
Reply to review 1 
 
COMMENT: 
The paper presents the first comprehensive attempt to link ice core from both hemispheres on a common 
timescale at high resolution, based on volcanic matching in addition to the now "traditional" method of 
using gas records (e.g. methane). I find the paper very well written, and the analysis is convincing. I wish to 
congratulate the authors on a very very important contribution to ice core dating, and to our understanding 
of abrupt climate change. I have three concerns. 
First, citations for data are not consistent, and are incorrect for those data sets that I am familiar with. This 
should be corrected. 
Second, the discussion of the relationship between deuterium excess and oxygen 18 (d18O) is confusing; I 
think those who have worked closely with these data (including me) will understand the arguments, but 
others will not. 
Third, overall, I think the paper is written for an audience that already knows all the issues very well, but it 
will be difficult to follow for those that are not already in the ice core research community. Following are 
my corrections and suggestions on each point. 
 
REPLY: 
We thank the referee for the positive review and the constructive comments that we will reply to in the 
following. 
 
COMMENT: 
1. Citations: 
A. Reference is made to both Fudge et al. 2013 and WAIS Divide Project Members, 2013, which are the 
same paper. Reference is also made to Buizert et al., 2015, and WAIS Divide Project Members, 2015, which 
are also the same paper. The correct citations are the WAIS Divide Project Members, 2013 and WAIS Divide 
Project Members, 2015. Fudge et al. 2013 and Buizert et al. 2015 should not be used. This was agreed upon 
by the WAIS community at the time those papers were written. Note that there is a different Buizert et al., 
2015 (https://doi.org/10.5194/cp-11-153-2015 ) which should be cited when discussing the WAIS Divide 
timescale, but not the synchronization work nor the isotope data. This is not the same paper as WAIS 
Divide Project Members 2015. 
 
REPLY: 
Corrected. 
 
COMMENT: 
B. Several of the citations to data are wrong. Please correct these both in the main text and in the 
Supplement Table. I am sure it would be appreciated by all those who produced the data if the original 
works were cited. 
i) For WAIS Divide sulfate and conductivity, the references are WAIS Divide Project Members 2013, and Sigl 
et al., 2016. (As noted above, Fudge et al., 2013 is not a correct citation.) 
 
REPLY:  
Corrected. 
 
COMMENT: 
ii) For GISP2, the original reference is Grootes et al., 1993, not Stuiver and Grootes, 2000. 
 
REPLY: 
We now cite both references. The applied GISP2 dataset appears to be updated in 1999. 



COMMENT: 
iii) The d18O and deuterium excess data for WAIS Divide is ascribed to Buizert et al. 2018 in various places. 
This is incorrect. (For example, line 167.) The correct citations for theWAIS Divide d18O (not dxs) areWAIS 
Divide Project Members 2013 and Steig et al,. 2013. The correct citation for WAIS Divide dxs is Markle et al. 
2017. This is the sole reference that should be used. 
 
REPLY: 
Corrected, except that the Steig et al., Nature Geoscience, 2013, publication appears to be mostly 
concerned with the last 2000 years and is not cited.  
 
COMMENT: 
iv) I encourage the authors to double-check references for Dome C, etc. that may also be incorrect. 
 
REPLY: 
The references for the Antarctic ice cores have been updated. 
 
COMMENT: 
2. In general, I find the discussion of the relationship between d18O and dxs incomplete and confusing. 
A. In the abstract, you write that “During abrupt transitions, we find more coherent Antarctic water isotopic 
signals (d18 O and deuterium excess) than was obtained from previous gas-based synchronizations.” I don’t 
understand this statement. You find that the phase relationship between dxs and d18O is shorter than was 
found by Markle et al. 2017, and later by Buizert et al., 2018. But you do not show that the records are 
more coherent. (If you do find greater *coherence*, this is interesting but would require further analysis). 
 
REPLY: 
Abstract text now changed to “In response to Greenland abrupt climatic transitions, we find a response in 

the Antarctic water isotope signals (18O and deuterium excess) that is both more immediate and more 
abrupt than found with previous gas-based interpolar synchronizations.” 
  
COMMENT: 
B. Also in the abstract, you say that “The time difference between Antarctic signals in deuterium excess and 
d18O, which is less sensitive to synchronization errors, suggests an Antarctic d18O lag of 152 ± 37 years.” 
For those not familiar with this subject, it is not clear what “an Antarctic d18O lag” refers to. This is the lag 
between d18O and dxs, both in Antarctica. I think what you are trying to say is that because dxs is in phase 
with Greenland d18O, then the phase lag between d18O and dxs in Antarctica provides an independent 
estimate of the phase between d18O in Antarctica and Greenland d18O. This has to be spelled out or no 
one will understand it! 
 
REPLY: 
The formulation in the abstract is now changed to: ‘The time difference between Antarctic signals in 

deuterium excess and 18O, which likewise reflects the interpolar phasing of the bipolar seesaw yet is less 

sensitive to synchronization errors, suggests an Antarctic 18O lag behind Greenland of 152 ± 37 years.’ 
 
COMMENT: 
C. Throughout the paper, too little credit is given to the first paper (Markle et al. 2017) that showed how 
the lag between dxs and d18O in Antarctica is connected with the lag between d18O in Greenland and 
d18O in Antarctica. Prior to that, dating quality was insufficient to make this argument. Buizert et al., 2018 
did not make this discovery; in that paper, we extended the findings of Markle et al., to other Antarctic ice 
cores. Markle is cited at the moment only for suggesting that: "Antarctic warming response to the 



Greenland warming is likely to be associated with fast atmospheric changes", and “It was suggested that 
the gradual dln trends before and after the transition follow the gradual source-water sea-surface-
temperature trends of the SH via the bipolar seesaw.” Those things are true, but were not the main subject 
of Markle et al.! To give credit where it is due, I would suggest the following rewrite. 
Replace the following: 
Besides d18O, we also stack records of Antarctic deuterium excess using the logarithmic definition (dln) 
introduced by (Uemura et al., 2012). Previous work has found d ln to abruptly increase (decrease) in 
synchrony with the onset (termination) of GIs at multiple Antarctic sites (Buizert et al., 2018; Markle et al., 
2017; Masson-Delmotte et al., 2010), which has been attributed to shifts of the Southern Hemisphere (SH) 
subpolar jet and westerly winds (e.g. Schmidt et al. (2007)). 
With 
Besides d18O, we also stack records of Antarctic deuterium excess using the logarithmic definition (dln) 
introduced by (Uemura et al., 2012). Markle et al. (2017) showed that in the WAIS Divide ice core, dln 
abruptly increases in synchrony with the onset of GIs; at the termination of GIs, dln abruptly decreases. 
Markle et al. (2017) used a climate model simulation with moisture tagging to show that this relationship 
could be explained by north-south shifts in the location of moistures sources associated with changes in the 
shifts of the Southern Hemisphere (SH) subpolar jet and westerly winds. This is consistent with work of 
Schmidt et al. (2007) who had previously shown with climate model simulations that the deuterium excess 
should be inversely correlated with the Southern Annular Mode (SAM) index. Masson-Delmotte et al. 
(2010) made a similar argument on the basis of the Dome C core, but without sufficient dating precision to 
demonstrate the close relationship found by Markle et al. (2017). These findings were later extended to 
multiple Antarctic sites by Buizert et al. (2018). 
Please note also that the use of parentheses to mean opposites is very difficult to read, and should be 
avoided. There is no reason to do this. “abruptly increase (decrease) in synchrony with the onset 
(termination)” 
 
REPLY: 
We thank the referee for contributing to the writing of the manuscript. The suggested text has been 
adopted. 
 
COMMENT: 
3. A. In general, a clearer discussion of the relationship between CH4, d18O, and dxs is needed. I am missing 
a clear explanation of this for the non expert. I think the following points are important to make clear. 
Consider, for example, how you would explain Figure.5 to a non-expert. 
First, the relationship between CH4 and d18O in Greenland is well established, and the lag is short. Second, 
cores have been linked mostly by matching methane, but there is uncertainty in the ice timescales because 
of uncertainy in DeltaAge. Third, the WAIS Divide core has a small enough DeltaAge that it was possible to 
show a clear lag of 200 years between abrupt warming AND abrupt CH4 increases in Greenland and the 
changepoint of d18O in Antarctica. Fourth, also with WAIS Divide, it was shown that dxs is is close to being 
in phase with CH4, and therefore in phase with d18O in Greenland. Fifth, this has been extended to other 
Antarctic cores by volcanic synchronization within Antarctica. Sixth, the current paper adds volcanic 
synchronization between Greenland and Antarctica, further refining the relationships among dxs, CH4, and 
d18O in both Greenland and Antarctica. 
 
REPLY: 
The present work is independent of previous gas and cosmogenic bipolar synchronizations, except that we 
use them as a starting point for the volcanic synchronization. The reader should therefore be able to read 
Fig. 5 without any detailed knowledge of the history of bipolar synchronizations. In the introduction, we are 
referring to the main papers that details the complications of existing synchronization efforts; we are 
mentioning issues with Delta Age, the 200 yr Antarctic lag, and the Greenland and Antarctic internal 



volcanic synchronizations. Furthermore, we are now making ample reference to the Markle et al., 2016, 
Buizert et al., 2018, and the WAIS Divide project members 2013 and 2015 papers. 
 
COMMENT: 
B. A few other small things. 
i) In the statement on line 52, DO events are believed to originate in the North Atlantic, but have a global 
climatic impact that is documented in a wide range of paleoclimate archives across the Northern 
Hemisphere (Voelker and workshop participants, 2002). 
I would say: 
DO events are believed to originate in the North Atlantic, but have a global climatic impact that is 
documented in a wide range of paleoclimate archives across the Northern (Voelker and workshop 
participants, 2002) and Southern Hemispheres (Pedro et al. 2015). 
 
REPLY: 
The suggested formulation is adopted. 
 
COMMENT: 
ii) Line 71, "Modeling past Deltaage requires assumptions about past accumulation and temperature 
variations, introducing substantial age uncertainties associated with the synchronization." This isn’t quite 
true for WAIS Divide or central Greenland, where we know the accumulation extremely well. Consider 
changing this to make it clear that the chief uncertainty for WAIS Divide (and for Greenland) is the firn 
physics, not the lack of knowledge of T and accumulation. 
 
REPLY: 

The text is now formulated as: ‘Modeling past age requires an understanding of the physical processes 

taking place in the firn as well as knowledge or assumptions about past accumulation and temperature 

variations, introducing substantial age uncertainties associated with the synchronization.’ 



Reply to review 2 
 
COMMENT: 
This paper is addressing a really great concept: that of synchronising Greenland and Antarctic climate 
records precisely through volcanic signals. The concept is bold: until recently most of us would have 
considered this too hard to attempt. And it is used to do an important task of refining the relationship 
between hemispheres across bipolar seesaw events. While the alignment done here may be improved in 
the future, this is likely the best that can be done for now, and it opens up a number of very interesting 
possibilities around global synchronisation, understanding firn dynamics, and addressing variability 
between D-O events. The paper is written very clearly, and although I have a rather large concern I need to 
raise, it was a pleasure to read. Because my concern is quite significant (but I believe addressable) I will tick 
the “major revisions” box, but this does not mean I think the paper is generally flawed in any way – on the 
contrary it’s great, but I think it lacks one major caveat that readers need to be more aware of. 
 
REPLY: 
We thank the reviewer for appreciating our efforts and will try to respond to the concerns in the following. 
 
COMMENT: 
It is very challenging to safely match up volcanic records from distant locations, as those of us who have 
been involved in comparisons across Antarctica know. This is even more the case between hemispheres 
because there will be numerous additional volcanic peaks in Greenland (less so in Antarctica) that do not 
have a bipolar signal. As the authors explain, the secret is to get a pattern of several peaks with an identical 
spacing. An advantage the authors have is that the methane matching already done allows them to home 
in on the right section with a century or so. The authors aim to achieve the pattern match by using layer 
counting between volcanic peaks in two cores: NGRIP and EDML. We all know this can be done at NGRIP, as 
it was the basis for GICC05; while it has its issues, over short intervals the uncertainties should be quite 
small. However, it is a huge leap to accept that it can be done at EDML, and I find it very strange that this is 
glossed over, and even more so that we are not shown any examples. 
 
The only example I am aware of where layer counting has been attempted at EDML was in Sommer et al 
(2002, not referenced in this paper), where layers were counted for the top 2000 years. With only about 7 
cm we/yr, the example given in Sommer et al makes it clear this is tricky (and required matches to known 
dated volcanic peaks for verification, something that would be circular in this case), but the authors 
nonetheless claimed an accuracy of around 3%. But now in this paper we enter the much harder realm of 
doing the same thing in the last glacial: where some of the key records used by Sommer are not available 
and where the snow accumulation rate is as low as 3 cm we/year (range 3-5 in the sections used). The 
authors justify their ability to count at EDML by saying (line 142) “for the investigated time interval the 
annual layer thicknesses are comparable to those of NGRIP (Veres et al., 2013) and layer counting can be 
done in a similar way”. However this misses the point. Whether annual layers can be distinguished and 
counted relies on two different factors. One is whether the analysis method is well enough resolved to 
give several samples per year in layers that may be (in this case) only 1.5 cm thick – this is actually quite 
dubious (Sommer gives the true EDML resolution as 0.7 cm, implying 2 samples/year for chemistry) and it 
would be nice to see examples to understand this. However more important is whether annual layers were 
ever present, and our experience at Dome C and Dome Fuji would suggest that, at somewhere with 3 cm 
we accumulation, they are not (or at least not reliably), with a certainty of missing some years due to 
redistribution (sastrugi) that occurs at scales greater than the approximately 8 cm scale of the snow depth 
deposited each year. 
 
REPLY: 



There were a few examples of layer counting in the EDML glacial ice presented in Svensson et al., CP, 2013 
(full reference in manuscript), but never mind, there is no reason not to provide some examples of annual 
layer counting also for this work, where it indeed forms the basis of the volcanic bipolar synchronization. 
In the supplementary figures, we now provide examples of annual layer counting in NGRIP and EDML 
across four intervals applied to match up patterns of bipolar volcanic eruptions: 
- Fig. S17A-D shows the layer counting across the four prominent volcanic spikes that occur right before the 
onset of the GS-1 / Younger Dryas (Fig. 2 left in manuscript). For NGRIP the annual layers are marked in the 
liquid conductivity record and for EDML the marks are set in the Calcium concentration record. ‘Certain’ 
annual layers are marked with black dots and ‘uncertain’ layers are marked with white dots following the 
notation introduced in Rasmussen et al., JGR, 2006 and Andersen et al., QSR, 2006 (full references in 
manuscript). 
- Fig. S18A-B shows the layer counting between a pair of significant volcanic spikes in GS-5.1 that represents 
a section of low accumulation for both NGRIP and EDML. For NGRIP the annual layers are marked in the 
liquid conductivity record and for EDML the marks are set in the dust concentration record. The annual 
layer thickness in this interval is around 1.4 cm and 1.9 cm for NGRIP and EDML, respectively. 
- Fig. S19A-D shows the layer counting across the onset of GI-8 (Fig. 2 right in manuscript). In NGRIP the 
annual layer thickness increases from ~1.7 cm to ~2.9 cm across the onset, whereas EDML has an annual 
layer thickness close to 2 cm for the entire interval. 
- Fig. S20A-D shows the layer counting between the deepest two eruptions applied in this study (in GS-16, 
Fig. S14A). In this interval, the annual layer thickness of EDML (~2 cm) is approximately two times that of 
NGRIP (~1 cm). In NGRIP the annual layers are only countable in the line-scan grey-scale intensity profile as 
all the chemistry records have too low resolution to resolve the annual layers. 
The above examples cover some 20 m out of the more than 1 km ice core that has been layer counted for 
this study, and the shown sections are representative of sections with ‘thick’ and ‘thin’ annual layers as well 
as ‘high’ and ‘low’ accumulation periods. There are shorter sections in both cores where one or several 
records are missing or where data quality is too low for annual layer counting to be possible. In those 
sections, the annual layers have been interpolated based on adjacent sections.  
As it was noticed for the counting of the GICC05 time scale, the distribution of annual layer thicknesses is 
fairly narrow (Andersen et al., QSR, 2006, Fig. 7). In other words, it is unlikely to find an annual layer with 
half the thickness of the average or with two times the thickness of the average. This appears to be true 
also for the EDML dataset, and this ‘regularity’ of the annual pattern can be applied as guidance for layer 
picking over shorter intervals where data are missing or disturbed somehow. 
For both NGRIP and EDML, most of the chemistry records cannot resolve the annual layers when the 
thickness is below 2-3 cm depending on the resolution of individual records. In that case, the grey-scale of 
the visual-stratigraphy record is necessary for counting the annual layers. The record has millimeter 
resolution and was obtained by the same instrument for both cores. The visual stratigraphy does not 
provide as clear an annual signal as the (smoothed) chemistry records, but the annual signal is visible in 
both NGRIP and EDML. 
 
COMMENT: 
I would have expected to see a number of strategies to overcome this: 
a) Knowing the estimated accumulation rate at EDML (which is embedded in the AICC2012 age model), one 
could estimate the distance between volcanic peaks without counting; 
 
REPLY: 
We have been using the AICC2012 annual layer thicknesses for guidance, but the time scale is too imprecise 
to match up the volcanic eruptions. 
 
COMMENT: 



b) WAIS Divide is actually counted to 31 ka. Why was this not used at least to GI5? Intrinsically the chances 
of counting layers below that are still better at WD than at EDML because the accumulation rate at WD was 
higher so signals were at least formed and may be decipherable with higher resolution analysis (which 
could in theory be done). 
 
REPLY: 
The WD2014 time scale has been applied for guidance and for most of the intervals younger than 31 ka 
there is agreement within error estimates between the EDML and WDC interval durations. We now 
mention this in the manuscript. The right hand side of Table 1 now shows a comparison of interval 
durations between bipolar match points as determined in GICC05 and WD2014 and in this work. 
Independent layer counting in several cores allows us to better identify critical sections whenever a grand 
unified bipolar ice core chronology will be constructed next time. 
 
COMMENT: 
c) If the authors really think they can count layers in EDML glacial ice then they should show us some 
extended examples, and explain how counting is possible at a site with such low accumulation rate. 
Personally I suspect this cannot be done at any level better than just using the average accumulation rate, 
and that probably the counters are kidding themselves that small oscillations represent decipherable years. 
However I am willing to be convinced if the authors provide examples at different sections that they have 
used. 
 
REPLY:  
We now provide counting examples in Fig. S17-S20. We will leave it to the reader to judge how well the 
annual layers can be identified in NGRIP and EDML.  
 
COMMENT: 
I do not see this as fatal to the paper. Strategy (a) (checked by strategy (b) until GI5) would likely yield a 
reasonable result, but the authors need to be clear about what is possible. As things stand the reader who 
is not familiar with EDML would imagine some rather routine piece of layer counting, and it is therefore 
essential to explain that it is far from routine and indeed would, if successful, represent a breakthrough 
most of us would consider could not be achieved with any useful accuracy. 
 
REPLY: 
Indeed, we need to provide those counting examples. However, we are maintaining the viewpoint that the 
layer counting in EDML can be performed in much the same way as was done for the NGRIP ice core. The 
CFA and line scan datasets for the two cores are very similar in terms of measured records and depth 
resolution. The datasets were obtained by very similar instrumentation and to some degree also by the 
same group of people.   
It is true that EDML is a lower accumulation site than NGRIP. AICC2012 states 3-5 cm ice eq. accumulation 
at EDML for the 15-60 ka period, as compared to 5-7 cm ice eq. accumulation at NGRIP for the coldest 
intervals. Nevertheless, it appears that by far the majority of the annual layers are well preserved in the 
EDML core throughout the investigated period. This is seen for the annual layer counting where there is 
agreement within error of interval durations for the NGRIP and EDML layer counting over longer sections. It 
is also expressed by the preservation of the volcanic signal that is very similar for the EDML core and 
higher-accumulation WDC core. All of the bipolar events identified in this study are identified in both EDML 
and WDC. If there would have been a loss of annual layers in EDML that would have resulted in a loss of 
volcanic spikes as well. As mentioned by the reviewers, and as discussed in several studies, EDC and DF 
appear to sometimes lose part or all of the volcanic signal, which is explained by the low accumulation at 
those sites (examples are seen in Svensson et al., CP, 2013, Fig. 8). For EDML, this seems not to be the case, 



likely because the EDML accumulation is greater than that of EDC by a factor of two (according to 
AICC2012). 
 
COMMENT: 
Apart from this, I have only very minor comments: 
Line 21: “The last glacial period is characterized by a number of abrupt climate events that have been 
identified in both Greenland and Antarctic ice cores”. This is a bit imprecise as they are abrupt in Greenland 
and in d_ln in Antarctica but not in Antarctic climate. How about “The last glacial period is characterized by 
a number of millennial climate events that have been identified in both Greenland and Antarctic ice cores, 
and that are abrupt in Greenland climate”. 
Line 23 and elsewhere “Hemispheres” should be lower case. 
Line 146: for clarity it would be helpful to spell out that published AICC2012 ages are in bp (1950), and so 
b2k ages will be 50 years greater than those in AICC2012. 
It’s not really my concern as a reviewer but it seems a little strange that the acknowledgment calls out all 
the participants in NEEM (which is not the prime Greenland core used here) but not NGRIP or EPICA. 
 
REPLY: 
All the suggested changes have been implemented. 



Reply to review 3 
 
COMMENT: 
The paper presents the results of bipolar volcanic synchronization, which is a challenging task, and 
discusses bipolar phasing of DO events. Utilizing 80 volcanic eruptions during the second half of the last 
glacial period recorded in both Greenland and Antarctic ice cores, age control of the multiple bipolar ice 
cores is greatly improved. The paper confirms the previously proposed centennial-scale lag of Antarctic 
temperatures after abrupt Greenland temperature changes during DO events. The improved age control 
provided by this study significantly reduces the duration of the lag. This new important finding will give 
better constraints to climate modeling and contribute to further understanding of the mechanisms of DO 
events. The improved age control will also have a wide range of applications not only in ice core studies but 
also in other fields of geophysics and geochemistry. 
 
REPLY: 
We very much appreciate the positive mentioning and we will reply to the concerns in the following. 
 
COMMENT: 
I have a concern about how the bipolar volcanic signals are pinpointed. The criteria need to be more clearly 
explained. I have the following questions and comments regarding this. 
1. Lines 201-203: To my eyes, the inner two spikes are not very clear. The second one from the left does not 
seem to be seen in the EDC core. 
 
REPLY: 

It is sometimes the case that eruptions identified in WDC and EDML are not visible in the EDC record. This is 

probably because EDC is a low accumulation site, where 1) some events are not archived due to the 

intermittency of snow fall and snow drift and 2) that the EDC sulfate record has comparable low temporal 

resolution. In this specific case, the second EDC spike from the left is present in the DEP record and the 3rd 

EDC spike from the left is visible in the sulfate record (Fig. 2).   

 

COMMENT: 

2. Lines 209-211: I don’t see the 12.17ka peak in the EDC core. 
 
REPLY:  
This is another example of a minor peak that is hard to identify in the lower-resolution EDC ice core. The 
peak has been identified in the Antarctic volcanic synchronization of Buizert et al., 2018, so the EDC depth 
is included in the bipolar list as well. For this work, the Antarctic eruptions are pinpointed mostly in EDML 
and WDC, whereas EDC is mainly applied to support the major eruptions. However, when the 
corresponding EDC depth is known from the Antarctic synchronization it is included in the bipolar list for 
completeness. 
 
COMMENT: 
3. Line 236: “the bipolar volcanic matching pattern is easily recognized”. I’m not convinced. Please explain 
how the bipolar volcanic signals are selected. For example, why is the spike around 16.3 ka not selected? 
 
REPLY: 
The main focus of this study has been to determine the exact bipolar phasing in the neighborhood of the 
abrupt Greenland warming and cooling transitions. Away from the transitions there are additional bipolar 
volcanic events not identified in this study. We have now included the 16.3 ka peak in the bipolar volcanic 
list (Table 1). 



 
COMMENT: 
4. Lines 241-242. In the WDC core, there are small acidity peaks around 15.63 ka and 15.71ka. Couldn’t one 
of these peaks correspond to the 15.68 ka peak in Greenland? Are these peaks too far from 15.68ka? 
 
REPLY: 
Those links are prohibited by the layer counting constrains. Assuming the bipolar link at 15.56 b2k GICC05 is 
correct, then it would require a counting uncertainty of some (15.71-15.68)/(15.68-15.56)*100 = 25% to 
allow for the suggested match. That is far more than the counting uncertainty can allow. There is however 
another pair of minor peaks in the WDC sulfur record that fit with the 15.68 ka peaks in Greenland that we 
now included in the bipolar volcanic list (Table 1). 
 
COMMENT: 
I have other minor comments and questions. 
1. Lines 32-34: Where in the main text is “more coherent Antarctic water isotopic signals” discussed? 
 

REPLY: 

The sentence in the abstract is now reformulated: ‘In response to Greenland abrupt climatic transitions, we 

find a response in the Antarctic water isotope signals (18O and deuterium excess) that is both more 
immediate and more abrupt than found with previous gas-based interpolar synchronizations.’ Figure 5 
shows the more immediate response of the Antarctic water isotopic signal for the volcanic synchronization 
as compared to the gas synchronization. 
 

COMMENT: 
2. Line 65: Does Steinhilber et al paper really use 36Cl for bipolar synchronization? The paper does use 
10Be. But 36Cl measurement needs large samples and it is usually difficult to use 36Cl for synchronization. 
Am I wrong? 
 
REPLY: 
Indeed, 36Cl is not applied in the cited references and is now removed from the text. 
 
COMMENT: 
3. Line 164: Please give more details about “high-resolution. What are the resolutions of the stable water 
isotope records? 
 
REPLY:  
The sample depth resolution of the water isotopic records vary from core to core and is provided in the 
cited references. Timewise, the sample resolution will depend on the accumulation and the layer thinning 
with depth. The term ‘high-resolution’ has been removed. 
 
COMMENT: 
4. Lines 175-179: I think wind-scouring is another factor affecting the low accumulation Antarctic sites 
particularly during colder periods. 
 
REPLY:  
The wind-scouring effect is now mentioned in this context. 
 
COMMENT: 
5. Line 190: It would be nice to show GI-2 in Fig. 1 for readers who are not so familiar with GIs. 



 
REPLY: 
The position of GI-2 is now indicated in the figure. 
 
COMMENT: 
6. Line 216: To my eyes, the EDML water isotope data seems to be increasing during 12.75-13.10 ka. 
 
REPLY: 
The comment on the Antarctic water isotopes has been removed. 
 
COMMENT: 
7. Lines 227-232: I agree that this study gives no support for the Hiawatha crater to have formed around 
the onset of YD/GS-1. But I don’t understand that undisturbed stratigraphy can deny the Hiawatha crater 
hypothesis. Is the stratigraphy at NEEM really expected to be disturbed by the Hiawatha event which was 
378 km away from NEEM? I’m not very sure about this. 
 
REPLY:  
The study by Kjær et al., 2018, does not suggest that the Hiawatha crater was formed at the onset of the 
Younger Dryas event, so the discussion of the crater has been removed. 
 
COMMENT: 
8. Line 244: It is difficult to see from Fig. S3A that the spike is a triplet. 
 
REPLY: 
There is now an inset in Fig. S3A showing the triplet in NGRIP and EDML. 
 
COMMENT: 
9. Lines 246-247: I could not understand this sentence. Is this a typo? 
10. Lines 255-257: I could not understand this sentence. Please explain in more detail. 
11. Line 280: Figure numbers seem to be wrong. Do you mean “such as GI-8 and GI-12 (Figs.S7B and S10B). 
For the GI-9 onset (Fig.S8B)”? 
 
REPLY: 
Corrected. 
 
COMMENT: 
12. Lines 291-296: Larger variability in Antarctic ice cores could be also due to wind scouring. At low 
accumulation interior sites, wind scouring increases the noise in water isotope records. 
 
REPLY: 
The effect is now mentioned.  
 
COMMENT: 
13. Lines 324-327: Please explain how the local cycle of sublimation-condensation affects the alignment of 
the water isotope records. 
 
REPLY: 
The following text has been added to the manuscript: ‘Sublimation affects the isotope concentration and the 

deuterium excess of snow through kinetic fractionation. Snow sublimation requires large amounts of energy 



and it is controlled by the relative humidity, which in turn is linked to the large-scale atmospheric circulation. 

Sublimation effects are poorly constrained on the East Antarctica plateau.’ 

COMMENT: 
14. Line 337: Please explain more about the logarithmic definition of deuterium excess for readers who are 
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 20 
Abstract  21 

The last glacial period is characterized by a number of millennial climate events that have been identified in both 22 

Greenland and Antarctic ice cores, and that are abrupt in Greenland climate records. The mechanisms governing 23 

this climate variability remain a puzzle that requires a precise synchronization of ice cores from the two 24 

hemispheres to be resolved. Previously, Greenland and Antarctic ice cores have been synchronized primarily via 25 

their common records of gas concentrations or isotopes from the trapped air and via cosmogenic isotopes 26 

measured on the ice. In this work, we apply ice-core volcanic proxies and annual layer counting to identify large 27 

volcanic eruptions that have left a signature in both Greenland and Antarctica. Generally, no tephra is associated 28 

with those eruptions in the ice cores, so the source of the eruptions cannot be identified. Instead, we identify 29 

and match sequences of volcanic eruptions with bipolar distribution of sulfate, i.e. unique patterns of volcanic 30 

events separated by the same number of years at the two poles. Using this approach, we pinpoint 82 large bipolar 31 

volcanic eruptions throughout the second half of the last glacial period (12-60 ka before present). This improved 32 

ice-core synchronization is applied to determine the bipolar phasing of abrupt climate change events at decadal-33 

scale precision.  In response to Greenland abrupt climatic transitions, we find a response in the Antarctic water 34 

isotope signals (18O and deuterium excess) that is both more immediate and more abrupt than found with 35 

previous gas-based interpolar synchronizations, providing additional support for our volcanic framework. On 36 

average, the Antarctic bipolar seesaw climate response lags the midpoint of Greenland abrupt 18O transitions 37 

by 122 ± 24 years. The time difference between Antarctic signals in deuterium excess and 18O, which likewise 38 

informs on the time needed to propagate the signal as described by the theory of the bipolar seesaw, but is less 39 
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sensitive to synchronization errors, suggests an Antarctic 18O lag behind Greenland of 152 ± 37 years. These 48 

estimates are shorter than the 200 years suggested by earlier gas-based synchronizations. As before, we find 49 

variations in the timing and duration between the response at different sites and for different events suggesting 50 

an interaction of oceanic and atmospheric teleconnection patterns as well as internal climate variability.  51 

1. Introduction 52 

Greenland and Antarctic ice cores provide high-resolution records of abrupt climate events occurring throughout 53 

the last glacial period (11.7-115 ka BP). In Greenland ice cores, Dansgaard-Oeschger (DO) events describe a series 54 

of characteristic climate events (Dansgaard et al., 1993; North Greenland Ice Core Project members, 2004) that 55 

involve warming transitions of up to 16.5 degrees (Kindler et al., 2014) occurring within decades (Erhardt et al., 56 

2019). Each DO event consists of a relatively mild climatic period, referred to as a Greenland Interstadial (GI) that 57 

is followed by a cold climatic period, known as a Greenland Stadial (GS). The duration of GIs and GSs range from 58 

centuries to millennia. Detailed investigation of the stratigraphy of the 25 major DO events originally identified 59 

has revealed that some of the events are composed of several separate warming and cooling events, leading to 60 

a total of 31-33  abrupt warming events during the last glacial period depending on the definition employed 61 

(Rasmussen et al., 2014). Whereas the onset of a GI event is abrupt and occurs in less than a century, the cooling 62 

transitions from GI to GS are more gradual and typically occur over several centuries. DO events are believed to 63 

originate in the North Atlantic, but have a global climatic impact that is documented in a wide range of 64 

paleoclimate archives across the Northern (Voelker and workshop participants, 2002) and southern hemispheres 65 

(Pedro et al., 2018). In Antarctic ice cores, the corresponding Antarctic Isotopic Maxima (AIM) are characteristic 66 

warm events that are more gradual and of smaller amplitude than the Greenland events (EPICA community 67 

members, 2006). The AIMs are believed to be related to the DO events through the so-called bipolar seesaw 68 

mechanism (Bender et al., 1994; Stocker and Johnsen, 2003), but the detailed mechanism is a matter of debate 69 

(Landais et al., 2015; Pedro et al., 2018). Knowledge of the exact phasing of climate in the two hemispheres is 70 

crucial for deciphering the driving mechanism of the abrupt climate variability of the last glacial period and the 71 

climatic teleconnection patterns that connect the two hemispheres. 72 

Three different techniques have been applied to progressively improve the synchronization of Greenland and 73 

Antarctic ice cores: globally well-mixed atmospheric gases, in particular the methane concentration (Blunier et 74 

al., 1998; Lemieux-Dudon et al., 2010; Rhodes et al., 2015; WAIS Divide Project Members, 2015) and the isotopic 75 

compositions of O2, 18Oatm (Bender et al., 1994; Capron et al., 2010), cosmogenic isotopes such as 10Be (Raisbeck 76 

et al., 2017; Steinhilber et al., 2012), and identification of large volcanic eruptions with bipolar sulfate deposition 77 

(Sigl et al., 2013; Svensson et al., 2013). A strength of the bipolar methane matching approach is that atmospheric 78 

methane concentrations change almost in phase with abrupt Greenland climate change allowing for those events 79 

to be synchronized in ice cores. A weakness of the bipolar gas matching approach is the dependency on a precise 80 

determination of the so-called age that refers to the offset in age between the ice and the air enclosed in an 81 

ice core at a given depth (Blunier et al., 2007; Schwander and Stauffer, 1984). Modeling past age requires an 82 

understanding of the physical processes taking place in the firn as well as knowledge or assumptions about past 83 

accumulation and temperature variations, introducing substantial age uncertainties associated with the 84 

synchronization. 85 

Cosmogenic isotope production rates are modulated by the Earth’s magnetic field and by solar variability, and 86 

they therefore carry a global signal that is shared by Greenland and Antarctic cosmogenic ice core records. 87 
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Bipolar ice core synchronization using cosmogenic isotopes has mostly been done in the Holocene (Mekhaldi et 96 

al., 2015; Sigl et al., 2015; Steinhilber et al., 2012) and around the geomagnetic Laschamps event that occurred 97 

some 41 ka ago (Raisbeck et al., 2017; Raisbeck et al., 2007). Furthermore, the ice core cosmogenic signal enables 98 

the comparison with 14C records of other archives, such as dendrochronologies (Adolphi and Muscheler, 2016; 99 

Sigl et al., 2016) and stalagmites (Adolphi et al., 2018). Weaknesses of this technique include the sparsity of 100 

significant events, climatic influences on radionuclide transport and deposition masking the cosmogenic signal, 101 

and the very costly and time-consuming analyses that limit the possibility of obtaining continuous high-resolution 102 

records. Furthermore, archive noise in the ice core records hampers unambiguous peak detection and 103 

synchronization. 104 

This study focuses on volcanic bipolar synchronization of ice cores in the second half of the last glacial period 105 

(12-60 ka BP). The volcanic record of the last glacial period in Greenland ice cores includes more than a hundred 106 

confirmed Icelandic and high-latitude eruptions that have left predominantly cryptotephra (invisible to the naked 107 

eye) deposits in the ice (Abbott and Davies, 2012; Bourne et al., 2015) (Cook et al, in prep 2020); and presumably 108 

many more Icelandic eruptions that have not been identified as such. In addition to those, a large number of 109 

more distant eruptions have left an acidity signature in the ice cores but no tephra (Zielinski et al., 1997). In fact, 110 

during the last glacial only tephra from mid and high latitude eruptions have been identified in Greenland, 111 

whereas, to date, there is no evidence of tropical, low latitude or even continental European tephra in Greenland. 112 

Whether the lower latitude tephras never make it to Greenland or whether they are too small to be identified 113 

by conventional optical microscopy techniques and thus masked by more abundant, similar-sized background 114 

dust of continental origin is an open question. 115 

In Antarctica, there are many visible tephra layers of Antarctic origin as well as a large number of acidity spikes 116 

associated with more distant eruptions (Narcisi et al., 2017; Severi et al., 2007). It has been proposed that tephra 117 

of tropical origin is present in the WAIS Divide ice core, but the evidence is solely based on dust size distributions 118 

and not on geochemical fingerprinting (Koffman et al., 2013). A pioneering study has suggested to have identified 119 

a bipolar tephra at around A.D. 1257 (Palais et al., 1992) and there is recent support for that conclusion 120 

suggesting that the source is the Indonesian Samalas volcano (Lavigne et al., 2013).  121 

Although the ice-core records lack bipolar tephra layers they do hold evidence of volcanic eruptions that are 122 

powerful enough to leave sulfuric acid in the stratosphere from where it may be distributed to both Greenland 123 

and Antarctica. More than 80 such events have been identified for the last 2500 years (Sigl et al., 2015). For the 124 

earlier part of the Holocene, which has been less intensely studied, some 75 bipolar events have been found 125 

(Veres et al., 2013), and from around the time of the Indonesian Toba eruption occurring in Sumatra some 74 ka 126 

ago, a handful of bipolar volcanic events have been identified (Svensson et al., 2013). Recently, there has been 127 

progress in identifying stratospheric volcanic peaks in ice cores based on their sulfur isotopic fingerprints (Burke 128 

et al., 2019; Gautier et al., 2019). In this work, we expand the bipolar volcanic matching approach systematically 129 

throughout the 12-60 ka time interval.  130 

2. Methods 131 

The approach taken to synchronize Greenland and Antarctic ice cores is to identify large volcanic eruptions with 132 

a bipolar acidity or sulfur/sulfate signature. Because such events generally do not leave tephra in ice cores from 133 

both polar regions, individual eruptions cannot be matched geochemically between the two hemispheres, as 134 

there is no way to verify that they have the same source. What can be matched up, however, are sequences of 135 
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eruptions that show the same relative timing in both Greenland and Antarctica. To determine the time interval 136 

between eruptions, and thereby the relative timing of events, annual layer counting is carried out over the 137 

volcanic sequence in both Greenland and Antarctic ice cores. When identical volcanic peak patterns are identified 138 

in north and south, it is seen as a strong indication for a bipolar link. There is, however, always a risk of making 139 

an incorrect link, because an assumed volcanic sequence could consist of regional (non-bipolar) eruptions with 140 

coincidental similar temporal spacing.   141 

The peak heights of the recorded eruption intensities in a bipolar volcanic ice-core sequence cannot be expected 142 

to be similar at the two poles, because the strength of the recorded signal depends on the geographical location 143 

of the eruption, the atmospheric circulation at the time of the eruption, and the variability in deposition of acids 144 

at the ice coring sites (Gautier et al., 2016). Furthermore, the annual layer counting comes with an uncertainty 145 

that adds to the possibility of making an incorrect bipolar match (Rasmussen et al., 2006). On the other hand, 146 

the bipolar timing of Greenland and Antarctic ice core records is already well constrained by existing gas- and 147 
10Be-based bipolar synchronizations. At the onset of each GI, the uncertainty in the bipolar methane matching 148 

between the Greenland NGRIP and the Antarctic WDC ice cores is around a century (WAIS Divide Project 149 

Members, 2015), which constrains the time windows for matching of bipolar volcanic sequences. Similarly, the 150 

cosmogenic isotope link around the time of the Laschamps event firmly constrains the volcanic matching in that 151 

time period (Raisbeck et al., 2017). Therefore, the risk of making false bipolar volcanic matches is strongly 152 

reduced by the existing bipolar synchronization. 153 

We perform annual layer counting in sections of the Greenland NGRIP (North Greenland Ice Core Project 154 

members, 2004) and the Antarctic EPICA (European Project for Ice Coring in Antarctica) Dronning Maud Land 155 

(EDML) (EPICA community members, 2006) ice cores using high-resolution records of chemical impurities (Bigler, 156 

2004; Ruth et al., 2008), dust (Ruth et al., 2003; Wegner et al., 2015), and visual grey-scale intensity (Faria et al., 157 

2018; Svensson et al., 2005). The approach is the same as that applied for the glacial section of the Greenland 158 

Ice core Chronology 2005 (GICC05) (Andersen et al., 2006; Svensson et al., 2008). For this study, most sections 159 

of the NGRIP ice core have been recounted, and the Greenland time scale has been slightly modified as the 160 

bipolar matching allows for obtaining an improved precision from annual counting in both NGRIP and EDML. For 161 

most of the glacial period, the EDML ice core has not previously been layer-counted, but for the investigated 162 

time interval the annual layer thicknesses are comparable to those of NGRIP (Veres et al., 2013) and layer 163 

counting can be done in a similar way. Examples of annual layer counting in NGRIP and EDML across four intervals 164 

applied to match up patterns of bipolar volcanic eruptions are shown in Fig. S17-S20. The WAIS Divide ice core 165 

chronology 2014 (WD2014) time scale has been applied for guidance, and for most of the intervals within the 166 

layer-counted section of WD2014 there is agreement within error estimates between the EDML and WDC 167 

interval durations.  The bipolar layer counting is not continuous, but is focused on periods of abrupt climate 168 

variability or high volcanic activity. In order to allow for comparison to published records, ages in all tables and 169 

figures have been converted to GICC05 ages using the year 2000 CE as datum (referred to as ‘b2k’). We note that 170 

ages published on the Antarctic Ice Core Chronology 2012 (AICC2012) or the WD2014 time scale use the year 171 

1950 CE as datum, and so ages reported relative to b2k will be 50 years greater than those in AICC2012 and 172 

WD2014. 173 

In order to obtain a robust identification of volcanic sequences in the ice cores, all available acidity records from 174 

the Greenland GRIP (Wolff et al., 1997), GISP2 (Mayewski et al., 1997; Taylor et al., 1997), NGRIP (Bigler, 2004), 175 

and NEEM (Schüpbach et al., 2018) ice cores have been included. For Antarctica, records from the EDML ice core 176 
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from the Atlantic sector (EPICA community members, 2006), the EDC core from the East Antarctic plateau (EPICA 181 

community members, 2004), and the West Antarctic Ice Sheet Divide (WDC) (Fudge et al., 2016; Sigl et al., 2016; 182 

WAIS Divide Project Members, 2013) ice core are used. Records of sulfur, sulfate, chloride, and Electrical 183 

Conductivity Measurements (ECM) of the ice (Hammer et al., 1980), Dielectric Profiling (DEP) (Moore et al., 1989; 184 

Wilhelms et al., 1998) and the liquid conductivity of melt water are also employed as good indicators of volcanic 185 

signals in ice cores. With the inclusion of those records, the ability of distinguishing large global volcanic events 186 

from more regional eruptions is improved, in particular for Antarctica.  187 

The Greenland ice cores used here previously have been synchronized by volcanic events (Rasmussen et al., 188 

2013; Seierstad et al., 2014). Likewise, the Antarctic ice cores have been linked internally by volcanic matching 189 

(Buizert et al., 2018; Ruth et al., 2007). In addition to the published volcanic match points made for Antarctica, 190 

some 25 additional Antarctic match points have been identified in the present study to strengthen the 191 

synchronization in the neighborhood of Greenland abrupt climate change events. The non-bipolar or ‘local’ 192 

volcanic matching applied here is in agreement with the published synchronizations for Greenland and 193 

Antarctica, respectively.  194 

To investigate the bipolar climate signal, we employ stable water isotopes (18O) from the GRIP (Dansgaard et 195 

al., 1993; Johnsen et al., 2001), GISP2 (Grootes et al., 1993; Stuiver and Grootes, 2000), NGRIP (Gkinis et al., 2014; 196 

North Greenland Ice Core Project members, 2004), and NEEM (Vinther et al., in prep, 2020) ice cores, as well as 197 

18O and deuterium excess from the EDML (EPICA community members, 2006; Stenni et al., 2010b), EDC (EPICA 198 

community members, 2004; Stenni et al., 2010b), WDC (Markle et al., 2016; WAIS Divide Project Members, 199 

2013), Dome Fuji (DF) (Kawamura et al., 2007; Watanabe et al., 2003) and Talos Dome (TAL) (Landais et al., 2015; 200 

Stenni et al., 2010a) ice cores. The sources of the employed datasets are listed in Table S1. 201 

3. Results 202 

The bipolar volcanic match points identified in the 12-60 ka interval are shown in Fig. 1 and listed in Table S2. Of 203 

the 87 bipolar match points listed, five are previously published cosmogenic match points associated with the 204 

Laschamps geomagnetic excursion occurring in the 40.5-42.0 ka interval (Raisbeck et al., 2017). For the interval 205 

16.5-24.5 ka, roughly corresponding to the Last Glacial Maximum (LGM), the ice cores are notoriously difficult to 206 

match up, and no bipolar match points are reported. We note that most of the identified bipolar match points 207 

fall within Greenland interstadial periods and rather few are located in stadials. The main reasons for this are the 208 

elevated dust concentrations in the colder periods that mutes the ice conductivity signal as well as the elevated 209 

sulfuric background signal of colder periods that obscures the volcanic signal of the ice (Seierstad et al., 2014). 210 

Besides this, precise annual layer counting is also more difficult in the colder periods where accumulation is lower 211 

(Andersen et al., 2006). Wind-scouring is another factor affecting low-accumulation Antarctic sites particularly 212 

during colder periods. 213 

All of the bipolar volcanic match points are identified in the Greenland NGRIP and the Antarctic EDML ice cores, 214 

and most of them are also identified in the Antarctic WDC and EDC ice cores. About half of the bipolar match 215 

points are also identified in the Greenland GRIP, GISP2, and NEEM ice cores, but the lower resolution of available 216 

sulfate and conductivity records for those cores is often insufficient for precise identification of weaker volcanic 217 

events. The Greenland ice cores are however internally synchronized throughout the last glacial period 218 

(Rasmussen et al., 2013; Seierstad et al., 2014) by northern hemispheric eruptions, typically Icelandic in origin, 219 
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that leave a stronger fingerprint in Greenland. Therefore, for most of the bipolar match points all of the 226 

Greenland ice cores are precisely matched by interpolation between Greenland match points. 227 

The bipolar match points are unevenly distributed over the 12-60 ka interval, but bipolar volcanic events have 228 

been identified within a range of 500 years of all major onsets and terminations of Greenland interstadials (GIs) 229 

with the exception of GI-2 (Fig. 1). All of the Greenland abrupt climate-change events in that period (except for 230 

GI-2) are thus synchronized with the Antarctic climate at high precision. The derived depths and ages for the 231 

onsets and terminations of GI events are shown in Table 1. Based on the 5% average counting uncertainty during 232 

the last glacial period (Svensson et al., 2008), the relative uncertainty of the bipolar linking related to the GI 233 

events is taken as 10% of the distance to the nearest bipolar match point (Table 1). On average, this relative 234 

uncertainty is less than 15 years and reaches a maximum of 50 years. The definition of GI onsets and terminations 235 

applied in this study are the midpoints of the NGRIP isotopic transitions as identified in WAIS Divide Project 236 

Members (2015), except for the onset of GI-1 (the Bølling-Allerød) which is taken from Steffensen et al. (2008).  237 

In the following sections, we provide examples of the bipolar synchronization from selected time intervals. In the 238 

supplementary material detailed figures are provided for all the DO events (Fig. S1-S14). 239 

3.1 The termination of GI-1 / Onset of the Younger Dryas 240 

The onset of the Younger Dryas (GS-1) is synchronized between the two hemispheres by four large acidity spikes 241 

clustered around 13 ka and spanning 110 years (Fig. 2). The two outermost spikes are most significant, but all 242 

four spikes are present in all investigated cores. All four volcanic eruptions are interpreted as bipolar and they 243 

are therefore most likely associated with low-latitude eruptions. This is in conflict with the hypothesis that one 244 

of them should be related to the German Laacher See eruption (Baldini et al., 2018) that is believed to have a 245 

primarily Northern Hemispheric fingerprint (Graf and Timmreck, 2001). A tephra layer in the NGRIP ice core 246 

occurring close to the oldest of the four spikes has previously been tentatively associated with a Hekla eruption 247 

(Mortensen et al., 2005), but with the clear bipolar signature there is likely a temporal overlap between this 248 

Icelandic and an additional lower-latitude eruption. We notice that the eruption associated with the very 249 

significant North Atlantic Vedde Ash layer (Lane et al., 2012; Mortensen et al., 2005) located at 12.17 ka in the 250 

Greenland ice cores (Rasmussen et al., 2006) potentially has left a weak acidic signal in Antarctica. 251 

Our bipolar volcanic linking allows for synchronizing the climate signal of the investigated cores (Fig. 3). The four 252 

Greenland cores show quite variable climate patterns for the termination of GI-1, making it difficult to define the 253 

duration of the transition, but they all have the most significant drop in isotopic values in the interval constrained 254 

by the two bipolar events at 12.75 ka and 12.92 ka, respectively.  255 

It has been proposed that the Younger Dryas period/GS-1 was initiated by a cosmic impact for which there is 256 

indirect and debated evidence in a large number of sites in the NH surrounding the North Atlantic region (Kennett 257 

et al., 2015). A very significant Platinum (Pt) spike has been identified in the GISP2 ice core (Petaev et al., 2013) 258 

and at several North American sites (Moore et al., 2017) that potentially originate from the same impact event. 259 

The Pt spike occurs about 45 years after the volcanic quadruplet, i.e. after the Greenland cooling has initiated 260 

but before it has reached its minimum (Fig. S1B). The hypothesis of the YD initiation by a cosmic impact is 261 

currently debated (Holliday et al., 2020).  262 

The onset of Greenland Interstadial 1 (GI-1) / Bølling-Allerød 263 
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The very steep Greenland onset of the GI-1 / Bølling-Allerød period is preceded by a 1.8 ky-long period of strong 286 

global volcanic activity (Fig. S2A). The bipolar phasing is well constrained by several significant eruptions leading 287 

up to the onset, and the bipolar volcanic matching pattern is easily recognized. In agreement with Steffensen et 288 

al. (2008), we note that NGRIP appears to be the Greenland ice core with the steepest 18O transition at the GI-289 

1 onset (Fig. S2B). The Antarctic ice cores are all peaking close to 200 years after the Greenland mid-transition in 290 

agreement with the methane matching of NGRIP and WDC (WAIS Divide Project Members, 2015). The very strong 291 

volcanic double spike in NGRIP close to 15.68 ka is associated with tephra from the explosive caldera-forming 292 

Towada-H eruption (Bourne et al., 2016) located in present-day Japan close to 40°N. This eruption appears to 293 

have no significant Antarctic imprint. 294 

3.2 Greenland Stadial 3 (GS-3) 295 

In the late GS-3, at 24.67 ka, there is a characteristic volcanic triplet spike that constitutes a strong bipolar link 296 

(Fig. S3A). The three spikes are separated by 20±1 and 10±1 years, respectively, making the match point unique 297 

(Fig. S3A inset). At 25.46 ka (b2k GICC05 age) we hypothesize to record traces from the Oruanui eruption from 298 

the Taupo volcano in present-day New Zealand in the Greenland record. Tephra of this eruption has been 299 

previously identified and dated  to 25.37 ka (b2k WD2014 age) in the WDC ice core (Dunbar et al., 2017). There 300 

appears to be a major Greenland acidity spike associated with this eruption despite its latitude being close to 301 

40°S. Unfortunately, there are no adjacent bipolar eruptions within several hundreds of years making the bipolar 302 

Oruanui link somewhat uncertain. The nearest pair of bipolar eruptions is found at 25.76 and 25.94 ka, 303 

respectively, leaving enough room in the layer counting uncertainty for the Greenland acidity spike to potentially 304 

be a ‘false match’ offset by up to 30 years from the Antarctic Oruanui spike. The link needs to be investigated by 305 

the bipolar sulfur isotopes method to rule out a coeval local source for the NGRIP event (Burke et al., 2019). 306 

Besides being relevant for comparing Greenland and Antarctic ice core time scales (Sigl et al., 2016), the Oruanui 307 

eruption constitutes an important comparison point for 14C ages and ice core chronologies as tephra from the 308 

eruption is widely distributed (Muscheler et al., Accepted, June 2020). 309 

3.3 The onset of Greenland Interstadial 8 (GI-8) 310 

The very prominent onset of GI-8 is associated with four significant bipolar eruptions within a 400 yr period (Fig. 311 

2). The eruption occurring at 38.13 ka, close to a century after the onset, shows a very significant signal in all 312 

acidity proxies of all investigated ice cores, and it appears to be one of the largest eruptions of the last glacial 313 

period. We thus see it as a potential candidate for the H1 horizon identified in Antarctica by radio-echo sounding 314 

(Winter et al., 2019). Other prominent bipolar events are situated at 37.97, 38.23, and 38.37 ka, respectively. 315 

The 38.23 ka event occurs right at the initiation of the GI-8 onset.  316 

In the climate records across the GI-8 onset, the Greenland records behave quite similarly, whereas the Antarctic 317 

records show rather distinct patterns (Fig. 3). EDC expresses a prominent warming coinciding with the Greenland 318 

warming; WDC also shows a warming although much less significant. Both EDC and WDC exhibit a cooling trend 319 

initiating some decades after the Greenland onset. In contrast, EDML shows a century-long cooling period 320 

starting right at the Greenland onset. Being rather noisy, it is hard to separate signal from noise in the Antarctic 321 

records based on just one warming event. However, the stacking exercise across several warming events 322 

discussed below reveals that the pattern expressed by the Antarctic records at the GI-8 onset is an archetypical 323 

expression of an Antarctic response to a major GI onset. 324 
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3.4 Greenland interstadials 9 and 10 (GI-9 and GI-10) 330 

For the period 40-43 ka that covers GI-9 and GI-10, the bipolar matching is very well constrained by 16 bipolar 331 

match points (Fig. S8A), five of which are independent cosmogenic match points related to the Laschamps 332 

geomagnetic excursion (Raisbeck et al., 2017). The volcanic match presented here is in agreement within 333 

uncertainties with the cosmogenic matching, and it replaces the existing bipolar volcanic matching in this region 334 

(Svensson et al., 2013) that has been shifted by some 30 years.  335 

The onsets of GI-9 and GI-10 provide examples of less prominent GI-events where the Antarctic isotopic response 336 

pattern is different from that of the larger events, such as GI-8 and GI-12 (Figs. 2 and S10B). For the GI-9 onset, 337 

it is practically impossible to distinguish a bipolar seesaw response in the adjacent periods in the Antarctic climate 338 

records. For the GI-10 onset, EDC has a small spike and EDML has a dip, but none of them stand out from the 339 

background. WDC appears to enter GI-10 without any climatic response. For the smaller/weaker GI events the 340 

response pattern in Antarctica is likewise smaller, making it harder to identify it within the isotopic background 341 

variability (Fig. 1). 342 

4. Bipolar phasing of abrupt climate change 343 

The characteristics of the climate record of the individual GI onsets may vary from event to event, from ice core 344 

to ice core and from proxy to proxy both in Greenland and in Antarctica. In Greenland, the main pattern 345 

associated with a GI onset is similar for all deep ice cores, but transition durations and the relative phasing of 346 

individual parameters, such as water isotopes and impurity concentrations, vary between events and to a lesser 347 

degree between cores (Erhardt et al., 2019; Rasmussen et al., 2014; Steffensen et al., 2008). In Antarctica, the 348 

investigated cores are located further apart, they are exposed to the climatic influence from different ocean 349 

basins, and they do in general show greater variability in relation to the Greenland GI onsets than is the case for 350 

the more closely located Greenland coring sites. In addition to the noise in water isotope records caused by wind-351 

driven redeposition at low accumulation sites, millennial-scale climate variability in Antarctica has a profoundly 352 

lower signal-to-noise ratio than that in Greenland, contributing to the difficulty of interpreting individual events.  353 

Keeping in mind this variability among individual GI events, we find it useful to extract a general pattern across 354 

the GI onsets and terminations by aligning the individual events and stacking (or compositing) them, as it has 355 

been done using bipolar methane synchronization (Buizert et al., 2018; WAIS Divide Project Members, 2015). 356 

The stacking provides us with an overall phasing relation that may be helpful in unravelling the governing 357 

mechanisms of the abrupt climate change, for example by comparison to model experiments that typically do 358 

not capture the details of individual events (Buizert et al., 2018). We stress that the associated underlying 359 

assumption of the stacking approach, that the complete temporal progression of all events is the result of the 360 

same underlying process, may not be fully justified. 361 

In Fig. 4, we show the 18O records of NGRIP together with five Antarctic ice cores stacked across all of the GI 362 

onsets and terminations in the 12-60 ka interval (except for GI-2), centered at the Greenland transition midpoint 363 

as defined in Table 1. Besides the EDML, EDC and WDC ice cores applied for the bipolar synchronization in this 364 

study, we expand the geographical coverage by including the Antarctic Dome Fuji (DF)(Kawamura et al., 2007) 365 

and Talos Dome (TAL) (Stenni et al., 2010a) records applying the existing Antarctic volcanic synchronization 366 

(Buizert et al., 2018; Fujita et al., 2015; Severi et al., 2012). Fig. 5 shows the stacking of the five Antarctic ice cores 367 

from Fig. 4, thus a stack of 21 events in five Antarctic ice cores totaling 105 events. We note that the Greenland 368 
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onsets are aligned according to the midpoint of the warming transition (set to t=0), implying that the initiation 373 

of the Greenland event occurs earlier than the alignment point. A recent study suggests that the abrupt NGRIP 374 

18O and Calcium (Ca) transition onsets on average precede the 18O transition midpoint by 25±7 and 33±15 375 

years, respectively (Erhardt et al., 2019); in Fig. 4 and Fig. 5 this places the Greenland 18O and Ca event onsets 376 

at t = -25 and t = -33 years, respectively.   377 

For Antarctica, the stacked EDC, WDC and EDML records show distinct 18O patterns similar to those identified 378 

for the onset of GI-8 (Fig. 3). EDC, WDC and TAL show a peak of accelerated warming, the onset of which is 379 

synchronous with Greenland warming and that lasts for close to a century. DF likewise shows an accelerated 380 

warming, albeit somewhat later than the aforementioned cores. This direct Antarctic warming response to the 381 

Greenland warming is likely to be associated with fast atmospheric changes on a global scale (Markle et al., 2016). 382 

In particular, it has been proposed that a northward shift in the SH westerlies in response to NH warming (Lee et 383 

al., 2011; Pedro et al., 2018) may drive a warming anomaly in most of the Antarctic continent through enhanced 384 

zonal heat transport in the atmosphere (Buizert et al., 2018; Marshall and Thompson, 2016).  385 

Another process that is likely to contribute to the alignment of the water isotope records at the GI onsets is the 386 

local cycle of sublimation-condensation in summer on the Greenland and Antarctic ice sheets that is currently 387 

under investigation (Kopec et al., 2019; Pang et al., 2019). Sublimation affects the isotope concentration and the 388 

deuterium excess of snow through kinetic fractionation. Snow sublimation requires large amounts of energy and 389 

it is controlled by the relative humidity, which in turn is linked to the large-scale atmospheric circulation. 390 

Sublimation effects are poorly constrained on the East Antarctica plateau. 391 

EDML, however, shows an immediate cooling response that is distinct among the cores investigated (Fig. 4 and 392 

Fig. S15), perhaps reflecting regional effects such as wind-driven changes to the Weddell Sea stratification, gyre 393 

circulation, sea-ice extent or polynya activity.   394 

Based on the volcanic bipolar synchronization, the general Antarctic response time (Fig. 5) to a Greenland 395 

warming event is shorter than that obtained from bipolar methane linking (WAIS Divide Project Members, 2015). 396 

Instead of the 200 year lag found in the methane-based synchronization, we find an average response time of 397 

122 ± 24 years (2 uncertainty) using the same fitting routine as used in WAIS Divide Project Members (2015) 398 

(see discussion of uncertainty estimates below). This difference is mostly due to uncertainty in the WDC age 399 

calculation; the new synchronization suggests that the glacial age was too small by around 70 years on average 400 

(Fig. S16). 401 

Besides 18O, we also stack records of Antarctic deuterium excess using the logarithmic definition (dln) 402 
introduced by (Uemura et al., 2012). Markle et al. (2016) showed that in the WAIS Divide ice core, dln abruptly 403 
increases in synchrony with the onset of GIs; at the termination of GIs, dln abruptly decreases. Markle et al. 404 
(2016) used a climate model simulation with moisture tagging to show that this relationship could be explained 405 
by north-south shifts in the location of moistures sources associated with changes in the shifts of the southern 406 
hemisphere (SH) subpolar jet and westerly winds. This is consistent with work of Schmidt et al. (2007), who had 407 
previously shown with climate model simulations that the deuterium excess should be inversely correlated 408 
with the Southern Annular Mode (SAM) index. Masson-Delmotte et al. (2010) made a similar argument on the 409 
basis of the EDC core, but without sufficient dating precision to demonstrate the close relationship found by 410 
Markle et al. (2016). These findings were later extended to multiple Antarctic sites by Buizert et al. (2018). 411 
 412 
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Stacks using a methane-based synchronization show a dln transition that takes ~220 years, followed by a broad 414 

peak (Fig. 5); in contrast, our volcanic synchronization suggests a shorter transition (152 ± 37 years) and a much 415 

sharper dln transition. Any chronological errors in the bipolar synchronization will misalign the events being 416 

composited, thereby broadening the climatic features in the stacked record. The fact that our volcanic 417 

synchronization yields sharper features is thus indirect evidence that it is more accurate than existing gas-based 418 

synchronizations. The duration of the dln transition we observe in our stack is still an upper bound on its true 419 

duration, given that our event alignment includes uncertainties due to annual layer counting to the nearest 420 

volcanic tie point, as well as potentially incorrectly identified volcanic tie points. It was suggested that the gradual 421 

dln trends before and after the transition follow the gradual source-water sea-surface-temperature trends of the 422 

SH via the bipolar seesaw (Markle et al., 2016). 423 

Our volcanic bipolar synchronization also shifts the onset of the dln transition towards older ages, placing it at t 424 

= -30 ± 29 years (2 uncertainty) relative to the Greenland 18O transition midpoint. Such an early onset may 425 

seem surprising, but is actually in very good agreement with other Greenland proxies that suggest that low-426 

latitude changes precede the Greenland 18O signals. In particular, changes in Greenland dust / Ca concentrations 427 

appear to lead the Greenland 18O by a decade at the onset of the transitions (Erhardt et al., 2019), which has 428 

been attributed to early changes in the ITCZ position and atmospheric circulation (Steffensen et al., 2008). 429 

Meridional shifts in the SH eddy-driven jet and westerlies are suggested to be dynamically linked to the ITCZ 430 

position (Ceppi et al., 2013). The onset of the Greenland Ca transition (presumably reflecting NH atmospheric 431 

circulation shifts) precedes the Greenland 18O transition midpoint (which we set as t=0) by 33 ± 15 years on 432 

average (Erhardt et al., 2019), in good agreement with the 30 ± 29 years we find for the onset of SH atmospheric 433 

circulation changes.  434 

The Antarctic dln and 18O signals (Fig. 5) are recorded in the same physical ice cores, and therefore the 435 

uncertainty in their relative phasing is small and only related to the stacking of the Antarctic cores and the change 436 

point determinations. Errors in the bipolar synchronization will blur the abruptness of their transitions, but 437 

should not alter their relative phasing; by contrast, the phasing relative to Greenland proxies is very sensitive to 438 

bipolar synchronization errors. The 152 ± 37 year duration between the onset of the dln response, and the 439 

breakpoint in the 18O curve therefore represents a robust estimate of the climatic lag of the mean Antarctic 440 

temperature response behind the first atmospheric manifestation of the GI event in the southern hemisphere 441 

high latitudes. 442 

At the terminations of GI events, the stacked NGRIP 18O shows a less prominent but still sharp transition over a 443 

~100 year interval (Fig. 4). For 18O, all of the stacked Antarctic cores reach a minimum in the interval 100-150 444 

year following the Greenland termination with the strongest response seen for TAL. For dln, EDC and DF show a 445 

significant response related to the Greenland terminations, whereas the other Antarctic cores express a less 446 

coherent signal. Note that EDML has its coldest temperatures near t=0, suggesting again a fast response at this 447 

site of opposite sign as in the DO warming case.  448 

4.1 Uncertainty estimate of stacked records 449 

To estimate the uncertainty in the change-point analysis of the stacked records (Fig. 5) we use a Monte Carlo 450 

scheme with 1,000 iterations (WAIS Divide Project Members, 2015). In each iteration, the alignment of the 451 

individual events is shifted randomly prior to the stacking, and the change-point is identified in the new stack 452 

Deleted: Besides 18O, we also stack records of Antarctic 453 
deuterium excess using the logarithmic definition (dln) 454 
introduced by (Uemura et al., 2012). Previous work has 455 
found dln to abruptly increase (decrease) in synchrony with 456 
the onset (termination) of GIs at multiple Antarctic sites 457 
(Buizert et al., 2018; Markle et al., 2017; Masson-Delmotte 458 
et al., 2010), which has been attributed to shifts of the 459 
Southern Hemisphere (SH) subpolar jet and westerly winds 460 
(e.g. Schmidt et al. (2007)). 461 



11 
 

using an automated algorithm. The applied time shifts are randomly drawn from normal distribution with widths 462 

corresponding to the following event-specific uncertainties; (1) the uncertainty in the NGRIP event midpoint 463 

detection (WAIS Divide Project Members, 2015); (2) the uncertainty in the Antarctic layer count from the bipolar 464 

eruption to the event (Table 1a); (3) the uncertainty in the Antarctic volcanic synchronization (Buizert et al., 465 

2018).  In each iteration, the user-specified parameters of the fitting algorithm (such as the time interval used in 466 

the fitting) are likewise perturbed randomly. The stated 2 uncertainty values therefore reflect uncertainty in 467 

the bipolar synchronization, stacking procedure, and change-point detection. 468 

The Antarctic delay times and uncertainties identified for 18O and dln, respectively, are valid for the stacked 469 

(averaged) transitions (Fig. 5), but are not representative for the variation among individual transitions. When 470 

performing an event-by-event fitting of the Antarctic 5-core average we find a much greater range of delay times. 471 

For the 18O change point, the mean and standard deviation of the individual-event timings is t =138 ± 89 years; 472 

for the dln it is -6 ± 78 years and 116 ± 80 years for transition beginning and end, respectively. This larger variability 473 

reflects both differences in timing between individual events, as well as the much smaller signal-to-noise ratio 474 

when fitting individual events. 475 

5. Conclusions and outlook 476 

Overall, our new bipolar volcanic synchronization confirms the centennial-scale delay of the mean Antarctic 477 

bipolar seesaw temperature response behind abrupt Greenland DO variability (WAIS Divide Project Members, 478 

2015); however, the improved age control offered by volcanic synchronization significantly reduces the 479 

estimated duration of this delay compared to previous work based on CH4 synchronization. Our reduced 480 

estimates are more in line with, but still larger than, results from climate model simulations (Pedro et al., 2018; 481 

Vettoretti and Peltier, 2015), that typically give an oceanic response on multi-decadal timescales. 482 

WAIS Divide Project Members (2015) interpreted the 208 ± 96 year delay they observed as characteristic of an 483 

oceanic teleconnection. The reduced delay timescale we infer here (122 ± 24 years) is still consistent with the 484 

original interpretation. However, the new observations urge some caution. Despite our best efforts, the new 485 

bipolar volcanic framework likely contains some incorrect matches, and as the bipolar synchronization continues 486 

to be refined, the inferred Antarctic delay may be reduced further. The divergent climate response at various 487 

sites (Fig. 4, Fig. S15 and WAIS Divide Project Members (2015)), as well as the relatively gradual transition in dln 488 

over ~145 years (suspiciously similar to the updated timescale Antarctic temperature delay presented here) 489 

perhaps suggest a more complex interplay of atmospheric and oceanic processes that is currently very poorly 490 

understood (see e.g. Kostov et al. (2017)). We suggest future work along two parallel lines of inquiry. 491 

First, further refinement and confirmation of our bipolar synchronization is called for. Analysis of sulfur mass-492 

independent isotopic fractionation (Burke et al., 2019) is needed for the proposed bipolar volcanic events. For 493 

low-latitude eruptions to show up in both the Arctic and Antarctic almost certainly requires injection of materials 494 

into the stratosphere, which is reflected in 33S. High-resolution records of 10Be can further refine bipolar 495 

matching (Adolphi et al., 2018) in critical intervals where the volcanic record is ambiguous. Second, climate 496 

modeling studies are needed to better understand the interaction between atmospheric and oceanic changes 497 

during the D-O cycle. In particular the anomalous response of the EDML site during both Heinrich (Landais et al., 498 

2015) and Dansgaard-Oeschger (Buizert et al., 2018) abrupt climate change calls for detailed investigation.  499 
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The volcanic bipolar synchronization has a wide range of potential applications that go beyond the objectives of 501 

this paper. Those include the development of consistent bipolar ice core time scales, constraining ice-core delta-502 

gas ages, investigation of impacts of volcanism on abrupt climate change, quantification of the last glacial global 503 

volcanic eruption record, and the discussion of solar variability through synchronization of cosmogenic isotopes. 504 

Furthermore, the precise bipolar synchronization should allow for an improved understanding of the 505 

mechanisms governing the glacial climate through comparison to model studies and non-ice core records.  506 
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TABLE CAPTIONS: 524 

Table 1a + 1b: Bipolar onsets and terminations 525 

Depths of the Greenland interstadial onsets (a) and terminations (b) in the NGRIP, NEEM, GRIP, GISP2, EDML, 526 

EDC, and WDC ice cores based on volcanic matching. The NGRIP onsets are defined as the mid-points of the 18O 527 

transitions and are identical to those applied in WAIS Divide Project Members (2015) except for the onset of GI-528 

1. The Greenland match points are from Seierstad et al. (2014), Antarctic match points are from Buizert et al. 529 

(2018), and the bipolar match points are from Table S2. Corresponding GICC05 ages are provided with reference 530 

to year 2000 CE. ‘Distance’ refers to the temporal distance to the nearest bipolar match point in Table S2 with 531 

negative values signifying the match point occurring before the onset/termination. The relative uncertainty of 532 

the bipolar matching is stated as 10% of the ‘distance’ assuming a 5% maximum counting error of the annual 533 

layer counting in both Greenland and Antarctica. ‘YD-PB’ refers to the Younger Dryas – Preboreal transition (the 534 

onset of the Holocene) and ‘BA-YD’ refers to the Bølling-Allerød – Younger Dryas transition (the onset of GS-1). 535 

All EDC depths are on the EDC99 depth scale. 536 

Table S1: Data sources 537 
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Table S2: Bipolar match points 554 

Depths and ages of bipolar volcanic and cosmogenic match points. GICC05 and WD2014 (Sigl et al., 2016) ages 555 

are provided with reference to year 2000 CE. Fields are empty when no match point has been identified. Five 556 

match points around GI-10 (BeA – BeE) are based cosmogenic bipolar matching (Raisbeck et al., 2017), all other 557 

match points are volcanic match points of this study. All EDC depths are on the EDC99 depth scale. On the right 558 

hand side of the table, the annual layer counting between bipolar match points as determined in this work is 559 

compared to those of the GICC05 and WD2014 time scales. Interval durations of some longer intervals were not 560 

counted for this work.  561 

FIGURE CAPTIONS: 562 

Figure 1: 563 

Greenland (NGRIP) and Antarctic (EDML, WDC, and EDC) climate records (18O) throughout the 10-60 ka time 564 

period based on volcanic matching. Ages are on the GICC05 time scale relative to the year 2000 CE (‘b2k’). Grey 565 

vertical lines show the position of bipolar volcanic match points identified in this study (Table S2) together with 566 

five match points based on cosmogenic isotopes around 41 ka (Raisbeck et al., 2017). Blue-shaded intervals 567 

indicate the Greenland Interstadial (GI) periods according to the definition of Rasmussen et al. (2014). The bipolar 568 

synchronization for the 16.5-24.5 ka interval is tentative as there are no bipolar match points in that interval. 569 

Figure 2: 570 

Bipolar volcanic synchronization of the investigated ice cores across the transition from GI-1 / Bølling-Allerød 571 

(BA) to GS-1 / Younger Dryas (YD) (left panel) and the onset of GI-8 (right panel). Grey vertical lines are bipolar 572 

volcanic match points (Table S2). The records have different units, some are uncalibrated and peak heights are 573 

not comparable on an absolute scale, which is the reason why no scales are provided. 574 

Figure 3: 575 

Synchronized climate records of the investigated ice cores across the GS-1 onset (left panel) and the GI-8 onset 576 

(right panel) applying the volcanic synchronization shown in Fig. 2. The acidity records in the bottom of the figure 577 

are for reference and are also shown in Fig. 2. All other records are 18O in ‰ (see Fig. 1 for scales). Grey vertical 578 

lines are bipolar volcanic match points (Table S2). 579 

Figure 4: 580 

Stacks of isotopic records across GI onsets (left) and terminations (right) for the events listed in Table 1a and 1b, 581 

respectively, applying the bipolar volcanic synchronization. The time ‘t=0’ refers to the midpoint of the NGRIP 582 

onset for each GI-event as defined in Table 1. Top: Stack of NGRIP δ18O (blue; left axis) and WDC CH4 (green; right 583 

axis). Center: Stack of Antarctic δ18O at the indicated locations and the average curve (mean). Bottom: Stack of 584 

Antarctic dln at the indicated locations and the mean. The figure is modified from Buizert et al. (2018), Extended 585 

data Fig. 3. See Fig. S15 for Antarctic core site locations. 586 

Figure 5: 587 

Top: Stack of Greenland NGRIP isotopes and CH4 for the onsets of GI events listed in Table 1a. Center: Antarctic 588 

5-core mean 18O (stack of 5 x 21 warming events). Black curve is the same as ‘mean’ in Fig. 4 center; grey curve 589 
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is applying the bipolar methane synchronization of WAIS Divide Project Members (2015). Bottom: Antarctic 5-599 

core mean deuterium excess (dln) . Black curve is the same as ‘mean’ in Fig. 4 bottom; grey curve is applying the 600 

bipolar methane synchronization of WAIS Divide Project Members (2015). Orange curves are fitting functions 601 

using the change-point analysis applied in WAIS Divide Project Members (2015). The stated 2 uncertainty 602 

estimates are obtained from a Monte Carlo sampling (see main text). When the same uncertainty estimate is 603 

made for the GI terminations (Fig. 4) the 18O timing is at 101 ± 29 years, the dln transition onset is at -59 ± 58 604 

years, the dln transition end is at 95 ± 34 years; the duration between the dln onset and the 18O change-point is 605 

160 ± 65 years. The earlier dln onset for the GI termination is probably reflecting that the GI terminations are 606 

generally more gradual than the GI onsets. 607 
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Table 1a. 839 

  Greenland interstadial onset depth (m) GICC05 age Distance Uncertainty 

GI-event NGRIP NEEM GRIP GISP2 EDML EDC WDC (yr b2k) (yr) (yr) 

YD-PB 1490.89 1418.75 1622.08 1675.61 676.46 356.32 1962.70 11669 -20 2 

1 1604.64 1489.26 1753.34 1797.78 792.70 421.58 2238.95 14693 -13 1 

3 1869.00 1640.94 2025.32 2056.57 1123.54 586.08 2742.16 27776 -20 2 

4 1891.27 1654.11 2045.81 2076.33 1145.97 598.37 2782.83 28888 -51 5 

5.1 1919.48 1671.51 2070.21 2099.96 1179.08 619.07 2835.50 30781 498 50 

5.2 1951.66 1690.04 2098.82 2127.52 1207.26 637.16 2874.01 32500 68 7 

6 1974.48 1703.17 2118.52 2147.03 1229.98 650.73 2903.17 33737 409 41 

7 2009.62 1723.26 2148.80 2177.90 1260.99 670.24 2949.01 35487 -71 7 

8 2069.88 1758.82 2200.19 2232.03 1312.67 702.32 3012.40 38215 -20 2 

9 2099.50 1777.43 2223.52 2255.87 1354.20 726.08 3057.51 40154 -24 2 

10 2123.98 1791.21 2243.22 2276.30 1378.51 741.14 3085.75 41457 83 8 

11 2157.58 1810.16 2270.82 2304.00 1412.29 762.45 3123.76 43346 18 2 

12 2221.96 1846.28 2323.98 2358.79 1465.79 800.57 3188.00 46843 -177 18 

13 2256.73 1865.21 2350.38 2385.39 1506.61 828.05 3231.20 49271 -48 5 

14 2345.39 1911.86 2420.68 2454.73 1583.95 882.69 3307.14 54213 36 4 

15.1 2355.17 1917.40 2427.86 2461.37 1596.44 891.17 3317.75 54990 -15 2 

15.2 2366.15 1923.24 2435.93 2469.02 1609.21 900.36 3326.36 55787 406 41 

16.1 2398.71 1940.25 2460.18 2491.91 1643.43 925.25 3347.52 58037 -152 15 

16.2 2402.25 1942.05 2462.74 2494.33 1647.22 928.01 3349.52 58258 -103 10 

17.1 2414.82 1948.37 2472.05 2503.02 1660.55 937.91 3356.71 59067 -125 12 

17.2 2420.35 1951.08 2476.15 2506.86 1667.53 942.84 3360.52 59435 -132 13 
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Table 1b. 842 

  Greenland interstadial termination depth (m) GICC05 age Distance Uncertainty 

GI-event NGRIP NEEM GRIP GISP2 EDML EDC WDC (yr b2k) (yr) (yr) 

BA-YD 1524.21 1442.83 1659.79 1710.70 728.33 385.53 2074.86 12826 70 7 

3 1861.91 1636.91 2018.50 2050.17 1118.41 583.69 2733.94 27548 -247 25 

4 1882.59 1649.04 2037.69 2068.53 1140.75 595.17 2773.18 28599 144 14 

5.1 1916.45 1669.74 2067.61 2097.44 1176.51 617.40 2831.89 30621 354 35 

5.2 1939.71 1683.41 2087.98 2117.21 1199.75 632.37 2863.36 32042 9 1 

6 1964.52 1697.55 2109.93 2138.17 1223.04 646.48 2894.41 33374 47 5 

7 1990.58 1712.44 2132.00 2160.68 1248.60 662.24 2929.30 34753 36 4 

8 2027.43 1733.94 2163.25 2193.23 1282.58 683.27 2976.19 36620 -504 50 

9 2095.51 1775.13 2220.41 2252.62 1351.26 724.27 3054.08 39955 40 4 

10 2112.53 1784.96 2233.80 2266.44 1369.94 735.89 3075.84 40968 -39 4 

11 2135.66 1798.19 2252.48 2285.68 1394.25 750.63 3103.22 42281 31 3 

12 2171.17 1818.25 2281.50 2314.92 1429.09 773.57 3142.52 44358 -144 14 

13 2242.85 1857.83 2339.54 2374.51 1494.80 819.77 3219.51 48490 48 5 

14 2261.49 1867.76 2354.09 2389.14 1511.69 831.58 3236.02 49602 282 28 

15.1 2353.66 1916.55 2426.76 2460.35 1595.02 890.21 3316.61 54901 -101 10 

15.2 2359.92 1920.06 2431.35 2464.59 1603.35 896.01 3322.51 55419 35 4 

16.1 2375.88 1928.41 2442.94 2475.66 1621.92 908.87 3333.90 56605 -444 44 

16.2 2400.56 1941.21 2461.50 2493.16 1645.82 927.02 3348.82 58174 -8 1 

17.1 2406.52 1944.20 2465.91 2497.28 1652.67 932.01 3352.41 58594 243 24 

17.2 2417.77 1949.85 2474.23 2505.06 1665.07 941.18 3359.21 59307 -9 1 
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