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Abstract. The last 130 000 years have been marked by pro-
nounced millennial-scale climate variability, which strongly
impacted the terrestrial environments of the Northern Hemi-
sphere, especially at middle latitudes. Identifying the trig-
ger of these variations, which are most likely associated with
strong couplings between the ocean and the atmosphere, still
remains a key question. Here, we show that the analysis of
δ18O and dust in the Greenland ice cores, and a critical study
of their source variations, reconciles these records with those
observed on the Eurasian continent. We demonstrate the link
between European and Chinese loess sequences, dust records
in Greenland, and variations in the North Atlantic sea ice ex-
tent. The sources of the emitted and transported dust mate-
rial are variable and relate to different environments corre-
sponding to present desert areas, but also hidden regions re-
lated to lower sea level stands, dry rivers, or zones close to
the frontal moraines of the main Northern Hemisphere ice
sheets. We anticipate our study to be at the origin of more
sophisticated and elaborated investigations of millennial and
sub-millennial continental climate variability in the Northern
Hemisphere.

1 Introduction

During the last glacial interval, abrupt climate changes have
been documented worldwide in different types of records,
but especially in ice cores (Dansgaard et al., 1969, 1982;
Johnsen et al., 1992, 1972, 2001). Their interpretation mostly
focused on the more spectacular character corresponding to
abrupt warmings (named Dansgaard–Oeschger – DO events;
Broecker et al., 1990) of some ten degrees to interstadial con-
ditions in Greenland (Kindler et al., 2014). These warmings
were followed by a schematic two-step return to stadial con-
ditions. Modeling experiments are able to reconstruct this
abrupt warming and the two-step return to stadial conditions,
indicating a periodicity of about 1500 years (Schulz, 2002;
Rahmstorf, 2003), which, however, still remains question-
able (Ditlevsen et al., 2007; Thomas et al., 2011; Boers et al.,
2017). More precisely, the very-high-resolution analysis of
the last deglaciation in the North Greenland Ice Core Project
(NGRIP) record (NGRIP, 2004) revealed that different pa-
rameters show different abruptness of the warming events.
For the last two warming events (14.7 and 11.7 ka b2k (years
before AD 2000)), deuterium excess increased within 1 to
3 years, alongside more gradually increasing temperatures
as represented by δ18O. Dust concentration would require
at least 15 years to decrease, preceding the deuterium ex-
cess increase by 10 ± 5 years (Steffensen et al., 2008). Care-
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fully considering the DO events it was noticed that during
the last climatic cycle in NGRIP, some variability that occurs
as the last deglaciation timing of transitions does not seem
to be reproduced every time in the older parts of the record
(Rousseau et al., 2017). The climate trend, cooling and in-
crease in dustiness, within these particular events is variable
as well. High-resolution studies of the temperature signal
in older interstadials show the occurrence of sub-millennial-
scale elements like precursor events of about centennial du-
ration before the interstadial itself, rebound events exhibit-
ing abrupt cooling towards stadial conditions, and cooling
events occurring towards the end of the interstadial (Capron
et al., 2010). These sub-millennial events make the under-
standing of the climate variability during these interstadi-
als even more complicated than a simple warming followed
by a two-step cooling. Ice cores nevertheless provide much
more information than on temperature and dust concentra-
tion only, as they release records of numerous components
of the climate system, isotope values of the transported wa-
ter vapor, mineral aerosols and greenhouse gas concentra-
tions, chemical elements, etc., which show different origins
and transport patterns to the high-latitude ice sheets. Such
richness in proxies allows comparisons with other records of
millennial-scale variability preserved in both marine (Henry
et al., 2016) and terrestrial deposits, as well as in other ice
cores (Barbante et al., 2006; Buizert et al., 2015). In this pa-
per, after briefly describing the abrupt changes observed in
the very-high-resolution δ18O and dust records from NGRIP
(NGRIP, 2004), we compare the dust particle sedimentation
rates over Europe and China as expressed in key loess se-
quences (Fig. 1). This is a complementary study of Rousseau
et al. (2017), which essentially focused on paleosol devel-
opment. In the last section we provide an interpretation of
the link between Greenland dust records and Eurasian loess
sequence development.

2 Analysis

We investigate in this study the 18 Greenland interstadials
(GIs), labeled from 17.1 to 2 (Rasmussen et al., 2014), which
have been identified during the MIS 3 and 2 (59–14 ka b2k)
interval. We performed this comparison by studying in par-
allel the δ18O (NGRIP, 2004; Gkinis et al., 2014) and the
dust (Ruth et al., 2003) records from the NGRIP ice core at
the highest resolution. These two indices correspond to dif-
ferent sources, marine and continental but also to different
origins, mostly Atlantic (Masson-Delmotte et al., 2006) and
East Asian (Biscaye et al., 1997; Svensson et al., 2000; Bory
et al., 2002). The two indices are not directly related so that if
similarities would appear, this should highlight a more global
phenomenon.

The compilation of the 18 GIs in the NGRIP record
(Rousseau et al., 2017) shows that DO events can be char-
acterized using a numerical algorithm (see Supplement) by

an increase in δ18O occurring on average in 36.4 ± 13.4
(1σ ) years, with a mean GI duration of 1048 ± 1163 (1σ )
years (Table 1). When determined visually by considering
the onset of the abrupt change at the start and the return
to the same initial value as the end of the event, the δ18O
changes occur, on average, in 55.4 ± 16.1 (1σ ) years, with a
mean duration of 1053 ± 1068 (1σ ) years. The larger errors
than the mean values are due to the few long intervals. These
two methods have been described in detail in Rousseau et
al. (2017). Although both methods allow the identification
of the GIs and their parameters (onset, transition, and dura-
tion), the numerical approach also allows the identification
of statistically significant events that the virtual one could
consider as questionable. However, we consider that these
two methods are complementary, the reason why we decided
to release values obtained by both of them. These compiled
characteristics fit with the values generally considered from
the literature (Wolff et al., 2010; Rasmussen et al., 2014).

Following the detailed correlations defined between Nus-
sloch and NGRIP stratigraphies (Fig. 2) (Rousseau et al.,
2002, 2007b, 2017), we then applied the dates obtained for
every start and end of a GI, from both the δ18O and the
dust NGRIP timescale, to the loess sequence. This was per-
formed by considering that in western European loess se-
quences, paleosols developed from the underlying loess de-
posits after a stop of the eolian sedimentation (Taylor et al.,
2014), and that the eolian sedimentation itself restarted on
top of the developed paleosols. This makes the time evolu-
tion nonlinear and a bit more complex than the classical con-
tinuous sedimentation observed in other terrestrial, marine,
and ice-core records (Kukla and Koci, 1972; Rousseau et al.,
2007a). Therefore, a determined eolian interval, equivalent
to the Greenland stadial (GS), includes the loess unit and
the overlying paleosol (blue arrow in Fig. 3), while the pa-
leosol development itself fits with the GI duration (red arrow
in Fig. 3). Doing so, the Nussloch stratigraphy can be read
as expressed in Table 2, allowing then to better estimate the
sedimentation and the mass accumulation rates required for
comparison with other loess records and model outputs. Con-
versely, in Chinese loess sequences no such paleosols devel-
oped during the last climate cycle. Therefore, own reasoning
does not apply to these records.

3 Discussion

The mineral dust record in the NGRIP ice core is obtained
from variations in dust concentration, measured in the terms
of the number of particles larger than 1 µm mm−1 of melt
water, which also shows abrupt changes that are quite syn-
chronous with the DO events expressed in the δ18O record
(Mayewski et al., 1994; Ruth et al., 2003; NGRIP, 2004;
Rasmussen et al., 2014). Abrupt decreases in the dust con-
centration occur in 60 ± 21.2 (1σ ) years on average, with
a mean GI duration of 1079 ± 1135 (1σ ) years when deter-
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Figure 1. Studied records in this paper. (a) Location of the different records over Greenland and Eurasia. (b) Map of the European loess. Indi-
cation of the depth of the last glacial maximum sea level low stand and of the expansion of the Greenland, Iceland, British, and Fennoscandian
ice sheets. Location of European key loess sequences. Map drawn by P. Antoine in Rousseau et al. (2014) modified.

www.clim-past.net/13/1181/2017/ Clim. Past, 13, 1181–1197, 2017


