly be distinguished from each other on an absolute time scale. Although the relative timing between
GI events is well known (see below), NGRIP cumulative chronological uncertainties (Andersen et al.,
2006) prevent us from assigning an individual GI event to any particular decade or even century (>95%
event probabilities using time windows of 1550 yr or wider).

To test for synchronous events between LE and NGRIP within a time-window, we can simply calculate
the product of the event probabilities from the individual archives (Fig. 4d,e). High probabilities
indicate that an event of increased lake organic productivity in Les Echets likely occurred
simultaneously with a GI event, whereas low probabilities indicate the absence of a simultaneous



reaction and/or a lack of information (e.g. hiatus, large chronological uncertainties). Probabilities of
synchronous events between LE and NGRIP never reach 100% at centennial resolutions. For example,
only within >1000 year time windows does it seem likely (95%) that event LE-G co-occurred with one
of the closely spaced GI events 4 or 3 in NGRIP. The other events show significant synchroneity using
time windows of 1250 years or wider. In all cases, synchronous reactions at decadal to multi-centennial
year resolution are very unlikely, since probabilities never exceed 10% (red shades in Fig. 4d, e). Wider
window sizes tend to reach higher event probabilities because i) the windows include more of the
probability distributions of individual events, and ii) probability distributions of multiple separate
events could cover the time windows considered.

Since the NGRIP time scale is based on annual layer counting, absolute chronological uncertainties
accumulate to millennial scales over time during the glacial. However, cumulative layer-count errors
between neighbouring GI events within NGRIP are much smaller, reaching centennial to decadal scales
(Andersen et al., 2006). Therefore, the relative timings between GI events 8 to 3 are much more tightly
constrained than those between the IRSL/“C dated events LE-A to LE-G. Given the large absolute
chronological uncertainties on the timing of individual events (Fig. 4), we investigate the patterns of
timing between events (Fig. 5). Even if the absolute timings of events in either NGRIP or LE are
erroneous, with a common climate mechanism forcing both the NGRIP and LE events, a shared
“fingerprint” of the timing between events should be expected (but for similar event frequencies in
unrelated climate series see Wunsch, 2006). Whereas the timing between LE events F and G is
comparable to that between GI events 4 and 3, the relative timings between the other events differ by
many centuries. Moreover, there appear to be more LE than GI events in the studied period.

We could postulate several reasons for the offsets between the timing of events between Les Echets and
NGRIP, e.g. erroneous dates, large changes in marine reservoir age for the Hughen06 and Fairbanks05
curves, unrecognised hiatuses, low resolution, erosion and/or reworking of older layers in the LE
record, missing or false proxy responses to climate change in either archive, or hundreds of “false”
years in the NGRIP time scale (e.g., see Skinner, 2008). However, our approach shows that the
assumption of synchronous events between both archives might be erroneous; the alternative
explanation that the events were asynchronous should not be discarded.

4 Discussion

Our results appear to deviate from an apparently sound story based on a large body of stratigraphical
studies (Bond et al., 1997; Cacho et al., 1999; Shackleton et al., 2000; Sanchez-Goiii et al., 2002;
Rohling et al., 2003; Tzedakis et al., 2004; Roucoux et al., 2005; Skinner, 2008). It could be argued that
our failure to find simultaneous events between Greenland and a terrestrial site in Europe was caused by
proxy or dating problems (see above), and thus should not lead us to call into question the reported tele-
connections between Greenland and other proxy archives. For example, within Mediterranean marine
cores located relatively near to Les Echets, sea surface temperature and arboreal pollen content changed
in concert (Sdnchez-Goiii et al., 2002). Interestingly enough, the arboreal pollen records also show a
close visual resemblance to that of Les Echets (Wohlfarth et al., 2008), indicating spatially wide-spread
events of climate change. As the events in the Mediterranean cores were reportedly simultaneous with
events in Greenland (Sanchez-Goiii et al., 2002), it should follow that Les Echets must have reacted
simultaneously as well. However, the synchronicity of the Mediterranean climate events to those in



Greenland is not surprising, since their chronologies were based on aligning foraminifera-6"0 resp. sea
surface temperature fluctuations with 8O peaks in the GISP2 ice core record.

Asynchronous climate events between proxy archives do not necessarily require us to invoke leads or
lags, although these can be calculated and tested easily using our time-window method. Indeed,
probably the safest (though most pessimistic) “zero-hypothesis” for any proxy-derived climate event
would be to assume that it is unrelated to other events, until proven otherwise by independent,
replicated data. However, millennial-scale chronological uncertainties for most of the last glacial period
have prevented us from directly proving synchroneity of D-O events through independently dated
archives. Over the years a plausible history of D-O events has been reconstructed, based on climatic
reasoning combined with event-ages derived from tuning between archives. It should not be forgotten
though that some degree of circular reasoning has necessarily been involved in this process. Indeed, it
has been known for decades that assuming synchroneity of past climate/environmental events without
independent confirmation (Walker et al., 1999) can lead to a 'reinforcement syndrome' (von Post, 1946;
Smith and Pilcher, 1973; Baillie, 1991; Oldfield, 2001; Bennett, 2002).

Past climate research would benefit from a better quantification of the uncertainties involved. Until
now, most tuning has been performed visually, involving subjective decisions. Statistical methods could
be developed to better quantify the uncertainties of tuned age-models, e.g., based on (multi-proxy,
multi-site) shape comparisons of events. In the longer run, one could envisage obtaining a better
understanding of D-O events through a coupled ice/ocean/atmosphere/biosphere climate model guided
by a spatial array of independently dated proxy events, while taking into account their chronological
and other uncertainties. A step in this direction can be made by applying our time-window approach to
a larger set of independently dated marine and/or terrestrial proxy archives.

The abrupt temperature fluctuations reconstructed from Greenland ice cores (Dansgaard et al., 1993;
Steffensen et al., 2008) must have been forced by major climatic events, which arguably also should
have had effects on larger spatial scales (Wunsch, 2006). However, most of the reported synchronous
climate events outside Greenland were tuned to Gl-events (Bond et al., 1997; Cacho et al., 1999;
Shackleton et al., 2000; Sanchez-Goni et al., 2002; Tzedakis et al., 2004; Roucoux et al., 2005; Skinner,
2008) and thus cannot themselves be used to infer synchroneity. Even with the highest resolution dated
age-models (67 radiocarbon and IRSL dates for Les Echets, multi-proxy annual layer counting for
Greenland; Andersen et al., 2006), chronological uncertainties are currently too high to resolve through
independent chronologies whether last glacial D-O climate events were simultaneous, or even related,
between Greenland and western Europe. These problems are even more serious with proxy archives
dated and analysed at lower resolution. Although one would wish to resolve the spatio-temporal nature
of past glacial climate events at annual or, at most, decadal scales, currently we are limited to
comparisons at multi-centennial to millennial resolution only. However, this problem could be reduced
significantly if more widespread time markers such as well-defined tephra layers were to be found.
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Figure captions

Fig. 1. Distributions of the prior information for the Les Echets age-depth model. All are gamma
distributions, which are comparable to the Gaussian distribution, although values are always positive
and distributions can be asymmetric. The prior for the accumulation rate within a section is shown in
(a), with a mean of 12 and a variation of 4 (AlphaM=12, AlphaStd=4). Between sections, accumulation
rate can vary according to a gamma distribution centred around 1, with a variability set at epsilon=2 (b).
Hiatus sizes (c) are most likely to be very short (0 yr or negligible), but stratigraphical information
indicates hiatuses can occasionally last for several millennia (HiatusA=10", HiatusB=10").

Fig. 2. Bayesian age-depth models using two alternative radiocarbon comparison curves. The
radiocarbon (black to red circles; redness indicates posterior outlier probability) dates of Les Echets
were matched against the Hughen06 (green, a, ¢) and Fairbanks05 (red, b, d) comparison curves. Blue
dashed curve is 1:1 line to which the IRSL dates (blue open diamonds) were matched. The age
distributions are graphed as grey-scales (Blaauw et al., 2007a) (c—d). Dark areas indicate secure
sections of the age-models, while lighter grey areas warn us of sections of a core where the
chronological uncertainty is large.

Fig. 3. Les Echets proxies plotted against depth (black lines) and compared with the NGRIP &0 record
(Dansgaard et al., 1993). Probabilities of enhanced lake productivity in Les Echets were calculated,
through finding those depths with major increases in LOI (a) or planktonic diatoms (b) (see text). Clear
increases of the individual proxies are plotted as yellow histograms. The means of these proxy increases
estimate the probabilities of enhanced lake productivity (orange histograms in c). The events A-G of
enhanced lake productivity could be tuned (grey connecting lines show possible links) to abrupt 8O
rises in NGRIP (Andersen et al., 2006), Greenland Isotope (GI) events 8 to 3 (d). Blue horizontal lines
indicate 1 sd dating confidence intervals of the GI events.

Fig. 4. Events of enhanced lake productivity in Les Echets from age-depth models using either
Hughen06 (a) or FairbanksO5 (b), compared with Gl-events in NGRIP (c). Probabilities of events of
enhanced lake productivity (Les Echets) or temperature rises in Greenland (GI events from Andersen et
al., 2006) were calculated using a time-window approach modified from Blaauw et al. (2007a) (see
text). Time windows moved at 50 year jumps. Window sizes were 50 to 2000 years in steps of 50 years,
shown as rainbow colours in the probability histograms (colour legend for window sizes is shown at
bottom left). The histograms are centred at the mid-points of the time-windows, e.g., the probability of
an event between 40 and 38 kyr BP is shown as the height of the violet colour at 39 kyr BP. Histograms
of narrower window sizes are plotted overlaying those of wider windows sizes (narrower histograms
reach lower probabilities). The probabilities of simultaneous events between Les Echets and NGRIP
within time windows are shown in (d, e).

Fig. 5. Timing in calendar years between neighbouring events of the Les Echets and NGRIP records.
Colour shading shows the timing between Les Echets A to G using HughenO5 (green) or Fairbanks05
(red), and NGRIP GI events 8 to 3 (blue). Darker colours indicate more likely timing. Uncertainties of
NGRIP timing are based on the accumulated counting error between neighbouring events (Andersen et
al., 2006). There seem to be one more events in LE than in NGRIP during the period of study, which
causes additional confusion when deciding which events to correlate.
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