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Marine and lacustrine sediment-based paleoclimate records are often not comparable within the early to
middle portion of the last glacial cycle. This is due in part to significant revisions over the past 15 years to
the Greenland ice core chronologies commonly used to assign ages outside of the range of radiocarbon
dating. Therefore, creation of a compatible chronology is required prior to analysis of the spatial and
temporal nature of climate variability at multiple locations. Here we present an automated mathematical
function that updates GISP2-based chronologies to the newer, NGRIP GICC05 age scale between 8.24 and
103.74 ka b2k. The script uses, to the extent currently available, climate-independent volcanic syn-
chronization of these two ice cores, supplemented by oxygen isotope alignment. The modular design of
the script allows substitution for a more comprehensive volcanic matching, once it becomes available.
Usage of this function highlights on the GICC05 chronology, for the first time for the entire last glaciation,
the proposed global climate relationships during the series of large and rapid millennial stadial-
interstadial events.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Radiocarbon measurements for the purpose of absolute age
dating allow calculation of radiocarbon years to approximately
60 ka, the latter portion of Marine Isotope Stage (MIS) 4. However,
calendar-year conversion is generally more limited, with the
currently adopted IntCal09 calibration curve (Reimer et al., 2009)
restricted to the past w50 ka. Alternative calibration curves with
longer temporal extent exist (Bard et al., 2004; Hughen et al., 2006),
but the increasingly large uncertainty near the extreme radio-
carbon detection range becomes problematic. Other direct dating
methods are either generally inappropriate for sedimentary ma-
terial (U-series) or only applicable to sediments that received
special handling during core recovery (optically stimulated lumi-
nescence). While identification of tephra layers of known age al-
lows indirect, absolute dating, the limited spatial distribution of
volcanic material hinders the construction of a comprehensive,
global tephrachronology (e.g., INTIMATE protocol, Lowe et al.,
2008). Together, these factors have largely prevented the assign-
ment of absolute age to marine and lacustrine sediments from an
brochta).
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important interval of time that includes the last glacial inception
(MIS 4/5 boundary) and the dispersal of modern humans out of
Africa (e.g., Mellars, 2006) preceding the extinction of Neander-
thals. This is especially the case for older sediment cores, to which
the retroactive application of modern methods is often not possible
due to the lack of pristine material.

To overcome these challenges when no other options are
available, environmental and climate proxy records are often
compared to a well-dated reference series that exhibits a distin-
guishable pattern of variability, allowing export of the reference
chronology to clarify the relative deposition timing between strata
at distant locations. The most common reference series are
Greenland ice cores, which extend into the last interglacial period
(MIS 5) and exhibit multiple, large-amplitude, abrupt warmings,
commonly known as DansgaardeOeschger (D-O) Events
(Dansgaard et al., 1993; Johnsen et al., 1992).

Bond et al. (1993) first demonstrated that last glacial North
Atlantic sea surface temperature proxy records obtained from
marine sediment cores exhibit a warming and cooling pattern
comparable to Greenland. Since then, a large body of work indicates
that these interstadial events are expressed as contemporaneous
environmental fluctuations over a wide spatial area, centered on
the North Atlantic Ocean and adjacent continental regions (Fletcher
et al., 2010; Voelker, 2002; Bond et al., 1999), with far-reaching
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connections to more distal areas via oceanic and atmospheric cir-
culation changes (e.g., Anderson et al., 2009; Denton et al., 2010;
Broecker et al., 2010; Yokoyama et al., 2001; Yokoyama and Esat,
2011). The coeval timing of these variations is supported by
radiocarbon dating from the North Atlantic (e.g., Shackleton et al.,
2004) and Arabian Sea (Schulz et al., 1998), as well as by U-series
dating of Chinese speleothems.

The age of the ice in Greenland cores may be determined though
the summing of annually deposited snow layers with a similar
accuracy to radiocarbon dating. For example at 50,000 years ago,
the Maximum Counting Error (MCE) (Rasmussen et al., 2006;
Andersen et al., 2006) of the North GRIP (NGRIP) ice core results
in an approximately �1000 year uncertainty (1s) (Svensson et al.,
2008), which is comparable to that for the same interval of
IntCal09, prior to the addition of measurement error. Therefore, the
combination of high precipitation rates in Greenland with the large
spatial extent of the synchronous temperature changes provides a
powerful tool for assigning ages that would otherwise be unknown.

However, there have been significant revisions to the Greenland
ice core chronology over the past 15 years, with large discrepancies
existing in the ages of the deeper sections of the different cores
(Southon, 2004). Therefore, many of the published sediment core
age models are incompatible. The largest offsets, up to 4000 years,
exist between the early-glacial section of the GISP2 and NGRIP ice
cores, which is the exact interval that radiocarbon is no longer
available. Up until 2005, the Meese/Sowers 1994 (M/S94) timescale
for the GISP2 ice core was the most widely used reference chro-
nology. It is based on layer counting to 2431m (50 ka) (Meese et al.,
1994,1997) belowwhich the d18O of oxygen in trapped bubbles was
astronomically tuned (Bender et al., 1994).

Subsequently, comparison to more recent work has highlighted
an inconsistent climateeaccumulation relationship imparted to
GISP2 by M/S94 (e.g., Svensson et al., 2008) (Supplemental Fig. 1),
and the virtually complete NGRIP ice core has since replaced GISP2
as the preferred reference for paleoenvironmental reconstructions
of the last glaciation. Counting of NGRIP annual layers based on
electrical conductivity measurements (ECM), continuous flow
analysis (CFA), and visual stratigraphy from 14.8 to 60 ka consti-
tutes the entire last glacial interval of the Greenland Ice Core
Chronology 2005 (GICC05) timescale (Svensson et al., 2008, 2006;
Andersen et al., 2006). GICC05 ages from 7.9 to 14.8 ka were ob-
tained through ECM and CFA from both NGRIP and GRIP
(Rasmussen et al., 2006), and the most recent interval of GICC05,
from 0 to 7.9 ka, relies on annual layers expressed in the d18O and
dD records from NGRIP, GRIP, and DYE-3 (Vinther et al., 2006). The
deepest interval of NGRIP was dated to 123 ka by applying the
ss09sea flow model with a �705 year shift (“GICC05modelext”)
(Wolff et al., 2010).

Here we present a mathematical function for automating the
conversion of M/S94-based sediment core age models to
GICC05modelext using either the Matlab or Octave (free, open
source version of Matlab) high-level numerical computational
languages, or the Python high-level programming language. This
function will facilitate immediate comparison of older and newer
data, which is required prior to attempting regional synthesis of
early glacial climate records. This script implicitly uses the original
authors’ own tie points to the Greenland ice core record. There-
fore, as described by Blaauw (2012), the uncertainties and limi-
tations in the correlation procedures of the original authors must
be considered. There are likely cases in the literature of over-
enthusiastic “tuning” to Greenland, and the user should employ
caution prior to interpretation following conversion to GICC05-
modelext to avoid circular inference. When possible, the original
radiocarbon dates and tie points should be critically re-evaluated
(e.g., Obrochta et al., 2012).
2. Methods

The conversion of M/S94-based chronologies to GICC05 may be
performed online at http://paleo10.org/g2n or offline using a
Matlab/Octave function or Python script. The offline versions
consist of a conversion script (Supplemental Online Material) and a
corresponding data file that contains the depth match points
(synchronization lookup table) between the GISP2 and NGRIP d18O
records. A separate data file simplifies script maintenance and the
incorporation of future improvements, such as work currently in
preparation including 1) a more comprehensive volcanic synchro-
nization spanning the entire last glaciation (personal communica-
tion, Inger Seierstad and Sune Olander Rasmussen) and 2) an ice
flow model to solve an inverse problem for improved age estima-
tion between the volcanic match points (personal communication,
Jessica Lundin and Ralf Greve).

The Matlab/Octave function is intended as a tool for use within
an interactive Matlab or Octave environment, or for use within
user-created analysis applications. The Python script is a stand-
alone application and designed to work on any system with mini-
mal third-party software requirements beyond Python itself. The
online tool is powered by the Python script.

The output ages are based on GICC05modelext and relative to
the number of calendar kiloyears before AD 2000 (i.e., kiloyears
“b2k”), as opposed to before AD 1950 (i.e., “BP”). Dates outside of
the conversion range of 8.24e103.74 ka b2k are not adjusted except
for conversion to the b2k scale. This method is appropriate only for
a time series with an age model derived from correlation to the
GISP2 ice core with the M/S94 chronology. The data file version and
synchronization references are also returned upon script execution.

2.1. Ice core synchronization

The initial version of the synchronization lookup table in-
corporates all the climate-independent synchronization points
currently available. These are extensive volcanic match points from
8.24 to 32.48 ka b2k (Rasmussen et al., 2006, 2008), match points
for the Toba mega-eruption from 74.06 to 76.04 ka b2k, as well as
three smaller eruptions from 40.91 to 41.25 ka b2k during the
Laschamp geomagnetic excursion (Svensson et al., 2012). These are
supplemented by alignment of the d18O records from 33.60 to 40.08
and 76.24 to 103.74 ka b2k.

For d18O alignment, we used the 20-year sampled GICC05mo-
delext timescale (http://www.iceandclimate.nbi.ku.dk/data/),
which incorporates the ss09sea flowmodel (with a 705 year offset)
from 60.2 to 123 ka (n ¼ 6114). First, high-frequency variability was
removed from the NGRIP d18O data by subtraction of a 500-year
Gaussian high-pass filter. Then, this filtered record was compared
in the depth domain to themuch lower resolution GISP2 (n¼ 1390)
d18O record, and individual warm events between Greenland
Interstadial (GI) 6 and Greenland Interstadial (GI) 23 were aligned
(Fig. 1). Warm events prior to GI23 were not aligned because d18O
variations at these depths in GISP2 are difficult to interpret and
unequivocally link to NGRIP.

This corresponds to the interval from 8.22 to 100.26 ka BP on the
GISP2 M/S94 chronology and constitutes the maximum update
interval range when no radiocarbon dates are specified. After
conversion to the GICC05modelext timescale, the update interval
ranges from 8.24 to 103.74 ka b2k. Older ages are truncated, and
younger ages are converted to the b2k scale.

2.2. Update script

The Matlab/Octave update script is executed via the g2n com-
mand and accepts two input arguments. The first, mandatory input

http://paleo10.org/g2n
http://www.iceandclimate.nbi.ku.dk/data/
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Fig. 1. The relative offset (top, black) between the NGRIP (middle, blue) and GISP2 (green, bottom) d18O records is shown with the match points used in the age update script.
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argument is the target time series, formatted as a 2-column array of
time values (x) in kiloyears BP (using the M/S94 chronology) and
data values (y). The optional argument is the age of the oldest
radiocarbon date (r), calibrated to calendar kiloyears BP (i.e., cali-
bration distribution reduced to a midpoint, with error discarded). If
it is specified and older than 8.22 ka BP, the range of the update
interval is accordingly shortened. Otherwise, the script runs on the
full update interval in the target series (8.22e100.26 ka BP). The
output is a new 2-column array with remapped time and original
data values. If x and y are separate vectors, the Matlab/Octave
syntax becomes:

g2nð½x y�; rÞ
The Python script accepts a file (input.txt) of comma-separated

or tab-delimited time and data values (in kiloyears BP as above),
one pair per line. The output is a new comma-separated file with
the remapped time and original data values. The user may
optionally specify the radiocarbon cut-off date, the output file
name, and years instead of kiloyears for the input time series. See
the included documentation for details. With a 35.00 ka radio-
carbon date, the syntax becomes:

python g2n:py -c35 input:txt

In both scripts the GISP2 and NGRIP synchronization is per-
formed by first creating a new GISP2 depth scale consistent with
the NGRIP scale through piecewise linear interpolation based on
the depth match points. Next, the GICC05modelext timescale is
transferred to the new GISP2 depth scale by looking up corre-
sponding ages from the published NGRIP ageedepth relationship,
with intermediate values linearly interpolated between ageedepth
tie points. Following incorporation of the forthcoming flow model
for assigning ages between tie points, the assignment of GICC05-
modelext age to GISP2 will be performed based on the flow model
output.

The new (GICC05modelext) and old (M/S94) GISP2 age vectors
constitute the lookup table for updating the agemodel of the target
time series to the GICC05 chronology. This is done by piecewise
linear interpolation, taking into account the age of the oldest
radiocarbon date, if specified. The output array is remapped to the
GICC05modelext timescale from either 8.24 ka b2k or the age of the
specified radiocarbon date, which ever is older, up to 103.74 ka b2k.
Younger ages are returned unaltered except for conversion to the
b2k scale. Older ages are discarded. Specification of a radiocarbon
date within the limited intervals where GISP2 match points are
“older” than NGRIP, as shown by negative offset in the top panel of
Fig. 1, may result in an age reversal at the splice point of GICC05-
based and absolutely-dated age data. In these cases, ages younger
than the conversion interval are not imported; only GICC05-based
ages are returned.

3. Results

Adjustments to the agemodel of the target series directly reflect
the changes to the GISP2 ice core chronology, i.e., the offset dis-
played at the top of Fig.1. Prior tow38 ka, age changes are generally
small (<500 years). From 38 to 40 ka, the interval subsequent to the
Laschamp geomagnetic excursion and Heinrich Event 4 (H4), ages
are shifted towards younger values. Farther back in time, prior to
the occurrence of H4 and the Laschamp, ages are shifted to older
values, with offset increasing to a maximum of w4200 years at
GS19, which reflects a change from 70.00 to 74.20 ka, subsequent to
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the Toba Eruption. Offset then decreases to a relative minimum of
w340 years atw90 ka. Identification of match points in the deeper
layers of GISP2 is problematic. The last matchable point between
the two ice cores is over 10,000 years older, at which the offset has
again increased to w3500 years. Finally, the GICC05 chronology
results in a much more reasonable climateeaccumulation rela-
tionship for GISP2 that is very similar to that of NGRIP
(Supplemental Fig. 1). Accumulation consistently increases during
each warming event in both ice cores.

4. Discussion

4.1. Additional age uncertainty

The age uncertainty from adapting GISP2 to GICC05 is in general
much less than the NGRIP MCE. The maximum uncertainty in the
volcanic ties of Rasmussen et al. (2008) is up to 1mwithin a limited
depth range of 1963.66e1990.98m in GISP2. This corresponds to an
average of 50 additional years of uncertainty, less than 10% of the
MCE (w575 years). The uncertainty associated with the remainder
of their volcanic match points typically adds only 5 additional years
uncertainty, and no more than 15, which is generally about 1e2% of
the MCE.

Rasmussen et al. (2008) further estimated that depth offset due
to linear interpolation within longer sections lacking match points,
while significant, does not exceed 0.5 m, corresponding to w20
years within the intervals they examined. Such relatively minor age
offsets are supported by preliminary flow model results that pro-
duce a similar GISP2 age profile as mathematical interpolation
(Lundin et al., 2013). Thus, we interpret that the use of volcanic
match points, with interpolation between these match points, is
unlikely to introduce significant additional uncertainty to the target
sediment core age models. However, linearly interpolating ice-core
depth-age data lacks physical basis and is susceptible to over-fitting
of noisy data, and climate reconstructions from linear in-
terpolations, including accumulation-rate histories, can include
spurious, non-physical artifacts that can be avoided with a physi-
cally based approach, including inverse methods with ice-flow
forward models (personal communication, Jessica Lundin and Ralf
Greve). Therefore, such a flow model, once available, will be
incorporated into future versions of this program.

Greater uncertainty results from the d18O match points. This
uncertainty is reflected in the depth range of the each individual
warm event, which equates to as little as w50 years for shorter-
duration events, and up to 450 years for longer events at greater
depths in GISP2. GI23, the oldest and most uncertain d18O match
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Fig. 2. Offset between comprehensive volcanic (in prep, Inger Seierstad and Sune Olander R
study) synchronization of GISP2 and NGRIP is shown in time (left) and as a distribution (ri
point, produces offset in excess of 1000 years from the preliminary
volcanic matching. Excluding GI23, the use of d18O match points
adds an average additional w250 years of uncertainty. Comparison
of warm event duration to MCE indicates that a 10% increase is
appropriate. This is consistent with the 2s range of variation in the
mean offset of d18O and preliminary volcanic age profiles,
w10 � 150 years up to GI22 (90 ka; Fig. 2).

4.2. Age model conversion examples

The script relies on the original authors’ own depth tie points to
the GISP2 ice core, changing only the age of those points to GICC05.
Therefore, the phasing exhibited by the original series, relative to
GISP2, will be preserved when comparing the updated series to
NGRIP. To demonstrate this, several proxy records, each with pre-
viously published age models based on correlation to GISP2, are
passed though our update function (Fig. 3). Included are 1) d18O and
2) CO2 from the Byrd Antarctic ice core (Blunier and Brook, 2001;
Ahn and Brook, 2007, 2008), 3) biogenic opal flux from the
TN057-14PC4 Southern Ocean sediment core (Anderson et al.,
2009), 4) magnetic susceptibility (MS) from the Arabian Sea 64
KL sediment core (Leuschner and Sirocko, 2000), 5) the mid-glacial
portion of the sea surface salinity record (Ba/Ca ratio) from the
coastal West African MD-03-2707 sediment core (Weldeab, 2012),
and 6) the early glacial portion of the detrital carbonate (DC) ice-
rafted debris (IRD) record from North Atlantic sediment core V23-
81 (Bond et al., 1999). Supplemental Fig. 2.

The proxy records aligned to GISP2 by the original authors are
not shown in Fig. 3. The Byrd ice core was aligned by synchronizing
atmospheric methane concentrations. TN057-14 PC, MD03-2707,
and 64 KL were aligned via foraminifer d18O, and V23-81 was
aligned using variations in the percentage of the left-coiling variety
of the polar foraminifer N. pachyderma. The results are plotted with
the DSDP Site 609 DC IRD record (Bond et al., 1999) using the
updated chronology of Obrochta et al. (2012), the absolutely-dated
Chinese speleothem d18O records from Sanbao and Hulu Caves (as
shown in Wang et al., 2008), and NGRIP ice core d18O (Fig. 3).
Conversion to GICC05modelext does not introduce any unreason-
able changes in linear sedimentation rate (Supplemental Fig. 2).

During relatively cold Greenland stadials, large pulses of DC IRD
at Sites 609 and V23-81 in the North Atlantic indicate the occur-
rence of Heinrich Events, surging of the Laurentide Ice Sheet, that
contributed large volumes of freshwater to the North Atlantic
(Bond et al., 1999). The reduced surface density drastically
decreased the formation of deep water, reducing Atlantic meridi-
onal overturning circulation and diminishing northward heat
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S.P. Obrochta et al. / Quaternary Geochronology 20 (2014) 1e7 5
transport (Crowley, 1992). Antarctic ice core d18O indicates the
balance of heat shifted towards the Southern Hemisphere (Blunier
and Brook, 2001), with Northern Hemisphere cooling and
expanded sea ice displacing latitudinal circulation belts to more
southerly locations. Weak African, Indian, and East Asian summer
monsoon events recorded at sites MD03-2707 and 64 KL, as well as
by Chinese speleothems reflect this southward ITCZ shift
(Leuschner and Sirocko, 2000; Weldeab, 2012; Wang et al., 2008).
This is followed by increased upwelling in the Southern Ocean,
reflected by high primary productivity and subsequent increased
biogenic opal flux at Site TN057-14 PC (Anderson et al., 2009).
Upwelling would have also ventilated CO2 produced frommicrobial
respiration of organic matter, as recorded in Antarctic ice cores.

Demonstrating the early- to mid-glacial bipolar “see-saw”, first
described by Crowley (1992), previously required converting NGRIP-
based records (e.g., Weldeab et al., 2007) to GISP2-based chronolo-
gies (e.g., Weldeab, 2012). The use of our function now allows for
interhemispheric comparison based on the GICC05modelext
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chronology, using the original author’s own age control points. Only
the underlying chronology is changed. The above example displays,
for the first time for the entire last glaciation, the proposed global
climate relationship to rapid Northern Hemisphere climate change
(e.g., Denton et al., 2010; Broecker et al., 2010; Yokoyama and Esat,
2011) on the most up-to-date Greenland ice core chronology.

5. Conclusions

An automated update script converts paleo time series from the
GISP2-based M/S94 chronology to the GICC05modelext chronology
over the interval between the early Holocene (or the age of the
oldest radiocarbon date) and GI23, corresponding to 8.24 (8.22) to
103.74 (100.26) ka in the NGRIP (GISP2) ice core. The script is
modular in design, allowing substitution of our d18O-based
matching for the more comprehensive volcanic matching, once
available. When applied to appropriate records, relative phasing
between the target time series and Greenland is preserved. Until
incorporation of the volcanic synchronization currently in prepa-
ration, care should be used interpreting the significance of events in
excess of 90 ka. This script allows for the creation of coherent
chronologies to facilitate quantitative statistical analysis of spatial
and temporal climate variability over large regions. An example
application of this script highlights on the GICC05 chronology, for
the first time for the entire last glaciation, the series and timing of
events related to the large, Northern Hemisphere millennial
climate perturbations.
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