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We present a synchronization of the NGRIP, GRIP and GISP2 ice cores onto a master chronology extending
back to 104 ka before present, providing a consistent chronological framework for these three Greenland
records. The synchronization aligns distinct peaks in volcanic proxy records and other impurity records
(chemo-stratigraphic matching) and assumes that these layers of elevated impurity content represent the
same, instantaneous event in the past at all three sites. More than 900 marker horizons between the three
cores have been identified and our matching is independently confirmed by 24 new and previously identified
volcanic ash (tephra) tie-points. Using the reference horizons, we transfer the widely used Greenland ice-core
chronology, GICCO5modelext, to the two Summit cores, GRIP and GISP2. Furthermore, we provide gas
chronologies for the Summit cores that are consistent with the GICCO5modelext timescale by utilizing both
existing and new gas data (CH4 concentration and 8'°N of N,). We infer that the accumulation contrast be-
tween the stadial and interstadial phases of the glacial period was ~10% greater at Summit compared to at
NGRIP. The 880 temperature-proxy records from NGRIP, GRIP, and GISP2 are generally very similar and
display synchronous behaviour at climate transitions. The 3'80 differences between Summit and NGRIP,
however, changed slowly over the Last Glacial-Interglacial cycle and also underwent abrupt millennial-to-
centennial-scale variations. We suggest that this observed latitudinal 5'80 gradient in Greenland during
the glacial period is the result of 1) relatively higher degree of precipitation with a Pacific signature at NGRIP, 2)
increased summer bias in precipitation at Summit, and 3) enhanced Rayleigh distillation due to an increased
source-to-site distance and a potentially larger source-to-site temperature gradient. We propose that these
processes are governed by changes in the North American Ice Sheet (NAIS) volume and North Atlantic sea-ice
extent and/or sea-surface temperatures (SST) on orbital timescales, and that changing sea-ice extent and SSTs
are the driving mechanisms on shorter timescales. Finally, we observe that maxima in the Summit—NGRIP
380 difference are roughly coincident with prominent Heinrich events. This suggests that the climatic
reorganization that takes place during stadials with Heinrich events, possibly driven by a southward
expansion of sea ice and low SSTs in the North Atlantic, are recorded in the ice-core records.
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1. Introduction

Greenland ice-core records share a strong and consistent
expression of past climate events in the North Atlantic region, e.g.
the millennial-scale climate oscillations during the glacial period
known as Dansgaard—Oeschger (D—O) events (Rasmussen et al.,
2014, and references therein). The records offer an outstanding
time-resolution of past climate events (e.g. Steffensen et al., 2008),
but lack a common chronology, and substantial differences are
apparent between the available timescales (Southon, 2004;
Rasmussen et al., 2006; Svensson et al., 2008; Obrochta et al.,
2014). In order to compare the climate records from the different
ice cores, a common approach has been to align the records ac-
cording to the D—O events using the §'80 temperature proxy,
thereby assuming that the abrupt climate shifts represent syn-
chronous events between the sites (e.g. Grootes et al., 1993; North
Greenland Ice Core Project Members, 2004; Svensson et al., 2008;
Obrochta et al., 2014). This approach, however, precludes a
detailed comparison of the ice-core records, because the “abrupt”
alignment points are often several millennia apart and also because
the various climate shifts may be expressed differently between the
cores and proxies, making it difficult to pinpoint the exact depths of
the marker horizons. An alternative and well-established ice-core
synchronization method is to match up common volcanic peaks in
profiles of sulphate concentration ([SOZ~]), Electrical Conductivity
Measurements (ECM), Di-electrical Profiling (DEP) and conductiv-
ity of melted ice (e.g. Taylor et al., 1993a; Clausen et al., 1997;
Vinther et al., 2006; Rasmussen et al., 2008, 2013; Svensson et al.,
2013). This volcanic matching method does not rely on a prior
assumption of climatic synchroneity at the different sites, and can
thus be used to test for potential leads and lags between the ar-
chives. Furthermore, volcanic matching presents a more accurate
synchronization with more finely spaced tie-points (down to sub-
annual resolution) that are formed by the effectively instantaneous
deposition of volcanic material (Palmer et al.,, 2001; Rasmussen
et al,, 2008). Rasmussen et al. (2008) demonstrated that the den-
sity of match points could be increased even further by combining
volcanic matching with the identification of common and distinct
peaks in calcium ([Ca®*]) and ammonium profiles ([NH%]), inter-
preted as major dust deposition and biomass burning events,
respectively. Since this combined method relies on identifying
stratigraphic markers in a range of chemistry records, we refer to
this method as chemo-stratigraphic matching.

In recent years there has been a massive effort to link the
Greenland ice cores by volcanic or chemo-stratigraphic matching
(see references below) to establish a consistent chronological
framework based on the most recent annual-layer-counted time-
scale, the Greenland Ice Core Chronology 2005 (GICC05) and its
flow-model based extension, GICCO5modelext (Andersen et al.,
2006; Rasmussen et al., 2006; Svensson et al., 2006; Vinther
et al., 2006; Svensson et al., 2008; Wolff et al., 2010). As yet, only
two out of the four most recently drilled Greenland deep ice cores
have been synchronized across their entire undisturbed sections,
namely the NGRIP core and the NEEM core (Rasmussen et al., 2013).
Only parts of the two other recent deep Greenland cores, the GRIP
and the GISP2 cores (together denoted “the Summit cores”
throughout this paper), have been synchronized to the GICC05-
modelext timescale (Rasmussen et al., 2006; Vinther et al., 2006;
Rasmussen et al., 2008; Blockley et al., 2012; Svensson et al., 2013).

Building on the existing partial synchronization of the GRIP,
GISP2 and NGRIP cores, we extend the chemo-stratigraphic syn-
chronization to the entire length of the stratigraphically undis-
turbed sections of the two Summit cores, and present the records
on the GICCO5modelext timescale back to 104 thousand years
before 2000 CE (ka b2k). Independent data in the form of new and

existing volcanic ash marker horizons (tephra isochrons) are used
to validate the chemo-stratigraphic matching, and to complement
it in sections without chemo-stratigraphic match points. In order to
create a consistent chronological framework for both the ice and
gas phase of the three cores, we also provide gas chronologies for
the GRIP and GISP2 cores that are consistent with the GICCO5mo-
delext timescale by calculating the ice age—gas age difference
(Aage; Schwander and Stauffer, 1984) constrained by both new and
existing measurements of CH4 concentration and 3'°N of N.

The benefits of having a tight synchronization of the Greenland
ice cores are numerous. For instance, Greenland composite data
records can be constructed from two or several cores in cases where
data are not available for the entire length of each core (e.g. Elsasser
et al., 2014). Furthermore, the reference horizons can provide ages
and serve as ground truth when tracking radar layers on radio
echograms between ice-coring sites (Karlsson et al., 2013; Panton,
2014) and the horizons can potentially constrain models
describing the past conditions of the Greenland Ice Sheet (GIS).
Finally, a consistent chronological framework for the network of
Greenland deep ice cores allows an estimation of past elevation
changes of the ice sheet (Vinther et al.,, 2009; NEEM Community
Members, 2013) and gives insight into past regional climate vari-
ability and dynamics in much greater detail than previously
attained (Langen and Vinther, 2009; Guillevic et al., 2013; Buizert
et al., 2014).

In this paper, the resulting match points are used to make a
detailed comparison between the GICCO5modelext chronology and
another widely wused annual-layer-counted chronology for
Greenland ice cores, the GISP2 timescale (also known as the Meese/
Sowers timescale; Alley et al., 1997; Meese et al., 1997). The match
points also provide an assessment of the degree to which the
climate records preserved in the GRIP, GISP2 and NGRIP ice cores
share a common climate signal and reveal any regional differences.
In particular, we investigate in detail previously reported differ-
ences between the glacial 380 levels recorded in the three syn-
chronized ice cores (Johnsen et al., 2001; North Greenland Ice Core
Project members, 2004). We discuss possible causes for the
observed 880 differences and sketch a potential association be-
tween 8'80 features and climate conditions prevailing at the time of
Heinrich (H) events identified in North Atlantic deep sea sediments
and arising from major ice-rafting events (Ruddiman, 1977;
Heinrich, 1988; Bond et al., 1992; Broecker et al., 1992; Hemming,
2004).

2. Data and methods
2.1. Chemo-stratigraphic matching

2.1.1. Identification of common events

Following the approach of Rasmussen et al. (2008), distinct
peaks in the impurity records of NGRIP, GRIP, and GISP2 have been
matched, based on the assumption that prominent layers with
elevated impurity content represent the same, instantaneous event
at all three sites. An example of the matching is shown in Fig. 1,
which displays an 1107-year-long section around 59 ka b2k. Most of
the matched events are of volcanic origin, expressed as peaks in
sulphate and in the profiles of ECM, DEP, and conductivity of the
liquid phase (Taylor et al., 1993a; Moore et al., 1994; Clausen et al.,
1997; Mayewski et al., 1997; Taylor et al., 1997; Wolff et al., 1997;
Dahl-Jensen et al., 2002; Bigler, 2004; Plummer et al., 2012; Ras-
mussen et al., 2013). Volcanic match points are supplemented by a
few exceptionally large peaks in calcium and ammonium and by
common patterns of ammonium peaks (Fuhrer et al., 1993, 1996;
Taylor et al., 1996; Mayewski et al., 1997; Bigler, 2004; Rasmussen
et al,, 2008). In some cases prominent dips in the ECM records
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Fig. 1. Example of chemo-stratigraphic matching between the GISP2 (top), NGRIP (middle) and GRIP (bottom) cores for the period 58.56—59.67 ka b2k (covering the end of GS-18,
GI-17.2, GS-17.2 and GI-17.1; Rasmussen et al., 2014). Match points (grey bars) no. 824—827, 829 and 832 are identified from ECM (blue) and/or sulphate (green) records and
interpreted as volcanic events, while match points 828, 830 and 831 are identified from the ammonium record (orange) and thought to originate from biomass burning. Match point
827 links GRIP and NGRIP only, since this event has not been recorded in the GISP2 ECM signal or in any of the sulphate profiles. The uncertainty on the exact position of match point
827 is greater than for the other ECM match points displayed in the figure due to the broad nature of this ECM peak. Ammonium match point 830 and 831 are located right next to
an ECM-based match point, and we consider the combined pattern formed by points 829—831 very reliable, while match point 828 is less certain due to the greater distance to
neighbouring match points. Finally, match point 832 is a GISP2—NGRIP sulphate-based match point (there are no available GRIP sulphate data across this interval), with no clearly
associated ECM-peak. DEP records (not shown) from the NGRIP and GRIP cores have been used in parallel with the other records when performing the matching, and generally
show the same events as the ECM signal. Calcium is not shown because there are no calcium-based match points in this section. See text for data references. Since the absolute
values are of no importance for the matching, units and values have been omitted from the y-axis for clarity.

(typically due to elevated ammonium loading (Moore et al., 1994)),
have been used to either match up the cores or to adjust the depth
assignment of a particular match point derived from one of the
other parameters mentioned above. Note that the scale of the re-
cords in Fig. 1 is very compressed, so that not every feature is as
easily visible as when the matching was performed using a dedi-
cated software tool (“Matchmaker”; can be obtained from S. O.
Rasmussen upon request). For example, the ECM-based match
point 825 is supported by a similar pattern of ammonium peaks in
NGRIP and GRIP, and the exact depth position of the ammonium-
based match point 831 in GISP2 is determined by a well-defined
dip in the ECM, giving rise to a much more precise depth assign-
ment than possible from the low-resolution GISP2 ammonium data
alone.

2.1.2. Chemo-stratigraphic match points

The resulting match points (Figs. 2 and 8) represent coeval ho-
rizons of age a; between the cores, specified by depths (d;) in one
core and depths (D;) in another core, where the subscript i denotes
match-point number, starting with i = 1 at the youngest match
point. In order to evaluate the matching throughout the matching
process we use the method outlined by Rasmussen et al. (2008,
2013) where we expect the depth difference (d; — D;) curve to be
smooth in sections with stable climatic conditions, and the ratio of
the mean layer thicknesses between two cores, r; = (d; — d;i_1)/
(D; — Dj_1), only to change abruptly at climate transitions (reflecting
changing accumulation gradients) or when neighbouring match
points are found very close to each other (reflecting that the ratio r;
is sensitive to the exact location of densely spaced match points).
For all sections, 2—3 investigators have done the matching inde-
pendently with repeated inspections to test the reproducibility of

the matching. The published match points are the common
agreement between all investigators and are available from www.
icecores.dk/data. There are 783 chemo-stratigraphic match points
that are common to all three cores with a further 150 chemo-
stratigraphic links between two of the cores. These numbers
include the previously published match points in the sections
14.9—-32.45 ka b2k (Rasmussen et al., 2008), 32.45—48 ka b2k (GRIP
and NGRIP only; Blockley et al., 2012), and 74.0—76.0 ka b2k
(Svensson et al., 2013). Uncertainty estimates on the matching
method is adopted from Rasmussen et al. (2008, 2013) and are
evaluated in Section 2.4.

2.1.3. Revision of previously published ECM-based match points

Between 8.2 ka and 149 ka b2k the ECM-based NGRIP—
GRIP—GISP2 match points published by Rasmussen et al. (2006)
have been updated. Several investigators have re-examined this
section with all available chemistry data using the Matchmaker
tool. As a result of this revision, the number of match points across
this section has increased by a factor of seven, and some adjust-
ment of the synchronization has been introduced. The adjustment
between the cores is typically of the order of 5 cm or less, but grows
to around 20 cm in a few cases, and reaches a maximum of 33 cm in
Greenland Interstadial (GI) 1.

2.14. Density of match points

The average depth spacing between neighbouring match points
is 3.4 m, corresponding to an average duration between match
points of 125 years (calculated from common match points be-
tween sets of two cores). However, the spacing of match points
varies significantly down the cores, ranging from less than 0.1 m to
nearly 80 m. This corresponds to a time resolution from subannual
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Fig. 2. Match points displayed on the NGRIP depth scale (a) and GRIP depth scale (b)
vs. differences in depths of coeval horizons. a) Bottom axis: GRIP-NGRIP (magenta)
and GISP2—NGRIP (cyan) depth differences based on chemo-stratigraphic match
points (dots) and tephra tie-points (squares). Top axis: NGRIP §'80 with 5.5 m moving-
average smoothing applied (blue). GICCO5modelext ages are shown on the right axis.
b) Same caption as for a) except that the depth differences are GRIP-NGRIP (magenta)
and GISP2—GRIP (orange) and that the §'80 profile is from GRIP (red). Note that the
range of GRIP-NGRIP depths differences is about five times greater than the
GISP2—GRIP range.

to 10 ky. The distribution of match points in the cores depends on
the existence of common instantaneous depositional events in the
past, the expression of the events in the measured data profiles, the
availability and the resolution of data for each section and core, and
the varying degree of background impurity levels (which depends
on the background climate). In general, the highest temporal den-
sity of match points is found in relatively warm climate periods. For
instance, 48% of the matched events are identified in the Holocene
section even though this time interval takes up only 11% of the

entire synchronized section. Similarly, in the glacial section, 79% of
the matched events are found in interstadials, although in-
terstadials comprise only about half of the glacial period. The main
explanation for this imbalance is the elevated impurity loading
during the stadials: high dust concentration during stadials causes
the ECM and DEP signals to be significantly muted, so that none or
only the strongest volcanic peaks are identifiable (see sections
around match points 828 and 832 in Fig. 1 and e.g. Taylor et al,,
1993b). Also, the background [SOZ~], [Ca®*], and [NHZ] levels are
elevated during stadials, and single peaks from e.g. volcanic erup-
tions, biomass burning, and dust storms stand out less clearly in the
data profiles. The difference in signal-to-noise ratio between sta-
dials and interstadials is clearly reflected by the average time sep-
aration between neighbouring match points of 29 years in the
Holocene, 139 years in interstadials, and 501 years in stadials. Gaps
in the match points of one to two millennia are common in the
stadial intervals. Here, tephra marker horizons are an important
complement to chemo-stratigraphic matching.

2.2. Tephra marker horizons

Volcanic ash deposited on the Greenland Ice Sheet can be traced
as isochrons between different ice cores if the glass shards originate
from the same eruption and thus carry the same geochemical
characteristics. Most of the volcanic ash deposits identified are not
visible to the naked eye in the ice cores because of a low concen-
tration of particles and/or small shard sizes and are referred to as
cryptotephra deposits. Over the last few years there has been an
intensified focus on the search for cryptotephra in Greenland ice
(Mortensen et al., 2005; Davies et al., 2010, 2014; Abbott et al.,
2012; Coulter et al., 2012; Bourne et al., 2013, in press) and recent
work demonstrates the huge potential of establishing isochrons
between the deep ice-core records (Rasmussen et al., 2013). How-
ever, only the Saksunarvatn Ash and the North Atlantic Ash Zone 2
(NAAZII; Z2) can be traced between all three ice cores studied here,
while the Settlement Layer is found in the two Summit cores, and
the Vedde Ash has been identified in GRIP and NGRIP (See Table S1
in supplementary material; Gronvold et al., 1995; Ram et al., 1996;
Zielinski et al., 1997; Mortensen et al., 2005; Svensson et al., 2008).
Together with the parallel study of Bourne et al. (in press) we report
20 new tephra correlations between GRIP and NGRIP. Thus, in total,
24 tephra tie-points are used in our study.

2.2.1. New tephra isochrons between NGRIP and GRIP

Detailed investigation of ice spanning selected intervals be-
tween 12.5 ka and 45 ka b2k reveal 20 new tephra isochrons be-
tween GRIP and NGRIP located within GI-1 and GI-8, and in
Greenland Stadial (GS) 1, 2.1, 5.2, 9 and 10 (following the strati-
graphic nomenclature of Rasmussen et al., 2014). Initial work
focused on NGRIP, and ice samples were selected according to the
position of sulphate peaks, rapid climatic transitions and the age
estimates of well-known volcanic eruptions. Fewer samples were
investigated from GRIP and the sampling was largely guided by the
search for well-known eruptions yet to be traced in Greenland ice
cores (e.g. the Laacher See and Campanian Ignimbrite) and the
position of tephra horizons identified in NEEM (Rasmussen et al.,
2013). See Table S1 and Bourne et al. (in press) for details on the
sample preparation and the electron-probe micro analysis of the
volcanic glass shards.

Fifteen of the 20 new tephra isochrons are identified close to a
chemo-stratigraphic match point (Fig. 3). Iceland is the dominant
source with seven tholeiitic basaltic horizons (Fig. 3A), six transi-
tional alkali horizons (Fig. 3B) and two rhyolitic horizons attributed
to this source (Fig. 3C). Although there is a small element of scatter
in some populations, the overlapping geochemical envelopes
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Fig. 3. Biplots showing new tephra tie-points that support and validate the chemo-stratigraphic matching between NGRIP and GRIP. Glass shard analyses from GRIP deposits are
represented by filled symbols and those from NGRIP are represented by open symbols. Same colour and shape symbol are used for correlative deposits. Major element data are
normalised to 100%. A) Biplot of CaO vs TiO- to highlight tholeiitic basalt tie-points. B) Biplot of FeO/MgO vs TiO, to highlight transitional alkali basalt tie-points. C) Biplot of FeO vs

Ca0 to highlight rhyolitic tie-points.

support the correlation of tephras between the two ice cores.
Similarity coefficients and statistical distance tests also support
these correlations (see Table S1 and Bourne et al. (in press) for
further details). Five of the new tephra tie-points are located in
sections where no chemo-stratigraphic match points have been
identified nearby, and allow a refinement of the previously pub-
lished chemo-stratigraphic synchronization (Rasmussen et al.,
2008; Blockley et al., 2012). These five tephra horizons fill gaps in
the match points during GS-2.1 (three tie-points), GS-9 and GS-10,
respectively. They have been used for timescale transfer in a similar
way as described by Rasmussen et al. (2013), using the middle
depth of the tephra sample. Three are rhyolitic in composition
(Fig. 4A, B) and two have a tholeiitic basalt composition (Fig. 4C, D).

2.3. Synchronization and application of the GICCO5 and
GICCO5modelext chronologies to the GRIP and GISP2 cores

The depth—depth relationship acquired from the 933 chemo-
stratigraphic match points and the 5 tephra match points, allows
GICCO05 and GICCO5modelext to be transferred to the full length of
the undisturbed sections of the GRIP and GISP2 cores, and thus to
synchronize the ice-core records on a master chronology for
Greenland. Below we describe the GICCO5 and GICCO5modelext
chronologies and the timescale transfer to GRIP and GISP2, as well
as the resampling procedure of 3'®0 data from the cores.

Subsequently, we use the chemo-stratigraphic match points to
evaluate the uncertainty estimate of the Holocene part of GICCO5.

2.3.1. The GICCO5 and GICCO5modelext chronologies

The Holocene part (0—11.7 ka) of the GICCO5 timescale exists at
an annual resolution for the DYE-3, GRIP and NGRIP ice cores
(Rasmussen et al., 2006; Vinther et al., 2006). This part of the
timescale was constructed in such a way that the core(s) showing
the optimal annual stratification across a specific age interval was
chosen as the leading core(s) for the annual layer counting. All cores
were linked through coeval peaks in ECM, and in between these
common ECM peaks the number of identified annual layers in the
leading core(s) was transferred to the non-leading core(s). Sup-
plemental counting was carried out on the non-leading core(s)
with less clear annual cycles, and this supplemental counting was
used as a guide to assign the most likely annual layer thickness
distribution in the non-leading core. The glacial section of GICCO5 is
based on annual layer identification in the NGRIP core solely, uti-
lising a multi-parameter high-resolution dataset (Andersen et al.,
2006; Rasmussen et al., 2006; Svensson et al., 2006, 2008).
Beyond 60.2 ka, where the NGRIP annual layers become too thin for
reliable identification using existing data, the chronology has been
extended by a flow-model-based timescale, which is available in
20-yr resolution, and the combined timescale is named GICC05-
modelext (Wolff et al., 2010). The uncertainty on the annual-layer-
counted timescale is specified by the Maximum Counting Error
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(MCE) which is an accumulated error, obtained by adding % year to
both the age of the ice and the MCE each time an uncertain layer is
encountered.

2.3.2. Transfer of GICCO5modelext to GRIP and GISP2 and
resampling of 6’80 data

A depth—age scale accompanies this paper for GRIP and GISP2
over the interval 0—104 ka b2k in steps of 20 years on GICC05-
modelext together with previously published 30 data (Grootes
and Stuiver, 1997; Johnsen et al., 1997; Stuiver and Grootes,
2000). The GICCO5 timescale is already available for GRIP in the
Holocene, while GICCO5 is transferred from NGRIP to GRIP in the
glacial section by linear interpolation in depth—depth space as
follows: NGRIP depths corresponding to 20-yr intervals have been
obtained from the NGRIP GICCO5 annual-layer-counted chronology
(and from GICCO5modelext beyond 60.2 ka b2k). The correspond-
ing GRIP depths were then obtained by linear interpolation be-
tween the NGRIP—GRIP match-point depths, thereby assuming that
the ratio of the mean annual layer thickness of the two cores re-
mains constant between common match points. By this approach,
the annual layer thickness variability between match points is
transferred from NGRIP to GRIP. In a similar way, for the GISP2 core,
we have transferred the Holocene part of GICCO5 from the GRIP
core due to the geographical proximity of the two sites, while the
glacial part of the timescale has been transferred from NGRIP. The
GRIP and GISP2 3'%0 data sets on GICCO5modelext are displayed
along with NGRIP 3'80 (North Greenland Ice Core Project Members,
2004) in 200-yr resolution in Fig. 8, and the glacial section can be
viewed in 20-yr resolution in Fig. 1 of Rasmussen et al. (2014). For
GRIP, a depth—age scale in steps of 0.55 cm (the so-called “bag”

length) with corresponding 8'80 in bag mean values from detailed
3180 data measured at Centre for Ice and Climate in Copenhagen is
also provided (Johnsen et al., 1997). Again, the timescale was
transferred in depth space by converting GRIP depths for each bag
to NGRIP depths by linear interpolation between match-point
depths, and obtaining ages from the NGRIP depth—age relation.
For GISP2 we supply a GICCO5modelext-consistent timescale to be
used with the publicly available GISP2 impurity data (Mayewski
et al.,, 1997).

2.3.3. Evaluation of the GICCO5 timescale in the Holocene

The new chemo-stratigraphic match points are employed to
evaluate the existing ECM-based synchronization of the three cores
constituting the Holocene section of the GICCO5 timescale. We
compare the NGRIP—GRIP match points with the depth—depth
relationship for NGRIP and GRIP from the annually resolved GICC05
timescale. Back to 1.8 ka b2k, where data from GRIP, NGRIP and
DYE-3 have been used in parallel to construct GICC05, our match
points and the depth—depth relationship from GICCO5 agree within
one year, which is equivalent to the estimated potential mismatch
between ECM peaks in GICCO5 for this section (Vinther et al., 2006).
A similar good agreement between GICCO5 and the NGRIP—GRIP
match points is seen in the oldest part where the main annual layer
counting is performed on NGRIP high-resolution data
(10.3—11.7 ka b2k) and where the NGRIP ECM and GRIP ECM re-
cords show the strongest correlation and variance (Vinther et al.,
2006). In the intermediate time section (1.8—10.3 ka b2k), where
the annual layer counting relies mainly on DYE-3 and GRIP data, the
GICCO5 depth relationship and our match points typically agree
within 1-2 years, which is within the estimated uncertainty.
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However, in four cases (around 5.94, 8.26, 8.97 and 9.60 ka b2k)
there is an offset of 3—4 years between our match points and
GICCO05, which is at or slightly above the estimated mismatch
within matched sections of GICCO05, and at 4.26 ka the offset be-
tween the two different data synchronizations reaches a maximum
of 9 years. We believe that the observed offsets between the
chemo-stratigraphic match points and the GICCO5 parallel dating
most likely are related to the transfer of the annual layer counts
from the leading core(s) to the non-leading core(s) in GICCO5 in
intervals where the clear ECM peaks are sparse. The chemo-
stratigraphic matching is able to identify more clear match points
and we therefore believe that the difference is caused by the
availability of more match points between the cores. We consider
the observed inconsistencies in the Holocene to be negligible for
our work and too small to justify a revision of the GICCO5 timescale.
For the Holocene section of GICCO5 we recommend that a syn-
chronization uncertainty of a few years should be added on top of
the existing MCE to the non-leading cores. As outlined above, the
synchronization uncertainty is probably higher in a few depth in-
tervals, especially where the matching is performed on sections
from the brittle ice zone.

2.4. Validation and uncertainty

2.4.1. Validation of the chemo-stratigraphic matching method and
evaluation of general uncertainty estimates

The 24 tephra layers that unambiguously correlate geochemi-
cally between all or two of the ice cores can be used to test the
chemo-stratigraphic matching and to evaluate the estimated un-
certainty on the matching and interpolation method reported by
Rasmussen et al. (2008, 2013). All tephra isochrons are consistent
within uncertainties with our match points or the linear interpo-
lation curve in between match points (Fig. 2).

Rasmussen et al. (2008) estimated the precision of the chemo-
stratigraphic matching (omp) to typically 10 cm (10) or less. In
cases of less well-defined peaks the matching offset was estimated
to be slightly higher, and in cases where match points were based
on the low resolution GISP2 [SOZ~] and [NHZ] data alone, the un-
certainty was set to 20 cm, corresponding to the resolution of the
GISP2 ion concentration data. The maximum synchronization offset
in the sections where the timescale was transferred by linear
interpolation (cinterp) Was estimated to 0.5 m, except across an
unusually long match-point gap across GS-2.1. The chemo-
stratigraphic match points are by their nature defined as points
in a depth—depth diagram, while the tephra tie-points span an area
defined by the sample length, L, of the two correlative layers. The
length of the tephra samples used in this study is 16 cm on average,
varying from 1 mm (where visible horizons are identified) to 55 cm,
dependent on the actual span of the tephra horizon and the ice
sampling resolution. For cryptotephra layers, the entire interval L is
interpreted as the uncertainty band on the location of the volcanic
ash horizon. Eight tephra isochrons with small sampling intervals
(<10 cm) in both cores show a compelling agreement with the
chemo-stratigraphic match points, and suggest that omp = 10 cm is
a conservative uncertainty estimate on the match points. Based on
the evidence provided by the 24 tephra tie-points we conclude that
the general uncertainty estimates on the matching and interpola-
tion method given by Rasmussen et al. (2008, 2013) are realistic
and probably conservative.

2.4.2. Sections with higher uncertainty on the synchronization

The varying density of match points (Section 2.1.4) means that
the uncertainty on the timescale transfer to GRIP and GISP2 varies.
In the following, sections where the synchronization uncertainty
Ginterp iS considered to be greater than the general estimate of 0.5 m

(Rasmussen et al., 2008) are discussed. The longest gap between
neighbouring match points appears in the GRIP core during the
time period covering GS-19.1, GI-18 and GS-18. The gap is nearly
10 ky long, corresponding to 80 m and 55 m on the NGRIP and GRIP
depth scales, respectively. Most of the match points between NGRIP
and GISP2 in the same time period are identified in the sulphate
records, which is not available for GRIP in this depth interval. We
estimate that the maximum uncertainty for GRIP across this section
is about 1 m (up to 250 years). Looking at the resampled GRIP data
on GICCO5modelext (Figs. 8 and 1 from Rasmussen et al. (2014)) the
transitions of 3'0 and [Ca®*] into and out of GI-18 in the GRIP
record seem to be offset by 20—40 years relative to the NGRIP and
GISP2 records, indicating that the synchronization error is likely to
be smaller than the estimated maximum of 1 m. Across GS-2.1 we
maintain the synchronization uncertainty estimate of 1 m (about
60 years) from Rasmussen et al. (2008), except for between NGRIP
and GRIP in the youngest half of GS-2.1, where we believe that the
synchronization offset is down to 0.5 m (less than 30 years) since
three new tephra horizons between NGRIP and GRIP are providing
a more smooth (and glaciologically plausible) depth difference
curve across the chemo-stratigraphic match-point gap. In the Ho-
locene section, we observe a varying density of match points with
age. The section between 2.7 ka and 7.2 ka b2k stands out as having
the lowest temporal and spatial Holocene density of match points,
where the distance between neighbouring match points in several
cases exceeds 40 m (up to nearly 360 years), and reaches a
maximum distance of slightly more than 60 m at 3.0 ka b2k. Across
these long gaps we estimate that the synchronization uncertainty
may be up to 1.5 m (or 15 years). We ascribe the low density of
match points in this section to fewer available data series across the
brittle zones, which in total span the period 2.9—8.8 ka b2k in the
three cores (Gow et al., 1997; Vinther et al., 2006). Across the brittle
zones we also observe a high degree of inter-core variability in the
layer thickness, especially between GISP2 and each of the two other
cores. The relative changes in layer thickness may be real or may be
artificial due to reduced depth control across the brittle zones. The
highest temporal density of match points in the Holocene is
observed in the section older than ~8 ka, which is characterized by a
combination of good data coverage and higher volcanic activity
following the glacial-interglacial transition (Huybers and Langmuir,
20009).

The deepest match point at 104 ka (GISP2: 2748.82 m, GRIP:
2751.50 m, NGRIP: 2891.26 m) differs from the rest of the match
points by being defined by a climate transition, i.e. the midpoint in
the transition in 5'80 between GS-23.2 and GI-23.1. We employ this
approach because there are no reliable candidates for a chemo-
stratigraphic match in this section, and we estimate the uncer-
tainty omp on this particular match point to 0.5 m. However, we
acknowledge that there is a risk that the abrupt change in 5'%0 in
the GISP2 and/or GRIP records may not represent the transition
between GS-23.2 and GI-23.1, but could be the result of strati-
graphic distortion due to near-bedrock flow deformation. Indeed,
the 3'80 curves become fundamentally different just below this
match point as previously reported by Grootes et al. (1993), and
higher variability in GISP2 and GRIP layer thickness is observed in
GI-23.1 compared to what we would expect from the relatively flat
380 curves (Fig. 7a, b). In particular, there is a prominent positive
anomaly in the GISP2 annual layer thickness around 90—95 ka b2k
on an otherwise general trend of rapidly declining thicknesses
beyond ~87 ka b2k. We are confident that the sequence of all D—O
cycles in the Summit cores are preserved at least back to GI-22
(90.0 ka b2k; GISP2: ~2704 m; GRIP: ~2679 m) and most likely
preserved back to the transition between GS-23.2 and GI-23.1
(Grootes et al., 1993; Taylor et al., 1993a; Landais et al., 2003;
North Greenland Ice Core Project Members, 2004). Under all
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circumstances we consider the potential synchronization error
Ginterp iN GI-23 to be about 1 m (maximum 500 years), partly due to
the high variability in GISP2 and GRIP layer thicknesses in the
youngest part of GI-23, and partly due to the 6 ky long match-point
gap in the oldest part of GI-23.

2.5. GICCO5modelext gas chronology for the GISP2 and GRIP cores

Here we describe the construction of a GICCO5modelext gas
chronology for GRIP and GISP2. Recently, GICCO5modelext gas
chronologies were published for NEEM (Rasmussen et al., 2013)
and NGRIP (Kindler et al., 2014).

2.5.1. GISP2 gas chronology

The GISP2 gas chronology is constructed by subtracting the ice
age—gas age difference (Aage) from the ice chronology. We esti-
mate the present day Aage at GISP2 to be 190 years (Supplementary
Material). For the deep core we reconstruct past Aage values using a
coupled firn densification-heat diffusion model to simulate past
firn column evolution and bubble closure, constrained by mea-
surements of CHy and 3N of N, (Fig. 5). For CHs we use a
compilation of published (Brook et al., 1996, 2000; Grachev et al.,
2007; Brook and Severinghaus, 2011) and previously unpublished
data from Oregon State University, using the solubility correction of
Mitchell et al. (2011) where applicable. For 8'°N we use a compi-
lation of published (Severinghaus et al., 1998; Severinghaus and
Brook, 1999; Grachev et al., 2007; Kobashi et al., 2007, 2008a,
2008b; Orsi et al.,, 2014) and previously unpublished data from
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Scripps Institution of Oceanography. Older data from Bender et al.
(1994) are excluded due to lower analytical precision. The 3'°N
excursions caused by thermal diffusion in the firn column during
abrupt climatic transitions provide the best possible constraint on
Aage (Severinghaus et al., 1998; Leuenberger et al., 1999). For GISP2
reliable 3'°N data are available for the 8.2 ka event, the deglacial
sequence, and for the onset of GI-2.2, 3, 4, 7, 8,12,17.1,17.2,19.2, 20,
21.1, and 21.2 (Fig. 5¢). We force the model to fit the 3'°N data; the
model can only fit these data correctly if it models the correct Aage.

For abrupt transitions where 3°N data are not available, we
obtain additional constraints from CH4 which changes in phase
with Greenland climate within 50 years (Brook et al., 1996; Rosen
et al., 2014). For these transitions, Aage is found by taking the dif-
ference in ice age between the depths corresponding to the
midpoint of the CH4 and 580 transitions, and then adding 25 years
to account for the small lag of CH4 behind Greenland climate
(Huber et al., 2006). An uncertainty to each Aage tie-point is
assigned by taking the root sum square of: 1) the uncertainty in
determining the midpoint in the CH4 transition, given the available
data resolution; 2) the uncertainty in determining the midpoint in
the 5'80 transition, given the available data resolution; and 3) the
uncertainty in the CHy lag, which we take to be 25 years (i.e. the
CH,4 marker lags the 8'80 marker by 0—50 years). The uncertainty is
85 years on average.

The modelling approach used here is identical to the one used to
derive the NEEM gas chronology (Rasmussen et al.,, 2013). Firn
densification physics is described by a dynamical version of the
Herron—Langway model (Herron and Langway, 1980) with ice
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thermal properties as described in Cuffey and Paterson (2010). We
use a lock-in density piiq = pco — 14 kg m~3 (Schwander et al., 1997),
with pe, the temperature dependent close-off density, from
Martinerie et al. (1994). Surface density and convective zone
thickness are kept constant at pg = 360 kg m~> (average density of
Summit firn for the top 2 m (M. Albert et al., personal communi-
cation)) and 4 m (consistent with unpublished 8!°N measurements
at Summit, and in line with other Greenland sites (Buizert et al.,
2012)), respectively. The effect of dust on the densification pro-
cess was included as described by Freitag et al. (2013) and
Rasmussen et al. (2013). We use a depth resolution of 0.5 m down to
the lower model domain at 1000 m depth, where we use a zero
temperature gradient boundary condition. We use 2.5 and 0.5 year
time steps for the densification and heat diffusion models,
respectively, and track a firn layer down every 5 years. Aage is
calculated by subtracting the gas age from the modelled ice age at
lock-in (Buizert et al., 2013).

Model input consists of temperature (T) and accumulation (A)
time series, both of which are poorly known back in time. The initial
guess for T is derived from the 5'80 record, where we use a sensi-
tivity of 0.55 and 0.33%cK ! for the Holocene and glacial periods,
respectively. The initial guess for A is the reconstructed accumu-
lation history by Cuffey and Clow (1997) for 0—15.3 ka b2k, and
A = 76.5-exp(0.17-3'30) for 15.3—104 ka b2k. We allow the model
to make adjustments to both input functions to optimize the fit to
3N and CH4 constraints using an automated routine.

The final model fit to 3'°N data and CHy tie-points is shown in
Fig. 5¢, d. The RMS offset between model and observed 3'°N values
is 0.013%o, compared to an analytical precision of 0.007%o. The RMS
offset to the seven CHy tie-points for which we have no concomi-
tant 3'°N data is 5 years; if we consider all 20 CH, tie-points, the
RMS offset increases to 27 years. The uncertainty in Aage (caage) is
estimated in the following way: at abrupt transitions where we
have data constraints from either CH4 or 8'°N, we set Opage to the
uncertainty in the timing from that constraint. Between the tie-
points we set oaage to the linearly interpolated uncertainty of the
two adjacent tie-points plus 0.05-At, with At being the distance to
the nearest tie-point in years. The latter ensures that the uncer-
tainty increases as we move away from the data constraints
(Rasmussen et al., 2013). Beyond 90 ka b2k, oaage is kept constant.
In the Holocene we let opage increase linearly from 10 years (un-
certainty in modern Aage) to 25 years at the 8.2 ka event (given by
the uncertainty in 3'°N timing at 8.2 ka b2k) to 50 years at the onset
of Holocene (given by the uncertainty in 3'°N timing at 11.7 ka b2Kk).

This ensures that the new GISP2 gas chronology is maximally
consistent with the available timing constraints deduced from CHyg
and 5N data. There are four intervals during which we have no
data constraints on Aage: 15—22, 48-59, 61-71 and
86—104 ka b2k. Further measurements are needed to refine the gas
chronology during these intervals.

2.5.2. GRIP gas chronology

The GRIP gas age scale is constructed in a similar way as the
GISP2 chronology. A modern Aage value of 210 years (Schwander
et al,, 1993) is used (see Supplementary material). To reconstruct
the past GRIP Aage for the undisturbed part of the deep core, we
use the Goujon firn densification model equipped with heat-
diffusion (Goujon et al., 2003), as described in Rasmussen et al.
(2013). This firn model is constrained by previously published
3N data and Aage tie-points defined using abrupt CHy4 transitions
(Fig. 5), following the same procedure as for the GISP2 core. The
reason for using two separate firn densification models for the
GISP2 and the GRIP Aage evolution is that different authors (C. B.
and M. G.) worked individually for purposes other than the pre-
sented work. For the current project, we use a consistent

methodology to construct the gas chronology at both sites.
Rasmussen et al. (2013) demonstrated that the model output from
the two different firn models applied in our study agreed within
uncertainties when constructing the NEEM gas chronology,
corroborating that the GRIP and GISP2 Aage reconstructions are
consistent despite the use of different firn densification models.

The temperature scenario (T) is a linear function of the GRIP 5'80
record (Johnsen et al, 1992) corrected for sea water isotopic
composition (Jouzel et al., 2003), with T= (3'80 + 8)/a, where «:and 8
are tuned as described below. To calculate an a priori accumulation
rate, we use the thinning function from Johnsen et al. (2001), using a
simple one-dimensional ice flow model, and the GRIP annual layer
thickness according to the GICCO5modelext chronology (this study).
Temperature (i.e. @ and §) and accumulation rate are manually
adjusted over a time window corresponding to each D—O event (GS-
(n + 1) and GI-(n)), hence the time window is varying. For each time
window, the “best” « is found first, followed by § and the percentage
of accumulation rate reduction (if needed). If unique solutions for «, 8
and the accumulation rate reduction are not able to match the
measured 8°N and Aage data, the D—O event is split into smaller time
windows. The time window is then moved to the next D—O event.

Between tie-points, the gas age scale uncertainty is calculated as
for the GISP2 ice core. From 71 m to 1354.06 m depth, the Aage
uncertainty increases linearly from 7.5 years to 91 years. In the part
older than the last Aage tie-point (in GI-20c), where the Aage un-
certainty has reached +200 years, it is arbitrarily kept constant and
equal to this value. Due to the absence of gas data, the GRIP gas age
scale is badly constrained for the section older than GI-12, except
for the period GI-19.2 to GI-20.

The GISP2 and GRIP CH4 and 8°N compilations on the new
GICCO5modelext timescale are provided as Supplementary
material.

3. Results and discussion

3.1. Comparison of two annual-layer-counted chronologies from
Greenland; the GISP2 timescale (Meese/Sowers) and the GICCO5
timescale

The GISP2 and GICCO5 timescales agree very well on absolute
ages back to approx. 40 ka b2k (Fig. 6a and Svensson et al., 2008),
but we observe substantial disagreements between the annual
layer thickness profiles obtained from the two chronologies (Fig. 6¢c,
d). These disagreements imply that the two chronologies are
discordant when looking at differential ages, e.g. duration esti-
mates of past climatic phases. The GICCO5 chronology gives a
consistent positive correlation between annual layer thickness and
3180 across the stadial—interstadial variations: the annual layer
thickness generally doubles in an interstadial compared to the
preceding stadial (Fig. 6b, c and Svensson et al., 2006). In contrast,
when applying the GISP2 timescale, the layer thickness doubles in
some interstadials (e.g. GI-1), while no stadial/interstadial contrast
is observed over other D—O cycles (e.g. across GS-5.2 to GS-7, and
across GI-9 to 10). Relative to GICCO5, the GISP2 timescale over-
estimates the annual layer thickness in most of the stadials (Fig. 6¢)
and thus underestimates stadial duration by 15% on average.
Similarly, interstadial durations are on average overestimated by
15%. However there is a pronounced spread with some interstadials
(GI-3 and 6) about 60% longer, and some stadials 30—40% shorter
(GS-10, 11, 12 and 13) relative to GICCO5 (Fig. 6d). Thus, when
studying D—O cycles and their timing, the choice of timescale may
heavily influence the interpretation. Based on the observed in-
consistencies in the §'®0-layer thickness relationship from the
GISP2 timescale, we speculate that the annual signal in the
changeable visual stratigraphy data used for the GISP2 timescale
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timescale, dark red dots) at the depths of the match points b) GISP2 5'80 on the GISP2 depth scale (bottom) with corresponding GICCO5modelext ages (top). Selected GI numbers
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(Alley et al., 1997) may have been misinterpreted in some sections.
The typical overestimation of the stadial annual layer thickness in
the GISP2 timescale indicates that the GISP2 visual stratigraphy was
not fully able to resolve the thin (<~1.5 cm) annual layers during
cold periods, while the underestimation of the annual layer thick-
ness in some interstadials may be related to sub-annual variability
in the GISP2 visible stratigraphy misidentified as annual layers
(Alley et al., 1997; Andersen et al., 2006).

3.2. Annual layer thicknesses and past changes in relative
accumulation rates

Fig. 7b displays the mean annual layer thickness, A; = (d; — d;_1)/
(aj — aj_1), between neighbouring match points for each core. The
observed 1 profiles are controlled by past accumulation rates and
the accumulated strain since deposition. Modern day accumulation
rates are 0.19 m ice equivalent per year (m.i.e./yr) at NGRIP, while
GRIP and GISP2 receive 0.23 and 0.24 m.i.e./yr, respectively
(Johnsen et al., 1992; Alley et al., 1993; Meese et al., 1997; North
Greenland Ice Core Project Members, 2004). The differences in
accumulation rate and strain histories are reflected in the ratios r; of
the layer thicknesses in one core to those of each of the other cores
(defined in Section 2.1.2) which are displayed in Fig. 7c. The overall
pattern is that NGRIP thicknesses with depth (or with age) slowly
catch up with, and eventually overtake, layer thicknesses in the
Summit cores. This is the result of faster thinning of layers with
depth at Summit due to higher accumulation rates and no basal
melt, while bottom melting conditions at NGRIP result in fairly
constant layer thickness within both stadials and interstadials,
respectively, in the deepest part of the NGRIP core.

Note that fully resolved GRIP (Holocene) and NGRIP layer
thickness profiles are available from the annual layer counted
chronology (Vinther et al., 2006; Svensson et al., 2008) and have
been used for the timescale transfer described in Section 2.3.2 to

produce detailed layer thickness profiles on the GICCO5modelext
timescale for the two Summit cores. Of the resulting detailed layer
thickness profiles we show the glacial GISP2 section only (Fig. 6¢).
In Fig. 7b and in the text below we present only mean values be-
tween match points to allow consistent comparison.

3.2.1. Interstadial/stadial accumulation contrasts

Where the match-point density is sufficient to resolve the details,
Fig. 7a, b show a strong positive correlation of all three A profiles with
the 3'80 profile across stadials and interstadials. A similar, albeit less
systematic, pattern is observed in the GRIP/NGRIP and GISP2/NGRIP r
values, which typically reach higher values during interstadials than
in stadials (Fig. 7c). In other words, the interstadial/stadial accumu-
lation contrast is larger for the two Summit cores than for NGRIP,
suggesting spatially inhomogeneous changes in accumulation rates
across D—O cycles. Where match-point density allows for a well-
resolved A profile (GI-1, 3, 4, 6, 7,11, 12, 15.2, 19.2 and their preced-
ing stadials), it is estimated that the Summit region on average
experienced an approximately 10% higher stadial-to-interstadial
accumulation increase compared to NGRIP. This difference can be
explained by stronger accumulation response at Summit to ice-free
conditions in the North Atlantic during interstadials, as suggested in
amodel study by Li et al. (2010), who found that GRIP had ~21% higher
increase in accumulation compared to NGRIP when going from a
stadial scenario to a sea-ice retreat scenario. Additionally, stronger
winter drying during stadials at Summit compared to NGRIP due to
less precipitation arriving from the Pacific may have contributed to
the relatively thin stadial layers in the GRIP and GISP2 cores (Langen
and Vinther, 2009). Indeed, accumulation rate reconstructions by
Guillevic et al. (2013) show that the stadial—interstadial accumula-
tion rate increase was nearly 9% higher at Summit compared to NGRIP
going from GS-9 to GI-8, and nearly 5% from GS-11 to GI-10. The re-
constructions across GS-10 to GI-9, however, are not as clear with
similar accumulation increase for GISP2 and NGRIP, and a GRIP
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c) Ratio of the annual layer thickness in one

core to the other. The highly variable resolution of the A and r curves with age is a reflection of the varying temporal density of match points (Section 2.1.4) and explains why some
shorter interstadials are hardly visible in the A profiles and that no variability of the layer thickness can be resolved across many stadials. Note that detailed layer thickness curves,
are available also in sections without match points, but not shown here (see Section 2.3.2 and 3.2 for further explanation).

increase 19% higher than at NGRIP. As outlined in Section 3.1, large
discrepancies between the GICCO5 timescale and the GISP2 timescale
may explain the very different accumulation rate responses calcu-
lated by Guillevic et al. (2013) for GRIP and GISP2 across the transition
from GS-10 to GI-9. The observed stadial—interstadial contrast in the
GRIP/NGRIP and GISP2/NGRIP r values suggests that the spatial
accumulation gradient identified for GI-8 and GI-10 by Guillevic et al.
(2013) may have been common to most D—O cycles. Between GRIP
and GISP2 there is no consistent amplitude difference in A across the
D—O cycles.

3.2.2. Relative layer thickness anomaly between the late glacial and
early-to-mid-Holocene

In addition to the variations between stadials and interstadials
described above, interesting features that differ from the overall
pattern are observed. This includes a pronounced change in relative
layer thickness (r) between Summit and NGRIP in the late glacial
and early-to-mid-Holocene. The section ~10—14.7 ka b2k is char-
acterized by a relatively flat plateau of high GRIP/NGRIP ratios
similar to modern values (around 1.2), whereas the mid-Holocene
section is characterized by relatively low ratios reaching a local
minimum of 0.95 at 6.9 ka (Fig. 7c). The GISP2/NGRIP ratios show
the same overall pattern, but the contrast between the high values
at the plateau and the low values at 6.9 ka b2k is smaller than for
GRIP/NGRIP. The drop in GISP2/NGRIP and GRIP/NGRIP thickness
ratios between ~10 ka b2k and 6.9 ka b2k coincides with significant
thinning of the margins of the Greenland Ice Sheet and the Holo-
cene climatic optimum (Vinther et al., 2009). The observed drop in
relative layer thickness could be the result of altered flow condi-
tions in response to the new ice-sheet geometry and/or changes in
the accumulation pattern associated with the climatic optimum
and the retreat of the margins. We speculate that the NGRIP site is
more prone to changeable conditions due to its position relatively
closer to the margin than the Summit sites.

3.2.3. Variability between the two Summit sites

GISP2 and GRIP layer thicknesses are typically within 10% of
each other, except beyond ~87 ka b2k (see Section 2.4.2) and in a
few short intervals where the fluctuations in layer thickness ratio
can be ascribed to short-term accumulation variability or match-
point uncertainty. Reconstructions of present day accumulation
patterns show a zonal accumulation gradient in central Greenland,
with higher accumulation rates on the western slope due to
orographic uplift of westerly winds (Burgess et al., 2010). This
gradient is reflected in a mean GISP2/GRIP layer thickness ratio of
1.06 over the last 300 years, as GISP2 is located 28 km to the west of
the GRIP site. During the most recent ~9 ky, the GISP2 annual layer
thickness typically exceeds the GRIP layer thickness, which sug-
gests that the modern day east-west accumulation gradient in
central Greenland has persisted through most of the Holocene.
Looking at the long-term variations further back in time, we
observe two periods where the GISP2 annual layers are generally
thinner than those at GRIP: ~9—34 ka b2k and ~50—75 ka b2k
(Figs. 7c and 2b). Possible explanations for these long-term varia-
tions in the GISP2/GRIP layer thickness ratio include altered flow
conditions with possible ice divide migration (imprinted in the
layer thickness profiles due to changed layer thinning) and/or
changes in accumulation patterns. In the oldest part of the Summit
cores we find strong changes in the layer thickness ratio presum-
ably related to differential strain near the bed.

3.3. Analysis of the parallel 6’80 climate records

3.3.1. Orbital and millennial-to-centennial-scale 6’80 gradients
between the Summit (GRIP, GISP2) and NGRIP sites

The GISP2, GRIP and NGRIP 380 records, now presented on one
common chronology using our climate-independent synchroniza-
tion method, display synchronous behaviour across GS/GI transi-
tions at all sites within the precision of the synchronization and at
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least within a 20-year resolution (Figs. 8a and 1 of Rasmussen et al.
(2014)). Correlation coefficients between paired 5'0 profiles for
the time interval 0—60 ka b2k range between 0.95 and 0.99 for 50-,
100- and 200-year averages, and between 0.85 and 0.90 for 5-, 10-,
and 20-year averages. The highest correlation is obtained between
GRIP and GISP2 380 records irrespective of the time resolution, but
the correlation coefficient is typically not more than 1 percentage
point higher than for the two other core combinations. Although
the 880 records agree on the timing of all large-amplitude
centennial- and millennial-scale climate events, there is a slowly
varying offset between the 5'80 levels in the NGRIP record and the
two Summit cores (Fig. 8b) as also pointed out by North Greenland
Ice Core Project Members (2004). The 3'80 level in the NGRIP re-
cord is 1—3%o lower than in the Summit cores between GS-22 and
the middle of GS-2.1, i.e. over most of the entire glacial period. The
long-term (hereafter “orbital”) variations in the 3'80 difference
roughly follows changes in the North American Ice-Sheet volume
(North Greenland Ice Core Project Members, 2004; Bintanja and
van de Wal, 2008) with periods of large ice volume correlating
with a large 80 gradient between central and northern
Greenland. Our detailed chemo-stratigraphic synchronization re-
veals 8'80 differences on centennial and millennial timescales on
top of the orbital 5'®0-difference variations. The 3'30 contrast be-
tween the Summit cores and NGRIP is particularly large during the
stadials in which Heinrich events are recorded in North Atlantic
sediment cores. No systematic 3'20 difference is observed between
the two Summit cores. A possible link between the periods of high
millennial-to-centennial 880 gradients and Heinrich events will be
discussed in Section 3.3.2, but first we discuss possible explanations
of the observed changes in latitudinal 3'80 gradient.

3.3.1.1. Changes in regional temperature gradient in Greenland.
Changes in the regional temperature field in Greenland towards
relatively lower glacial temperatures at NGRIP compared to Sum-
mit could explain the glacial Summit—NGRIP 3'80 difference.
However, results from model simulations of the Last Glacial
Maximum (LGM) by Langen and Vinther (2009) point to a tem-
perature gradient between Summit and NGRIP that is similar to
that of modern conditions. Similarly on millennial timescales, the
relative reduction of NGRIP 8'80 is observed mainly during stadials,
and if caused by a stronger temperature gradient between Summit
and NGRIP, this would require that NGRIP was anomalously cold or
Summit anomalously warm during stadials. This is not supported
by coupled climate simulations by Li et al. (2010) who on the
contrary show that the temperature gradient is strongest during
interstadials, because the Summit area is more sensitive than
NGRIP to temperature increases over the ice-free Nordic Seas dur-
ing the interstadials. Also, recent temperature reconstructions for
NEEM, NGRIP and GISP2 for GI-8, GS-9, GI-10, GS-11 and the last
deglaciation suggest that the northernmost sites experienced the
smallest temperature contrast between stadial and interstadial
conditions (Guillevic et al., 2013; Buizert et al., 2014). We thus
consider it unlikely that the low stadial 3'80 values at NGRIP can be
explained by a stronger temperature gradient between Summit and
NGRIP compared to the present day.

3.3.1.2. Changes in mixing ratios of precipitation originating from
different source regions with differential distillation histories due to
different transport paths. The apparent relation between NAIS vol-
ume and the long-term variations in Summit—NGRIP §'%0 differ-
ences may be explained by the occurrence of a split jet stream
around the North American Ice Sheet as demonstrated in model
studies of LGM by Kutzbach and Guetter (1986) and Bromwich et al.
(2004). The results suggest that the presence of NAIS is forcing the
westerly upper-level flow to split into a southern branch traversing

the southern modern USA and a northern branch flowing along the
northern margin of the ice sheet, until the latter branch deflects
southwards on the lee side of the NAIS to merge with the southern
branch again. Along the northern branch, cyclones with a North
Pacific origin can reach Greenland from the Northwest during the
winter season when a pronounced split jet stream is active. The
amount of precipitation coming from the Northwest is relatively
low (<50 mm/year), but the effect can be significant because the
3180 values of North Pacific moisture in Greenland are around 15%o
lower than for moisture coming from the North Atlantic (Charles
et al., 1994). In line with Charles et al. (1995, 1994) who found a
zonal pattern of air flow and moisture origin during the LGM with a
sensitivity to glacial—interglacial temperature change of 0.8%oK
in North-Central Greenland compared to 0.4%K~! for Southeast
Greenland, we find it likely that Northwest-sourced precipitation
influenced the NGRIP site to a higher degree than the Summit sites.

The model simulation by Langen and Vinther (2009) suggests
that sea surface temperatures (SSTs) and sea-ice extent play a more
important role than topography (i.e. ice-sheet volume) for a shift
from Atlantic to Pacific sources. The authors find that the contri-
bution from the more distant and ‘colder’ Pacific source is
happening during conditions with extensive sea-ice cover in the
North Atlantic, and modest cooling of the tropics compared to
present day conditions. Similar to Charles et al. (1994) they find that
the Pacific contribution is largest in the north-western part of
Greenland.

3.3.1.3. Changes in seasonality bias in the snowpack. Because of the
large seasonal 3'0-amplitude in Greenland accumulation (~20%o)
compared to the glacial-interglacial contrast (~8%o) (Steig et al.,
1994), even a small change in the precipitation seasonality can
lead to significant 3'%0 differences. Several modelling studies
suggest that compared to present-day conditions, Greenland
winter precipitation was reduced during the cold glacial climate
due to a southern displacement of the sea-ice edge in the Northern
Atlantic, leading to a bias of mean-annual 3'80 towards less nega-
tive 3'%0 values of summer precipitation (Krinner et al., 1997;
Werner et al., 2000). The modelling experiment by Langen and
Vinther (2009) shows that GRIP experienced a shift towards
greater summer weighting compared to present-day due to
extensive winter sea-ice cover in the North Atlantic. The north-
western part of Greenland, however, did not suffer much from
this winter drying, resulting in a modelled NGRIP winter/summer
accumulation ratio during the LGM close to the present-day value.

3.3.1.4. Changes in source-to-site distance and/or temperature
gradient. The 3'30 differences can also be explained by a southward
shift of the North Atlantic moisture source and the resulting change
in the Rayleigh distillation process. The North Atlantic is believed to
be the main moisture source for the NGRIP, GRIP and GISP2 sites at
the present day (Charles et al., 1994; Werner et al., 2000, 2001;
Langen and Vinther, 2009). A southward displacement of the
North Atlantic moisture source due to ocean cooling and/or sea-ice
expansion (e.g. Johnsen et al.,, 1989; Jouzel et al., 1995; Masson-
Delmotte et al., 2005) leads to an increased distance and also a
potentially larger temperature gradient between the source and the
Greenland Ice Sheet. This increased source-to-site distance en-
hances the Rayleigh fractionation process resulting in lower 380
values in Greenland snow. A southward shift of the moisture source
may also induce a 3'0 gradient between two sites located at
different latitudes along the same distillation path because the
non-linearity of a Rayleigh distillation process gets progressively
larger toward the end of the moisture path. The location of NGRIP
further away from the moisture source leads to relatively lower
380 values than at the Summit area.
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3.3.1.5. Changes in elevation of the ice-sheet and upstream effects.
Differences in elevation histories could account for some of the
observed long-term 3'80 differences between Summit and NGRIP.
An isotope difference of 3%o would require that NGRIP experienced
a relative elevation increase of 500 m compared to Summit,
assuming an altitude effect of 0.6%0 per 100 m (Dansgaard, 1961;
Johnsen et al., 1989). We find it likely that the ice bridge connect-
ing the Greenland and the Innuitian Ice Sheets during periods of
large ice volumes (England et al., 2006) may have changed the
relative topography of the GIS, but we find relative elevation
changes of several hundreds of metres unlikely in the interior of the
ice sheet. A study of Holocene elevation changes showed that the
relative difference in elevation changes between NGRIP and GRIP
was only about 50 m during the breakdown of the bridge (Vinther
et al., 2009), which is an order of magnitude less than what is
needed to explain the 3% difference. Furthermore, elevation
changes cannot explain the abrupt 80 differences anomalies on
top of the slowly varying 8'0 difference.

3.3.1.6. Summary. We suggest that the observed Summit—NGRIP
3180 differences during the Last Glacial can be explained by a
relative increase of Pacific precipitation at NGRIP compared to at
Summit, an increased summer bias in precipitation at Summit, and
enhanced Rayleigh distillation due to an increased source-to-site
distance leading to relatively more depleted §'80 values at NGRIP.
This happens in response to the presence of NAIS and the existence
of a large sea-ice cover in the North Atlantic, both of which could
cause the orbital-scale differences in 5'80 values seen between the
Summit and the NGRIP records. Due to the relatively long dynam-
ical response time of the large ice sheets, we believe that elevation
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changes of GIS, as well as NAIS-induced changes to the precipita-
tion patterns in Greenland, are unlikely to have caused the
observed §'80 differences occurring on centennial-to-millennial
timescales. Rapid changes in sea-ice cover and/or SST in the
North Atlantic, however, seem to be a likely driving mechanism for
these abrupt short-term 3'80-difference anomalies, especially in
periods of ice rafting.

3.3.2. Possible Heinrich event imprint in Greenland ice cores

Among the most prominent glacial features in North Atlantic
sediment cores are the so-called Heinrich Events, characterized by
a high percentage of Ice Rafted Detritus (IRD) originating mainly
(but not exclusively) from ice-berg discharge from the Laurentide
Ice Sheet (Ruddiman, 1977; Heinrich, 1988; Bond et al., 1992;
Broecker et al., 1992; Hemming, 2004). Until recently, no clear
signature associated with the Heinrich events had been observed in
the Greenland ice cores, but new data reveal that multiple ice-core
proxies may record the atmospheric reorganization that accom-
panied Heinrich events (Severinghaus et al., 2009; Guillevic et al.,
2014; Rhodes et al., 2014). Here we suggest that the Heinrich
events are reflected in the latitudinal 3'80 gradient between ice-
coring sites in Greenland.

The IRD layers are typically accompanied by low North Atlantic
sea surface temperatures, low salinity and reduced North Atlantic
Deep Water (NADW) formation (e.g. Keigwin and Lehman, 1994;
Cortijo et al, 1997; Elliot et al., 2002; de Abreu et al, 2003).
Climate proxies from middle to low latitudes around the globe
suggest that a reorganization of the atmospheric circulation took
place concomitant with the Heinrich events, and that the inter-
tropical convergence zone (ITCZ) was shifted further south relative
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Fig. 8. Greenland water stable isotope profiles on the GICCO5modelext timescale (bottom x-axis and corresponding NGRIP depths on top x-axis) and match points (dots on top)
used for timescale transfer from NGRIP to GRIP (magenta) and GISP2 (cyan), respectively, and from GRIP to GISP2 (orange). a) 30 from the NGRIP (blue), GRIP (red) and GISP2
(green) ice cores in 200-year resolution. Vertical grey bars represent interstadial conditions, and black numbers above and below the 3'®0 profiles indicate selected Greenland
Interstadials (GI) and stadials (GS; in italics), as defined by Rasmussen et al. (2014). b) The difference in 3'®0 value in one core relative to the other (right y-axis). On orbital
timescales the GRIP-NGRIP (magenta) and GISP2—NGRIP (cyan) 3'®0 difference look similar to the NAIS volume (light brown, left axis, presented on the original LR04 timescale).
The timing and duration of the following events are shown in calendar ages: Heinrich (H) events 1,2,3,4,5 and 6 from Sanchez Goni and Harrison (2010) (yellow boxes), four
proposed substages of H1 from Stanford et al. (2011) (purple/light red boxes), and the two phases Big Dry and Big Wet (brown and blue) constituting the ‘Mystery Interval’ from
Broecker and Putnam (2012). Timing of H5a, 7a, 7b and 8 is indicated relative to the D—O cycles in which they appear and are from Rashid et al. (2003) (bright blue) and Rasmussen
et al. (2003) (purple). The naming and the ages of IRD events vary in the literature, especially for events older than H6 (e.g., Chapman and Shackleton, 1999; Hiscott et al., 2001; Ji
et al., 2009). See text for a detailed discussion and 5'80 data references.
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to normal stadial conditions (Boyle, 2000; Peterson et al., 2000;
Wang et al., 2001; Clement et al., 2004; Chiang and Bitz, 2005;
Chiang et al., 2008; Lewis et al., 2010; Cvijanovic and Chiang,
2013), most likely related to a greater sea-ice extent in the North
Atlantic (Broecker, 2006). Indeed, SST reconstructions from e.g.
marine core SU90-03 (at 40°N, 32°W) provide evidence that cold
melt water intruded as far south as 40°N concurrent with Heinrich
events (Chapman and Shackleton, 1998; Chapman et al., 2000). A
greater sea-ice extent and lower North Atlantic sea surface tem-
peratures (Cortijo et al., 2005; Eynaud et al, 2009) may be
imprinted in Greenland as a greater Summit—NGRIP 880 differ-
ence than during a normal stadial, as outlined in Section 3.3.1.

Superimposed on the orbital-scale §'80 difference in the glacial,
Fig. 8b shows pronounced millennial-scale maxima of the Sum-
mit—NGRIP 3'80 difference, which seem to coincide with the
occurrence of most of the Heinrich events between H8 and H1
(Rashid et al., 2003; Rasmussen et al., 2003; Sanchez Goni and
Harrison, 2010; Stanford et al., 2011). In the section correspond-
ing to Marine Isotope Stage (MIS) 5 (older than 71 ka b2k; Lisiecki
and Raymo (2005)), a pronounced positive anomaly is observed in
the 8180 difference curves during GS-22, a weaker anomaly in GS-
20, while there is no observed anomaly in GS-21.1. Interestingly, the
intrusion of iceberg laden polar waters reached further south
during GS-22 and/or produced a stronger cooling than during the
other Heinrich events observed during MIS 5 (McManus et al.,
1994; Chapman and Shackleton, 1998, 1999; de Abreu et al,
2003; Martrat et al., 2007). This is in accordance with our inter-
pretation that the largest 3'%0 differences between Summit and
NGRIP is reached during periods of large sea-ice cover (and/or low
SSTs in the mid-Atlantic). During MIS 4 (71-57 ka) we observe
gradually increasing 3'30 differences across most of GS-19.1 to GS-
18 corresponding to a prolonged time interval of low and declining
SST values observed in core SU90-03 at 40°N and also off the Ibe-
rian margin at the same latitude (Chapman and Shackleton, 1998;
Chapman et al., 2000; de Abreu et al., 2003; Martrat et al., 2007).
The maximum 3'80 difference towards the end of GS-18 seems
coincident with the major ice rafting event H6. During the MIS 3
section (57—29 ka) there are positive anomalies in the Sum-
mit—NGRIP §'80 difference corresponding to time intervals of SST
minima related to H4 and H5, while an ice-core counterpart to H5a
is seen in the GISP2—NGRIP difference curve only. It is hard to
assign clear counterparts to H3 and H2 in the §'80 difference curve,
but we note that the declining 5'80 differences between ~30 ka and
~21 ka seem to appear during the same time interval (30—18 ka) as
a gradual warming of SSTs in SU90-03, and that H2 and H3 seem to
have had a minor impact on the SSTs in this area (Chapman and
Shackleton, 1998; Chapman et al., 2000). The IRD deposition of
H3 is even absent in core SU90-03, and is generally confined to
more northerly latitudes and is geochemically distinct from H1, 2, 4
and 5 (Grousset et al., 1993; Hemming, 2004). Also, recent work by
Lynch-Stieglitz et al. (2014) from the Florida Strait indicates that the
Atlantic overturning circulation was not substantially reduced
associated with H2 and H3, if reduced at all. Several studies (e.g.
Eynaud et al., 2009) have suggested that the polar front did not
reach as far south along the Iberian margin during the LGM as
during Heinrich events, which could explain the relatively low 380
differences centred at GI-2.

Some of the most pronounced features in the §'%0 differences
occur during the youngest part of the MIS 2 section (29—14 ka). In
contrast to the general pattern during MIS 5—3, where stadials with
Heinrich events seem to be associated with 5'80-difference max-
ima, we observe significant excursions between maximum and
minimum values in the Summit—NGRIP 3'®0 difference during the
H1 rafting event, which may be related to different pulses of the H1
event (Bard et al.,, 2000; Stanford et al., 2011). Furthermore, the

GRIP and GISP2 3'®0 values during the younger part of MIS 2 differ
more than usual, as already discussed by Rasmussen et al. (2008).
The observations suggest either that i) the H1 event is significantly
different from the other Heinrich events, ii) the mechanisms to
explain the relation between the Summit—NGRIP 380 difference
and the H1 (and possibly H2 and H3) event are different from those
related to the older Heinrich events, or iii) that the H1-signal in the
3180 difference is overprinted by other processes related to the
major reorganization of the atmospheric and oceanic circulation
during the last termination (e.g. Steffensen et al., 2008; Denton
et al., 2010; Okazaki et al., 2010). Indeed, climate proxies from
around the world point to pronounced reorganization during the
so-called Big Dry and Big Wet periods of the Mystery Interval,
which is concurrent with the strong minimum in the Summit—N-
GRIP 580 difference and the following peak value, respectively
(Denton et al., 2006; Broecker and Putnam, 2012) (Fig. 8b).

To conclude, while it seems that the Summit—NGRIP 3'%0 dif-
ference shows anomalies during the stadials in which marine cores
register H1, H4, H5, H5a, H7a and H8, it is more difficult to establish
whether anomalies are also present in the remaining stadials that
contain Heinrich events. Limitations in the relative dating precision
and the resolution of the records make it impossible to determine
to which degree the observed 5'80 differences are constrained to
the periods of the Heinrich events themselves, or characterize a
larger part of the stadials containing Heinrich events, but our study
opens new paths for comparison of North Atlantic marine core SST
proxies with Greenland ice-core records.

4. Summary and conclusions

The most recent chronology for Greenland ice cores, the
GICCO5modelext timescale, has been transferred to the entire un-
disturbed sections of the GRIP and GISP2 ice cores (0—104 ka b2k),
based on a detailed chemo-stratigraphic matching method. We
further provide GICCO5modelext-consistent gas chronologies for
both cores. Five tephra deposits, located in sections where no
chemo-stratigraphic match points are observed, were also utilized
for the timescale transfer, highlighting the value of cryptotephra
isochrons for complementing the chemo-stratigraphic matching
method (Rasmussen et al., 2013). Ongoing and future studies have
the potential to reveal more tephra correlatives between the cores,
enabling a further refinement of the synchronization.

A comparison with another widely used Greenland annual-layer-
based chronology, the GISP2 timescale, shows that the GISP2 time-
scale implies an inconsistent relationship between §'0 and annual
layer thickness across D—O cycles. Consequently, the duration esti-
mates for individual GSs and GlIs differ substantially from those
obtained from GICCO5 (Fig. 6). On average, the stadial duration ob-
tained from the GISP2 timescale is 15% shorter and the interstadial
duration 15% longer compared to the duration estimates derived
from GICCO5, implying that the choice of timescale has major in-
fluence on the interpretation of past climatic events in Greenland.

Based on the depth—depth relationship from the matching, we
conclude that the Summit region on average experienced an ~10%
higher accumulation increase compared to NGRIP going from stadial
to interstadial conditions during the Last Glacial, and we observe a
pronounced change in the ratio of layer thickness r between Summit
and NGRIP across the Last Glacial termination and early-to-mid
Holocene (Fig. 7). Our results show the necessity for future ice
flow models to incorporate the observed depth—depth relationships
to account for and distinguish between changes in e.g. flow pattern,
ice-sheet geometry and relative accumulation changes.

The NGRIP, GRIP and GISP2 880 records on the common
GICCO5modelext timescale show synchronous behaviour at the
abrupt shifts between GSs and GIs (Fig. 8). Overall similar climatic
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conditions over the Last Glacial-Interglacial cycle are indicated by
high correlation coefficients between the 3'0 temperature-proxy
records. However, the Summit—NGRIP §'80 difference reveals off-
sets during the Last Glacial that we believe are caused by a relative
increase of precipitation of Pacific origin at NGRIP, a shift towards a
stronger summer weighting of snow fall at Summit, and an
enhanced Rayleigh fractionation, leading to relatively lower 3'30
values at NGRIP. We suggest that the orbital-scale 30 differences
may be induced by the general glacial boundary conditions, i.e. the
presence of the North American Ice Sheet, reduced temperatures
and larger sea-ice extent. Likely mechanisms to explain the
millennial-to-centennial-scale anomalies observed in the Sum-
mit—NGRIP 330 difference are changing sea-ice extent and/or SSTs
in the North Atlantic linked to major ice rafting events. Except for
Heinrich events H2 and H3 during MIS 2, we find that anomalies in
the Summit—NGRIP 3'80 difference are observed during stadials
containing Heinrich events, probably associated with southwards
expansion of polar water and possibly latitudinal migration of the
polar front. During the youngest part of MIS 2 and the deglaciation,
the interpretation is more complex, but the 8'80 difference seems
to register phases that may be related to the Big Dry and Big Wet of
the Mystery Interval. Future isotope modelling should help deci-
pher to what extent the proposed mechanisms can explain the
temporal changes in latitudinal 3'80 gradients, and we hope that
this assertion of an ice-core 5'0 imprint of Heinrich events will
motivate further studies of the interplay between stadial climate
and Heinrich events. The realization that Heinrich events seem to
be reflected in the Greenland ice-core record through the impact of
ice rafting on North Atlantic sea-ice extent and atmospheric reor-
ganization could motivate the development of new proxies, e.g.
impurity records for constraining North Atlantic sea-ice extent.

With this work and the recent work of Rasmussen et al. (2013)
the four Greenland deep ice cores NEEM, NGRIP, GRIP and GISP2 are
now tied to the same chronology, GICCO5modelext, for the full
length of their undisturbed sections of both the ice and gas phases.
It is our hope that the continued efforts to provide a consistent
chronological framework for multiple cores will facilitate and
inspire new studies into the inter-core differences and provide a
deeper understanding of the governing mechanisms of glacial as
well as interglacial climatic change.
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