We kindly thank all reviewers for their insightfeiiticism that helped us to improve this manusciigglow we
reply to the review comments one by one. The redemments are shown iriey, our reply in black. Applied
changes to the manuscript are showreih

Reviewer #1: Niklas Boers

Thank you!

We agree, that 189 years is unfortunately stilulasgantial uncertainty. Also with respect to thenotent by
reviewer #2 we have reformulated our manuscrighérespective sections to séye reject the hypothesis of
leads or lags larger than 189 years at the onessignel.”

We don't see a relation between our inferred uagest that mainly arises from uncertainty in manghilOBe
and 14C records, and the delay of the SouthernrOeesponse to the bipolar seesaw. Note that oury&86s
are an uncertainty (the best guess is 26 yearslg fuln Buizert et al. (2015) the best guess iskByears. The
delay inferred by Buizert et al. is possibly rethte the time it takes for eddies to propagatetémeperature
anomalies related to the bipolar seesaw acroséubarctic circumpolar current (Pedro et al. 201§R). We
don’t see a reason why this mechanism should bé&kto our uncertainty estimate.

The 50-70% was indeed derived by comparing our %5pobability interval to the MCE (see for example
figure 12) adopting the pragmatic approach of Asderet al. to regard the MCE as a 2sigma unceyteitt
we agree that this quantitative comparison maybeotdeal. Hence, we used the more qualitative féatimun
“strongly” instead.



As we write in the manuscript, we use the AR-preoasly for interpolation. Thus, this is not a randwalk

that by itself ends up at the tie-point. It is fedcto do so. We generate the AR-noise purely bandatie MCE
(see pp. 19, I. 551-553) and then anchor it atsdrapled tie-points, by calculating the differenegneen the
AR-process realization and the PDF samples atithpoaints, and linearly correcting the AR-noise tars

offset. As a result, the AR-process realizatiorl b forced to run through the sampled tie-poiaot, \ary freely
in between, which gives us our interpolation ureiety.

Also with respect to the comments below, we seedpparently our description of the way how we iirdar
interpolation uncertainty is not clear. Hence, wwmote the entire section (see below). Howevenvasalso
write in the paper want to also stress again, that section is merely an attempt to infer a covesére
interpolation uncertainty while still using somenstraints GICCO5 is giving us.

“To construct a continuous transfer function betw@&t@C05 and the U/Th timescale we apply a MontddCar
approach. Each iterations consists of i) randoraiyp@ing the PDFs at each tie-point and ii) integgiog in
between the tie-points using an AR-process thabistrained by the GICC05 maximum counting erroce)mn
We use the tie-points shown in figure 7, 9, andiX0, three tie-points between ice cores and riregs during
the deglaciation, one tie-point between ice coresthe combination of Corals, Speleothems and [Sakgetsu
during the LGM, and one tie-point between ice camed the Bahamas speleothem around the Laschamp eve
For the interpolation, we use the time derivatifette mce (i.e., its growth rate) as an incremeetabr
estimate. During periods when the growth rate & GICCO05 may be stretched (compressed), while athro
rate of O does not allow this, independent of whatabsolute mce is at that time. By multiplyings throwth
rate with a random realization of an AR-processsimeulate how much of that uncertainty has beetizeghin
each iteration of the Monte Carlo simulation. Sufpsmtly integrating over the resulting timeseriésimulated
miscounts, we obtain again an absolute error etima., one possible realization of the mce.daheiteration,
this realisation is then anchored at the samplkegdints (step i) by linearly correcting the offéettween the
sampled tie-points and the simulated counting erktgnce, this procedure provides us with a comelat
interpolation uncertainty over time, taking intocaant some of the constraints provided by the ioeec
timescale itself, but giving priority to our infed tie-pointsWe note that the treatment of the mce as an AR-
process leads to larger interpolation errors corgh&r assuming a white noise model, which would teavery
small uncertainties that average out over long fisee also discussion in Rasmussen et al., 2008hdfmore,
we treat the mce as tlinstead of £2 as proposed by Andersen et al. (2006) which aufditly increases our
interpolation error. Wetresshat this procedure does not aim to provide asgalmodel of the ice-core layer-
counting process and its uncertainty which is ¢yeimore complex (see Andersen et al., 2006; Rasenussal.,
2006), nor should it be interpreted such that tive mas a 1 uncertainty. However, our approach allows us to
infer a conservative estimate of the interpolatiogertainty while at the same time it takes adwgatf the fact
that GICCO5 is a layer counted timescale and hecaenot be stretched/compressed outside realistiods.
This procedure was repeated 300,000 times whichfovasl sufficient to obtain a stationary solutitegding to

300,000 possible timescale transfer functions.”

As mentioned earlier, this is based on a directpanmson of the MCE and our 95.4% probability estema
Regarding the earlier comment, we changed it tdetb® quantitativestrongly’.



Changed to This causes the production rates of cosmogeniomnadlides to be inversely related...

As outlined on p6, L171-178, long term changesagfumulation rates depend on ice flow/thinning medsl
the ice sheet. On shorter timescales however thifising can be assumed to be near constant. incHse,
accumulation rate variability depends only on théability of the determined annual layer thicknesiich is a
direct product of the timescale that defines the-@dgpth relationship of the ice core.

We added on p6, L179:

“...more direct function of the timescalbat determines the age-depth relationship ands, thonual layer
thickness, anik very precise....”

We agree with this concern and in fact tested dinisng the analysis. All results shown in the manips are
robust with respect to whether we chose just siiggecores or versions (flux/flux corrected) of ttezords.
However, we do believe that stacking all ice cdneseases the signal to noise ratio and thus, yigid best
estimate.

added:(calibrated before present, AD 1950)”

We added(see also following section)dn p7, L.221, where we deal with the question d:149Be production
rate ratios in great detalil.

Since Figure 2 shows modelled D14C data, the shmeords are indeed equidistant, that is annual. The
original ice core data are of lower resolution {Egn a few years to ~150 years). The ice cores sarwled
more or less continuously, so that each radionedmple integrates over a given depth/age intelfaice, a
10Be sample is an average of the 10Be concentréipiproduction) over an interval. Consequently.ewh
producing the ice core stack (section 3.1) we exdieh core as a step function. Firstly, this isetb to how the
data is sampled, and secondly, this is importamiabge the carbon cycle integrates over productae r
changes. Hence, it matters for how long a givenlpetion rate is sustained.

However, with respect to the original question, vate, that the sampling resolution of the raw ioeeadata is
sufficiently high (median resolution between 25 rgefor GRIP 10Be, and 130 years for GISP2 10B&)t th
calculating a 5000 year high pass filter is nots#tare to the interpolation method.

We believe that we give these details:

P14, L412: “(<1000 years)”

P14, L430-431: “All data are FFT-filtered to is@dd14C variations on timescales <1000 years”
P14, L433-434: “ Each of the lower panels refera #000-yer subsection of the data”

P15, L.444-445: “...we chose to linearly detrend edatset (instead of band-pass filtering)...”
P15, L.446-447: “we have to increase the lengttihefcomparison window to 4,000 years”

P17, L.504-505: “For this tie-point, we merely raradhe error-weighted mean between 39-45ka BP &aah
dataset, since detrending would remove the lagstof the signal”.

However, we now provide the details also more tyaarthe method section:



“For the highly resolved tree-ring data we @sé&000 year high-padsFT filter, while the lower resolved and
more unevenly sampled coral/speleothem/macrofadaih is filtered by linear detrending to avoid the
interpolation to equidistant resolution required F&-T analysisSimilarly, the high sampling resolution of the
tree-ring data allows us to compare the data i@@ year windows, while we increase the window lanigt
4,000 and 5,000 years for the lower resolved deta o 14ka BPThe exact frequencies and window lengths
arealsogiven in the results section.”

Correct, that is what we mean. This is a knownatféising from the convolution of the productiagral by
the carbon cycle, owing to the different reservthicst have different exchange rates and isotogitasures. See
for example figure 5 in Roth and Joos 2013. As wigevB lines above (p10, L321-323):

“D14C variations in the atmosphere are dampeneddatad/ed compared to the causal production rategesa
Both factors, attenuation and delay, depend offrétpiency of the production rate change (Roth aad 2013;
Siegenthaler et al., 1980).”

In section 3.3 (“Carbon Cycle modelling”) we stttat we're using the box-diffusion model by Siednaher et

al. 1980 (P7, L219-220). However, the statemenPbh, L328, is independent of which model is usebere
will always be a delay between production rate elivhanges of atmospheric and marine D14C dueeto th
carbon cycle.

By “deviations from the transition” we mean the @dé¢vons from the fitted ramp, which we describefd¥(1)
noise, compared to the stadial-interstadial tramsitvhich would be the “signal” in our case. The F3Dare
generated using a MCMC sampler.

We rewrote the method section to hopefully be eear

We use a probabilistic model to detect the onséd;puint, and end of the rapid climate transitionsach
individual record. The employed model describesatheipt changes as a linear transition betweercbmstant
states. Any variability due to the long-term fluations of the climate records around the transitimdel is
described by an AR(1) process that is estimatedoimunction with the transition model. The model is
independently fitted to windows of data on theidiiidual timescales (Table 1 & Fig. 13) around theid
transitions. Inference was performed using Mark&nai@ Monte Carl sampling (MCMC) to obtain PDFs o t
timing of the onset, the length, and the amplitofleach transition in each record. Using these PB&san
calculate delays of the onset, mid-point and enthefclimate transitions between different recopiepagating
the respective uncertainties of the parameterse&ohn record, only events that are well expressddraeasured
in high resolution have been fitted. The approact aference procedure are described in more detail
Erhardt et al. (submitted).

It is true, that the agreement is not perfect ewdter synchronization. Disagreements can arise from
measurement noise, changes in 10Be transport gmakitien, or carbon cycle changes. Without deditate
modelling, it is impossible to pinpoint the exaeason for individual discrepancies. These featal®s exist in

the Holocene (see e.g., figure 10 in Adolphi et28i16, CP). However, 10Be and 14C agree well befb2e
12.7 kaBP) and after (13.2-14.5kaBP) the disaggeséttion around 13 kaBP. Given that the ice daredcale
has small differential uncertainties, we find itlikely that the disagreement in between 2 well ritg
sections can be due to errors in the timescaléeddswve think this highlights our use of relativiligg windows

to be compared, instead of peak-to-peak matching.

As mentioned earlier, the annual resolution ofrtiaelled D14C record arises from the step-functised for
the carbon cycle model input. The resolution ofdifeerent ice core records is better than 50 yelaring this



interval. The measured 14C data is decadal (tregsyito multi-decadal (speleothem). For the higbsifiter,
we calculate an error-weighted mean of overlapfi#hG data, interpolate annually, and calculate 20&00w-
pass filter. That low-pass filter is interpolatedck to the original data resolution, and subtracteghin, we
note that all original data has a sampling resotusubstantially higher than the cut-off frequersxy,that the
filtering is insensitive to the interpolation algbm.

The different 14C records have partly systematiset$é between them, possibly due to reservoir ([gprdead-
carbon (speleothems), or other (measurement) eff€atce we are only interested in relative changed not
absolute values, we can remove those to isolatenmmto-variability. We addebee figure 1ito make clear
that we are referring to differences between tfferdint 14C records.

Regarding offsets between 10Be and 14C on longesitales: We think we outline our reasoning clearly
p10, L309-311:

“For our analysis we employ high-frequency chaniges14C since carbon cycle changes have only limited
effects on atmospheric14C on shorter time scales (Adolphi and Musche®x16). Similarly, as shown in
figure 2, the agreement of the different ice-ca@eords is better on shorter timescales.”

In addition we motivate this approach already mititroduction on p4, L137-142:

“It is currently not possible to quantitatively cect either of the radionuclides for these non-patidn
influences since neither past carbon cycle chamgesatmospheric circulation changes are sufficieméll
known. However, the potential amplitude of non-prctibn rate changes can be assessed through sysiti
experiments and added as an uncertainty for théugotmn rate signal (Adolphi and Muscheler, 2016hier et
al., 2006).”

Furthermore, we discuss on page 6, L 175-181, wdyhink also the long term trends of the ice cdiBeldata
have large systematic uncertainties. In this semsapving the long term trend reduces these urindda as
well.

We do not use the PDFs shown in figure 8 for thalfsynchronization. We rewrote section 4.4 (setegn
which now reads more clearly:

“We use the tie-points shown in figure 7, 9, andiX0, three tie-points between ice cores and riregs during
the deglaciation, one tie-point between ice coresthe combination of Corals, Speleothems and ISakgetsu
during the LGM, and one tie-point between ice camed the Bahamas speleothem around the Laschamp’eve

Furthermore, we added at the end of section 4.2enthe tie-point is presented L.520:
“We used this tie-point (figure 9) in the final gymonization as it is the best-defined featurehis time
interval, and consistent within error with the estes shown in figure 8.”

We assume that this comment refers to p18, L53% 3tould of course reagig. 10instead and has been
corrected.

No, the U/Th dates have been carried out at diftedlepths than the geomagnetic analyses.

We hope that we could clarify this in our earlieply and the rewriting of that section.



We hope we clarified this above. While the mceyjsidally plotted as a cumulative error back in tjnteis
really its growth rate that determines the coungngr for each time interval.

Correct. We addet{section 3.5)

We do think that it shows exactly that. The resblgsAdolphi et al. (2016) show that the offset betw the
tree-ring timescale and GICCO05 during the Holocewguires that nearly every layer, that has beerkeda
“uncertain”, has in fact not been a year. Similarhur results show that to reconcile GICC05 ana-tre
rings/speleothems between 10-22kaBP require thatsdlevery uncertain year in this period has betsa”
year. Thus, we think that our statement is correct.

But it is true, that we do not derive this expligitso we changed it toirhplies’.

To provide a theoretical reference to why the IT@Ay migrate in concert with North Hemisphere abrupt
events we added a reference to Schneider et dl4)20 line 731.

We changed: “...during a weak AMOC state, reducedeation of moisture from the tropical Atlantic leaids
lower precipitation north of the ITCZyhile the ITCZ position over South America itsetlfanges very little
(Fig. 16).”

And: “It is hence possible, that when northern rsgrhere summer insolation reached its lowest values the
past 50 kaBP around H2, the ITCZ migrated to atpwsisouth of EI Condor and Cueva del Diamaiateg
during its transition caused the reconstructedipitation change.”

See earlier reply. Changed tetrongly’

See earlier reply. Changed toVe reject the hypothesis if leads or lags largemtii89 years between
Greenland, East Asia, and South America at thes@ma level.

Thank you for providing this valuable input. Wertkiit improved the manuscript!




Greenland ice cores. | am as guilty of this as aeyoin Buizert et al. (2015) Clim. Past, 11, 1583-ive made

a physical argument based on known atmospherioe@anic processes that the Chinese speleothem &xdsev
cannot have lagged Greenland’s DO events by maitesth years. We then proceeded to tie the Greeradd
WAIS Divide timescales in a pragmatic fashion te @hinese speleothems, adopting an uncertaintQ ge&rs
due to the assumption of synchroneity. | do belidaa this argument is solid, but it is not enodighthe high
scientific standards we as a community must ultdlyatichieve, and the authors of the present paper a
attempting to rectify this problem and empiricadlyow that this lag cannot be very large. Therefloiework is
essential, timely, and critical to the paleo fiedahd therefore | think this paper should be puklisvith only
very minor revisions.

Thank you!

The ultimate uncertainty that the authors arrives darge, unfortunately, so it is perhaps beshéf language of
the conclusions is adjusted to reflect that largeeutainty. Instead of saying that the speleothanasice cores
are synchronous within uncertainty (which is truejight be more helpful to the reader to writee"oan reject
the hypothesis of asynchrony larger than 189 yrsomething equivalent. That way the conclusionghehat

has actually been added by the present work.

Changed accordingly.
Minor comments:

The term "synchronicity” is used in psychology .(iGarl Jung) and has nothing to do with paleoclenat
chronology. The proper term is "synchroneity". Beahange all the uses in the paper accordingly.

Done.

Reviewer#3: Paula Reimer

This manuscript uses cosmogenic isotopes to synidaahe Greenland ice core timescale with the U-Th
timescale through a meticulous, multi-step procé$e authors minimize the root mean square erradhén
production rate models from geomagnetic field basabnstructions and the ice cores to resolve thadng
factor for 10Be. They then compare 14C archivesmifaemound the Lachamps event with the reconstrudtmm
the scaled ice core stack to select the most deitadean ventilation rate for the carbon cycle. Tvestigation
into the effect of delay between ice core recomrst atmospheric 14C changes and the marine atebdpem
archives was insightful. Once the ice cores werelsiyonized to the U-Th (and dendrochronologicahescale
the synchroneity of the proxy response to D-O cyaiea number of speleothem climate records wasdes
This represents a very important step in interpiciaof palaeoclimate records. The ice core basé@ 1
reconstruction will also provide a guide to imprments for the next IntCal radiocarbon calibration
curveupdate.

Thank you.

Specific comments: p. 2, line 52-54 ‘About one dhif the data underlying the current radiocarbdibation
curve, IntCall3 (Reimer et al., 2013), obtain theddsolute age from climate wiggle-matching.” Thianelte
wiggle-match records make up about 6% of the téah used in IntCall3 not 1/3 as stated (423 o04d®
data points; IntCall3 database accessed 9 Augst&@p://intcal.qub.ac.uk/intcall3/)

We are sorry for this imprecision (in multiple ways

Firstly, we are of course only referring to theajgé part older than 13.9kaBP where IntCall3 ordpgists of
archives other than tree-rings, but which is aleoperiod of the occurrence of DO-events, whiateligvant for
our discussion. In this section, 1623 14C detertiina enter the curve of which 412 are climate \ggg
matched (Cariaco unvarved, Iberian Margin, Pakisangin). So that is 25%.

We clarified this in the manuscript:

“The current radiocarbon dating calibration curve@hl13, Reimer et al., 2013) is constructed fratusately
dated tree-ring chronologies back to 13.9 ka BPY(ka BP, kilo-years Before Present AD 1950). Belytis
time, which encompasses all DO-eveuisout ongourth of the data underlyinghtCall3obtain their absolute

age from climate wiggle-matching.”



p. 7, lines 208-210 ‘The timescale of the Lake 8tgg record has been inferred from matching its det©rd

to the 14C variations in speleothems, additionetiystrained by varve counting (Bronk Ramsey et28l1,2).’

This statement seems a bit backwards to me simceditve counting provided the initial timescale ethivas
then adjusted by matching the 14C records in spedeas, but if co-author CBR is happy with the wiy i
written then that is fine.

We changed the statement to:

$ %& %'$(

p.10, Figure 4. How are the 14C anomalies calcdlatre? Filtering is mentioned in line 292 but detare not
given until section 3.4 and in section 4.3 where #ror weighted mean is removed from the datattfer
Laschamp period. Obviously that was not the cas€ifpure 4. What do the dashed boxes represent?

We removed the error weighted mean prior to thehasp event from all datasets. We added to théarapt
figure 4:

“All data are shown as anomalies to their error-Weid mean prior to the Laschamp event. i.e., tHE€
increase. The dashed boxes encompass the timadpeariwl “C uncertainties (error of the error weighted
mean) used for the definition of the pre-and pastdhamp event levels

Section 3.5: Change-point detection in climate résoThis is an abrupt shift from synchronizing 14€ords
and 10Be in ice core records to comparing to timeng or d180 shifts in climate records. The climageords
considered are not even identified here except Bifeaname in Table 1. Presumably this should bé gfa
Section 5 ?

We agree that this is a relatively abrupt shiftwedwer, we think that this should still be part bé tmethod
section 3. We added a short introductory paragtaphe section:

“To test the synchroneity of rapid climate changescompare the timing of DO-events seen in Greehie@
cores (Andersen et al., 2004), to a number of watiwn U/Th dated speleothems that show DO-typeatdity
from Hulu Cave (Cheng et al., 2016), Sofular Casleifmann et al., 2009), El Condor, and Cueva dahiante
(both Cheng et al., 2013b)

Section 5. Figure 13. Why is the NGRIP Ca recortlusstead of d1807? A word of explanation here ddd
useful.

We added in section 5:

“We used the NGRIP Ca record (Bigler, 2004), thatshthe largest signal to noise ratio across DOvsve
(compared to e.g.,*®0) making their identification more precise. In #idh, the Ca aerosols originate from
Asian dust sources (Svensson et al., 2000) anthase more directly related to Asian hydroclime@et{tipbach
et al., 2018) making them potentially more compberab for example the Hulu cave record. Potentraging
differences between different climate proxies ie flce core are small compared to our synchronizatio

uncertainties (Steffensen et al., 2Q08)

p.24-25 line 722-723 ‘Since IntCall3 in principleosid be tied to the U/Th-age scale’. This phraseds some
qualification since IntCall3 is tied to dendroclotmgical time scale for 0 to 14,000 cal BP and we/ltile Hulu
cave U-Th agrees well with the tree-ring data liydregins at 10,730 cal BP.

‘Since IntCal13 in principle should be tied to W& h and dendrochronological age scale...’
True. To be more precise in our formulation we gshthe sentence to:

“Since IntCall3 in principle should be tied to t&rh-age scaléor sections older than 13.9 ka Pthis implies
either an...”



We hope CP takes care of this request during freutéypesetting process.

Thank you for your feedback. We are not sure howatmply with this request though. We want to rentinel
reviewer that eventually almost any synchronizatisethod is based on more or less discrete tie-pbietween
timescales (volcanoes, rapid CH4 changes, climégeter matching). In between, there is always soore of
interpolation required, which obviously becomes enamcertain as the distance between the tie-points
increases. How much more uncertain it becomes dispen whether we have prior information on the
stratigraphy of the archives. We exploit this imfation from the layer counted ice core timescalintgus

how this uncertainty is growing width depth/timeweeen horizons.

We believe that we i) never state we would provadeontinuous synchronization (but a continuoussfier
function), ii) clearly illustrate in text and figess, that this is only based on a few tie-point3, grovide
conservative interpolation errors by treating theeras correlated and 1 instead of 2 sigma.

Obviously we hope that more tie-points can be distadd in the future as new data becomes avail&hleas
we show in figure 12, out transfer function is detent within error with the few independent tieiis that are
available for testing our approach, during a peti@t is far away from our actual tie-points.

In summary, we hope that our results provide atiedtfor future studies and believe that given ¢heent
constraints, we provide the best-guess for thesiiale difference between Greenland ice cores and ddted
speleothems without applying climate wiggle-matghamd the underlying assumptions.



22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

37

38
39
40

Connecting the Greenland ice-core and U/Th timescal es

via cosmogenic radionuclides: Testing the synchroneity _of

Dansgaard-Oeschger events

Florian Adolpht? Christopher Bronk Rams&yTobias Erhardf R. Lawrence EdwardsHai
Chend” Chris S. M. Turneyy Alan Coopef, Anders SvenssnSune O. Rasmusgen
Hubertus Fischérand Raimund Muschefer

Climate and Environmental Physics, Physics Ingtit& Oeschger Centre for Climate Change Research,
University of Bern, Sidlerstrasse 5, 3012 Bern,t3gviand

Quaternary Sciences, Department of Geology, Luniadssity, Sélvegatan 12, 22362 Lund, Sweden
®Research Laboratory for Archaeology and the HistfrArt, University of Oxford, Dyson Perrins Builti,
South Parks Road, Oxford OX1 3QY, UK

“Insitute of Global Environmental Change, Xi’an diag University, Xi'an 710049, China

°Department of Erath Sciences, University of MinfiasMinneapolis, Minnesota, 55455, USA
®Palaeontology, Geobiology and Earth Archives Rese@entre and ARC Centre of Excellence in Australia
Biodiversity and Heritage, School of Biological, rBEaand Environmental Sciences, University of Nesuth
Wales, Sydney, NSW 2052, Australia

"Australian Centre for Ancient DNA and ARC Centreicellence in Australian Biodiversity and Heritage
School of Biological Sciences, The University ofedaide, Adelaide, SA 5005, Australia

8Centre for Ice and Climate, Niels Bohr Instituteniérsity of Copenhagen, Juliane Maries Vej 30,210
Copenhagen, Denmark

Correspondence tdtlorian Adolphi (adolphi@climate.unibe.ch)

Abstract. During the last glacial period Northern Hemisphelimate was characterized by extreme and abrupt
climate changes, so-called Dansgaard-Oeschger éDéjts. Most clearly observed as temperature clsainge
Greenland ice-core records, their climatic impnvdas geographically widespread. However, the tenipora
relation between DO-events in Greenland and oi@ions is uncertain due to the chronological uadeties of
each archive, limiting our ability to test hypoteef synchronous change. On the contrary, thengsgan of
direct synchrony of climate changes forms the bafSmany timescales. Here, we use cosmogenic radiioies
(*%Be, *cCl, *C) to link Greenland ice-core records to U/Th-daspeéleothems, quantify offsets between both
timescales, and improve their absolute dating hack5,000 years ago. This approach allows us tothes
assumption that DO-events occurred synchronoustydsn Greenland ice-core and tropical speleothem
records at unprecedented precision. We find that dhset of DO-events occurs within synchronization
uncertainties in all investigated records. Impaditarwe demonstrate that there remain local disanepes in the
temporal development of rapid climate change fercHjr events and speleothems. These may be eileed

to the location of proxy records relative to théftsig atmospheric fronts or to underestimated UfEting
uncertainties. Our study thus highlights the patéribr misleading interpretations of the Earthteys when

applying the common practice of climate wiggle-rhiig.

1 Introduction

Precise and accurate chronologies are criticalufmderstanding past environmental and climatic chang
Global natural and anthropogenic archives can bmelydirectly compared through the development ofisbb

chronological frameworks, enabling studies of that®temporal dynamics of past change. These fiyjsdare
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crucial for understanding the nature and causegtirclimate changes in the past, and hence, desidcg the
dynamics and feedbacks of past and projected futlireate change (Thomas, 2016). However, the
applicability, precision, and accuracy of the aafalié dating methods pose strong constraints orability to
infer leads and lags between climate records, dtichaiely, mechanisms of change in the Earth system
Instead, the situation is often reversed: climét@nges such as Dansgaard-Oeschger, or DO, evarisd&ard

et al.,, 1993; Dansgaard et al., 1969) are typicalgumedto occur synchronously across the Northern
Hemisphere in different climate proxies from vasaegions and then used as chronological tie-poltitis so-
called “climate wiggle-matching” forms the chrongical basis of a large part of paleoclimate recdelsg.,
Bard et al., 2013; Hughen et al., 2006; Henry gt2116; Turney et al., 2015), especially in thaimarealm
where other dating methods suffer from low precisand poorly constrained biases such as the marine
radiocarbon reservoir age (Lougheed et al., 20@&)thermore, it also plays a central role for ofithe most

widely used dating methods in paleosciences —at@carbon dating methodhe current radiocarbon dating

calibration curve(IntCall3, Reimer et al., 20133 constructed from accurately dated tree-ringpoblogies
back to 13.9 ka BP (13.9 ka BP, kilo-years BefaresBnt AD 1950). Beyond this time, which encompsisdle
DO-events, bout onefourth of the data underlyingntCall3 obtaintheir absolute age from climate wiggle-

matching.

Climate wiggle-matching has the obvious drawback the leads and lags between different climaterdsc
cannot be studied once the records have been ftocalign. The approach critically rests on theuagstions,
that i) the climate change indeed occurred synaiuslhy everywhere, and that ii) the (sometimes fumeiatally
different) proxies in question record the changesai similar way and without intrinsic delays. These
assumptions, however, can very rarely be rigorotesdyed but when they are, ample evidence is reddaht
guestions their universal validity. Lane et al. X3P showed that rapid climate change in the Nortlarkic
region may be time transgressive with regional demad lags on the order of a century. Nakagawh €2@03)
argued that the onset of Greenland InterstadidlGlele, Rasmussen et al., 2014a) occurred multpteuries
after the associated climate shift in Japan (afsesguent revisions of the underlying timescaleaf{%tt al.,
2013; Bronk Ramsey et al., 2012; Seierstad eP@ll4) did not resolve this conundrum). Buizertle(2015)
inferred that the Southern Ocean response to D@tgvs delayed by about 200 years on average \ilnde
atmosphere around Antarctica reacted instantanggirkle et al., 2016). Baumgartner et al. (20fei)nd
asynchronicities between ice-core proxies for ldgetenland temperature’fN) and the tropical/mid-latitude
hydrological cycle (Ck) during some DO-events. They discussed that tineatd changes in polar and low-
latitude regions may indeed be synchronous, butatmospheric Cklconcentrations rise with a delay during
some DO-events because of compensating changeseirsdurce strengths of the northern and southern
hemisphere wetlands. Alternatively, their findirgg be explained via a real delay between Greerdtmate
change and the activation of ¢ldource areas during certain DO-events. Fleitmaral. 2009) reported on
timing differences of DO-events in Greenland iceresoand speleothems, albeit largely within dating
uncertainties. However, they also found significalifferences between speleothem records outside the
chronological uncertainties. This is complementgdabrecent study showing that the duration of aiata
interstadial transition can differ by up to 300 rgehetween different East Asian speleothems (lal.et2017)
emphasizing the questions of whether we should axibee onset, mid-point, or end-point of DO-evetuts

occur simultaneously, as this choice will lead iffedent results when aligning the records.
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cosmogenic radionuclides as a climate-independgnthsonization-tool between the Greenland ice-core
timescale (Andersen et al., 2006; Rasmussen &(il6; Seierstad et al., 2014; Svensson et al§;28@ensson

et al., 2006; Vinther et al., 2006) and the U/Theascale (Broecker, 1963; Edwards et al., 1987; Gletral.,
2013a) andstronglyreduce the absolute dating error of the Greenlaadcores back to 45,000 years BP. This
allows us to compare the timing of DO-type vari@piseen in key paleoclimate records at unprecedent

precision: The Greenland ice cores and U/Th-dateld-jtropical speleothems.

2 Cosmogenic radionuclides as synchronization tools

Cosmogenic radionuclides (such'&8, *®Be and**Cl) are produced in a nuclear cascade that isdragywhen
galactic cosmic rays (GCR) collide with the Eartatmosphere’s constituents (Lal and Peters, 198R)le the
GCR flux outside the heliosphere can be assumée twonstant over the past million years (Vogt gt1&890),
the flux arriving at Earth is modulated by the sgth of the helio- and geomagnetic fields (Masariki Beer,

1999).This causes the production ratfscosmogenic radionuclides beinversely related to changes in solar

activity and/or the strength of the geomagnetitdfi@his modulation effect leaves a globally symotous,
externally forced signal in cosmogenic radionuclidéeords around the world. Hence, they can serva as
powerful synchronization tool for climate archiveeem different regions. The challenge lies in estiimg
potential non-production-related impacts on radadide concentrations in a given archive that mauitefrom
geochemical and meteorological processes.
After production,**C is oxidized t"*CO, and enters the carbon cycle. Chandit@@ production rates thus alter
the atmospheri¢’C/*°C ratio (expressed as per millé“C, that is,**C/*?C corrected for fractionation and decay
relative to a standard, denotedin Stuiver & Pollach, 1977). Due to carbon cycfieets, these variations in
14C are dampened and delayed with respect to theakpusduction rate changes (Siegenthaler et aBp19
Roth and Joos, 2013). In addition to variable potidn rates, changes in the exchange rates betieen
different carbon pools can altet*C. The world’s oceans in particular have a sigaifity lower *C than the
contemporary atmosphere due to their long carbsiteace time (Craig, 1957). Thus, variations in i@
exchange rates between the ocean and the atmospiiieadter atmospheric **C independent of production
rate changes.
%Be attaches to aerosols and is transported frorstthtosphere to the troposphere within 1-2 yeResspeck
et al., 1981) mainly via mid-latitude tropopausedks (Heikkila et al., 2011). It has no active deonical
cycle and so its atmospheric concentration is aendinect recorder of production rate changes coetparith
C. However,'®Be transport and deposition in the troposphereuislegl by local meteorology and thus
susceptible to changes thereof (Heikkila and Sngi€h,3; Pedro et al., 2011). This can cause vansatin'’Be
records that are not related to production ratengbes. Furthermore, a so-called “polar bias” (iamn,
overrepresentation of polar as opposed to glokmlymtion rate changes) has been proposed for igereoords
(Bard et al.,, 1997). This would lead to subduedngagnetic and enhanced solar modulation of ice-core
radionuclide records due to the geometry of thargametic field. However, there is no consensusfferdnt

empirical studies and modelling experiments to Wwaethis effect is present and the results may atsy



118 regionally (Bard et al., 1997; Heikkila et al., 2@) Pedro et al., 2012; Adolphi and Muscheler, 2016
119  Muscheler and Heikkila, 2011; Field et al., 2006).

120  The transport and deposition $CI in its aerosol phase is comparable'¥®e. However, in addition to an
121  aerosol phasé®Cl also has a gaseous phasé®() which is likely dominant in the stratospheree(i et al.,
122 1997). In the troposphere, the partitioning betwaerosol and gas phase is not well understoorhaytvary in
123  space and time (Lukasczyk, 1994), and can chammielyadepending on pH (Watson et al., 1990). Theegas
124  H%*CI phase can also be lost from acidic ice in lowuaeulation sites after deposition which is, howevess
125 relevant for the high accumulation sites studieteH®elmas et al., 2004). In Greenland, similat“®e, the
126  dominant deposition process Bl in is wet deposition (Heikkila et al., 2009b) isk is supported by the
127  overall similarity of**Cl and '®Be variations recorded in ice cores (Wagner et24lQ1b; Muscheler et al.,
128  2005).

129  As a result, all three radionuclides depend onsdm@e production mechanism which causes their ptimthuc
130 rates to co-vary globally. This signal can be eiptbfor global synchronization of paleorecordsniroatural
131  archives. However, to identify these common chaniipesr different geochemistry needs to be accalifge In

132  the case of radiocarbon this is achieved throughoracycle modelling, to deconvolve the effectshaf carbon
133  cycle on the relation betweéfC production rates and*C (Muscheler et al., 2004). F8iBe and*Cl, fluxes
134 can be calculated from ice accumulation rates. Tpisvides a first-order correction for changing
135 paleoprecipitation rates on the ice sheet and thiéirence on the radionuclide concentrations .eality, aerosol
136 transport to the ice sheet is more complex and riépen changes in transport velocity, pathways and
137  scavenging effects en route (Schiipbach et al.,)20@8ch are, however, difficult to constrain ffBe due to
138 its stratospheric origin. Instead, comparisonslwfgs and concentrations to other climate proxass iaform

139  about potential climate influences 8Be and®Cl transport and deposition (Adolphi and Musche2€x]6). It is
140 currently not possible to quantitatively corredher of the radionuclides for these non-productitffuences
141  since neither past carbon cycle changes nor atmedsphirculation changes are sufficiently well knmaw
142  However, the potential amplitude of non-producticete changes can be assessed through sensitivity
143  experiments and added as an uncertainty for theéuptmn rate signal (Adolphi and Muscheler, 2016hker et
144  al., 2006).

145  The potential of this synchronization tool has bdemonstrated multiple times to infer differencesa®en the
146  tree-ring and ice-core timescales (Adolphi and Neger, 2016; Muscheler et al., 2014a; Southon, R0@3at
147  the accuracy of the radiocarbon calibration curkdofphi et al., 2017; Muscheler et al., 2014b; Mheder et
148 al., 2008), and synchronize ice cores from bothiseheres (Raisbeck et al., 2017; Raisbeck et@D7R

149 3 Methods & Data
150 3.1 Ice-Core Data

151  The ice-core®Be and®**Cl data used in this study are shown in figure  fédus on records that have been
152  robustly linked to the GICCO5 timescale (Anderseale 2006; Rasmussen et al., 2006; Seierstatl, (4.4,
153  Svensson et al., 2008; Rasmussen et al., 2008keH#me majority of the data stems from the deege@Giand
154 ice cores GRIP, GISP2, and NGRIP. In addition, & Antarctic:°Be fluxes from EDC, EDML and Vostok
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Figure 1: Data used in this study. Panel a-g showndividual ice-core records of GRIP'%Be (Baumgartner et al.,
1997b; Muscheler et al., 2004; Wagner et al., 2001¥iou et al., 1997; Adolphi et al., 2014), GRIF®CI (Baumgartner

et al., 1998; Baumgartner et al., 1997a; Wagner eal., 2001b; Wagner et al., 2000), GISP2°Be (Finkel and

Nishiizumi, 1997), and%Be from EDC, EDML, Vostok, and NGRIP (all Raisbeck etal., 2017). Each record
represents deposition fluxes (green) and ‘climateocrected’ fluxes (purple, see text). In addition, ach panel contains
the stack of all ice-core records (black, see textPanel h:®Be production rates modelled from two geomagnetideld

intensity reconstructions: GLOPIS (green, Laj et al, 2004) and based on Black Sea sediments (purpleowaczyk et
al., 2013) using the production rate model by Herliset al. (2016). The ice-core radionuclide stack shown in black.

All records in panel a-h are shown on the GICCO5 thescale (Seierstad et al., 2014) and normalized ice., divided
by) their mean. Panel i: Absolutely dated**C data from Lake Suigetsu (yellow, Bronk Ramsey eal., 2012), Hulu
Cave (blue, Southon et al., 2012), Bahamas spelesis (purple, Hoffmann et al., 2010), and various @pical coral

datasets (Bard et al., 1998; Cutler et al., 2004;upand et al., 2013; Fairbanks et al., 2005, showm ilight blue, olive,

red, and green, respectively). The black lines encgrass the +1 uncertainties of IntCall3 (Reimer et al., 2013).
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that have been anchored to GICCO05 by matching selaability present in alt’Be records, and volcanic tie-
points (Raisbeck et al., 2017).

By calculating fluxes we make a first order cor@etfor the changing snow accumulation rates betwee
stadials and interstadials and their influence agtianuclide concentrations (Wagner et al., 200bbnden et
al., 1995; Rasmussen et al., 2013; Finkel and Misimi, 1997). The accumulation rates for each e are
based on their annual layer thickness — deriveah fiteeir individual timescales — corrected for ibahing. For
the Greenland ice cores this thinning functiondsda on a 1-D ice flow model (Dansgaard and Johrig9;
Johnsen et al., 1995; Johnsen et al., 2001; Sadeesdtal., 2014). For the Antarctic ice cores we the strain
rate derived from the Bayesian ice-core datingref/dCC12 (Veres et al., 2013). These strain raes
inherently uncertain and independently derived amadation rate estimates differ by up to 10-20%hia glacial
(Gkinis et al., 2014; Rasmussen et al., 2013; éuitl et al., 2013). However, these differenceslargely
systematic and change only on multi-millennial tseeles. The shorter term changes in accumulaties eae a

more direct function of the timescaléat determines the age-depth relationship ands, tnnual layer

thickness, ands very precise for increments of the core (Rasmnset al., 2006). This is important to note, as

we mainly exploit production rate changes on camtdrio millennial timescales for synchronization.

To test for additional climate influences ¥Be of°Cl deposition in the ice cores, we followed therapgh by
Adolphi and Muscheler (2016): For each ice corecateulated multiple linear regression models usifi
and snow accumulation rates as predictors'#e (°Cl) fluxes and subtracted the obtained model frbm t
1%Be fCl) data. We denote the resulting record as thien&te corrected flux” (Fluy. This approach may
correct climate effects offBe (°Cl) deposition insufficiently, or it may over-cootethem, so it cannot be
assumed per se that the resulting record is méiebdlethan the original fluxes. Nevertheless,ritypdes a first
order sensitivity test for the ice-core recordshwigspect to climate-related transport and depositieffects on
1%Be fCl) fluxes.

To combine all ice-core records, we calculatedrtinetéan (denoted as “Stack”, Fig. 1) using Montel€ar
bootstrapping (Efron, 1979). Using 7 ice-core rdsan two versions (flux and flykyields a total number of
14 samples. In each iteration, 14 samples are ralyddrawn (with replacement, i.e., each record lcardrawn
multiple times), perturbed within measurement exr@nd stacked. Repeating this procedure 1,000s tinee
obtain an average relative standard deviation ofl&ween the derived stacks, which is comparabltngo
measurement uncertainty of individual measureméntslarger than the expected error of the mean hwhic
points to systematic differences between the rexcdtdr the period where we have data from both sgineres
this standard deviation is only slightly higher ¥40 Even though this is only a relatively shortipédr(see Fig.
1), it contains multiple DO-events which are expesk differently in Northern and Southern Hemisphere

climate. Thus, this agreement can serve as indicdhiat climate effects do not dominate the signal.

3.2 Radiocarbon data

For the purpose of this study we have to focusaatiocarbon records that are absolutely dated. Eurtbre,
the length and sampling resolution of the recordednto be sufficient to resolve centennial-to-mitiil
production rate changes. The records that fuléisehcriteria are shown in figure 1 and comptf€edata from
various U/Th dated coral records (Bard et al., 1998and et al., 2013; Cutler et al., 2004; Faiksaat al.,

2005), as well a$'C measured in two speleothems (Southon et al.,;28&#mann et al., 2010). In addition,
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we use the”’C record from Lake Suigetsu (Bronk Ramsey et @12 since the U/Th dated records do not
directly reflect atmospherit’C but the ocean mixed layer (corals) and, in tlse @f speleothems, a mixture of
atmospheric and soil GOand carbonate bedrock from above the cave. Thestale of the Lake Suigetsu

recordis based on varve counting, corrected for long-teystematic errors by matching #€ record to the

“C variations in speleothenBronk Ramsey et al., 2012). Hence, it is notytintlependently dated. However,

similar to ice-core layer counting, this varve cbadds constraints especially on centennial timlescao that
14C variations on these timescales should be relgtiveaffected by this tuning to the speleoth%‘}ﬁ? data.
Thus, even though the timescale may not be indegrenthis record can still be used to verify théestnce of

14C variations in the atmosphere seen in the mixger leecords.
In addition, we use the available tree-ring recdralsk to 14,000 cal BRalibrated before present, AD 195A)

the revised version by Hogg et al. (2016)(not shawfigure 1 for clarity).

3.3 Carbon cycle modelling

To be able to compare ice-core and radiocarborrdsatirectly we have to account for the effectshefcarbon
cycle. Following earlier studies (Muscheler et 2004; Muscheler et al., 2008), we use a box-diffugarbon
cycle model (Siegenthaler et al., 1980) to mod¥C from the ice-core radionuclide records. We asstime

ice-core’Be (°Cl) variations are proportional f6C production rate changésee also following sectiorgnd

model “C anomalies from each realization of the ice-ctaels as well as the single ice-core records (Big.
It can be seen that the modelled’C records from the individual ice-core records afifin their long-term
trends since the carbon cycle integrates over Smehat relatively small but systematic differen@eeshe
radionuclide fluxes (possibly arising from uncemtas in the strain rates) have a significant effat longer
time scales. However, all records show the sameativevolution of *C. Furthermore, especially when
subtracting the long-term trend and isolating waoies on timescales shorter than 5000 years, theeagent is
very high (on average within 15%. at,1Fig. 2b), which is the part of the signal that will be exploiting in

our synchronization effort.

3.3.1 Production rate ratio

Modeling *C values from'®Be measurements is based on the assumptiort®Beatand*‘C production rate
changes are proportional to each other. Howevéferdnt production rate models differ in their séagy of
4c and'%Be production rate changes to variations in thexgametic field (Cauquoin et al., 2014). For a given
geomagnetic field change, the production rate mbgeMasarik and Beer (2009, 1999) yields 30-50%¢eow
19Be production rate changes than the calculatiorBdiyianov et al. (2016) and Herbst et al. (20E6).*‘C on
the other hand, all models yield roughly similarpditndes. This leads to differences in #i€/*%Be production
rate ratio for a given change in the geomagnegid filf Masarik and Beer (1999) are correct, theat@ns in
ice-core'®Be records have to be upscaled by 30-50% to beoptiopal to**C production rate changes while no
such scaling is necessary when the other producdienmodels are used. In addition, the amplitilé4C and
1%Be may differ due to the presence of polar bias Eection 2). If this effect was present, then gegmatic
field changes should cause bigger variationé@nthan'*Be.

Since the presence of a polar bias is debatedhenghysical reason for the differences betweermpthduction

rate models is unresolved, we chose an empirigaloagh to scale the ice-core record appropriately:
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Figure 2: Modelled “C anomalies from individual ice-core records (seefend, solid lines are based on radionuclide
fluxes while dashed lines are inferred from flux) and the realizations of the ice-core stack (blackne shows the mean
of all realizations, dark and light grey shading ecompass 68.2 and 95.4% probability ranges). The topanel shows
the unfiltered model output. The bottom panel displgs the records after variations with frequencies </6000a* have
been subtracted (FFT-based filter).

We use three geomagnetic field intensity reconstras around the Laschamp geomagnetic field mininfluaj
et al., 2004; Laj et al., 2000; Nowaczyk et al.12Dand calculate the resultifBe production rate changes
using the production rate models by Masarik andrB@®99) and Herbst et al. (2016) (Fig. 3 a-c).
Subsequently, we scale the ice-cUige record to minimize the root mean square errdi$E) between ice-
core and geomagnetic field-based records (Fig.I18dan be seen that the RMSE reaches a minimura‘fie
scaling factor of ~1 (for Masarik and Beer, 1998) a1.3 (for Herbst et al., 2016). This representsrtunate
coincidence; irrespective of which production ratedel is used, the amplitude of the ice-cie variations
has to be increased by approximately 30% to m&hlf the production rate model by Masarik and Biser
used, then the amplitude of the ice-cHie record is in agreement with geomagnetic fielthdaut due to the
higher production sensitivity dfC (see above)’Be variations have to be increased by ~30%. Sityjléfrthe
production rate model by Herbst et al. is usedn e amplitude of the ice-cor@Be record is 30% smaller

than implied by geomagnetic field data (possiblg tua polar bias), while the sensitivity’d€ and'%Be is the

same. Again, the net effect is tBe variations have to be scaled up by 30% for tremarison t0*C.
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Figure 3: Comparison of ice-core-based and geomagiwfield-based reconstructions of"°Be production rates. Panel
a-c show the ice-core stack (black) in comparisom °Be production rates based on geomagnetic field reastructions

and 2 different production rate models (Herbst et & (2016) in pink and Masarik and Beer (1999) in ggen). Panel a,
the Black Sea geomagnetic field record (Nowaczyk el., 2013), Panel b, the NAPIS geomagnetic fieldask (Laj et

al., 2000), and Panel c, the GLOPIS geomagnetic Iflestack (Laj et al., 2004). Panel d shows the RMSketween the
ice-core data and the geomagnetic-field-based reats when variations in the ice-core record are scaleby different

factors (x-axis). The colours correspond to the pragction rate models. The line styles indicate the gewmgnetic field

records (see legend) and the symbols denote the REI&inima.

3.3.2 The state of the carbon cycle

As mentioned in section 2, a quantification of siant carbon cycle changes and their influence 88 is
challenged by insufficient knowledge of inventorasl processes. The contribution of single prosesse’C
changes over the last glacial cycle is likely witB0%. and, due to compensating effects, also twembination
is likely not bigger than 40%. (Kohler et al., 200Blere we use the Laschamp event to estimate dte at the
ocean ventilation around 40 ka BP.

The datasets underlying IntCal13 all show an inezeaf about 320%. in **C into the Laschamp event (Fig. 4),
albeit at different absolute levels (see Fig. isTis ~100%. more than the compiled IntCall3 cuitself
implies. This disagreement can be explained byedifices in timing and absoluté*C between the different
datasets leading to smoothing and dampening*&€ variations during the construction of IntCall3sd\
geomagnetic field changes yield &C change more in line with the individU4C datasets than with IntCal13,
even when assuming a preindustrial carbon cycle.

To estimate the mean state of the carbon cyclenguhis period, we run our carbon cycle model wiitfierent
(constant) values of ocean diffusivity. We find tthhaodelled and measured“C around the Laschamp event
match best in amplitude when we run the model undeditions where ocean ventilation is reduced6% of
its preindustrial value (Fig. 4). This is in broagreement with previous modelling experiments (€dlet al.,
2006; Roth and Joos, 2013) and proxy data (Henay.,€2016).

In the following, we will use this estimate for thmarameterization of our model. As mentioned abave,
transient adjustment of carbon cycle parametergniertain and will hence not be attempted. Insteesl,

ascribe an associated uncertainty to the modelfé@ based on the carbon cycle sensitivity experiméyts



295 Kohler et al. (2006). Furthermore, it should beedotthat by only using (filtered) **C anomalies as
296  synchronization targets, we i) avoid systematicboarcycle influences on *C levels, and ii) minimize

297 transient carbon cycle related changesitC (Adolphi and Muscheler, 2016).
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299  Figure 4: The Laschamp event in measured and modelled**C. The 6 panels to the left show *C anomalies from
300 macrofossils from Lake Suigetsu (yellow, Bronk Ramgeet al., 2012), tropical corals (blue, Fairbanks teal., 2005),
301 foraminifera from Cariaco Basin sediments (red, Hugpen et al., 2006), foraminifera from Iberian Margin sediments
302  (light blue, Bard et al., 2013), Bahamas speleothenfgreen, Hoffmann et al., 2010), and IntCal13 (btk, Reimer et
303 al., 2013).All data are shown as anomalies to their error-weited mean prior to the Laschamp event. i.e., the *C
304 increase. The dashed boxes encompass the time pdsand *‘C uncertainties (error of the error weighted mean)
305 used for the definition of the pre-and post-Laschampevent levels The two panels on the right show modelled *C

306 using the GLOPIS (Laj et al., 2004) geomagnetic fidlrecord as well as the ice-core stack as productiaate inputs.

307 The different coloured lines reflect different carba cycle scenarios (see legend, Pl denotes pre-inttia@). The

308 conversion of geomagnetic field intensity t6°C production rate is based on the production rate rodel by Herbst et al.
309 (2016). Note, that the amplitude of thé’Be variations have been increased by 30% as discessin section 3.3.1.

310

311 3.4 Synchronization — effects of the carbon cyclend the archive

312  The synchronization method follows Adolphi and Musler (2016) and is outlined and tested in deketein.
313 In brief, sections of modelled (ice-core basedjC anomalies are compared to the measuré@. For our
314 analysis we employ high-frequency changes C since carbon cycle changes have only limitedcesfen
315 atmospheric **C on shorter time scales (Adolphi and Muschelen@0Similarly, as shown in figure 2, the
316  agreement of the different ice-core records isgbeth shorter timescales. In this study, we emphaytypes of
317  high pass filtering: a FFT-based high-pass filiest aimple linear detrending. The choice of filebased on the
318 | data sampling resolution. For the highly resoluegring data we use 1000 year high-pa$s-T filter, while

319 the lower resolved and more unevenly sampled apaléothem/macrofossil data is filtered by linear

320 | detrending to avoid the interpolation to equidisteesolution required for FFT analysiSimilarly, the high

321 sampling resolution of the tree-ring data allowstoscompare the data in 2,000 year windows, whie w

322 increase the window length to 4,000 and 5,000 yEarshe lower resolved data prior to 14ka Hie exact

323 | frequencies and window lengths ateogiven in the results section. Using the same sizgias for radiocarbon
324  wiggle-match dating (Bronk Ramsey et al., 2001),then infer a probability density function (PDFY filne
325 timescale difference between the modelled and medsu*“C records. For details of the statistics of this
326  methodology we refer the reader to Adolphi and Nieser (2016). Here we focus instead on additional
327  uncertainties that arise when comparing modelletbapheric “C to **C records from the ocean mixed layer

328  (corals) or speleothems.
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4C variations in the atmosphere are dampened amyettlcompared to the causal production rate changes
Both factors, attenuation and delay, depend onfriguency of the production rate change (Roth aymk,J
2013; Siegenthaler et al., 1980). The dampenitegyigest at high frequencies and decreases witreloperiods.
On the other hand, the apparent peak-to-peak @etmyeen sinusoidal production rate changes ancethdting

1C change is increasing with increasing wavelengdsiimsilar effects occur when comparing atmosphenid a
oceanic *'C changes to each other: the ocean reacts to aersp‘C changes with a delayed and dampened
response that is wavelength dependent. Hence, e@ teetake these factors into account when comgaain
modelled atmospheric**C record to mixed layer marine records. Howevee, fiequency dependence of the
attenuation and delay makes it difficult to explicicorrect for this since atmospheri¢“C changes vary on
different time scales simultaneously. Furthermame, coral records vary in their sampling frequeany often
it is not precisely known over how much time anivitbial 1“C sample integrates.
Figure 5 shows a sensitivity test regarding théfeces. We modelled *C from the ice-core stack around the
Laschamp event and compared the atmosphéfi€ to the mixed layer *C in the model. To simulate the
effect of varying averaging effects of the coramgées, we low-pass filtered the mixed layer signith
increasing cut-off wavelengths. For each filter, then inferred the apparent delay between the miager
(i.e., the “coral”) and the atmosphere. In doingasoinfer that even though the signal is domindigd long
lasting “C increase, the inferred delay is small (~30 yeasslong as the coral samples do not integrate over
long times. Only when assuming that each coral $aanerages over more than 1,000 years we inferydedf
about 120 years. Nevertheless, this experimentsilews that within reasonable bounds of averagirgdelay

of mixed layer to atmospheric signal is limited

450 : - : - - 120
Atmosphere
400 Mixed Layer
100 ¢
350 F
©
300 & 80}t
[0
- 2
32 250 ¢ >
O © 60
= 200} o
= 8
150 | S 40t
<
100 ¢
20+
50
0 : ; : ; ; 0 : - - - -
39000 40000 41000 42000 43000 44000 45000 0 500 1000 1500 2000 2500 3000
year BP Low-Pass cutoff (years)

Figure 5: The delay between C in the atmosphere and ocean mixed layer. The leftanel shows modelled *‘C

from the ice-core stack around the Laschamp event. Bhmodelled atmospheric C is shown in black while ocean
mixed layer is shown in grey. They right hand panethows the inferred delay from our synchronizatiormethod when
comparing the atmospheric to the mixed layer signdor different low-pass filters of the mixed layersignal (x-axis).

The speleothem*“C reacts differently than the ocean mixed layee $b-called dead carbon fraction (DCF) of

a speleothem consists of two main contributorsespired soil organic matter that is older*(i@ years) than

the atmospheriéA'C signal, and ii) carbonate bedrock that containd“@o Applying the model of Genty and
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Massault (1999), we model speleotheMC using different assumptions on the age of thpires soil organic
matter and fraction of carbonate bedrock in dripew&G. We do this for 2 examples: i) a speleothem with a
apparent DCF (i.e., offset from the atmospherepb.8P6 (resembling the Hulu Cave speleothem record by
Southon et al., 2012) and ii) a speleothem witlygparent DCF of 25.7% (resembling the Bahamas Gitelm
by Hoffmann et al., 2010). By assuming differenésigf the soil respired carbon£ 10 — 400 years, see Fig.
6), we adjust the fraction ofC-free CQ so that the apparent DCF for each speleothem ished. The age of
the sail respired carbon is defined following Geatyd Massault (1999): if, for examples= 100 years, then the
activity of the soil respired CQs the mean of the atmospheric activity over tastd00 years prior to sampling
(also accounting for decay within these 100 yedtsj.simplicity we assume a uniform age distribmtior the
soil respired carbon. Subsequently, we comparentidelled speleothem™C to the original atmospheric input
using our synchronization method and plot the me@rdelay (Fig. 6, right panel). From this expeniti¢ can
be seen that the controlling factor on the inferdetay is the age of the soil respired matter Hwis as an

integrator (low-pass filter) of the atmosphelr‘l‘C signal. The fraction of'C-free carbonate has no influence on

the lag between “C changes in the atmosphere and the speleothenmnbutiampens the amplitude of the
corresponding change. Realistic ages of soil redpiarbon differ from region to region but evenuijio some
slow cycling fractions of soil organic matter mag bp to several thousand years old (Trumbore, 2G6886)
major contributors to soil CQare considerably younger and in the order of desa@enty et al.,, 2001;
Fohimeister et al., 2011).

From these experiments we conclude that our sysiematching uncertainties to coral and speleothecords
are probably below 100 years. We note that thisamty is asymmetric since the ocean/speleothigmak

cannot lead the atmosphere and so the offset draoiional.

500 : ; : . - 250
Atmosphere 7= }%f O apparent DCF 5.8%
00 7= %00 A apparent DCF 25.7%
I | 200
300 =
@ 150 |
(0]
s >
é8/ 200 + %
O o 100} @®
~, 100 k= ’
< 3 /
o 50t A
ol = yd
Speleothem /
(apparent DCF 25.7%)
-100 0a
-200 : - : ; : -50 ; - ;
39000 40000 41000 42000 43000 44000 45000 0 100 200 300 400
year BP Soil CO2 reservoir age (years)

Figure 6: Effect of varying ages of soil respired C@and fractions of CO, from **C-dead carbonate on the *C in

speleothems. The left panel shows atmospheric mottel C from the °Be stack (black) and two modelled
speleothem scenarios with a net DCF of 5.8% (warmotours) and 25.7% (cold colours). For each speleatim, a
number of different ages for the respired soil orgaic matter have been assumed (see legend) and thpiit of 1*C-free

CO, from carbonate has been adjusted to obtain the coect apparent DCF value between 39-40.5 ka BP. Théght

hand panel shows the inferred delay when we applyuo synchronization method to match the atmospheric **C to

the speleothem record.
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3.5 Change-point detection in climate records

To test the synchroneity of rapid climate changes,compare the timing of DO-events seen in Greehiea

cores(Andersen et al., 20040 a number of well-known U/Th dated speleothémas show DO-type variability
from Hulu Cave(Cheng et al., 20165 ofular CavéFleitmann et al., 2009FE| Condor, and Cueva del Diamante
(both Cheng et al., 2013b)

We use a probabilistic model to detect the onséd:puint, and end of the rapid climate transitionseach

individual record. The employed model describesateipt changes as a linear transition betweercomstant

states. Any variability due to the long-term fluations of the climate records around the transitimdel is

described by an AR(1) process that is estimatedoinjunction with the transition model. The model is

independently fitted to windows of data on theidiindual timescales (Table 1 & Fig. 13) around theid

transitions. Inference was performed using Markénai@ Monte Carl sampling (MCMC) to obtain PDFs loé t

timing of the onset, the length, and the amplitofleach transition in each record. Using these PRéE<san

calculate delays of the onset, mid-point and entth@fclimate transitions between different recopiepagating

the respective uncertainties of the parameterse&ohn record, only events that are well expressddraasured

in_high resolution have been fitted. The approaot mmference procedure are described in more detail
Erhardt et al. (submitted).

Table 1. Change-point detection window for each recd. For each investigated climate event and recordhe change-
point detection algorithm has been applied betweetl and t2. The windows have been defined visuallynsuring a
sufficient amount of data prior to and after the transition. For each record, only events that are wieéxpressed in the
climate proxy records at high resolution have beemvestigated. For the ice-core record t1 and t2 tyipally encompass
500 years prior to and after the nominal transitionages by Rasmussen et al. (2014a). The exact valhese been
adjusted to exclude overlap with other transitionsvhere necessary (Erhardt et al. in prep).

Glccos Hulu d180 Sofular d180 Sofular d13C ElCondor d180 [amante d180
Event (yr BP) MCE t1 12 t1 2 t1 2 t1 12 t1 2
Holocene 11653 99 12453 10503 12708 10743 12703 11003 1245311203 13403 11203
Gl-1e 14642 186 15442 13942 1544p 13942 15442 13942 1544214192 16392 14192
?5-3 Dust Peak 24130 645 25380 2408 - - - - - - 25740 24630
GI-3 27730 832 28580 2768 2878p 27880 28780 27780 - | 903@| 28080
Gl-4 28850 898 30100 2890 3015p 29400 30150 29200 2990029000 30100 29100
GI-5.1 30790 | 1008 31540 3079 - - - - 31590 30740 32040 8480
GI-5.2 32450 | 1132 33300 3220 33100 32400 33300 32p00 (3325 32000 33050 32450
GI-6 33690 | 1195 34590 3364 34740 33690 34990 33540 (8424 33490
GI-7¢ 35430 | 1321 36680 3498 36380 35480 36380 3530 (8623 34880 36480 34980
Gl-8c 38170 | 1449 39420 3742 39420 37220 391120 37p20 (8922 37220
Gl-9 40110 | 1580 40860| 4006 40960 39960 41160 39960
GI-10 41410 | 1633 42110| 4106 42460 41590 42460 41460 04421 40960
GI-11 43290 | 1736 44240 42941 44840 43540 - - 44440 42040 -

4 Time scale differences between GICCO05 and the UiTtimescale

In the following sections we will show the synchimation results for different time windows. We fecaur
analysis on three distinct windows: 10-14 ka BP;2%8ka BP and 39-45 ka BP. The youngest window is
defined by the presence of high-resolution treg-data for’C back to 14 ka BP. Going further back in time it
becomes increasingly challenging to unequivocalgntify common structures in the variou§'C records that
are suitable for synchronization because the résalwf the individual records decreases back nmetiwhile

their differences to each other are growing stggdite Fig. 1i). Hence, we focus on the well-kndwaschamp
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event around 41 ka BP, and the period between k8EX, i.e., preceding the major carbon cycle change

associated with the deglaciation. We omit the gebetween 25-39 ka BP. As discussed in Reimer. ¢261.3)
and seen in figure 1li there is substantial disagesd between the datasets underlying IntCall3attitme that

are impossible to reconcile within their respectge and/of*C uncertainties. Hence, also any structure in the

C records may be unreliable and thus, lead to eaam synchronization results.

4.1 10,000 — 14,000 years BP

In the 10-14 ka BP interval, we synchronize thedoge stack to high-resolution tree-ring and spiblem '‘C
data (Fig. 7). The high sampling resolution of @ records allows us to focus on centennial-to-milial
¢ changes (<1000 years) where carbon cycle infeeion “C can be expected to be small (Adolphi and
Muscheler, 2016). In concordance with earlier stadiMuscheler et al., 2014a) we find that GICC0568
years older than the tree-ring timescale at thetoofsthe Holocene, but that this offset vanishesr ¢the course
of the Younger Dryas interval.
While Muscheler et al. (2014a) argued that thisngitag offset may be in part due to errors in tineescale of
the floating Late Glacial Pines, we can now suppioiet change in the timescale-difference through WiTh
dated speleothems: The synchronization of the ace-stack to the H82 speleothem from Hulu Cave {t®ou
et al., 2012) leads to fully consistent resultsrdsrred from the tree-rings. This indicates tHa# most likely
explanation is an ice-core layer counting bias,that the GICCO05 time scale suggests too old agédse onset

of the Holocene, but is accurate within a few desaduring Gl-1.
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Figure 7: Synchronization of GICCO5 to tree-ring ard Hulu Cave records during the last deglaciation. Tp panel:

Ice-core based modelled “C anomalies on the original GICCO5 timescale (thirblack line, light grey shading
encompasses the +10%. uncertainty (+) of the modelled “C, based on the carbon-cycle sensitivity experimesioy
Adolphi & Muscheler (2016)) and synchronized timesale (bold grey line). Tree-ring data underlying IntCall3 are
shown in pink. Revised Northern Hemisphere tree-rig data according to Hogg et al. (2016) are shown iorange
(Preboreal Pines), dark blue (Late Glacial Pine) adh light blue (Younger Dryas-B chronology). New kaur “C data

by Hogg et al. (2016) is shown in purple (FIN11) ahgreen (Towai). Hulu Cave H82 C data are shown as white
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squares. All symbols are shown with +1 error bars. All data are FFT-filtered to isolate *C variations on timescales
<1000 years. The lower three panels show inferred pbability distributions of timescale differences baveen GICC05

and tree-rings (orange) and Hulu Cave (black). Thesymbols and error bars denote means, and 68.2% ar@b.4%

confidence intervals of the inferred timescale diffrence. Each of the lower panels refers to a 2000ayesubsection of
the data indicated at the top of each panel.

Interestingly, we do not observe any significarifedences between the results stemming from tmegsrand
the speleothem records. As shown in section 3.4couméd expect a delay in the speleothetfC compared to
the atmosphere if the respired soil organic cadmniribution to the soil COwas very old. This would result in
GICCO5 appearing older in comparison to the spbtzatthan relative to the tree rings. The lack & trelay
implies that the majority of the respired soil argacarbon at Hulu Cave must be younger than ~Ez0sy(see
Fig. 6). This is supported by the fact that theteenial *C variations in the tree-ring and speleothem data
have the same amplitude (Fig. 7). If old organidboa significantly contributed to the soil GOve would

instead expect to see a stronger smoothing of $tort *“C variations.

4.2 18,000 — 25,000 years BP

Due to the irregular and lower sampling resolutifnthe *“C records beyond 15,000 cal BP, we chose to
linearly detrend each data set (instead of band-filiering) to remove offsets between the differéfC
datasetgsee figure lijand highlight common variability. Furthermore, Wave to increase the length of the
comparison data windows to 4,000 years to ensufficient structure in the"'C sequences entering the
comparison. Each window is detrended separateflyeranalysis to isolate short-terni'C variability. We note
however, that detrending eatiC dataset over the entire timeframe (18-25 ka BBjead does not alter the
results significantly. Compared to the high-frequen‘C changes studied between 10-14 ka BP, the longer-
term variations used for synchronization here mayehbeen increasingly affected by carbon-cycle gbanTo
account for this, we increase the uncertainty exténof the modelled **C changes to +30%o (+}, which is
sufficiently large to account for estimated carloyete-driven *“C changes from modelling experiments
during the entire glacial (Kéhler et al., 2006). Wate that this is a conservative estimate, gita during this
period neither modelling (Kéhler et al., 2006; Misker et al., 2004), nor data (Eggleston et alL62@&uggest

large carbon-cycle changes.
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Figure 8: Synchronization results between 18,000 dn25,000 years BP. Top panel: The thin black line sk the
modelled “C curve based on the ice-core stack on its originsimescale. The bold black line and grey shading sho
the synchronized ice-core record including assumedl uncertainties of +30%.. The different coloured symbs
indicate various *C datasets underlying IntCal13, which is shown ashe green envelope. Lower panels: Each panel
shows PDFs of the inferred timescale difference bgeen the ice-core stack and IntCall3 (green), a cdumation of all
U/Th-dated records (speleothems/corals, pink), the 82 speleothem (blue), and Lake Suigetsu (yellow). i8pols of
similar colour show the inferred mean and 68.2% andd5.4% confidence intervals. Colour-coded text indiates 2
probabilities for the goodness of fit between modigd and measured “C curves after synchronization. Small (e.g.,
<0.1) values would indicate significant disagreeménNote that all 2 probabilities are relatively high, indicating that
our uncertainty estimate for the modelled “C is very conservative. Each of the lower panels fers to a specific
subsection of the data indicated at the top of eagtanel.

It can be seen in figure 8 that it is challengiagnfer robust co-variability in multipl&'C records. However, the
millennial evolution of “C does show common changes in the 18-25 ka BPvate8ynchronizing the ice-
core stack to data from i) Hulu Cave H82 speleothiénhake Suigetsu macrofossils, iii) the IntCaldtack or
iv) a combination of all U/Th dated records (sp#iems/corals) leads to consistent results withiceuainties
for each choice of time windows: all records impat GICC05 shows younger ages compared to-tae
records around this time.

The most significant structure that is presentlinreasured and modellédC records during this time is the
centennial **C increase around 22.1kaBP (see Fig. 9). Compdhagce-core stack to**C between 21-
23kaBP indicates an offset of ~550 years betwedddBb and the U/Th timescale around this time (GI&£CO
being younger). To account for the potential dedgoral and speleothem™C compared to the atmosphere,
we also modelled the mixed laye*C signal from the ice-core stack and synchronizesd signal to the
measured’C data (Fig. 9). As discussed in section 3.4, wd fiery little difference in the inferred timingisee
the *C variation is relatively rapid (centuries). Comipgrthe *C anomalies to geomagnetic field data
shows that a small part of the longer-term develapnof this structure is probably driven by geonsgnfield
changes. The amplitude (~50%0) and short duratient(ries) of the *“C increase, however, suggest that this
change is mainly driven by a series of strong solarima, comparable to the Grand Solar Minimum queri

around the onset of the Younger Dryas (Muschelel.e2008).We used this tie-point (figure 9) in the final

16



500
501
502

503

504
505
506
507
508
509
510
511

512

513

514
515
516
517
518
519
520
521
522
523
524

synchronization as it is the best-defined featurehis time interval, and consistent within erroithwthe

estimates shown in figure 8.

250 T T T

Bronk-Ramsey Macr.
Southon Speleoth.
Fairbanks Corals

Cutler Corals
GLOPIS-based (+ 549 yrs)
lce core bascd

———0

cee

200 +

probability

Ice core based (+ 549 yrs)
------ Ice core mxd lyr.(+ 549 yrs) ! o) N,
-500 0 500
U/Th - GICCO5 (years)

150 |-

100 4

-50

100 | .

-150 1 1 L
21000 21500 22000 22500 23000

year BP

Figure 9: Close-up of measured and modelled *“C anomalies between 21 and 23 ka BP. The thin gréine shows
modelled atmospheric “C from the ice-core stack on the GICCO5 time scalélhe bold black and dashed red lines
show the modelled atmospheric and ocean mixed layer“C curves after synchronization to the'“C records (yellow:
Lake Suigetsu; blue: Hulu Cave; purple and white: caals. The inset panel shows the PDF of the inferreimescale
difference between GICCO05 and the combination of hI**C records. The black line is based on using only the
modelled atmospheric “C. The red dashed line is based on comparing corahd speleothem data to the modelled
mixed-layer “C, and Lake Suigetsu data to modelled atmospheric'“C. The green line shows modelled **C based
on geomagnetic field changes.

4.3 39,000 — 45,000 years BP

Our oldest tie-point is the previously discusseddteamp event around 41 ka BP. The only independand
absolutely date¢f'C record around this time that has a sufficientgamg resolution is the Bahamas speleothem
by Hoffmann et al. (2010). While offset in absolutéC (see Fig. 1), the U/Th-dated coral data suppbes
amplitude and timing of the *C increase seen in the speleothem even thoughspreginchronization is
hampered by the low sampling resolution of the lsorahe Lake Suigetsu record is characterized byela
uncertainties and scatter around this time. Asudised in section 3.3.2, IntCall3 is smoothed around
Laschamp, having a smaller amplitude and a lesspsise in **C. For this tie-point, we merely remove the
error-weighted mean between 39-45 ka BP from eatdsét, since detrending would remove the largastqh

the signal. Hence, there are largéC modelling uncertainties associated with unknoarbon-cycle changes,
and we assume a Gaussian #rror of 50%0, which we consider conservative sipeesitivity experiments

imply that the impact of carbon cycle changes 6iC was likely below 40%. (Kohler et al., 2006).
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Figure 10. Synchronization of'%Be and **C around the Laschamp event. The black lines encompsghe modelled

14C anomalies (+1) from the ice-core data shifted by +252 yrs (68.2%onfidence interval = -103 to 477 yrs)
according to their best fit to the speleothent*C data. The green patch shows the +lenvelope of IntCal13. The blue
and purple symbols show “C from Bahamas speleothem, and corals, respectivelfhe yellow symbols show *C
anomalies based on Lake Suigetsu macrofossils. Alatdsets have been centred to 0% by subtracting therror-
weighted mean of each dataset. The inset shows thBRPof the inferred age differences between the icmre data and
IntCall3 (green), Lake Suigetsu (yellow) and the Baimas speleothem (blue). The dashed blue line corresyls to
age differences from the modelled mixed layer **C and the Bahamas speleothem.

Synchronizing the ice-core stack to the speleotheake Suigetsu, and IntCall3 data yields signifigan
different results. We infer that GICCO05 producessagbout 250 years younger than the U/Th date@ciheim
data (Fig. 10). The IntCal13 record however, impkelarger difference of ~1,000 years. Using Lakig&su
data, on the other hand, leads to multiple proligiibaks of which two are in agreement with thelspthem,
and one with the IntCall3 record. The large scatftehe Lake Suigetsu data however, leads to ptadisscs
(low ? probabilities). Furthermore, the Lake Suigetsuesinale is only constrained by varve counting back t
39 ka BP and based on extrapolation for older @est{Bronk Ramsey et al., 2012) and hence, proJiees
precise constraints on the timing of théC increase.

To test which of these links is the most likely wen to independent radiometric ages of the Lasgham
excursion. Pooled Ar-Ar, K-Ar, and U/Th ages onddlows place the period of (nearly) reversed file:ction

at 40,700 + 950 yr BP (Singer et al., 2009), 013@Q,+ 600 yr BP (Laj et al., 2014). In additionNarth
American speleothem provides a U/Th-dated tranggatution of the geomagnetic field (Lascu et 2016),
with the lowest intensities occurring at 41,100503r BP. Comparing the ice-cot®Be stack to these data
clearly shows that all of these records rule oat-th,000 year time shift implied by IntCall3, awduld induce

a significant disagreement between radiometricdéiied magnetic field records and the dating of¥Be peak

in the ice cores (Fig. 11). We hence argue thaRB®eyr offset inferred from the comparison to Behamas
speleothem is the most likely estimate of the tiraés difference between GICCO5 and the U/Th timlesca

around this time. Similar as before, assuming thatspeleothem represents a mixed-layer signadadsof
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direct atmospheric *“C does not significantly affect the inferred timeiscdifferences (see Fid0 inset, blue

dashed line).
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Figure 11: Comparison of the ice-core stack (bluefp Ar-Ar dates of the Laschamp excursion (yellow: Siger et al.
2009, pink: Laj et al. 2014), and relative geomagniet field intensity (black, NRM/ARM, reversed y-axig from a
U/Th-dated speleothem (Lascu et al., 2016). The inddual speleothem U/Th dates are shown on the bottonf the
figure with their +2 uncertainties. Each panel shows a different shiftfdGICC05 according to the results from figure
10.

4.4 Transfer Function

To construct a continuous transfer function betw&$@C05 and the U/Th timescale we apply a MontedCar

approach. Each iterations consists of i) randomiy@ing the PDFs at each tie-point and ii) inteagiog in

between the tie-points using an AR-process thabistrained by the GICC05 maximum counting errocen

We use the tie-points shown in figure 7, 9, andiX), three tie-points between ice cores and riregs during

the deglaciation, one tie-point between ice corgsthe combination of Corals, Speleothems and 1Sakgetsu

during the LGM, and one tie-point between ice camrd the Bahamas speleothem around the Laschamp eve

For the interpolation, we use the time derivativett®e mce (i.e., its growth rate) as an incremegiabr

estimate. During periods when the growth rate & GICC05 may be stretched (compressed), while athro

rate of 0 does not allow this, independent of wthatabsolute mce is at that time. By multiplyings throwth

rate with a random realization of an AR-processsimeulate how much of that uncertainty has beelizesiin

each iteration of the Monte Carlo simulation. Sufpsmtly integrating over the resulting timeseriésimulated
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miscounts, we obtain again an absolute error esgima., one possible realization of the mce.daheiteration,

this realisation is then anchored at the sampkgdints (step i) by linearly correcting the offesttween the

sampled tie-points and the simulated counting erkt#nce, this procedure provides us with a comeélat

interpolation _uncertainty over time, taking intocaunt some of the constraints provided by the ioeec

timescale itself, but giving priority to our infed tie-pointsWe note that this treatment of the necean AR-

procesdeads to larger interpolation errors compared suasng a white noise model, which would lead toyver
small uncertainties that average out over long {isee also discussion in Rasmussen et al., 200&hdfmore,
we treat the mce as tlinstead of £2 as proposed by Andersen et al. (2006) which aafditly increases our
interpolation error. Wetressthat this procedure does not aim to provide astalmodel of the ice-core layer-
counting process and its uncertainty which is ¢tjeaore complex (see Andersen et al., 2006; Rasemusskal.,
2006), nor should it be interpreted such that tlee mas a 1 uncertainty. However, our approach allows us to
infer a conservative estimate of the interpolatiosertainty while at the same time it takes adwgataf the fact
that GICCO5 is a layer counted timescale and hermenot be stretched/compressed outside realistiods.
This procedure was repeated 300,000 times whichfovasl sufficient to obtain a stationary solutitegding to
300,000 possible timescale transfer functions.

Figure 12 shows the resulting mean transfer funcsilong with its confidence intervals. Firstlycdn be seen
that all tie-points fall into the uncertainty enspé of GICCO05. The implied change in the timeschtierence
between the youngest two tie-points (i.e., overdierse of GS-1), and between 13,000 and 22,006 B is
slightly larger than allowed by the mce, albeit thiter is consistent within the uncertainties leé tie-point at
22,000 years BP. We can see that the use of thetoncketermine the interpolation error leads to $mal
uncertainties wherever the change in the timestiffierence is large (e.g. over the 13,000 — 22,988rs BP
interval): Stretching GICCO5 by as much as the tiagrerror allows, requires that every uncertaietahas in
fact been a real annual layer, leaving little rommadditional error. Between 22,000 and 42,000y&P, the
interpolation uncertainties are determined by tlee and thus, grow/shrink at a rate determined éybe.

Our results are in very good agreement with thalteby Turney et al. (2016) around Heinrich 3tHis study,

a kauri-tree*’C sequence was calibrated onto Lake Suig€Buand also matched on GICCO5 vie. The
difference of the inferred ages (i.e., kauri onggtsu vs. Kauri on GICCO05) matches with our propgdsansfer
function (red star in Fig. 12).

Figure 12 also shows the inferred offset betweeri%u/**Ar-age of the Campanian Ignimbrite (Giaccio et al.,
2017) and a tentatively attributed $S€pike in the GISP2 ice core (Fedele et al., 20@&R)en though it
obviously requires a well-characterized tephra findthe ice cores to ensure that the,$@ak is indeed
associated with the Campanian Ignimbrite, at Iéash a chronological point of view, our transfemédion

does not preclude this link. However, no matchingrds were identified in this period (Bourne et 2013).
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Figure 12: Transfer function between the U/Th timesca and GICCO05. The transfer function is shown in blak with
dark and light grey shading encompassing its 68.2%nd 95.4% confidence intervals. The black dots witkerror bars
show the used match points betweeHC and °Be. The red star shows the difference between ageseoglacial kauri
tree 1“C sequence on Lake SuigetstfC and GRIP %Be (Turney et al., 2016). The blue open square showre age
difference between the’°Ar/**Ar-age of the Campanian Ignimbrite (Giaccio et al.2017), and a tentatively associated
spike in the GISP2 SQrecord (Fedele et al., 2007) on the GICCO05 timedea(Seierstad et al., 2014).

5 The timing of DO-events

To investigate theynchroneityof climate changes recorded in different partshefglobe, we compare ice-core
data to a selection of well-dated speleothem rexorte well-known Hulu-Dongge Cave records haveobec
iconic blueprints for intensity changes of the Basian Summer Monsoon (EASM) anchored on a prddi3é
timescale (Cheng et al., 2016; Dykoski et al., 200@ng et al., 2001). The speleothem records fraeva del
Diamante and El Condor reflect changes in predipitaamount over eastern Amazonia associated \migh t
South American Monsoon (Cheng et al., 2013b). Tgeesthem records from Sofular Cave, Turkey, arte no
straightforward in their mechanistic interpretatibuat likely reflect a mix of temperature and seadioy of
precipitation (*%0), and type and density of vegetation, soil mi@blactivity ( **C), and hence, effective
moisture and temperature (Fleitmann et al., 20B@nce, while this list of speleothem data can aditde
expanded in future studies, we chose these foleahem records from 3 different regions that drevall-

dated and sensitive to the position of the ITCZ eonhpare it to the ice-core record8e used the NGRIP Ca

record (Bigler, 2004) that shows the largest signal to noise ratio scidO-events (compared to e.g-*0)

making their identification more precise. In aduliti the Ca aerosols originate from Asian dust smirc
(Svensson et al.,, 200@)nd are thus, more directly related to Asian hglilmmate (Schipbach et al., 2018)

making them potentially more comparable to for epknrthe Hulu cave record. Potential phasing diffess

between different climate proxies in the ice core amall compared to our synchronization unceligsnt
(Steffensen et al., 2008)
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Figure 13: Timing of abrupt climate changes in diffeent climate records. The climate archive and proxyis indicated

in each panel. The black lines show the mean of tHigted ramps and their 95% confidence intervals (éshed). The
dots mark the midpoint of the mean transition. The UTh dates and their £1 uncertainties of each climate record are
shown at the bottom of the figure in colour codingcorresponding to the respective climate record. Eactime series is
shown on its original timescale not applying any sychronization.

Figure 13 shows the ice-core and speleothem climegigrds on their original individual timescalelgng with

the fitted ramps to the rapid climate changes. Noé¢ we could not fit each climate event for evesgord,
since the method requires a minimum number of datats defining the levels before and after eaahsition

to produce reliable estimates. Already visuallyJlag of climate changes in Greenland compared to the
speleothem records can be consistently identifietiveen 20 and 35 ka BP when all records are om thei
original timescales. Combining the PDFs of the ctet® change points in Greenland and the speleoth#ovss

us to infer a probability estimate of the timindfelience between climate events in Greenland aatbsthems.
These differences are shown in figure 14 along vathr transfer function based on the matching of
radionuclides from figure 12. This comparison shahat the differences in the timing of start-, méhd end-
point of DO-events in speleothems and ice coregelgrfall within the uncertainties of our radionide-based
timescale transfer function. Thus, rapid climateardes occur synchronously in Greenland and the-)(sub
tropics. Notable exceptions are i) the transiti@mt GS-1 to the Holocene around 11.6 ka BP, iinHelh event

2 at 24 ka BP, and iii) DO-11 around 43 ka BP. Hesvethere is large scatter among the differentegpleem-
based estimates at these events, indicating tlesetlevents are asynchronous in the different gheles
records on their respective timescales. Consegyesdime of these records also imply asynchronousat

shifts with Greenland ice cores. This may eitherirterpreted as an indication of time-transgressivmate
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changes, or as a bias in individual speleothemisherein how climate is recorded in the speleothemtheir

dating (for example through detrital thorium).

Figure 14: Timing differences of the onset (top), ndpoint (middle) and end (bottom) of rapid climate danges in
NGRIP and speleothems (coloured PDFs, see legenai)d the timescale transfer function inferred from radionuclide
matching (black line and grey shadings as in figurd2). The left panels show the PDFs of timing diffences including
only uncertainties from the determination of the clange points in the climate records, while the rightand panels
also include the speleothem dating uncertainties.

Averaging over all DO events, we can estimate aarall/probability of leads and lags. By using thdividual
realizations of the radionuclide-based transfercfiom (see section 4.4) we take into account thet t

uncertainties of the transfer function are strormlyocorrelated. For each realization, we randosalyple the

PDFs for the onset of the DO-events for the iceecand speleothem recordsee section 3.5)perturb the
speleothem-based estimates within their U/Th dagimgrs, determine the lead or lag between the DB&ebin
ice-core and speleothem records, and correct ihexpected lag from the realization of our tfan&inction.
By averaging over all DO-events we thus obtain amiag for each realization and speleothem. Inteddiwe
combine the different speleothem-based estimatesaoh realization by averaging over their mean kags
obtain an overall (speleothem & DO-event) mean @gnverting the obtained lags from each realizatito
histograms we estimate the PDFs of average lagg&beatice-core and speleothem records.

Our lag estimates critically depend on our abilifill the gaps between the widely spaced tie-fsoand thus,
on our assumptions about the ice-core layer cogntimcertainty, and how well our AR(1) process maxi
capture these (section 4). However, we note thatdgting the mce as a highly correlated(ihstead of 2)
uncertainty, our error estimate can be regardecgnsconservative since it allows for large systéendrifts in
each realization of the transfer function that welult in large errors of the mean.

The resulting PDFs of the lag between speleotherdsae cores are shown in figure 15. The uncertsrdare
mainly determined by our synchronization uncertaifithus, the uncertainty is only marginally reduegaen
averaging over all speleothems (Fig. 15, bottomgcdise each realization of the transfer functionesa
smoothly, the offset between speleothem and ice-cecords will be systematic for all speleothemsach

realization, and is thus only marginally reducedabgraging.
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We find that all speleothem records except CueV®idenante (Cheng et al., 2013b) indicateichroneitywith
NGRIP within 1 and that the delay obtained for Cueva del Diamdalls within 2 . We note that the
speleothem data from ElI Condor (Cheng et al., 2D#8in the same region as Cueva del Diamante does n
indicate a significant lag to Greenland. Overallr analysis cannot reject the null-hypothesis afciyonous

DO-events in Greenland ice cores and (sub-) trogjpeleothems (lag:+t1 = 29+189 years).

Figure 15: Average lead/lag between the onset of D&vents in the speleothems and NGRIP. Each panel (cor)
shows the PDF for the lead/lag of the onset in thepeleothem compared to NGRIP, averaged over all iegtigated
DO-events (i.e., excluding the GS-3 Dust Peak/HZJhe bottom most panel shows the PDF of the averagé al DO-
events and speleothems. The dark/light shading of¢lPDF in each panel indicates 68.2%/95.4% intervals

6 Discussion

Our proposed transfer function quantifies the Itengn differences between the Greenland ice-coreldnt
timescale and allows their synchronization. Evesugih based on only a few tie-points, this can tedus
evaluate the absolute dating accuracy of Greeritaxdore records during the past 45 ka BP, whilextaming
the strength of their precise relative dating. dmbination with similar work done for the Holocegfdolphi
and Muscheler, 2016; Muscheler et al., 2014a),pilbture emerges that the GICCO05 counting error tmay
systematic: when accumulation and data resolutiohigh (e.g. in parts of the Holocene), too manguah
layers have been counted, whereas during periolitswadiccumulation (e.g. GS-1 and GS-2) there enaéncy
to identify too few annual layers. In principlejstlis well captured by the GICCO5 uncertainty eatignas the
derivative of our transfer function is (within ery@onsistent with the increase of the countingrerHowever,
our results caution against the use of the GICG@nting error as a 2uncertainty as is often done in the
literature. Originally, Andersen et al. (2006) peuh out that the MCE is not a trueuncertainty but proposed
that a Gaussian distribution with 2 MCE could serve as a pragmatic approximationcdmbination with
results from the Holocene (Adolphi and Muscheléd1® our studyimplies that the counting error can be
strongly correlated over extended periods of tifrfés is in line with the discussion in Rasmusseal £€2006)
who point out that the main contribution to a peéierbias in the layer count is the definition avlhan annual

layer is manifested in the proxy data. The datalui®n as well as the manifestation of annual tayehange
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between different climate states (Rasmussen et2@06), likely due to changes in aerosol transpzond
deposition resulting from variations in the atmast circulation and seasonality of precipitatidhetz et al.,
2013; Werner et al., 2001). According to our analyshe largest relative (i.e., year/year) changethie
difference between GICCO05 and the U/Th and treg-timescale occurs over GS-1 (11,653-12,846 ye&)s B
and GS-2 (14,652-23,290 years BP). Both of thesede have likely been characterized by an increase
relative contribution of summer precipitation te tannual ice layer (Werner et al., 2000; Dentoal ¢2005),
and the annual layers in the ice core have beentifidel in a similar way in both intervals (Rasmes<t al.,
2006). In the 11-13 ka BP interval, the offset mw GICCO05 and the tree-ring timescale changes fim
(95.4%-range: -77 to -42) years to zero (95.4%-eantR2 to +21) years. During the same interval, Gh€ C05
maximum counting error grows by 46 years. Albeigistent within the absolute error margins, thistsh of
GICCO5 over GS-1 thus slightly exceeds the rangved by the GICCO5 counting error. Muscheler et al
(2014a) discussed that this stretch may be paxiyased by errors in the placement of the oldest pf the
tree-ring chronologies. However, here, we use aseevlate glacial tree-ring dataset in which théedént
chronologies are connected much more robustly (Hetggl., 2016). Furthermore, our analysis on tHe fu
independent Hulu Cav¥C data yields similar results (Fig. 7). Hence, analyses clearly show that the GS-1
interval is about 60 years too short in the GIC@f%escale.

Between 15 and 22 ka BP, our analysis yields agdamthe GICCO5 offset from +118 (95.4%-range 202
years to +549 (95.4%-range: 207-670) years, whieeGICCO5 counting error grows by 335 years. Thgajn,
our transfer function changes a little faster tiia@ maximum counting error allows during this intdr We
note that our*C-'°Be matchpoint around 22,000 years BP has a relatives signal-to-noise ratio in th&C
data (see Fig. 8-9) and should, thus, be regardadrdative. However, as shown in figure 8 our ltssare
generally robust against different choices of stseéthe‘C data and time windows. Nevertheless, it can also
be seen that the estimates of the most likely afferehce (i.e., the peak of the PDFs) differ stighfor
different choices of th&'C data. Hulu Cave yields a most likely offset o253/ears, while Suigetsu implies a
bigger age difference of ~550 years that coincigiéis a secondary probability peak in the Hulu C&@F. We
note that assuming increased amounts of old sgérac carbon contributing to the speleothem foramativould
lead to an even stronger difference between thsimaes (see section 3.4). Hence, we propose an ag
difference of +549 (95.4% range: 207-670) yearettam the combination of all data (Fig. 9) thatasisistent
within error with the estimates based on the sidglasets shown in figure 8, but stress that igipdint should
be re-evaluated as new suitab¥é data becomes available in the future.

Assuming that the U/Th dates are absolute, ourstearfunction can be used to account for the hiathé
GICCO5 timescale and thus facilitate comparisonscefcore records to other absolutely dated arshive
However, we note that our synchronization doesnegessarily lead to consistent timescales withotbon-
dated records. As discussed in section 3.3.2 &ignd section 4.3 (Fig. 10 & 11), discrepanciethefdatasets
underlying IntCall3 can lead to erroneous strustimehe calibration curve. The reduced amplitutithe *‘C
change around the Laschamp geomagnetic field mminmuintCall3 compared to its underlying data iragli
that IntCal C must be offset prior to and/or after the Laschasupnt. This underlines the challenges in
radiocarbon calibration around this time pointetilpuMuscheler et al. (2014b). Also more recerBiaccio et

al. (2017) pointed out that pairé\r/*°Ar and*“C-dating of the Campanian Ignimbrite around 40 Rayields

inconsistent ages when tH€ age is calibrated with IntCal13. Since IntCalti®iinciple should be tied to the
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U/Th-age scaléor sections older than 13.9 ka Bis implies either an inconsistency between AdAd U/Th

dating or in the reconstructedC levels of the calibration curve. The latter wouldd congruent with the
conclusions by Muscheler et al. (2014b). If the bpesn was indeed the IntCaf'C reconstruction, a
synchronization of ice-corBe to IntCal*’C would not resolve this bias, since the problenuldmot be one of
chronology, but of“C measurement and/or archive.

Our analysis provides the first rigorous test okthler DO-events recorded in speleothems and iass aorcur

synchronously. Weeject the hypothesis of leads and lags larger th@® years at the one sigma level

consistent with the findings of Baumgartner et (2014). Since we compare to speleothem records from
different regions, this also highlights that the&Cl likely migrated synchronously (within uncertéés) over the
different ocean basins and continents during treebof DO-event§Schneider et al., 2014). However, there are
also differences between the different speleothesords, which could be due to limitations in thedting or
related to how directly individual archives recaheé rapid climate changes. The most notable exangle the
onset of the Holocene and GI-11, which appear taoasynchronously in the different speleotheme (5g.
13 & 14). Another example is the younger GS-3 ghestk in the Greenland ice cores that appears twicei
with the East Asian Summer Monsoon decline sedtulu Cave, but postdates the precipitation incresesms
in EI Condor and Diamante. This change in the siteéams is typically attributed to the southwardtsbii the

ITCZ as a response to Heinrich Event 2.

Figure 16 shows the period around H2. Firstly, weerthat the younger of the two GS-3 dust peakthén
Greenland ice cores (Rasmussen et al., 2014a)ocoawally (within chronological uncertainty) withe 1TCZ
movement recorded by the speleothems. At this tthee EFast Asian Summer Monsoon is strongly redwsed
implied by decreased Hulu Cavé’0 (Cheng et al., 2016). Coevally, precipitationréases in the South
American Summer Monsoon region (Novello et al., 203trikis et al., 2018). The records thus exhihire
pronounced stadial conditions than normally seefingu(non-Heinrich) DO-events. However, taken atefa
value, the precipitation increase at El Condor @uetva del Diamante, the two northernmost sites shiow
figure 16 (Cheng et al., 2013b), significantly pateb the event seen in Greenland and Hulu Cawasdt
predates the more southern South American sitea Bgmn Fim (Strikis et al., 2018) and Jaragua (No\el
al., 2017) by more than 500 years. This could eitiwént to errors in the dating of the El Condod @&iamante
speleothems, or be related to their latitudinalitims A freshwater-only experiment (all other baiany
conditions held constant at 19 ka BP levels) witlh Community Climate System Model 3 (TraCE-MWF, He,
2011) shows that, during a weak AMOC state, redaahaction of moisture from the tropical Atlanteats to
lower precipitation north of the ITCZvhile the ITCZ position over South America itselianges very little
(Fig. 16). El Condor and Cueva del Diamante aré bmtated very close to the LGM position of the BLQ is

hence possible, that when northern hemisphere sunmselation reached its lowest values over the pés
kaBP around H2, the ITCZ migrated to a positiontlsaf El Condor and Cueva del Diamanéed during its

transition caused the reconstructed precipitatioange As a result, the precipitation response to fregbw

forcing would change sign at these cave sites. Jites located slightly further south only show aalve
(Pacupahuain) or no (Paixao) response during g, but are both characterized by increasedalditly.
The two southernmost sites on the other hand (Uaramnd Lapa Sem Fim) remain south of the ITCZ
throughout, and hence, show a clear increase icigtation coeval with the signal in Greenland atdlu

Cave. In this context, the precipitation increas&li Condor and Cueva del Diamante around 25kaR firior
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to H2) may signify when the ITCZ transitions ovéetsites. The subsequent reduction in AMOC strength
during H2 then leads to a decrease in precipitdtiomrth-west South America, an increase furtloatls, and
little change in between. Tentative support fos ttan be drawn from the response of the El ConddrGueva

del Diamante speleothems to GI-2.2 and GI-2.1 whelteeit weakly, the **0 records imply an increase in
precipitation during GI-2 which is opposite to theksponse to DO-events during MIS-3 (Fig. 13, T6jus,

this analysis indicates, that the seemingly asymabuis response to climate change in different prexprds
may indeed only reflect site specific changes emploxy response. Alternatively, we cannot rulemdetected
issues with the U/Th ages of these speleothemsetaildd analysis of this observation feature isopelythe
scope of this paper, but in the context of a tiraksperspective, which is the focus of this wotkjighlights

the caveats of climate wiggle-matching betweenlsimgcords, even if the mechanistic link betweegiaral

climate changes may be relatively well understood.

Figure 16: Climate changes around H2. Left (from topto bottom): NGRIP Ca (Bigler, 2004) on the synchmized
timescale (Fig. 14), Hulu Cave *0 (Cheng et al., 2016), El Condor *¥0 (Cheng et al., 2013b), Cueva del Diamante
180 (Cheng et al., 2013b), Pacupahuain®0O (Kanner et al., 2012), Paixao 0O (Strikis et al., 2018), Lapa Sem Fim
180 (Strikis et al., 2018), Jaragua Cave®0 (Novello et al., 2017). The arrows on the right hal side of each axis
point in the direction of the signature of increasd precipitation on 0 through the amount effect (Dansgaard,
1964). The light grey box marks H2. The dark grey bohighlights the preceding 0 anomaly in El Condor and
Diamante caves. Right: Precipitation (colour) and wnd (arrows) response to freshwater forcing in theCCSM3
climate model (freshwater only experiment of TraCE21kall other forcings are held at 19k conditions, He2011). The
red (blue) line depicts the latitude of the precigation maximum during strong (weak) AMOC-states. Ory wind
anomalies >1m/s are plotted. The cave sites are iodied as dots. The top panel shows the winter (Decber-
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February) response, while the bottom panel shows ¢hsummer (June-August) response. Anomalies are pletl as
weak-strong AMOC mode.

7 Conclusion

We present the first radionuclide-based comparibetween the Greenland Ice Core Chronology 2005
(GICCO05) and the U/Th timescale. We find that GIGG@® accurate within its stated absolute unceiligsnbut
also that the maximum counting error of the GICGf&y be at the limit to capture the total uncertaint
accumulated within certain climatic periods. Oualgsis indicates that the relationship between @&@nd

the U/Th timescale over the last 45 ka drifts oere and reaches its maximum offset around 22 ka\B@
propose a transfer function that quantifies thift dnd facilitates analysis of ice-core and U/Egards, such as
speleothems, on a common time scale. Thus, thsferafunction allows further integration of keyatscales

in paleosciences and contributes to the INTIMATET&gration of Ice-core, MArine, and TEerrestriatoeds)
initiative (Bjorck et al., 1996; Rasmussen et 2014b; Bronk Ramsey et al., 2014). Provided thahlHges are
regarded accurate, the transfer functitronglyreduces the absolute dating uncertainty of Greenies cores

back to 45 ka BP. Weeject the hypothesis if leads or lags larger th@@ years between Greenlaithst Asia,

and South Americat the one sigma levéWe show that the southward ITCZ shift around 2&3BP seen in

speleothems, typically associated with H2, coingidéth the younger GS-3 dust peak recorded in Gaedrice
cores. However, we also highlight inconsistencieswien speleothem records around the onset of the
Holocene, late GS-3, and GI-11 and thus, caveatsetaommonly applied practice of climate wiggletoming.
By comparing various*C records underlying IntCal13 as well as ice-cige data and geomagnetic field
records, we infer that the current radiocarbonbcation curve underestimates the amplitude andlitgof the

1C change around the Laschamp event 41 ka BP. Tds & previous studies (Giaccio et al., 2017;
Muscheler et al., 2014b) highlighting that there dikely systematic errors in IntCall3 that willreitly
translate into errors of radiocarbon-based chragietoaround that time. The combination of sever@rnally
inconsistent datasets in IntCal13 can lead to eoos timing and amplitude of““C changes. Hence, great care
has to be taken when attempting to use sectiorer ofcin 30 ka BP of IntCall3 directly for studids™tC

production rates and/or carbon cycle changes.

8 Data Availability

The transfer function shown in figure 12 will be deaavailable as a supplementary to this paper and@AA.
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