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Abstract. To interpret new high resolution climate records it this synchronization point the time scales between Greenland
becomes more and more important to know about the succesnd Antarctic ice cores diverge (Parrenin et al., 2007; Ruth
sion of climate events. Such knowledge is hard to get espeet al., 2007). The time scales can be linked via global gas
cially when dealing with different types of climate archives. parameters. Here the complication is that the age of the gas
Even for ice cores a direct synchronization between ice coresccluded in the ice is not identical to the age of the surround-
from Greenland and Antarctica has not been possible so faing ice. This age differenceA@age) is a result of the gas
due to the lack of time markers occurring in both hemi- being occluded not on top of the ice sheet but in a depth of
spheres. Fortunately, variations in the time series of globafoughly 100 m below surface where the ice already has a sig-
gas records can be used as indirect time markers. Here weificant age in the range of a few hundred up to a few thou-
discuss in detail the steps that are necessary to synchronizand yearsAage can be calculated reliably for present day
ice cores via global gas records exemplified on the synchroeonditions (see for instance Blunier and Schwander, 2000)
nization of the EPICA ice core from Dronning Maud Land to with a firn densification model. Here we discuss the proce-
a Greenland record from North GRIP. dure to synchronize ice cores; i.e. the EPICA Dronning Maud
Land (EDML) core and the Greenland NGRIP core (EPICA
community members, 2006). TH&Be peak can be used to
examine the reliability of the synchronization. On the other
hand thel%Be peak can be used to improve thage calcu-

In-depth understanding of the climate system depends Orltﬁtelzor:z\a/\;:tjhsg:ﬁ)th s;l/pL%futlr:a %igee;n;d(ezlbg%s road is taken in

knowledge of the succession of climate events. This knowl-
edge is jeopardized by the lack of absolute ages in climate

archives. However, the necessity of absolute ages is only

prerequisite when comparing climate records from paleo? Global gas records

archives to absolutely dated records like orbital parameters; = . ) ]
else properly synchronized records are sufficient. Ice cored? Principle any atmospheric gas record showing global vari-
from the same hemisphere can be linked via volcanic erup@tions can be used to synchronize ice cores from the two
tions; e.g. a reliable relative dating between most Antarctichemispheres. It is important that the lifetime of the gas is
ice cores has been established (Ruth et al., 2007). Linkingonger than the exchange time between the hemispheres to
ice cores between hemispheres is trickier. So far no vol-2Ssure that variations in the atmospheric concentration oc-
canic layers beyond the historic era have been found in ic&urmng in one hemisphere have a significant imprint on the
cores from both hemispheres which undoubtedly stem fron2tmospheric concentration in the other hemisphere. Another
the same eruption. One reliable age marker found in Greenf€guirement is reliable measurements. From the lifetime
land and Antarctic ice cores is the characteriée double ~ Pint of view CG and NO are suitable for synchronization.
peak which corresponds to the Laschamp event at4Digr However, CQ can not be measured reliably in Greenland ice

BP (Guillou et al., 2004: Raisbeck et al., 2007). Away from COres potentially due to chemical reactions in the ice leading
to too high CQ concentrations (Anklin et al., 1997; Stauffer

Correspondence tor. Blunier et al., 2003). NO although showing millennial scale vari-
(blunier@climate.unibe.ch) ations can not be used since in Antarctic and Greenland ice
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gas age is on the order of a few hundred years at most. Fig-
ure 1 shows the twé'804m records on the same time scale.
The two records differ by more than what would be expected
from the uncertainty of the measurements. A reliable syn-
chronization on the century scale with®O4m will only be
_ possible when the samples are remeasured. High precision
0 10000 20000 B 000 S0000 6000 measurements 6£804m are challenging and should be per-
formed at the same time in the same laboratory. For now the
Fig. 1. Top: CH, records used for the composite. Green Dots: atmospheric Chi record is still the best choice to obtain a
GRIP; Yellow Triangles GISP2 (Blunier and Brook, 2001). Red good synchronization of Greenland and Antarctic ice cores.
Crosses: NGRIP (Eckiger et al., 2004). The synchronization pe-
riod starts at 55kyr BP. The NGRIP data before 55kyr BP were
used to match the GISP2 data correctly on the NGRIP time scale3 Composite Greenland CH record
The grey area marks the period where the synchronization via CH
has its largest uncertainty. Bottors180 of atmospheric @from At this time no complete high resolution Greenland H
GRIP (Blue diamonds) and GISP2 (Black diamonds) (Fuchs andrecord exists from a single ice core covering the time period
Leuenberger, 1996; Sowers et al., 1989). All the records are plotteghetween 55 kyr BP and today. Therefore we built a compos-
on the NGRIP time scale. ite record based on the GRIP, NGRIP, and GISP2, G&ta.
This composite is the basis for the synchronization between
hGreenland and Antarctic ice cores. The highest resolution
record is from NGRIP. Unfortunately this record covers, so

; far, only the period 48 to 38 kyr BP (&tkiger et al., 2004).
8180 of atmospheric @ (81804m) and CH, have been = o
used in the past to synchronize ice cores (e.g. Bender e he entire time period is covered by the GRIP record but

. . there are times when the resolution is relatively low, in par-
al., 1994a; Blunier and Brook, 2001; Blunier et al., 1998). .. ) '
5180,m is linked to thes180 of seawater by biology. The ticular before 38 kyr BP (Blunier and Brook, 2001). There-

atmospheric turn over time is on the order of 1000 years fore we complement the GRIP and NGRIP record by GISP2

Therefores180 of O, shows only slow variations. Due to the data before 38 kyr (Table 1).

long atmospheric lifetime there is no measurable pole to polﬁ\I The time scale for the composite is the layer counted
gradient ins 0, (Bender et al., 1994b). GRIP time scale GICCO05 (Andersen et al., 2006; Ras-

The lifetime of CH, is much shorter than fo8'80.m, mussen et al., 2006). Before 41 kyr BP the counted time scale

namely only on the order of 10 years. The advantage of th vas extended with the model time scale ss09sea (Andersen et

short lifetime is that changes in the production or destructional" 2004). For this purpose ss09sea was shifted by 300 yr to

rate of methane have a large almost immediate impact orfOUNger ages. Huber et al. (2006) found from the concomi-

the atmospheric ClHconcentration. On the other hand the tant signal of rapid temperature v§r|at|ons in 8éN of N
R . ) . that, for NGRIP, the modelledage is too small. By decreas-
lifetime is only about ten times bigger than the atmospheric.

. - . ing the accumulation rate for the model calculation by 20%
exchange time, resulting in a pole to pole gradient of a few ; : ) .

. - f X they obtain an optimal fit of the modelage for the time pe-
per cent. Since Clishows large variations in a short time

over Dansgaard-Oeschger (DO) events it is especially suite<rjIOd whe_re CH data for NGRIP e.X'St' The .GRIP dHiata
. L2 was assigned a NGRIP gas age interpolating between match
for a precise synchronization of these events.

Unfortunately, the Chi time series lacks larger varia- points between the GRIP and NGRIP ice cores (Rasmussen
. . -~ . ; . etal., 2006, 2007). Note that no nevage is calculated. The
tions during the critical period preceding the last termination.

L : . . original GRIP Aage is projected on the NGRIP time scale.
Here the synchronization via GHhas its largest uncertainty. )
18 . ; .7 For GISP2 we use a different approach. The GISP2 CH
31°0atm has the potential to improve the synchronization.

_ data was matched directly on the existing NGRIP,Gldta
Between the last larger GHvariation around 28 kyr BP (cor-
responding to DO 3) and the Last Glacial-Bglling transition before 55kyr BP (Huber et al., 2006) and after 48 kyr BP.

5180, increases by about 0.5%. The accuracy 6¥0zum GISP2 CH data in the gap of the NGRIP data was assigned

of £0.05 to+0.08%. (Fuchs and Leuenberger, 1996; Sowers® NGRIP age py mterpo!atlo'n. The resgltmg Gregnland com-
. posite record is shown in Fig. 1. No discrepancies between

and Bender, 1995) together with the lack of a pole to pole .

. . o ... “the CH, data from the three ice cores are found.

gradient should allow a firm synchronization over this time

period. However, the quality of the data is not good enough

to make an accurate synchronization. We compaf®am 4 Matching CH4 records

from the GRIP and GISP2 cores. These two Greenland ice

cores can be synchronized reliably via the isotopic signal ofThe EDML CH, -record has a lower resolution and covers a

H>0 (Johnsen et al., 2001). Theage of the two cores (see shorter time span than the Greenland composite. Therefore

below) is almost identical and the uncertainty in the relativewe match the EDML record on the Greenland composite

CHy (ppbv)

18 (v
8'°0, 1, (%o0)
20000060
NODHANON S

artefacts occur preferentially where the dust content is hig
(Fluckiger et al., 2004).
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Table 1. CHy4 data for the Greenland composite.

Core Gasage intervgkyr BP)  Depth intervail* Samples(#) Resolution(yr)
(m)

NGRIP 38122-48215 2085.1-2249.5 164 mard]

NGRIP 54 922—NA 2358.9-2463.5 125 545

GRIP 10128-59 257 1529.6-2472.8 276 127293
10128-38 000 1529.6-2205.9 223 123
38000-59 257 1529.6-2472.8 53 4009

GISP2  38412-60086 2205.9-2511.9 145 2264

* Ages are given on the layer counted NGRIP time scale GICCO05 (Andersen et al., 2006; Rasmussen et al., 2006). Before 41ky BP the
model time scale ssO9sea (Andersen et al., 2004) is fitted to the counted time scale.
** Depths are original depth from the individual ice cores.

record. We do this using a Monte Carlo method, which a solution to be considered valid the correlation coefficient
searches for a maximal correlation between the record$ias to be at least 0.85. It turned out that the method is quite
(Schwander et al., 1997). The NGRIP reference recayd ( insensitive toward the direction in which the window is
has data pointa(;), i€[1..n,] where { is the gas age of a moved through the record. The whole procedure is repeated
data point. First the EDML Chlirecord (b) is preliminarily 20 times for each direction. For each methane data point
matched to the composite Greenland record by match pointsre have calculate mean and standard deviation ofahe
at the fast transitions. The EDML record consists of valuesvalues meeting the conditions above. The standard deviation
b(t;), je[l..ny]. The Monte Carlo program then improves gives us a measure of how accurate the match is relatively
the preliminary time scale. The process is as follows: A from one point of the record to another. It does, however, not
subset of¢ CH,4 values from EDML with ageyt (k€[1..£]) give us an absolute uncertainty since this parameter depends
is chosen. The program assigns a new age=t;+Af; on the number of runs performed. With the £kecord of
to these data points whetkr; is chosen randomly within  the Greenland composite and EDML on the same time scale
some limits. The drawing of new ages; tis repeated for we now calculate ice ages for the two sites applyiape.
2000 times. The best correlation between sequences of k
shifted methane values and the reference record is stored:
maxcorr(b(tny), a’(tny)) kel j..j+£—11; je[l..np—C+I]. 5 Error estimate
Values 4of the reference record at timeg tare interpolated
linearly from the original record. The matching procedure Three factors determine the uncertainty of the synchroniza-
is started with the subrecord window placed at one end oftion for the ice time scale. These are the uncertainties of
the methane record. The window is then shifted by oneAage for the two ice cores and the uncertainty of the match of
methane data point, and the random variations are repeatdfieé CH, records. The latter is mainly determined by the res-
again keeping the first point fixed with the best tn value olution of the records. However, also the uncertainty of the
resulting from the previous window position. The window concentration and the interhemispheric gradient of thg CH
is shifted until it reaches the other end of the record. Valuegecords are of some importance. We note, however, that this
At; are drawn randomly in discrete 25 year steps. Wedifference is smallest during the cold periods of the glacial
limit A7 to £1500yr to hinder that the program assigns (Dallenbach et al., 2000).
peaks to the Chivariation before or after the one it belongs A firn densification model is used to calculatage. Aage
to. FurtherAzis chosen so that the relative “error” of the is dependent on the local temperature and the accumula-
initial preliminary time scale is no bigger than 80%. New tion rate (Fig. 2). Our model (Schwander et al., 1997) in-
times tn are discarded if they change the succession ofcludes the heat transport in the firn but neglects heat dif-
data points. Windows of values with variation smaller fusion from the bedrock (Goujon et al., 2003). Including
than 20 ppbv are not considered in order to avoid correlatiorthe latter would lead to an increased temperature in the firn
of very small signals. It is possible to obtain a very high implicating a slightly smallerAage. However, the differ-
correlation with signals of very different amplitudes. For ence is small and since all calculations were made with the
instance an identical but ten times smaller signal will have asame model this effect cancels out to some degree. Since
correlation of 1 but is of course completely meaningless. Tothe model is dynamic also the underlying time scale has an,
omit this situation the slope of the regressiainp) versus  although small, influence onage. The firn densification
d(tn,) has to be between 0.9 and 1.1 for a valid draw. Formodel proved to work very well under present day condi-
tions. The model is capable to simulate the occlusion process
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Fig. 2. Aage over the range of temperature and accumulation rate "% 2000 \GRIP g5 Iyr BF] 40000 50000
of the EDML record back to 60 kyr BRAage was calculated with a
steady state version pf our model. The red line show; the temperFig_ 3. From top to bottom: NGRIR180 record, a proxy for
ature and accumulation range used for hege calculation. The e |ocal temperature (Andersen et al., 2008380 from EDML
black dots show present conditions for several Antarctic ice cores. corrected for sea level and upstream correction (see EPICA com-
munity members, 2006, for details). This record is synchronized
to the NGRIP record: The result of two approaches is shown: 1)
under very different conditions ranging from accumulation EDML was synchronized via methane records from NGRIP and
rates as low as 0.02 to over 0.5 Mgﬁyr—l and tempera- EDML (black line); 2) The EDML methane record was directly
tures from—58& to —13°C. Both NGRIP and EDML condi- linked to thes180 of NGRIP (green line), see text for details. £H
tions for the last 60 kyr BP are fully within that range. The records for Greenland (red) and EDML (blue)age with uncer-
uncertainty of theAage calculation originates mainly from @ity corresponding to a 25% change in the accumulation rate. The
the uncertainty of the input parameters. In Fig. 3 we Showeffect is about similar to a 2% change in absolute temperature. Blue

for EDML and red for the Greenland composite, respectively. Be-
the range ofAage for EDML, GRIP (after 38 kyr BP) and fore 38 kyr BP the synchronization is based on NGRIP data and the

NGRIP (before 38 kyr BP) allowing a 25% change in the ac- \GRip aage is shown. After 38 kyr the synchronization is based
cumulation rate. The effect onage is about equivalent to o GRIP CH, data and the GRIRage is shown. Uncertainty of the
a 2% change in absolute temperatureage for NGRIP is  synchronization: The grey bar represents the uncertainty of the CH
larger than for GRIP mainly due to the lower accumulation synchronization. Blue and Red bars show the uncertaintyasfe
rate at NGRIP relative to GRIP. assuming a 25% change in accumulation for EDML and the Green-
For low accumulation sites but also for EDML the gravi- land composite, respectively.l The three compongnt; are addgd in
tational enrichment of1N in the firn column indicates that duadrature to a total uncertainty for the synchronization of the ice
the glacial diffusive column height decreased relative to therecords (yellow bar).
present observations. As opposed to these observations den-
sification models predict an increase in the diffusive columnand theAage at both sites we arrive at a synchronized time
height under glacial conditions (see Landais et al., 2006, forscale for the Greenland and Antarcsit®O records. The re-
a recent review). Landais et al. (2006) propose a solutiorsult of this approach (EPICA community members, 2006)
which would make EDMLAage at the last glacial maximum is shown in Fig. 3. For this approach we estimate the total
300 yr larger than in our calculations. This is slightly bigger synchronization uncertainty at the start of DO events adding
than the effect we calculate for a 25% reduction in accumu-in quadrature the uncertainties for the synchronization of the
lation rate. However, other explanations are possible and &H, records and the twaAages for EDML and the Green-
definite explanation for the discrepancy between densificatand composite. Based on the resolution and the structure of
tion models and*°N data is pending. the CH, records we estimate that the uncertainty for the,CH
Here we used two synchronization methods to assess thgynchronization is small over the Younger Dryas (about 100
temporal coupling of both hemispheres (EPICA community years) and on the order of 200 years for most DO events. For
members, 2006). In the first method the high resolutionDO 2 and DO 3 the error is larger, about 300 years. The to-
Greenland composite GHecord has been matched with the tal synchronization error adds to 250yr for the YD, 500 yr
EDML CH4 record making use of the global signal in at- for DO 2 and DO 3, and about 400 yr for other DO events.
mospheric CH changes. For NGRIP we use theage con-  In between the rapid CHchanges the synchronization error
firmed by the synchronous effect of a fast temperature changenay be larger. We estimate about 800 years where small CH
in the ice and the gas record. Using the NGRIP age scaleariations are found.

Uncertainty [yr]
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One Aage uncertainty can be omitted by matching the perature changes (Huber et al., 2006). For Antarctica such
Antarctic CH, record directly to the Greenland temperature an approach is with exceptions not possible. e peak
record. It has been shown that rapid changes in temperas a first possibility to constrain the densification model for
ture and CH concentration at the beginning of DO events EDML and EDC although not independently (Loulergue et
are concomitant or with only a small time lag of 25-70yr al., 2007).

(Huber et al., 2006). However, this is not possible for all

times. Although the two signals are very similar there are” ", L . -
differences in the structure of the temperature and thg CH grqed for Ice C.O ring in Antarctica (EP.'CA)’ a joint European
. . . . . cience Foundation/European Commission scientific programme,
rec;ords. Th|s ap.proach gives, Where applicable, identical sof,, joq by the EU (EPICA-MIS) and by national contributions
lutions with the first approach (Fig. 3). from Belgium, Denmark, France, Germany, Italy, the Netherlands,
Since variations of the Greenland temperature and theyorway, Sweden, Switzerland and the UK. The main logis-
CHg record are so similar a comparison of the EDM#E0O tic support was provided by IPEV and PNRA (at Dome C) and
record to its CH record is synonymous to a (low resolu- AwI (at Dronning Maud Land). This is EPICA publication no. 173.
tion) comparison to the Greenland temperature. This third
method avoids again the calculationsfige for the Green-  Edited by: E. W. Wolff
land records.
As pointed out above, method 2 and 3 are not appl'?abqueferences
for all temporal changes in the GHecord due to the dif-
ferent nature of the CiHand 580 signal. Nevertheless, all Andersen, K. K., Azuma, N., Barnola, J. M., et al.: High-resolution
three approaches give within the above mentioned uncertain- record of Northern Hemisphere climate extending into the last
ties the same results in terms of succession of climate events interglacial period, Nature, 431, 147-151, 2004.
between Greenland and Antarctic temperature variations. Andersen, K. K., Svensson, A., Johnsen, S. J., etal.: The Greenland
An independent check of our Q%ynchronizaﬂon of the |Ce Core Chronolog)_/ 2005, 15-42 kyr Part 1: Constl’ucting the
8180 records comes from thE¥’Be peak at approximately ~ time scale, Quat. Sci. Rev., 25, 3246-3257, 2006.
40.4+2 kyr BP (Guillou et al., 2004). Here the direct syn- Anklin, M., Schwander, J., Stauﬁer', B., Tschumi, J., Fuchs, A,
chronization 08180 records using®Be (which is accurate to Barnola, J. M., and Raynaud, D.: g@ecord between 40 and

L . . 8kyr B.P. from the Greenland Ice Core Project ice core, J. Geo-
within £200 years (Raisbeck et al., 2002)) and synchroniza- phys. Res., 102, 26 539-26 546, 1997.

tion via the CH records involving the gas age/ice age differ- genger M., Sowers, T., Dickson, M.-L., Orchardo, J., Grootes, P.,
ence agree within the synchronization uncertainties. In sum- \ayewski, P. A., and Meese, D. A.: Climate correlations be-
mary the CH synchronization allows a reliable comparison  tween Greenland and Antarctica during the past 100,000 years,
of millennial climate variations between the hemispheres. Nature, 372, 663-666, 1994a.

The quantification of the exact timing of peak warmth in Bender, M., Sowers, T., and Labeyrie, L.: The Dole effect and its
Antarctica and rapid transitions in Greenland (EPICA com- variations during the last 130,000 years as measured in the Vos-
munity members, 2006) is generally better than 400 years_tok ice core, Global Biogeochem. Cycles, 8, 363-376, 1994b.
(Fig. 3). Two of the rapid Chiincreases at 11.69.32 and Blunier, T. .and Broo_k, E. J.: Timing of mll!ennlal-scale chr_nate
14.64+0.35 kyr BP (GICCO5) were used as age markers for change in Antarctica and Greenland during the last glacial pe-

. . riod, Science, 291, 109-112, 2001.
t2h0607EF:‘l)Crge[t):ilr2)e C time scale (EDC3) (see Parrenin et al"Blunier, T., Chappellaz, J., Schwander, J., et al.: Asynchrony of

Antarctic and Greenland climate change during the last glacial
period, Nature, 394, 739-743, 1998.
) Blunier, T. and Schwander, J.: Gas enclosure in ice: age differ-
6 Conclusions ence and fractionation, in: Physics of ice core records, edited by:
Hondoh, T., pp. 307-326, Hokkaido University Press, Sapporo,
While a direct synchronization of ice core records from the  2000.
two hemispheres is pending, matching of gas records is curballenbach, A., Blunier, T., Eickiger, J., Stauffer, B., Chappellaz,
rently the best tool to interpret the link of climate events in  J., and Raynaud, D.: Changes in the atmospherig Qiddient
the two hemispheres. The quality of the synchronization between Greenland and Antarctica during the Last Glacial and
depends on the quality of the gas records and their resolu- the transition to the Holocene, Geophys. Res. Lett., 27, 1005~
tion but to a main portion on the ability to calculateage. 1008, 2000. . _ . o
Climate conditions of the past for EDML and NGRIP are EPICA community members: One-to-one coupling of glacial cli-
L . . mate variability in Greenland and Antarctica, Nature, 444, 196—
within the range of modern analogues for which the densi- 198 2006
fication model is proven to work. However, the quality of i '

A ) ) Fluckiger, J., Blunier, T., Stauffer, B., Chappellaz, M., Spahni, R.,
the synchronization can be increased when direct observa- Kawamura, K., Schwander, J., Stocker, T. F., and Dahl-Jensen,

tions of Aage allow tuning the model for uncertainties of  p.: N,O and CH, variations during the last glacial epoch: In-
the input parameters. For Greenland such an improvement sight into global processes, Global Biogeochem. Cycles, 18,
can be made over th#"°N record reacting to drastic tem- GB1020, doi:1010.1029/2003GB002122, 2004.
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