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Abstract. During the last glacial period Northern Hemisphelimate was characterized by extreme and abrupt
climate changes, so-called Dansgaard-Oeschger ééits. Most clearly observed as temperature clsainge
Greenland ice-core records, their climatic impnmas geographically widespread. However, the tenipora
relation between DO-events in Greenland and ottgions is uncertain due to the chronological uadsties of
each archive, limiting our ability to test hypothesof synchronous change. On the contrary, thevgsgn of
direct synchrony of climate changes forms the bafsmany timescales. Here, we use cosmogenic radiinies
(*%Be, *Cl, *C) to link Greenland ice-core records to U/Th-daseeleothems, 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. Impaitarwe demonstrate that there remain local disanepes in the
temporal development of rapid climate change fecjt events and speleothems. These may be eitleted

to the location of proxy records relative to théftsig atmospheric fronts or to underestimated UfiEting
uncertainties. Our study thus highlights the pa#érfor misleading interpretations of the Earthtsys when

applying the common practice of climate wiggle-rhitig.

1 Introduction

Precise and accurate chronologies are criticalufaderstanding past environmental and climatic chang

Global natural and anthropogenic archives can belydirectly compared through the development otisbb
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chronological frameworks, enabling studies of that®temporal dynamics of past change. These fiyjsdare
crucial for understanding the nature and causegtirclimate changes in the past, and hence, desicg 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: clim&t@nges such as Dansgaard-Oeschger, or DO, evarisd&ard

et al., 1993; Dansgaard et al., 1969) are typicabgumedto 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 recdels.,
Bard et al., 2013; Hughen et al., 2006; Henry gt24116; Turney et al., 2015), especially in thaimarealm
where other dating methods suffer from low preciseind 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 method. The current radiocarkaiing
calibration curve (IntCall3, Reimer et al., 2018)cbnstructed from accurately dated tree-ring ablamies
back to 13.9 ka BP (13.9 ka BP, kilo-years BefaresBnt AD 1950). Beyond this time, which encompasdle
DO-events, about one fourth of the data underlyint@all3 obtain their absolute age from climate giég
matching.

Climate wiggle-matching has the obvious drawback the leads and lags between different climaterdsc
cannot be studied once the records have been foocalin. 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 rigorotedyed but when they are, ample evidence is regahit
questions their universal validity. Lane et al. 3D showed that rapid climate change in the Nortlariic
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 (atbeguent revisions of the underlying timescaleaf{&t 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 ld@senland 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 findirggn be explained via a real delay between Greerdmzte
change and the activation of ¢lHource 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)
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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.

In this paper, we attempt to provide improved caists on the paradigm of climate synchroneity. &vgploy
cosmogenic radionuclides as a climate-independgnthsonization-tool between the Greenland ice-core
timescale (Andersen et al., 2006; Rasmussen &(l6; 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) and strongly reduce the absolute dating efrthe Greenland ice cores back to 45,000 ye&sThis
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-datel-ftropical speleothems.

2 Cosmogenic radionuclides as synchronization tools

Cosmogenic radionuclides (such'4g, °Be and**Cl) are produced in a nuclear cascade that iser&ggywhen
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#90),
the flux arriving at Earth is modulated by the sgth of the helio- and geomagnetic fields (Masariki Beer,
1999). This causes the production rates of cosnmogadionuclides to be inversely related to charigesolar
activity and/or the strength of the geomagnetitdfi@his modulation effect leaves a globally symatous,
externally forced signal in cosmogenic radionuclideords around the world. Hence, they can serva as
powerful synchronization tool for climate archivereem different regions. The challenge lies in estiimg
potential non-production-related impacts on radadide concentrations in a given archive that maitefrom
geochemical and meteorological processes.
After production,**C is oxidized ta"*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 cycfeets, these variations in
1C are dampened and delayed with respect to theakcpusduction 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 carbeieace time (Craig, 1957). Thus, variations in Y@
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 tropopauseaks (Heikkila et al., 2011). It has no active deouical
cycle and so its atmospheric concentration is aendinect recorder of production rate changes coetpaith
C. However,'%Be transport and deposition in the troposphereuislegl by local meteorology and thus
susceptible to changes thereof (Heikkila and Sngi€,3; Pedro et al., 2011). This can cause vansatin'’Be
records that are not related to production ratengbés. Furthermore, a so-called “polar bias” (ian,
overrepresentation of polar as opposed to glotzalymtion 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
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empirical studies and modelling experiments to Wweetthis effect is present and the results may atsy
regionally (Bard et al., 1997; Heikkila et al.,, @) Pedro et al., 2012; Adolphi and Muscheler, 2016
Muscheler and Heikkila, 2011; Field et al., 2006).

The transport and deposition Bl in its aerosol phase is comparable'®e. However, in addition to an
aerosol phase®Cl also has a gaseous phasé®() which is likely dominant in the stratospheree(i et al.,
1997). In the troposphere, the partitioning betwaerosol and gas phase is not well understoorthaytvary in
space and time (Lukasczyk, 1994), and can chammelyalepending on pH (Watson et al., 1990). Theegas
H3*CI phase can also be lost from acidic ice in lowumeulation sites after deposition which is, howeless
relevant for the high accumulation sites studiete{®elmas et al., 2004). In Greenland, similar’®e, the
dominant deposition process LI in is wet deposition (Heikkila et al., 2009b) iai is supported by the
overall similarity of**Cl and '%Be variations recorded in ice cores (Wagner et24lQ1b; Muscheler et al.,
2005).

As a result, all three radionuclides depend onstlme production mechanism which causes their ptioduc
rates to co-vary globally. This signal can be eitptbfor global synchronization of paleorecordsniroatural
archives. However, to identify these common chanihpedr different geochemistry needs to be accalfde In

the case of radiocarbon this is achieved througbaoracycle modelling, to deconvolve the effectshaf carbon
cycle on the relation betweéfC production rates and*‘C (Muscheler et al., 2004). FiBe and**Cl, fluxes

can be calculated from ice accumulation rates. Tpisvides a first-order correction for changing
paleoprecipitation rates on the ice sheet and thi#irence on the radionuclide concentrations dality, aerosol
transport to the ice sheet is more complex and rpen changes in transport velocity, pathways and
scavenging effects en route (Schiipbach et al.,)20d8ch are, however, difficult to constrain f§Be due to

its stratospheric origin. Instead, comparisonslufes and concentrations to other climate proxass ioform
about potential climate influences YBe and®Cl transport and deposition (Adolphi and Musche2€x16). It is
currently not possible to quantitatively corredher of the radionuclides for these non-productitffuences
since neither past carbon cycle changes nor atredsphirculation changes are sufficiently well krmmow
However, the potential amplitude of non-producticate changes can be assessed through sensitivity
experiments and added as an uncertainty for theugtimn rate signal (Adolphi and Muscheler, 2016hker et

al., 2006).

The potential of this synchronization tool has bdemonstrated multiple times to infer differencesaeen the
tree-ring and ice-core timescales (Adolphi and Nheser, 2016; Muscheler et al., 2014a; Southon, R0@2t
the accuracy of the radiocarbon calibration cu¥do(phi et al., 2017; Muscheler et al., 2014b; Mheler et
al., 2008), and synchronize ice cores from bothibeheres (Raisbeck et al., 2017; Raisbeck et@D7R

3 Methods & Data
3.1 Ice-Core Data

The ice-core'®Be and®*Cl data used in this study are shown in figure & fédcus on records that have been
robustly linked to the GICCO5 timescale (Andersenle 2006; Rasmussen et al., 2006; Seierstat, 2044,



153  Svensson et al., 2008; Rasmussen et al., 2008xeléme majority of the data stems from the deege@dand
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156 Figure 1: Data used in this study. Panel a-g showndividual ice-core records of GRIP'%Be (Baumgartner et al.,
157  1997b; Muscheler et al., 2004; Wagner et al., 2001 ¥iou et al., 1997; Adolphi et al., 2014), GRIF®CI (Baumgartner
158 et al., 1998; Baumgartner et al., 1997a; Wagner eal., 2001b; Wagner et al., 2000), GISP3%Be (Finkel and
159 Nishiizumi, 1997), and'%Be from EDC, EDML, Vostok, and NGRIP (all Raisbeck etal., 2017). Each record
160 represents deposition fluxes (green) and ‘climateocrected’ fluxes (purple, see text). In addition, ach panel contains
161 the stack of all ice-core records (black, see textPanel h:®Be production rates modelled from two geomagnetideld
162 intensity reconstructions: GLOPIS (green, Laj et al, 2004) and based on Black Sea sediments (purpleowaczyk et
163 al., 2013) using the production rate model by Herliset al. (2016). The ice-core radionuclide stack shown in black.
164  All records in panel a-h are shown on the GICCO5 thescale (Seierstad et al., 2014) and normalized ice., divided
165  by) their mean. Panel i: Absolutely datedC data from Lake Suigetsu (yellow, Bronk Ramsey eal., 2012), Hulu
166  Cave (blue, Southon et al., 2012), Bahamas spelesitis (purple, Hoffmann et al., 2010), and various @pical coral

5



167 datasets (Bard et al., 1998; Cutler et al., 2004;Wand et al., 2013; Fairbanks et al., 2005, showm ilight blue, olive,
168 red, and green, respectively). The black lines encgrass the +1 uncertainties of IntCall3 (Reimer et al., 2013).

169 that have been anchored to GICCO5 by matching selaability present in alt’Be records, and volcanic tie-
170  points (Raisbeck et al., 2017).

171 By calculating fluxes we make a first order cori@etfor the changing snow accumulation rates betwee
172  stadials and interstadials and their influence agtianuclide concentrations (Wagner et al., 200bbnden et
173  al, 1995; Rasmussen et al., 2013; Finkel and Misimi, 1997). The accumulation rates for each e are
174  based on their annual layer thickness — deriveat fiteeir individual timescales — corrected for ibahing. For
175 the Greenland ice cores this thinning functiondsdd on a 1-D ice flow model (Dansgaard and Johrig69;
176  Johnsen et al., 1995; Johnsen et al., 2001; Saikeeftal., 2014). For the Antarctic ice cores we the strain
177 rate derived from the Bayesian ice-core dating reflICC12 (Veres et al., 2013). These strain raes
178 inherently uncertain and independently derived audation rate estimates differ by up to 10-20%hia glacial
179  (Gkinis et al., 2014; Rasmussen et al., 2013; 6uitl et al., 2013). However, these differenceslargely
180 systematic and change only on multi-millennial tseeeles. The shorter term changes in accumulaties eae a
181 more direct function of the timescale that detemmirthe age-depth relationship and, thus, annuar lay
182  thickness, and is very precise for increments efdbre (Rasmussen et al., 2006). This is impottanbte, as
183  we mainly exploit production rate changes on cemtgrio millennial timescales for synchronization.

184  To test for additional climate influences Be or°Cl deposition in the ice cores, we followed the rapgh by
185  Adolphi and Muscheler (2016): For each ice corecateulated multiple linear regression models usif
186 and snow accumulation rates as predictors‘#®e (°Cl) fluxes and subtracted the obtained model from t
187  '%Be @°Cl) data. We denote the resulting record as then&te corrected flux” (Fluy. This approach may
188  correct climate effects offBe (°Cl) deposition insufficiently, or it may over-cootethem, so it cannot be
189 assumed per se that the resulting record is méiebdle than the original fluxes. Nevertheless,ritypdes a first
190 order sensitivity test for the ice-core recordshwigspect to climate-related transport and depositieffects on
191  Be (°Cl) fluxes.

192 To combine all ice-core records, we calculatedrtine¢an (denoted as “Stack”, Fig. 1) using Montek&ar
193  bootstrapping (Efron, 1979). Using 7 ice-core rdsan two versions (flux and flgkyields a total number of
194 14 samples. In each iteration, 14 samples are ralyddrawn (with replacement, i.e., each record lbam@rawn
195 multiple times), perturbed within measurement exr@nd stacked. Repeating this procedure 1,000s tinee
196 obtain an average relative standard deviation ofl&tween the derived stacks, which is comparablngo
197 measurement uncertainty of individual measurementslarger than the expected error of the mean hwhic
198 points to systematic differences between the rexcd¥dr the period where we have data from both sgineres
199 this standard deviation is only slightly higher Y40 Even though this is only a relatively shortipér(see Fig.
200 1), it contains multiple DO-events which are expesb differently in Northern and Southern Hemisphere

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

202 3.2 Radiocarbon data

203  For the purpose of this study we have to focusaatiocarbon records that are absolutely dated. Eurtbre,
204  the length and sampling resolution of the recordsdnto be sufficient to resolve centennial-to-mitiial

205 production rate changes. The records that fuliehcriteria are shown in figure 1 and comptigedata from



206  various U/Th dated coral records (Bard et al., 1998rand et al., 2013; Cutler et al., 2004; Faikzaat al.,
207  2005), as well a&'C measured in two speleothems (Southon et al.,;28a&%mann et al., 2010). In addition,
208 we use thé“C record from Lake Suigetsu (Bronk Ramsey et @112} since the U/Th dated records do not
209 directly reflect atmospheri’C but the ocean mixed layer (corals) and, in thee @ speleothems, a mixture of
210 atmospheric and soil GDand carbonate bedrock from above the cave. Thestiale of the Lake Suigetsu
211  record is based on varve counting, corrected fogderm systematic errors by matching'fi§ record to the
212  YC variations in speleothems (Bronk Ramsey et 8122 Hence, it is not truly independently datedwever,
213  similar to ice-core layer counting, this varve cbadds constraints especially on centennial timescao that
214 14C variations on these timescales should be relgtiveaffected by this tuning to the speleoth%‘}ﬁ? data.
215 Thus, even though the timescale may not be indepenthis record can still be used to verify théestence of
216 4C variations in the atmosphere seen in the mixger lEecords.

217  In addition, we use the available tree-ring recdrask to 14,000 cal BP (calibrated before pres®nt;1950) in
218 the revised version by Hogg et al. (2016)(not shawfigure 1 for clarity).

219 3.3 Carbon cycle modelling

220 To be able to compare ice-core and radiocarborrdsatirectly we have to account for the effectthef carbon
221  cycle. Following earlier studies (Muscheler et a004; Muscheler et al., 2008), we use a box-diffugarbon
222  cycle model (Siegenthaler et al., 1980) to modéC from the ice-core radionuclide records. We assthae
223 ice-core’®Be (°Cl) variations are proportional t6C production rate changes (see also following septind
224  model C anomalies from each realization of the ice-comels as well as the single ice-core records (Big.
225 It can be seen that the modelled’C records from the individual ice-core records afiffn their long-term
226  trends since the carbon cycle integrates over Smehat relatively small but systematic differengeshe
227  radionuclide fluxes (possibly arising from uncenmtés in the strain rates) have a significant effac longer
228 time scales. However, all records show the sameativevolution of “C. Furthermore, especially when
229  subtracting the long-term trend and isolating véoies on timescales shorter than 5000 years, theeagent is
230 very high (on average within 15%. at,1Fig. 2b), which is the part of the signal that wil be exploiting in

231  our synchronization effort.

232  3.3.1 Production rate ratio

233  Modeling C values front°Be measurements is based on the assumptior®Bmtand*“C production rate
234  changes are proportional to each other. Howevéfgrdnt production rate models differ in their séagy of
235 C and'®Be production rate changes to variations in thetgemetic field (Cauquoin et al., 2014). For a given
236  geomagnetic field change, the production rate mbgeMasarik and Beer (2009, 1999) yields 30-50%eow
237  °Be production rate changes than the calculatiorBdiyianov et al. (2016) and Herbst et al. (20E6).“C on
238 the other hand, all models yield roughly similarpditndes. This leads to differences in t€/*°Be production
239 rate ratio for a given change in the geomagnegid filf Masarik and Beer (1999) are correct, thaatens in
240 ice-core'®Be records have to be upscaled by 30-50% to beoptiopal to*C production rate changes while no
241  such scaling is necessary when the other productienmodels are used. In addition, the amplitinléC and
242  %Be may differ due to the presence of polar biae &etion 2). If this effect was present, then gegmetic
243 field changes should cause bigger variationé@nthan'’Be.
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Since the presence of a polar bias is debatedrenphysical reason for the differences betweerptbduction

rate models is unresolved, we chose an empiriqaioggh to scale the ice-core record appropriately:
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Figure 2: Modelled '‘C anomalies from individual ice-core records (seegend, 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 esompass 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 reconstros around the Laschamp geomagnetic field mininjuaj
et al., 2004; Laj et al., 2000; Nowaczyk et al.12Dand calculate the resultiiBe 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-cHie record to minimize the root mean square errd$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-cBRe variations
has to be increased by approximately 30% to mHthlf the production rate model by Masarik and Biser
used, then the amplitude of the ice-ctie record is in agreement with geomagnetic fielthdaut due to the
higher production sensitivity dfC (see above}’Be variations have to be increased by ~30%. Silyijlirthe
production rate model by Herbst et al. is usedn the amplitude of the ice-cof@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 therror-weighted mean prior to the Laschamp event. ie., 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-Laschamevent levels. The two panels on the right show mdiedl  ‘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 resolvegtring data we use a 1000 year high-pass FFr filthile
319 the lower resolved and more unevenly sampled apeiothem/macrofossil data is filtered by linear
320 detrending to avoid the interpolation to equidisteesolution required for FFT analysis. Similartiie high
321 sampling resolution of the tree-ring data allowstascompare the data in 2,000 year windows, whike w
322  increase the window length to 4,000 and 5,000 y&arshe lower resolved data prior to 14ka BP. Eixact
323  frequencies and window lengths are also givenémréisults section. Using the same statistics asfbocarbon
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
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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 distribmitior 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, 2G686)
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.
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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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388 3.5 Change-point detection in climate records

389 To test the synchroneity of rapid climate changes,compare the timing of DO-events seen in Greehie@
390 cores (Andersen et al., 2004), to a number of Wwadtiwn U/Th dated speleothems that show DO-typeatsdity
391  from Hulu Cave (Cheng et al., 2016), Sofular Caslei{fmann et al., 2009), El Condor, and Cueva dehiante
392  (both Cheng et al., 2013b).

393  We use a probabilistic model to detect the onsé;puint, and end of the rapid climate transitionsach
394  individual record. The employed model describesateipt changes as a linear transition betweercomstant
395 states. Any variability due to the long-term fluations of the climate records around the transitrmdel is
396 described by an AR(1) process that is estimatedoimjunction with the transition model. The model is
397 independently fitted to windows of data on theidiindual timescales (Table 1 & Fig. 13) around theid
398 transitions. Inference was performed using Mark&nai@ Monte Carl sampling (MCMC) to obtain PDFs o t
399 timing of the onset, the length, and the amplitofl@ach transition in each record. Using these PBé&<an
400 calculate delays of the onset, mid-point and enth@fclimate transitions between different recopispagating
401 the respective uncertainties of the parameterse&oh record, only events that are well expressddveeasured
402 in high resolution have been fitted. The approaot aference procedure are described in more datail
403  Erhardt et al. (submitted).

404  Table 1. Change-point detection window for each reed. For each investigated climate event and recoradhe change-
405 point detection algorithm has been applied betweetl and t2. The windows have been defined visuallynsuring a
406 sufficient amount of data prior to and after the transition. For each record, only events that are wieéxpressed in the
407 climate proxy records at high resolution have beemvestigated. For the ice-core record t1 and t2 tyipally encompass
408 500 years prior to and after the nominal transitionages by Rasmussen et al. (2014a). The exact valhese been
409 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 tl 12 t1 12 tl 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
?3-3 Dust Peak 24130 645 25380 2408 - - - - - - 25740 24630
GI-3 27730 832 28580 2768 2878p 27880 28780 27780 - {1 o3 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
GI-9 40110 | 1580 40860 4006 40960 39960 41160 39960
GI-10 41410 | 1633 42110 4106 42460 41590 42460 41460 04421 40960
Gl-11 43290 | 1736 44240 42941 44840 43540 - - 44440 42040 -

410

411 4 Time scale differences between GICCO05 and the UiTtimescale

412  In the following sections we will show the synchization results for different time windows. We fecaur
413  analysis on three distinct windows: 10-14 ka BPs258ka BP and 39-45 ka BP. The youngest window is
414  defined by the presence of high-resolution treg-data for“C back to 14 ka BP. Going further back in time it
415  becomes increasingly challenging to unequivocalgntify common structures in the variou¥'C records that
416  are suitable for synchronization because the réealwf the individual records decreases back nimetiwhile

417  their differences to each other are growing stgg@ite 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 thetooisthe 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 spbtratthan 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 organidhoa 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
datasets (see figure 1i) and highlight common ‘difg. Furthermore, we have to increase the lerafthhe
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 esténof 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 (Muscheled.e2008). We used this tie-point (figure 9) e tfinal
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synchronization as it is the best-defined featurehis time interval, and consistent within erroithawthe

estimates shown in figure 8.
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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 timaiscdifferences (see Fig. 10 inset, blue

dashed line).
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Figure 11: Comparison of the ice-core stack (blueo 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&@CO05 and the U/Th timescale we apply a MontddCar
approach. Each iterations consists of i) randoraip@ing the PDFs at each tie-point and ii) inteagioh in
between the tie-points using an AR-process thabistrained by the GICC05 maximum counting erroce)m
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 corebsthe combination of Corals, Speleothems and 1Sakgetsu
during the LGM, and one tie-point between ice caned the Bahamas speleothem around the Laschamp eve
For the interpolation, we use the time derivatifetree mce (i.e., its growth rate) as an incremeeptabr
estimate. During periods when the growth rate & GICC05 may be stretched (compressed), while atgro
rate of O 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 beelizezhin

each iteration of the Monte Carlo simulation. Sufusmtly integrating over the resulting timeseriésimulated
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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 erHence, this procedure provides us with a coredlat
interpolation uncertainty over time, taking intocaant some of the constraints provided by the ioeec
timescale itself, but giving priority to our infexd tie-points. We note that this treatment of tlee s an AR-
process leads to larger interpolation errors corgh#r assuming a white noise model, which would eavery
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. We stress that this procediges not aim to provide a realistic model of treedore layer-
counting process and its uncertainty which is ¢ye@ore complex (see Andersen et al., 2006; Rasemussal.,
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 adwgetaf the fact
that GICCO5 is a layer counted timescale and heramenot 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 — 22,98érs 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 thalte@by 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 showr®e 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 the synchroneity of climate changesrded in different parts of the globe, we corapae-core
data to a selection of well-dated speleothem rexdrte 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 \mith t
South American Monsoon (Cheng et al., 2013b). Tgeewthem 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 eodhpare it to the ice-core records. We used th®IRGCa
record (Bigler, 2004), that shows the largest digoanoise ratio across DO-events (compared tg eXfO)
making their identification more precise. In aduliti the Ca aerosols originate from Asian dust smirc
(Svensson et al.,, 2000) and are thus, more direethted to Asian hydroclimate (Schupbach et @18}
making them potentially more comparable to for epkenthe Hulu cave record. Potential phasing difiees
between different climate proxies in the ice core amall compared to our synchronization unceiigsnt
(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 tHgted 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 records (see section 3.5), pettierb
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&unction.
By averaging over all DO-events we thus obtain amiag for each realization and speleothem. Intddiwe
combine the different speleothem-based estimatesaoh realization by averaging over their mean kags
obtain an overall (speleothem & DO-event) mean @Ggnverting the obtained lags from each realizatito
histograms we estimate the PDFs of average lag&betice-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 maxai
capture these (section 4). However, we note thatdgting the mce as a highly correlated(ihstead of 2)
uncertainty, our error estimate can be regardecnsconservative 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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685  We find that all speleothem records except CueV®@anante (Cheng et al., 2013b) indicate synchitgrveith
686 NGRIP within 1 and that the delay obtained for Cueva del Diamdalls within 2 . We note that the
687  speleothem data from ElI Condor (Cheng et al., 2D#8in the same region as Cueva del Diamante does n
688 indicate a significant lag to Greenland. Overallr analysis cannot reject the null-hypothesis afckyonous

689 DO-events in Greenland ice cores and (sub-) tropeleothems (lag:x1 = 29+189 years).

690

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

695 6 Discussion

696  Our proposed transfer function quantifies the ltengn differences between the Greenland ice-coreldnth
697 timescale and allows their synchronization. Evesugh based on only a few tie-points, this can tedus
698 evaluate the absolute dating accuracy of Greenitadore records during the past 45 ka BP, whilextaaing
699 the strength of their precise relative dating. dmbination with similar work done for the Holocegfdolphi
700 and Muscheler, 2016; Muscheler et al., 2014a),pilbture emerges that the GICCO05 counting error tmay
701  systematic: when accumulation and data resolusohigh (e.g. in parts of the Holocene), too manguah
702  layers have been counted, whereas during periolismodiccumulation (e.g. GS-1 and GS-2) there Enaéncy
703  to identify too few annual layers. In principlejstlis well captured by the GICCO5 uncertainty eatignas the
704  derivative of our transfer function is (within erya@onsistent with the increase of the countingrerHowever,
705  our results caution against the use of the GICGfting error as a 2uncertainty as is often done in the
706 literature. Originally, Andersen et al. (2006) peih out that the MCE is not a trueuncertainty but proposed
707 that a Gaussian distribution with 2 MCE could serve as a pragmatic approximationcdmbination with
708  results from the Holocene (Adolphi and Muscheld¥1® our study implies that the counting error dan
709  strongly correlated over extended periods of tifiit@s is in line with the discussion in Rasmusseal (2006)
710  who point out that the main contribution to a péierbias in the layer count is the definition aivlhan annual

711  layer is manifested in the proxy data. The dataluti®n as well as the manifestation of annual tayshange
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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 igpdint 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 mminmintCall3 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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752  UI/Th-age scale for sections older than 13.9 katBB,implies either an inconsistency between AdAd U/Th
753  dating or in the reconstructedC levels of the calibration curve. The latter woldd congruent with the
754  conclusions by Muscheler et al. (2014b). If the htesn was indeed the IntCaf'C reconstruction, a
755  synchronization of ice-cor8Be to IntCal*)C would not resolve this bias, since the problenuldmot be one of
756  chronology, but of*C measurement and/or archive.

757  Our analysis provides the first rigorous test okther DO-events recorded in speleothems and iees amrcur
758  synchronously. We reject the hypothesis of leadd ags larger than 189 years at the one sigma,level
759  consistent with the findings of Baumgartner et (2014). Since we compare to speleothem records from
760 different regions, this also highlights that theCH likely migrated synchronously (within uncerta@s) over the
761 different ocean basins and continents during tteebof DO-events (Schneider et al., 2014). Howethere are
762  also differences between the different speleothernrds, which could be due to limitations in theating or
763  related to how directly individual archives recdie rapid climate changes. The most notable exargytkethe
764  onset of the Holocene and GI-11, which appear twmioasynchronously in the different speleothems &g.
765 13 & 14). Another example is the younger GS-3 ghestk in the Greenland ice cores that appears twidei
766  with the East Asian Summer Monsoon decline sedtiulu Cave, but postdates the precipitation increszsm
767 in El Condor and Diamante. This change in the gpleams is typically attributed to the southwardtshii the

768 ITCZ as a response to Heinrich Event 2.

769  Figure 16 shows the period around H2. Firstly, ve¢erthat the younger of the two GS-3 dust peakihén
770  Greenland ice cores (Rasmussen et al., 2014a)coawrally (within chronological uncertainty) witte ITCZ
771  movement recorded by the speleothems. At this tthree East Asian Summer Monsoon is strongly redwused
772  implied by decreased Hulu Cavé®0 (Cheng et al., 2016). Coevally, precipitationré@ases in the South
773  American Summer Monsoon region (Novello et al., Z0&trikis et al., 2018). The records thus exhibitre
774  pronounced stadial conditions than normally seerindu(non-Heinrich) DO-events. However, taken atefa
775  value, the precipitation increase at El Condor @ueva del Diamante, the two northernmost sites shiow
776  figure 16 (Cheng et al., 2013b), significantly pateb the event seen in Greenland and Hulu Cawasdt
777  predates the more southern South American sitea Bgmn Fim (Strikis et al., 2018) and Jaragua (Nowl
778 al., 2017) by more than 500 years. This could eifizént to errors in the dating of the El Condod &diamante
779  speleothems, or be related to their latitudinalitpms A freshwater-only experiment (all other baiany
780  conditions held constant at 19 ka BP levels) whiidn Community Climate System Model 3 (TraCE-MWF, He,
781  2011) shows that, during a weak AMOC state, redachaction of moisture from the tropical Atlantéals to
782  lower precipitation north of the ITCZ, while the TE position over South America itself changes itle
783  (Fig. 16). El Condor and Cueva del Diamante aré bmtated very close to the LGM position of the A @ is
784  hence possible, that when northern hemisphere surmselation reached its lowest values over thd pas
785  kaBP around H2, the ITCZ migrated to a positiontsaf EI Condor and Cueva del Diamante, and duiting
786  transition caused the reconstructed precipitatioainge. As a result, the precipitation responsedshivater
787  forcing would change sign at these cave sites. Jites located slightly further south only show aalve
788  (Pacupahuain) or no (Paixao) response during thigg, but are both characterized by increasedbdity.
789 The two southernmost sites on the other hand (Uarampd Lapa Sem Fim) remain south of the ITCZ
790 throughout, and hence, show a clear increase icigitation coeval with the signal in Greenland atdlu

791  Cave. In this context, the precipitation increas&l 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 asyomubuis 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 function strongtiices the absolute dating uncertainty of Greernilemdores
back to 45 ka BP. We reject the hypothesis if leadsgs larger than 189 years between Greenlaast, ASia,
and South America at the one sigma level. We shawthe southward ITCZ shift around 24.5 ka BP saen
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, caveatsetecommonly 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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