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Abstract

A recent coherent chronology has been built for 4 Antarctic ice cores and the North-
GRIP (NGRIP) Greenland ice core (Antarctic Ice Core Chronology 2012, AICC2012)
using a bayesian approach for ice core dating (Datice). When building the AICC2012
chronology, and in order to prevent any confusion with official ice cores chronology, it5

has been imposed that the AICC2012 chronology for NGRIP should respect exactly
the GICC05 chronology based on layer counting. However, such a strong tuning did
not satisfy the hypothesis of independence of background parameters and observa-
tions for the NGRIP core as required by Datice. We present here the implementation
in Datice of a new type of markers that is better suited to constraints deduced from10

layer counting: the markers of age-difference. Using this type of markers for NGRIP
in a 5 cores dating exercise with Datice, we have performed several sensitivity tests
and show that the new ice core chronologies obtained with these new markers do not
differ by more than 400 years from AICC2012 for Antarctic ice cores and by more than
130 years from GICC05 for NGRIP over the last 60 000 years. With this new parame-15

terization, the accumulation rate and lock-in depth associated with NGRIP are more
coherent with independent estimates than those obtained in AICC2012. While these
new chronologies should not be used yet as new ice core chronologies, the improved
methodology presented here should be considered in the next coherent ice core dating
exercise.20

1 Introduction

The reference timescale for Greenland ice cores, GICC05, has been obtained by layer
counting back to 60 ka (thousands of years before present, present being year 1950 all
along our study; Vinther et al., 2006; Rasmussen et al., 2006; Andersen et al., 2006;
Svensson et al., 2008). This chronology is absolute with an increasing associated un-25

certainty with depth, reaching more than 2.6 ka at 60 ka. Because this chronology is
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based on annual layer counting, the duration of events is rather precise, even for old
ages, with an uncertainty of about 1–8 years for counting of 20 annual layers. Since
the layer counting is not independent from one interval to another, the final uncertainty
on the GICC05 chronology cumulates the counting error: uncertain annual layers are
counted 0.5±0.5 years, while certain layers are counted as 1±0 years (Rasmussen5

et al., 2006). The 1-sigma uncertainty of GICC05 is thus expressed as half the Maxi-
mum Counting Error (MCE; Rasmussen et al., 2006).

This chronology has been used as a reference for many records of the North Atlantic
region (Austin et al., 2012; Walker et al., 2012; Austin and Hibbert, 2012; Davies et al.,
2012; Blockley et al., 2012b). It has also been used as a basis over the last 60 ka10

for the recent construction of the coherent Antarctic Ice Core Chronology (AICC2012)
gathering one Greenland ice core (NorthGRIP – NGRIP) and 4 Antarctic ice cores
(EPICA Dome C – EDC, EPICA Dronning Maud Land – EDML, Talos Dome ice core
– TALDICE and Vostok) (Bazin et al., 2013; Veres et al., 2013). For the construction
of AICC2012 with the bayesian tool Datice (Lemieux-Dudon et al., 2010), we have15

imposed a 1-sigma deviation for NGRIP of 50 years maximum. Even if such a constraint
is artificially too strong compared to the true uncertainty of GICC05, it permits to keep
a coherency within 5 years between the NGRIP AICC2012 chronology and GICC05.

Still, the strong tie of AICC2012 to GICC05 had raised some technical problems
when optimizing the chronology with the bayesian tool Datice. Three glaciological pa-20

rameters are indeed optimized during this process: accumulation rate, ice thinning and
lock-in depth (i.e. the depth at which air is trapped when snow is sufficiently com-
pacted). The bayesian approach imposes to start with first guess (background) sce-
narios for the three parameters. They are then modified within their imposed variance
range so that the final chronology fits the absolute and relative age constraints for each25

ice core within error bars.
In practice, to force the NGRIP AICC2012 chronology to fit the GICC05 age scale,

we had to use the modelled thinning function and accumulation rate adapted to the
GICC05 chronology (hereafter DJ–GICC05 scenarios; Vinther et al., 2006; Rasmussen
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et al., 2006; Andersen et al., 2006; Svensson et al., 2008) as background thinning and
accumulation rate scenarios in Datice. The associated variances were also imposed
to be very small to prevent any deviation from the GICC05 timescale as well as abso-
lute markers every 60 years with an artificial maximum uncertainty of 50 years for the
NGRIP ice core.5

Even if the uncertainty of the GICC05 timescale is well constrained, this is not true
for the DJ–GICC05 scenarios of thinning and accumulation. The thinning function
is deduced from a simple Dansgaard–Johnsen (DJ) ice flow model (Dansgaard and
Johnsen, 1969; Andersen et al., 2006) that has been parameterized to obtain the best
match between the modelled and observed depth–age horizons in the ice cores. Then,10

the thinning function calculated with the DJ model is used together with the observed
annual layer thicknesses to produce an accumulation rate history. No uncertainty value
is associated with the reconstructions of thinning and accumulation rate in Greenland
ice cores but thinning reconstructed from such 1-D ice flow model are generally asso-
ciated with an uncertainty of 30 % (Cutler et al., 1995).15

Recently, studies combining air isotopic measurements (δ15N of N2) with firnification
models have suggested that, both in NGRIP and NEEM, the accumulation rates recon-
structed from the GICC05 or ss09sea chronologies, through layer counting and the DJ
flow model, were overestimated during the last glacial period (Huber et al., 2006; Guille-
vic et al., 2013; Kindler et al., 2014). Indeed, δ15N of N2 of air trapped in an ice core20

indicates the depth and the amplitude of abrupt temperature changes in the gas phase
through thermal fractionation. The depth difference between the same abrupt temper-
ature changes recorded in the ice phase through ice δ18O increase/decrease and in
the gas phase through a positive/negative δ15N peak is called delta–depth (∆depth).
Moreover, in the absence of any abrupt temperature change and convection at the top25

of the firn, the δ15N gives an indication of the past lock-in depth (LID) due to gravita-
tional fractionation. A firnification model including heat diffusion and mainly driven by
temperature and accumulation rate can reproduce long term and abrupt δ15N varia-
tions with depth for Greenland ice cores. Still, it has been shown that the δ15N profile
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is best reproduced when the ss09sea accumulation rate for NGRIP is decreased by
∼ 20 % over the period 20 to 60 ka (Kindler et al., 2014; Huber et al., 2006).

It thus appears that the way NGRIP was implemented in the Datice tool for the
AICC2012 chronology is not optimal. In addition to GICC05 chronological uncertainties
that were not taken into account by construction, imposing the DJ-GICC05 accumula-5

tion rate and thinning scenarios with artificially reduced variances most probably led to
incorrect output scenarios for these glaciological parameters.

In this paper, we propose an improvement of Datice to better implement the chrono-
logical uncertainties. We incorporate the possibility of integrating markers of age-
difference and corresponding uncertainties instead of only absolute ages with artifi-10

cially small uncertainties. This better respects the construction of the layer counted
GICC05 chronology where the uncertainty on age differences is much smaller than on
absolute ages. We also relax the strong constraints on thinning and accumulation rate
and allow the NGRIP chronology to differ from GICC05 chronology within its error bars.

The outline of the manuscript is the following. In a first methodological section, we15

present the improvement made on the Datice tool in order to integrate the markers of
age-difference with their uncertainties. Then, we show that the relaxation of the con-
straints on glaciological parameters enables removing some inconsistencies observed
in the AICC2012 timescale. Finally, we focus on how this new version of Datice modifies
the NGRIP and Antarctic chronologies compared to AICC2012.20

2 Construction of the GICC05-free chronology

2.1 Methodology

The purpose of the following section is to describe the modifications implemented in
Datice (Lemieux-Dudon et al., 2009, 2010) to take into account an additional type of
constraint: the markers of age-difference. This constraint is applied by feeding Datice25

with the beginning and end depths of the interval, its duration and the duration uncer-
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tainty. A last parameter permits to correlate or not this uncertainty with other duration
uncertainties at various depth levels. The main modification of the Datice code appears
in the expression of the cost function. The minimization of the Datice cost function aims
at obtaining the best age model scenario by taking into account the paleo–observations
and a background (first guess) age model. The background age model and paleo–5

observations should be independent from each other. The minimization of the cost
function permits to make the best compromise between independent information.

In practice, Datice is applied to N ice cores to calculate coherent chronologies for
both the ice and gas phases. For the ice core indexed k, gas and ice chronologies are
deduced from the scenarios of the three glaciological parameters optimized in Datice:10

the total thinning function Tk(z), the accumulation rate Ak(z) and the lock-in depth in ice
equivalent (LIDIE) Ck(z) (Appendix A). On the basis of these 3 key parameters, Datice
defines the model scenario X as a set of correction functions αk(z), τk(z) and γk(z)
to be applied as multiplicative factors on prior scenarios for the accumulation, thinning
function and LIDIE respectively, for the core k and at each depth level:15

Tk(z) = τk(z) · T b
k (z) (1)

Ak(z) = αk(z) ·Ab
k(z) (2)

Ck(z) = γk(z) ·Cb
k(z) (3)

where the prior (or background) scenarios for the thinning, accumulation and LIDIE are20

referred to as T b
k (z), Ab

k(z) and Cb
k(z). In order to run a Datice simulation, background

scenarios as well as observations with their respective uncertainties must be provided.
Note that a change of variable is applied to all parameters, x̃ = log(x), since Datice
makes the hypothesis of lognormally distributed errors for the background model sce-
narios T b

k (z), Ab
k(z) and Cb

k(z). This change of variable enables to transform lognormal25

into normal probability density functions in the Bayes’ theorem (Tarantola, 2005).
Until now, observation Y could be of the following types: ice and gas age markers (ia

and ga), delta-depth markers (dd), or ice and gas stratigraphic links (is and gs) (Lemieux-
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Dudon et al., 2010; Buiron et al., 2011; Veres et al., 2013; Bazin et al., 2013). The ap-
plication of a supplementary type of observation, named the markers of age-difference
(ad), leads to an additional term in the cost function (Eq. 4). This supplementary term
(last term in Eq. 4) is added in the original cost function, under the hypothesis of no5

error correlation between (i) observations of different types, (ii) observation of different
cores, or (iii) observation and background model scenarios.

J(X̃) =
N∑

k=1

1
2

(
X̃k − X̃b

k

)T
[B]−1

(
X̃k − X̃b

k

)
+

N∑
k=1

1
2

(
Y dd

k −hdd
k (X̃k)

)T [
Rdd
k

]−1(
Y dd

k −hdd
k (X̃k)

)
+

N∑
k=1

1
2

(
Y ia

k −hia
k (X̃k)

)T [
Ria
k

]−1(
Y ia

k −hia
k (X̃k)

)
10

+
N∑

k=1

1
2

(
Y

ga
k −hga

k (X̃k)
)T [

Rga
k

]−1(
Y

ga
k −hga

k (X̃k)
)

+
N∑

k=1

1
2

(
Y is

k −his
k (X̃k)

)T [
Ris
k

]−1(
Y is

k −his
k (X̃k)

)
+

N∑
k=1

1
2

(
Y

gs
k −hgs

k (X̃k)
)T [

Rgs
k

]−1(
Y

gs
k −hgs

k (X̃k)
)

+
N∑

k=1

1
2

(
Y ad

k −had
k (X̃k)

)T [
Rad
k

]−1(
Y ad

k −had
k (X̃k)

)
(4)

15

In Eq. (4), the first term is related to the background term, while the six following
terms are related to the observations. The cost function measures the squared distance
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between the background scenarios or observations with the current age model X̃. The
observation operators, h, have to be introduced to translate the observation value on
the current age model at each iteration. All the squared distances are weighted accord-
ing to the confidence we have in the background model scenarios and in the markers.5

This is done through the background error covariance matrix B, and the observation
error covariance matrices R. These matrices play a key role since the weights they
introduce set the final trade-off between the background and observation constraints in
the cost function.

For NGRIP, indexed with k, each marker of age-difference is defined over a depth10

interval between zad,1
k and zad,2

k . Such a marker measures the number of years yad
k

counted in between the two depth levels.
Figure 1 shows the result of one Datice simulation, with the optimized ice chronology

Ψa
k(z) (red line), and the background chronology (grey dotted line). Each marker of age-

difference is sketched with a grey rectangle designed to confirm whether the analysed15

chronology meets the marker constraint or not:

Ψa
k

(
zad,2
k

)
−Ψa

k

(
zad,1
k

)
≤ yad

k ±σad
k (5)

where Ψa
k

(
zad,1
k

)
and Ψa

k

(
zad,2
k

)
are the analysed ice ages at both ends of the depth

interval over which yad
k ±σad

k years were counted. The analysed ice age curve should20

therefore be located within the error bars close to the upper right corner of the rectan-
gle.

2.2 Modifications of inputs since AICC2012

An important condition to use Datice properly is to respect the independence between
the age constraints and the background scenarios. This was not the case when build-25

ing AICC2012 for the NGRIP ice core. Here, the new development of Datice allows
one to use scenarios for background accumulation rate and thinning function indepen-
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dent from the age constraints deduced from GICC05 for NGRIP. The thinning function
is the same as for AICC2012, obtained from the 1-D–DJ glaciological model adapted
to NGRIP (Andersen et al., 2006). However, we have largely increased its associated
variance to make it comparable to the ones associated with the background thinning5

function of the other cores implemented in Datice (Appendix A). For the accumula-
tion rate, we use two background scenarios independent from GICC05, i.e. based on
variations of water isotopes or δ15N of N2 as detailed in Sect. 3.1. The formulation
and coefficients of the variance of NGRIP background accumulation rate are the same
as in AICC2012 and comparable to other ice cores. The LIDIE background scenario in10

AICC2012 was built from a firnification model (Goujon et al., 2003) whose input param-
eters (temperature and accumulation rate) were roughly adjusted to be coherent with
the mean δ15N values measured over the NGRIP ice core. It was thus independent
from GICC05 and has been kept unchanged for our study.

Concerning the age constraint, the absolute age markers deduced from GICC0515

were replaced by markers of age-difference. The markers of age-difference are ob-
tained from the GICC05 chronology at regular time intervals. In the official GICC05
chronology, the markers of age-difference are given every 20 years with the corre-
sponding Maximum Counting Error (MCE), but some adjustments of the periodicity
of these age markers were done for this study (Sect. 2.3). In order to constrain the20

relative gas chronology vs the ice chronology, we use information derived from δ15N
of air trapped in ice bubbles. New δ15N data on the NGRIP ice core have been pub-
lished since the AICC2012 chronology (Kindler et al., 2014). In particular, these data
permit to identify depths of rapid temperature increases associated with the beginning
of Greenland Interstadials (GI) 1 to 7 in the gas phase. The depth differences between25

peaks of δ18Oice and δ15N of a concomitant event recorded in the ice and the gas
phases are thus used as delta-depth (∆depth) constraints. With the new set of data
from Kindler et al. (2014), we were thus able to deduce new ∆depth markers that were
not available for the construction of AICC2012 (Table 1). Their uncertainties depend on
the resolution of measurements and the difference of ∆depth estimates.
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2.3 Incorporation of the markers of age-difference in Datice

The introduction of the markers of age-difference is more appropriate to build a chronol-
ogy the respecting the original layer counting constraints of the GICC05 chronology.5

Still, the incorporation of the GICC05 markers of age-difference and associated un-
certainties within Datice is not straightforward. The main problems to address are (1)
to define the most appropriate time interval for incorporation of the markers of age-
difference and (2) to transform an uncertainty expressed as a maximum counting error
in GICC05 into an uncertainty expressed as the standard deviation of a Gaussian dis-10

tribution in Datice.
Different tests, summarized below, were performed to address these two problems

and find the best formulation. To address the first problem of the periodicity of age
markers, we have initially assumed that the MCE on each interval is completely un-
correlated over the last 60 ka and assigned a 2 MCE uncertainty to markers of age-15

difference deduced from the GICC05 layer counting. We decide in this paper to treat
the error on individual annual layer as normally distributed. On this assumption, one
can apply the MCE to age-difference markers as a Gaussian error. The periodicity of
markers of age-difference in GICC05 is 20 years with a 1 to 8 years associated uncer-
tainty (Rasmussen et al., 2006). However, as the spatial resolution of Datice is every20

meter, a too high frequency of the markers of age-difference can create inconsisten-
cies. In particular, 1 m often represents more than 20 years for the NGRIP ice core
over the last glacial period. As a consequence, even with an associated interpolation
scheme, it is not possible for Datice to properly incorporate these markers and com-
bine them with other dating constraints. This is illustrated on Fig. 2 where we have25

tested several intervals for the age-difference markers (20, 60, 100 and 200 years) with
their corresponding 2 MCE errors. It resulted that markers have to be of 100 years
difference or higher for Datice to run correctly without divergence at high depths. We
then observe a difference of up to 130 years with the GICC05 chronology between 23–
40 ka. We have chosen to retain the chronology built with markers of age-difference
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every 100 years in order to keep the strongest possible constraint from the GICC05
chronology.

In this first set of tests, the errors for markers of age-difference were assumed to be
completely uncorrelated. This is the reason why even if we have chosen a larger un-5

certainty than the GICC05 one, the previous chronologies present final uncertainties 4
to 12 times smaller than the half MCE (Fig. 2 bottom). The assumption of uncorrelated
errors for markers of age-difference is questionable since the layer counting process
may introduce a systematic bias all over the core, or at least on several core sections.
The MCE construction takes into account the possible existence of such error corre-10

lations by assuming completely correlated errors on individual annual layers. It gives
an upper estimate of the error by summing up errors instead of squared errors (and
taking the square root of the result). However, no estimate of the error correlation is
provided in the GICC05 chronology. In order to test the influence of error correlation
between markers of age-difference in our study, we have performed Datice simulations15

with different values of error correlation between markers of age-difference. For these
tests, we have used a 100 years interval between markers of age-difference. We have
assigned the value of 1 MCE for the 1-sigma uncertainty of Datice and the error cor-
relation value has been varied between its minimum and maximum possible values.
The introduction of the error correlation for markers of age-difference does not lead20

to strong deviations from the GICC05 chronology. As for the chronology built without
correlation, the maximum difference between the new chronologies and GICC05 is of
130 years (Fig. 3). However, the chronologies obtained with or without correlation be-
tween errors are not similar: the deviation from GICC05 continuously increases with
depth in the case of error correlation while the deviation is maximum for the last glacial25

maximum and then decreases in the case of no correlation. As expected, when the
correlation is increased, the deviation between the new chronology and the first guess
increases (Fig. 3 middle).

Even if the deviations from the GICC05 chronology are of the same order of magni-
tude with or without error correlation, the main difference appears in the final chronol-
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ogy uncertainty calculated by Datice (Fig. 3 bottom). Without error correlation, the 1-
sigma uncertainty is close to 200 years at 60 ka compared to the double when we
consider the error correlation for the markers of age difference. Still, the final error is
smaller than the error given for the GICC05 chronology and defined as half the MCE.5

This result is not unexpected for two reasons. First, there is no direct link between half
the MCE and a 1-sigma Gaussian error, even if both errors are symmetric. Second, the
1-sigma uncertainty obtained with Datice is the result of the chronology optimisation for
5 ice cores with many observations. For each depth level, the final uncertainty is then
constrained by more precise sources of information than the age-difference markers.10

This may lead to a smaller final uncertainty than the one obtained with only one ice
core and one kind of dating constraints.

Finally, we have tested several values of the correlation between errors within the
possible range from 0 (no correlation) to 1 (complete correlation). Note that because
of numerical problems linked to matrix inversion, values higher than 0.6 for error corre-15

lation led to improper runs of Datice for a 5 core exercise. Still, we have observed that
the resulting chronologies showed only very small differences when varying the values
of error correlation and especially the uncertainty on the final chronology does not in-
crease significantly for error correlation higher than 0.3 (Fig. 3). This is due to the fact
that the final Datice uncertainty does not depend only on the error on the age-difference20

markers but also on other markers uncertainties and background parameters covari-
ances. In the following sections, we have first imposed the 2 MCE uncertainty and no
error correlation; then we present the Datice results for the 0.5 error correlation simu-
lation as comparison/confirmation of the changes compared to AICC2012 (dotted line
on figures).

3 Glaciological implications

When we relax the constraints on the background glaciological parameters at NGRIP,
Datice produces new optimized profiles for accumulation rate, thinning function and
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LIDIE. Because we work on a multi-site frame, the optimization takes into account5

not only the age-difference constraints from GICC05 but also the influence of the four
Antarctic ice core chronologies through stratigraphic links.

3.1 Accumulation rate

Different background accumulation rate scenarios are tested for NGRIP. Two scenar-
ios, independent from the GICC05 chronology, have been chosen. First, we use the10

accumulation associated with the ss09sea chronology (Johnsen et al., 2001). An ac-
cumulation rate scenario is deduced from the water isotope profile corrected for the
isotopic composition of seawater, as it was done for Vostok, EDC, EDML and TALDICE
(e.g. Lorius et al., 1985; Parrenin et al., 2007; Bazin et al., 2013). Then, the relation-
ship between the accumulation rate and the δ18O profile is adjusted in order for the15

1-D–DJ ice flow model to match observed depth–age horizons. The obtained accumu-
lation rate profile (ss09sea, Fig. 4) is fairly close to the DJ–GICC05 accumulation rate
scenario over the millennial scale variability of the last glacial period. Nevertheless, the
ss09sea accumulation rate is higher by ∼ 20% than the DJ–GICC05 one at the end of
the Younger Dryas and over the early Holocene. Alternatively, we have used the accu-20

mulation rate produced by Kindler et al. (2014), hereafter PK2014. It has been derived
from ss09sea and adjusted with a firnification model (Schwander et al., 1997) to repro-
duce the δ15N data measured over the glacial period. The PK2014 accumulation rate
is much lower than the DJ–GICC05 accumulation rate over the last glacial period, by
up to 30%.25

When taking ss09sea or PK2014 accumulation rate as background scenario and
despite the difference between them, Datice produces very similar accumulation rates
(Fig. 4). While the two output accumulation rate scenarios are much alike the DJ–
GICC05 scenario over the early Holocene, they show significantly lower values than
DJ–GICC05 for the last glacial period. On average, the Datice output accumulation
rate for NGRIP is 10 to 15% lower than the DJ–GICC05 accumulation rate over the
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glacial period after 60 ka. The same result is obtained for both the case with no error
correlation and the case with error correlation (Fig. 4).5

Our study confirms the overestimation of GICC05 accumulation rate already sug-
gested by Guillevic et al. (2013) and Kindler et al. (2014), even if our accumulation rate
scenarios for NGRIP are not showing values as low as those suggested by Kindler
et al. (2014) on the δ15N basis over the whole glacial period (Fig. 4). This conclusion is
mainly valid for the last 60 ka since our study does not bring any improvement for the10

oldest part of NGRIP. For the following tests in this study, we chose to use the ss09sea
accumulation rate as background.

3.2 Lock-in depth in ice equivalent

When building the AICC2012 chronology, we used a background LIDIE obtained from
a densification model (Goujon et al., 2003). Indeed, in Greenland the LIDIE produced15

by the densification model is in agreement with the LIDIE deduced from δ15N mea-
surements (Huber et al., 2006; Guillevic et al., 2013). The background LIDIE scenario
for NGRIP in AICC2012 was thus in agreement with the δ15N mean level over the
last 120 ka (Landais et al., 2004, 2005; Huber et al., 2006; Kindler et al., 2014). Still,
because the δ15N data from Kindler et al. (2014) were not published at that time, we20

could not implement the ∆depth constraints at the beginning of GI 1 to 7 as done here
(Sect. 2.2).

When running Datice as for AICC2012, i.e. with the strong constraints to the GICC05
chronology, thinning function and accumulation rate for NGRIP, and with the addition
of the new ∆depth constraints from Kindler et al. (2014), we obtain very large LIDIE25

levels for NGRIP between 28 and 38 ka (Fig. 5). LIDIE levels are deeper than 100 m,
implying a lock-in depth exceeding 140 m. Deepest lock-in depths observed today in
Antarctica are about 100–110 m deep (Landais et al., 2006) and NGRIP glacial lock-in
depth is not expected to be deeper than 90 m from firnification models (Goujon et al.,
2003). These large values were not obtained for AICC2012 in the absence of ∆depth
constraints at the onset of GI 1 to 7. The ∆depth constraints from δ15N measurements
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cannot be questioned since the δ15N peaks in Greenland air bubbles clearly respond
to abrupt surface temperature increases and are thus in phase with the increases in5

water isotopes ( δ18O) recorded in the ice phase. On the opposite, the DJ–GICC05
thinning function is very smooth and could be revised to be more realistic and sensitive
to changes in ice properties (Guillevic et al., 2013). Since the LIDIE is simply calculated
as ∆depth divided by the thinning function, a too small thinning function will lead to a too
high LIDIE.10

In our study, the NGRIP thinning function is not tied to the DJ estimate as in
AICC2012 and it deviates significantly during the glacial period. As a result, the out-
put LIDIE is not showing very strong values exceeding 100 m, which is more realistic
(light blue curve, Fig. 5). We still observe quite large variations of the LIDIE by more
than 15 m between 1900 and 2100 m. These variations are much larger than the LI-15

DIE variations deduced from δ15N mean levels over this depth interval (brown curve,
Fig. 5). Indeed, except during abrupt warming, the δ15N level in air trapped in ice is
only influenced by gravitational fractionation (Severinghaus et al., 1998). In the ab-
sence of a deep convective zone at the surface of the firn, the δ15N level can thus
be linked directly to the firn depth. To reduce the non realistic short-term variations of20

LIDIE, we have thus reduced the variance of the background LIDIE (σb,L = 0.6 to 0.3
and minimum value at 0.05, Appendix A, pink curve Fig. 5). The final LIDIE is in better
agreement with the one deduced from δ15N measurements. Note that this modification
of the LIDIE variance has only a very minor effect on the chronology, thinning function
and accumulation rate. Again, both simulations with or without error correlation lead to25

nearly the same results (Fig. 5).

4 Chronological and climatic implications

As an introduction, we strengthen that the GICC05-free chronologies discussed here
should not be taken as new official chronologies but rather as studies of glaciological
and climatic implications of reducing some constraints in the chronology construction.
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The AICC2012 chronology has the strong advantage of being in exact agreement with
the GICC05 chronology and hence to facilitate the multi-archives comparison taking5

GICC05 as reference as already made in many studies (INTIMATE project: Blockley
et al., 2012a). When looking at the NGRIP ice records, the final GICC05-free chronolo-
gies do not differ from the GICC05 or AICC2012 chronologies by more than 130 years
over the last 60 ka (Fig. 6).

The Antarctic chronologies are not much modified compared to the AICC201210

chronologies. Both EDML and EDC GICC05-free chronologies differ by less than
400 years from AICC2012 (Fig. 6), which is well within the uncertainties of these
chronologies (400–1000 years over this period). The small differences between the new
GICC05-free and AICC2012 chronologies mean that the relationship between Green-
land and Antarctic climate discussed with AICC2012 for the millennial scale variability15

of the last glacial period stays valid on GICC05-free (Veres et al., 2013). We observe
a classical seesaw pattern with Antarctic temperature increasing during the Greenland
stadials, with a faster and shorter increase at EDML than at EDC (Fig. 7).

5 Conclusions

The bayesian tool Datice used for the construction of the AICC2012 chronology has20

been improved and now enables one to consider the duration of events as dating con-
straints. This development is more coherent with the building of chronologies based
on layer counting where the absolute error, defined as the maximum counted error,
increases with depth because of a cumulative effect. To account for the fact that the
counted errors on each interval are not uncorrelated, we have also introduced a cor-25

relation between age-difference errors. This has permitted us to produce coherent
Greenland–Antarctica timescales that respect the correlated counting errors of GICC05
without forcing artificially the glaciological background parameters. Compared to the
AICC2012 results, the NGRIP glaciological parameters obtained in this study are in
better agreement with expected behaviours: (1) the accumulation rate is decreased
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in agreement with independent studies based on δ15N measurements; (2) the LIDIE5

is in agreement with typical firn depth expected in Greenland. The final chronology
does not differ by more than 130 years from GICC05 for NGRIP, which is well within
the published uncertainty. For Antarctic ice cores, no difference larger than 400 years
is observed and the bipolar seesaw pattern is not modified with these new chronolo-
gies. As a consequence and to avoid confusion with the reference GICC05 timescale,10

we do not recommend to use GICC05-free chronologies. However, the improvements
performed in this study should be incorporated in the next coherent ice core dating
effort. A more specific study on the determination and variation of the error correlation
of the layer counted GICC05 chronology, and its translation as age-difference markers
in Datice should be performed in the future.15

Appendix A: Ages calculation in Datice and background variances definitions

The Datice age models are derived from three key ice core quantities: the total thin-
ning function (T (z)), the accumulation rate (A(z)) and the LIDIE (C(z)). They allow to
estimate the ice age chronology (Ψ(z)) as follows:

Ψ(z) =

z∫
0

D(z′)
T (z′) ·A(z′)

dz′ (A1)20

with D(z) being the relative density of the snow/ice material. The gas chronology (χ (z)),
is calculated using ∆depth, which measures the in-situ depth difference between ice
and gas of the same age. Then the gas age is defined as the ice age of the layer
situated at the depth (z−∆depth).

∆depth(z) = C(z) · T (z) (A2)

χ (z) =Ψ(z−∆depth(z)) (A3)
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The background parameters with their associated variances, as well as age con-5

straints and their respective uncertainties are needed to calculate the optimized ages.
Depending of the confidence assigned to the background parameters, Datice will be
authorized to correct them more or less. Here we remind the formulations used to
define the thinning function (Eq. A4) and the LIDIE (Eq. A5) variances, as several co-
efficients were corrected in this study.10

The standard deviation of the thinning function is defined as:

σT (z) = cT1
+cT2

·
z∫
D(z)

T (z)
dz+cT3

·
σA,loc

σmax
A,loc

(A4)

where cT1
, cT2

and cT3
are user defined constant parameters (cT2

equals c ·0.1/H
where H is the maximum depth of the input and c a user defined constant), T (z) is15

the thinning function, D(z) the relative density, σA,loc the local standard deviation of
accumulation and σmax

A,loc the maximum standard deviation of accumulation. The last
term was implemented in order to increase the thinning variance during large climatic
transitions since it has been suggested that the mechanical properties of ice can be
modified in these periods. For the purpose of the tests performed in this study, we have20

corrected the cT2
value (from 0.000016 to 0.000064) that was used for NGRIP when

building AICC2012. This correction permits to have a coherent parameterization of the
thinning variance for the 5 ice cores. Moreover, we have reduced the cT1

values from
0.01 to 0.00001 in order to be closer to the 0 variance hypothesis at the surface for all
sites. The other coefficients have the same values as used to build AICC2012 (SOM25

Bazin et al., 2013).
The formulation for the LIDIE standard deviation is:

σL(z) =
σb,L

σb,A
·

σA(z)

1+
mA,loc

mmax
A,loc

(A5)
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with mA,loc being the local mean accumulation rate and mmax
A,loc its maximum value over

the length of the core, σb,L is a reference standard deviation. In this case, the vari-
ance on the LIDIE increases with the variance on the accumulation rate, i.e. with the
deviation from present-day conditions. This is justified by the fact that we do not have5

a standardized way to link LIDIE to accumulation rate and/or temperature (firnification
model or δ15N based estimate). In Sect. 3.2 we have reduced the value of the σb,L
coefficient from 0.6 to 0.3 as well as the minimum value possible (from 0.1 to 0.05) for
NGRIP. This means that we have more confidence in our background LIDIE scenario
than when building the AICC2012 chronology. The other coefficients have the same10

values as used to build AICC2012 (SOM Bazin et al., 2013).
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Table 1. New ∆depth markers of NGRIP deduced from the data of Kindler et al. (2014).

depth (m) ∆depth (m) σ (m)

1490.2 25.07 2.5
1520.5 21.84 2.5
1574.4 23.51 2.5
1603.0 26.42 2.5
1792.7 25.07 2.5
1868.1 22.62 2.5
1888.4 21.87 2.5
1950.6 21.32 2
1972.6 20.42 2
2007.8 19.22 2
2099.9 17.77 2
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Figure 1. NGRIP ice chronologies centred on two markers of age-difference, over the depth
interval 1521–1527 m. The red curve is the analysed ice chronology Ψa

k(z), the grey dotted line
is the background chronology. The grey rectangles represent the markers of age-difference.
The lower left corner of the grey rectangle is attached to the analysed ice chronology, so that its

abscissa and ordinate are
(
zad,1
k ,Ψa

k

(
zad,1
k

))
. The height of the rectangle equals the counted

number of years yad
k , and the observation error bars ±σad

k (red vertical bars) are centred on the
upper right corner.
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Figure 2. Comparison of age differences with GICC05 chronology for different intervals of age-
difference markers over the period covered by layer counting. Top: the difference is calculated
for markers every 20 years (red), every 60 years (orange), every 100 years (blue) and every
200 years (purple). Bottom: the corresponding colours represent the final uncertainties calcu-
lated by Datice for each frequency of markers. The 1-sigma uncertainty of GICC05 chronology
is represented by the grey surface.
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Figure 3. Top: comparison of age differences with GICC05 for Datice simulations when consid-
ering markers of age-difference without correlation (light blue line), with low correlation (dashed
turquoise line) or moderate correlation (dark blue line). Middle: deviation of the new Datice
chronologies from their background estimates for the two simulations considering error corre-
lation. Bottom: 1-sigma error of NGRIP chronologies for GICC05 (grey surface), Datice without
error correlation (light blue), with low error correlation (dashed turquoise line) or moderate error
correlation (dark blue line) for the markers of age-difference.
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Figure 4. Comparison of accumulation rates for NGRIP over the last 60 ka. The GICC05 accu-
mulation rate (grey) is presented for comparison; the ss09sea (dark blue) and PK2014 (brown)
accumulation rates used as background; the Datice output accumulation rates using ss09sea
(light blue for the run without error correlation, black dotted line for the run with error correlation)
and PK2014 (orange) ones as input. The vertical bars at bottom indicate the positions of the
markers of age-difference every 100 years.
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Figure 5. Comparison of NGRIP LIDIE over the glacial period. The LIDIE obtained when build-
ing the AICC2012 chronology (grey), the same as AICC2012 + ∆depth markers deduced from
Kindler et al. (2014) (black) and the LIDIE obtained from the δ15N data Kindler et al. (2014)
are shown for comparison. The background LIDIE used as input is in dark blue. The output
LIDIE after running Datice are also presented, in light blue when using the same error as in
AICC2012 and in pink/black dotted line when reducing this error. The markers present at the
bottom correspond to the ∆depth markers implemented in Datice. The ones in the red box are
new ∆depth markers deduced from the data of Kindler et al. (2014).
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Figure 6. Water isotopic records (black) of NGRIP, EDML and EDC over the last 60 ka on
the GICC05-free chronology without error correlation (NorthGRIP Community Members, 2004;
EPICA Community Members, 2006, 2010; Jouzel et al., 2007). The blue solid lines indicate the
age differences between the GICC05-free and the AICC2012 chronologies (dark blue: run with
error correlation; light blue: run without error correlation).
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Figure 7. Comparison of NGRIP δ18O (NorthGRIP Community Members, 2004), EDML δ18O
(EPICA Community Members, 2006, 2010) and EDC δD (Jouzel et al., 2007) water isotopes
on different coherent chronologies (AICC2012 in black, GICC05-free with correlation in dark
blue and GICC05-free without correlation in light blue).
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