List of major changes to manuscript:

e Updated all figures, captions, statistics, and text to reflect comparison to Kohler (2017)
atmospheric CO2 records.

e Revised the manuscript as suggested by Reviewer #1 and Andreas Schmittner. Details
below, revised sections marked in bold.

e Added 10 Lund et al (2014) South Atlantic sites to compilation and throughout
manuscript. Compilation is now at 127 sites.

e Assuggested by Reviewer #1, we added a “DOI” column to table Al and a supplemental
file called “TableA1_DOl.xlIsx and .csv” so readers can find the original source for the
records in this compilation. We are continuing to work on formatting this d13C
compilation for archival on both NOAA and Pangaea.

e Table Al was altered by: adding data DOI/URLs, updating references, rearranging
records into regions and descending depth within a region, and double checked spatial
coordinates for DSA sites (spot checked other sites). Within the manuscript, table Al has
a very small font size to fit the references and DOI/URLs. Hopefully the Copernicus
editorial staff can help in later stages.

e The “tracked changes” style comparison is at the end of this document, but the
references compiled in a strange way, so the newly added references show up as “?”. In
the comments to reviewer responses, we note the section where new citations are
added.

Below are details of how we addressed reviewer suggestions, including previous rebuttal and
new comments with revised sections marked in bold.

We thank referee #1 for their helpful comments and especially for bringing technical issues to
the author's attention. Our responses (AC) are listed after a synopsis of referee #1's comments.

R1 1) Age modelling strategy. It is not entirely clear to me, how age models have been
created for the individual cores. It seems though, that the age models are all based on
a graphic correlation or automated alignment (?) to the stacks provided by Stern and
Lisiecki (2014). If so, it is not clear to me why the authors deliberately used a graphic
correlation stratigraphy with an error of 1-2 ka, when radiocarbon dates are available,
at least for some of the cores. Radiocarbon ages should provide better constraints

on the posterior calendar age distributions. It seems that, at least in the tropics, the
uncertainties in the reservoir ages are small enough to provide better constraints on
age than ages derived from alignment of benthic oxygen isotopes. | recommend that
the authors better explain, how they have obtained the age models why they have not (if
not) used the individual calendar age distributions of radiocarbon ages that may exist.

AC 1) Thank you for bringing up this important point of discussion. We have clarified these
issues during revision of the manuscript text in Section 4.2 “Stacking”.



Yes, the age models used here are those developed by Stern and Lisiecki (2014,
Paleoceanography; hereafter SL14). The SL14 regional age models have 95% confidence
intervals of 0.5-2.0 kyr. (A 2-kyr 95% ClI width is approximately equivalent to a standard
deviation of 0.5 kyr). We did not perform any new 6§80 alignments or other age model
development for this study.

One of the main goals of this paper is to evaluate whether the SL14 age models are accurate
enough to reconstruct the timing of global carbon cycle change. In fact, our results demonstrate
that the SL14 age models agree well with ice core CO, changes which have very well-
constrained age models (Monnin et al., 2004; Marcott et al., 2014; Kohler et al., 2017).

Research is currently underway to further improve the sediment core age models and their
uncertainty estimates, but this work will take 1-2 years and is clearly beyond the scope of the
current paper.

Because the reviewer’s questions/concerns about our method will likely be shared by many
readers, we will add more explanation of how the SL14 age models were created and why we
expect them to have similar or better precision than most 4C age models (i.e., except for a
handful of low-latitude cores with the most 4C dates). For example, recent work by Khider et
al. (2017, Paleoceanography) demonstrates that, for 17 tropical Pacific cores, the uncertainties
between radiocarbon ages and 620 alignments are very similar.

Here is the proposed text to add:

Stern and Lisiecki (2014) created seven regional age models based on all available 14C
planktonic dates from each region. Each of the seven regions has an age model based on
planktonic 1*C measurements from multiple cores; *C dates are combined across cores by
assuming that benthic 880 is synchronous within each region (but not necessarily between
regions). The first step of this process was generating an initial radiocarbon age model for each
of 61 cores by using that core’s radiocarbon dates, the Bayesian age modeling software Bacon
(Blaauw and Christen, 2011), the Marinel3 calibration (Reimer et al., 2013), and constant 405
14C-yr reservoir ages. Bacon was used to estimate 1*C-based ages at specified depths
throughout each core, including Monte Carlo uncertainty estimates that increase with distance
from the *C measurements. To identify the core-specific depths for which *C-based ages
would be combined, each core’s benthic 620 record was aligned to an Atlantic or Pacific target
core using the alignment software Match (Lisiecki and Lisiecki, 2002). Creating regional age
models maximizes the total number of **C dates which contribute to each age model. For
example, the intermediate Pacific age model is derived from 14 sediment cores that include a
total of 160 radiocarbon dates. The 8'3C records analyzed here use the age models produced by
Stern & Lisiecki (2014), which were created by converting each core’s Match-based §%0
alignment to its region’s radiocarbon age model.

Additionally, Stern and Lisiecki (2014) estimate 95% confidence intervals for each regional age
model using 10,000 Monte Carlo age samples for each core from Bacon. Age uncertainty
estimates for each region include the effects of any errors in benthic §'80 alignment because
alignment errors would increase scatter in the compiled radiocarbon dates (by aligning portions



of cores with different ages) and, thus, increase the observed spread in age estimates. For the
time range of 0-20 kyr used in our §'3C compilation, the 95% confidence interval widths of the
regional age models range from 0.5-2.0 kyr. Although Match does not quantify alignment
uncertainty, alignment uncertainties have been estimated using a similar algorithm, called
HMM-Match (Lin et al., 2014). For age models generated either by 680 -alighments or
radiocarbon, the amount of age uncertainty depends on the time resolution of the §'80 or 4C
data, respectively. A comparison of 15 low-latitude Pacific cores found that *C-based age
uncertainty is comparable to, if not greater than, the uncertainty associated with §%0
alignments by HMM-Match (Khider et al., 2017, Paleoceanography).

R12) ... Itis not clear, whether age uncertainty has also

been considered when producing the stacks (i.e. through time series ensembles), and

(if so) what assumption has been made regarding the distribution of age uncertainty

(i.e. normally or uniformly distributed). The authors might argue that the age uncertainty
is already included through the averaging of several time-uncertain time series to
produce the stacks, but on the other hand the number of time series is small for some

of the stacks and perhaps not representative for the error.

AC 2) The contribution of age uncertainty is important to consider. For clarification, we added a
new section 4.3 “Stack limitations and uncertainty”. Additionally, in section 4 “Methods”, we
clarified the descriptions of our methods and the sources of uncertainty, including our
bootstrapped Monte Carlo uncertainty estimates. Specifically, estimates of 0.1-0.25%o in
foraminiferal 613C estimates implicitly include the effects of age model uncertainty. For
example, Marchal and Curry (2008) report a standard deviation of 0.1%0 which “includes errors
in sediment core chronology and oceanic representativity of benthic §13C, which alone appears
better than this value on average”. Additional discussion of the most appropriate 6§3C
uncertainty is presented in response to Q7 of reviewer 2. We have decided to increase the §'3C
uncertainty to 0.2%o, which will slightly increase our reported uncertainties.

Additionally, we address age model uncertainty by calculating the correlations between our
813C results and ice core CO; for a range of time lags. Because age model errors would be
expected to weaken the correlation between these two archives, the comparison we present is
conservative, and improved age models would likely strengthen the observed correlations.
During revision, we will add more discussion throughout the manuscript of the potential impact
of age uncertainty.

R1 3) Variations in sea level affect the water depth of the core location by more than 100
m over the considered time period. If core locations are close to the boundary between
the intermediate box and the deep box, a core might fall into the shallow box during

the LGM and into the deep box at 6 ka. The authors should clearly describe whether
water depth always refers to the modern water depth. This is particularly important for
figure 2, where apparently LGM and 6 ka symbols have been plotted at the same water
depth. Sea level changes should also be taken into account in the animation provided



in the supplement.

AC 3) This is a good point to bring up that will be clarified in the manuscript text in section 4.2
“Stacking”. Sea level changes are not included in our volume weighting -- modern sea level and
volumes (calculations based on GEBCO 2014, https://doi.org/10.1002/2015EA000107) are
used throughout the deglaciation because incorporating sea level changes in our calculations
would likely introduce undesirable data artifacts in the regional stacks. The depth-boundary
between intermediate and deep boxes would need to shift every 1 kyr, and some sites near the
boundary would move from an intermediate to deep box across the deglaciation. Because core
coverage is relatively sparse, only a few cores would be affected. If we allowed cores to jump
between regions as sea level rises, we would alter the spatial representation of cores in the
regions, potentially creating artificial jumps in the regional §'3C stack when these cores
switched regions.

R1 4) Data base documentation: how have the data been aligned to the stacks. Has this just
been done by graphic correlation or has some automatic alignment been involved? If the age
models are based on an automatic alignment the methods should be clearly stated. If

it is just based on individual age markers and interpolation, these markers should also

be included into the data set in the supplement.

AC 4) As described in the response to question 1, the age models used here are those
developed by Stern and Lisiecki (2014, Paleoceanography; hereafter SL14). Section 4.1 clarifies
that we did not perform any new 620 alignments or other age model development for this
study. Therefore, aside from a summary of the methods of SL14, no additional age model
documentation should be required. The supplemental materials include both core depth and
estimated age for each §'3C measurement in each core.

R1 5) Real depth vs. composite depth?

AC 5) Details such as composite depth vs. real depth are not always clearly documented

when data are downloaded from a repository, but we have done our best to preserve the
integrity of the original data. We document the DOI identifier or URL for each core’s record in
Table Al and in the folder for additional supplemental files “TableA1_DOI.xlsx and .csv” so
that readers will have the ability to find the original documentation for each §*3C record used
(see next question/reply). Additionally, the distinction between real depth versus composite
depth is usually quite small in the top 20-kyr of the record. Regardless of whether real or
composite depth is used, our age estimates will be accurate as long as we use the same depth
scale that SL14 used when producing their age models. Another indication that the depth scale
for each core has been processed in a consistent manner is the observed similarity of §13C
records among all cores in each region.

R16) | also recommend to document not only the references in table A1, but also the
actual source (i.e., PANGAEA, NOAA, personal communication) of the data, if possible
with doi. This allows to resolve possible inconsistencies later (see 7/8).



AC 6) We document the DOI or URL for the original data for the records in supplemental table
Al and in the supplemental folder “TableA1_DOI”.

Although the reviewer brings up a good point, and outlines what will hopefully become part of
the best-practices in our field, we did not keep track of the download location or doi for every
site. However, we will try to gather this information for as many of the sites as possible within
the time constraints of the manuscript revision. When we finish gathering this meta-data, we
will add it to the data compilation that will be uploaded to NOAA and Pangaea.

R1 7-8) Site labels, location info.

AC 7-8) We were able to correct these mistakes. We thank the reviewer for finding
inconsistencies in the supplemental files. It is challenging to find every mistake in such a large
database without concerted effort. Before submitting the revised manuscript, we will track
down and correct any errors in the coordinate information or records from the core sites in this
compilation.

We thank referee #2, Andreas Schmittner for his comments and improvements to the
manuscript. Our responses (AC) are listed after a synopsis of Andreas' comments (R2).

R2 1) I think typically the relationship between the terrestrial carbon storage and whole-ocean
813C changes is calculated using a closed system approach with land, ocean and

atmospheric reservoirs of carbon (e.g. page 1, lines 14-15; Ciais et al. 2012). |

wonder if this is appropriate for glacial-interglacial changes because it is likely that

ocean sediments responded by adding/removing alkalinity and carbon from
dissolution/accumulation of calcium carbonate. This would also affect §'3C of DIC. Is this
considered here? It would be good to discuss this point.

In Figure 5, which relationship between 8§'3C and land carbon was used? See comment
above. Does it consider sediment carbon changes?

AC 1) We clarify these points in section 5.1 and figure 5.

Our "global mean &'3C" is a volume-weighted average of benthic §13C (per mil). In the
discussion, we refrain from converting the 613C estimate to terrestrial carbon storage because it
is difficult to propagate errors through the mass balance calculations. To avoid making this
conversion, we use two separate y-axes when comparing terrestrial carbon storage change and
benthic §'3C change in Figure 5. We will modify the text to clarify that the magnitude of carbon
storage and benthic §'3C change is not necessarily equivalent, and that Figure 5 is not meant to
be a quantitative comparison. In this manuscript, we are simply noting the remarkable
similarity in the pattern of change between our data compilation and the only model results of



terrestrial carbon storage change across the deglaciation that we were able to find before
submission.

R2 2) Benthic 613C is affected by carbonate ion and pressure effects (e.g. Schmittner et al.,
2017). Were these effects considered here? | guess not since carbonate ion changes

are not available. In this case it may be useful to try one of their regression equations
that don’t require carbonate ion to calculate d13C_DIC

AC 2) We address this is section 4.3.

That is correct, the effects of carbonate ion are not considered here because estimates

of past carbonate ion concentration are currently difficult to constrain. We will make this clear
in the revised text and cite the regressions from Schmittner et al. (2017) as way to account for
carbonate ion changes if carbonate ion data becomes available or if readers want to consider
model-based estimates of carbonate ion concentration. We will also mention the available
regressions that can be used when carbonate ion conc. records are unavailable. Because the
relevant experiments (LW6 and CW6) suggest a linear scaling of §13C (i.e., do not include a
depth-dependent term), applying these regressions would not impact the correlation
coefficients in our manuscript. Additionally, we will mention that these regressions would
impact the apparent scaling between 8§'3C and terrestrial carbon implied by Figure 5. We prefer
not to apply the regression scaling to §'3C in this figure because it could confuse readers and
cause misinterpretation of our results.

R2 3) Page 8, 21: “DSA 83C begins increasing at 18 ka” This finding seems to be at odds
with Lund et al’s (2015, doi:10.1002/2014PA002657) findings that the DSA begins increasing
only later (after HS1). Are those data included here? Discuss.

AC 3) We added 10 sites from Lund et al. 2015 that were not originally included in the
manuscript and used their 1*C age models.

The records from Lund et al. (2015) were not originally included in the manuscript because they
were published after Stern & Lisiecki (2014) created their original compilation and were not
included in their regional stack age models. We have now included 12 of the Brazil Margin sites
from Lund et al. (2015) using their **C age models. This doesn't change our overall results or
the timing of §13C changes in the DSA region. The DSA §3C value at the LGM is slightly more
depleted than the original version without these sites, but the timing of deglacial increase is
visually similar to before. We didn’t do any formal change point analysis to quantify the timing
of 813C changes because the focus of this paper is on comparing the global §'3C gradient with
the ice core CO; record throughout the entire deglacial transition.

R2 4) Page 9, 13: The North Pacific (>30N) is also not included. Page 10, 9: what volume was
used for the deep Pacific box? <30N?



AC 4) We have two Pacific records at ~32N (one each in the intermediate and deep Pacific
regions), but none further north. However, our Pacific volume estimates are based on the
latitude range of 60S to 60N. Therefore, the North Pacific (>30N) is volumetrically included but
not well constrained.

We are aware of efforts currently underway to compile and publish North Pacific §'3C records,
and we expect these data will slightly alter mean global §13C estimates. However, our
compilation and its comparison to ice core CO; provides an important scientific contribution in
its current form, and our analyses can be revisited as additional data become available.

R2 5) Page 11, 1-3: Schmittner and Lund (2015, Climate of the Past, doi:10.5194/cp-11-135-
2015) have suggested a different mechanism. Please consider.

AC 5) Citation added to section 6.3.

We have done our best to include a variety of hypotheses, but the number of possible citations
is quite large. On Page 11, 1-3, we will revise the text to include the hypothesis that AMOC
shutdown induced a decline of biologically sequestered ocean carbon storage (Schmittner and
Lund, 2015).

R2 6) Page 5, 9-11: include study by Schmittner and Somes (2016, Paleoceanography,
doi:10.1002/2015PA002905)

AC 6) Citation added to section 2.3.
Thank you for the suggestion, we will include the citation.

R2 7) Page 7, 12: | didn’t find this number (0.15%o for the standard deviation) in Gebbie
et al., (2015). Schmittner et al. (2017) suggest a larger error of ~0.25%eo.

AC 7) This is clarified in section 4.3.

The error estimate of 0.15%0 we used is actually a compromise between the errors reported by
Gebbie et al. (2015)’s 0.20%0 and Marchal and Curry (2008)’s 0.10%.. However, during revision
we plan to change our uncertainty estimate to 0.20%o, which will increase our stack 95%
confidence intervals by +/- 0.02%o.. An uncertainty of 0.20%. will also be approximately
consistent with Schmittner et al. (2017); we will add this citation and an explanation of why the
value of 0.20%0 was selected. Specifically, the most relevant uncertainty from Schmittner et al.
(2017) would likely be a standard deviation 0.22%o. as observed in experiments LW6 and CW6 in
Table 2 of that paper because those experiments are the ones that include only C. wuellerstorfi.
To the extent that modern-day observations also contribute uncertainty in comparison with
late Holocene 6%3C, 0.20%o is a reasonable estimate of the uncertainty contribution from
foraminiferal 613C. Additionally, the largest discrepancies between foram 63C and DIC §'3C in
Schmittner’s compilation (their Figure 4) comes from shallow cores (<1 km) and high-latitude
regions (especially the Arctic), which are not included in our compilation.



Deglacial carbon cycle changes observed in a compilation of 117127
benthic §'3C time series (20-6 ka)

Carlye Peterson'? and Lorraine Lisiecki?

1Depalr‘[ment of Earth Sciences, University of California Riverside, Riverside, California, USA.
2Department of Earth Science, University of California Santa Barbara, Santa Barbara, California, USA.

Correspondence: CARLYE PETERSON (CARLYE.PETERSON @GMAIL.COM)

Abstract. We present a compilation of +17-127 time series 6'2C records from Cibicides wuellerstorfi spanning the last deglacia-
tion (20-6 kyr) and well-suited for reconstructing large-scale carbon cycle changes, especially for comparison with isotope-
enabled carbon cycle models. The age models for the §3C records are derived from regional planktic radiocarbon compilations
(Stern and Lisiecki, 2014). The 6'3C records were stacked in nine different regions and then combined using volume-weighted
averages to create intermediate, deep, and global §'2C stacks. These benthic §'2C stacks are used to reconstruct mean-changes
in the size of the terrestrial biosphere and deep ocean carbon storage. The timing of change in global mean §'3C is inter-
preted to indicate terrestrial biosphere expansion from 19-6 ka. The §'3C gradient between the intermediate and deep ocean,
which we interpret as a proxy for deep ocean carbon storage, matches the pattern of atmospheric CO5 change observed in
ice core records. The presence of distinetsignals-from-signals associated with the terrestrial biosphere and atmospheric CO»
suggests-indicates that the compiled §13C records have sufficient spatial coverage and time resolution to accurately reconstruct

large-scale carbon cycle changes during the glacial termination.

Copyright statement. TEXT

1 Introduction

On glacial-interglacial timescales, carbon cycle changes redistribute the amount of carbon stored in the deep ocean, atmosphere
and terrestrial biosphere (e.g., Broecker (1982); Siegenthaler et al. (2005)). For example, as atmospheric CO5 increased across
the deglaciation, atmospheric 6'3C decreased, likely due to the ventilation of respired, '3C-depleted carbon from the deep
ocean (e.g., Schmitt et al. (2012); Eggleston et al. (2016)). However, identifying the biogeochemical mechanisms associated
with these carbon transfers is complicated by a variety of carbon cycle feedbacks (e.g., Archer et al. (2000); Sigman and
Boyle (2000); Peacock et al. (2006); Toggweiler et al. (2006); Kohfeld and Ridgwell (2009); Brovkin et al. (2012); Menviel
et al. (2012); Galbraith and Jaccard (2015); Buchanan et al. (2016)). This study seeks to improve our understanding of glacial-
interglacial carbon cycle changes by reconstructing changes in mean ocean §'2C and its vertical gradient and comparing the

results with changes in the terrestrial biosphere and atmospheric COs .



The §'3C of benthic foraminiferal calcite is a well-established carbon cycle proxy, which records the §'3C signature of the
dissolved inorganic carbon (DIC) in seawater at seafloor depths (e.g., F i
Averages of benthic foraminiferal §13C time series, called stacks, can improve the signal-to-noise ratio of regional or global
seawater changes (e.g., Lisiecki et al. (2008); Lisiecki (2014)). Global mean benthic §'3C change is likely caused by changes
in terrestrial organic carbon storage (Shackleton, 1977; Curry et al., 1988; Duplessy et al., 1988; Ciais et al., 2012; Peterson
et al., 2014), while vertical 6'3C gradients may record changes in deep ocean carbon storage and atmospheric CO, (Oppo and
Fairbanks, 1990; Flower et al., 2000; Hodell et al., 2003; Lisiecki, 2010). The vertical §'3C gradient between the surface (high
4'3C) and deep ocean (low 6'3C) primarily results from the accumulation of low-3'2C respired organic carbon in deep water,
which temporarily sequesters it from the atmosphere. Conversely, vertical mixing of the ocean will tend to ventilate deep ocean
carbon to the surface ocean and atmosphere while simultaneously decreasing the vertical §'3C gradient. Therefore, the vertical
d13C gradient likely records changes in deep ocean carbon storage, which is an important factor controlling glacial-interglacial
changes in atmospheric COs (e.g., Schmitt et al. (2012); Eggleston et al. (2016)).

Here we compile and analyze ++7-127 high-resolution benthic §'2C records from the Atlantic, Pacific, and Indian Oceans
spanning the last deglaciation to investigate changes in both the ocean and terrestrial biosphere components of the global carbon
cycle. Benthic 6*3C records are combined into regional stacks, which are then used to construct time series of volume-weighted
global mean 6'3C and the vertical 6'2C gradient between intermediate and deep waters.

We analyze these stacks to test the following hypotheses:

1. The deglacial pattern of global mean ocean §'3C change is a proxy for changes in the size of the terrestrial biosphere. If
s0, global mean §3C should continue to increase after atmospheric CO, levels plateau at 11 ka due to the slower response
times for ice sheet retreat and ecosystem change (e.g., Hoogakker et al. (2016); Davies-Barnard et al. (2017)). We
compare the reconstructed global mean §'3C change with several carbon cycle model estimates of terrestrial biosphere
change. Additionally, we evaluate whether deep Pacific §'3C correlates with global mean §'3C change as previously
assumed (Shackleton et al., 1983; Curry and Oppo, 1997; Lisiecki et al., 2008). This study provides the first opportunity

to compare time series of deep Pacific 6'C with a volume-weighted global mean §'3C stack.

2. Changes in the vertical §'3C gradient should closely resemble time series of atmospheric CO, if the deglacial CO,
increase is caused by a decrease in deep ocean carbon storage. This hypothesis is supported by findings on orbital
timescales using a smaller number of sites (Oppo and Fairbanks, 1990; Flower et al., 2000; Hodell et al., 2003; Lisiecki,
2010), but the link between the vertical §'3C gradient and CO5 has not yet been evaluated at millennial timescales
or using a global data compilation. Observing such a link would improve our understanding of deglacial atmospheric
CO,, increase and, furthermore, demonstrate that the data compilation presented here has adequate spatial and temporal

resolution with sufficiently precise age models to reconstruct millennial-scale changes in global-benthie-¢'2C-the global
carbon cycle.




2 BACKGROUND
2.1 Benthic §13C reconstructions

Measurements of §'3C from the calcite tests of epibenthic foraminifera Cibicides wuellerstorfi and related species (Schweizer
et al., 2009) are commonly used to trace the spatial distribution of nutrients and deep water masses as well as changes
in ocean carbon cycling (e.g.,
HoweverCurry et al. ightly influenced (<15%)
by changes in carbonate ion concentration of sea water (?) . Additionally, the Cibicides species C. kullenbergi and C. mundu-
lus, often measured in deep South Atlantic cores, appear to record more depleted §'3C values than C. wuellerstorfi (Gottschalk
et al., 2016).

Mean §'3C change-between-has been estimated for the Last Glacial Maximum (LGM, 20 ka) and Late Holocene (6-0 ka)
has-been-assessed-with-using global compilations of Cibicides wuellerstorfi §'3C records (e.g., Shackleton (1977); Duplessy
et al. (1988); Curry et al. (1988); Boyle (1992); Matsumoto and Lynch-Stieglitz (1999); Curry and Oppo (2005); Herguera
et al. (2010); Oliver et al. (2010); Hesse et al. (2011); Peterson et al. (2014); Gebbie et al. (2015)). These time slice studies

include as many as 500 core sites, but generally undersample portions of the ocean with poor carbonate preservation, low

primary productivity, and low sedimentation rates (i.e., the Southern Ocean south of 55S, the Indian Ocean, and the Pacific
Ocean). In contrast, some portions of the Atlantic, especially the North Atlantic, are relatively well-sampled with abundant,
well-preserved C. wuellerstorfi. Therefore, the-timeevelution-of-whole-ocean mean §'3C change is less well-constrained than
Atlantic vertical.zonal-and-meridionah d 2 Coradients.

Because deglacial carbon cycle changes eeeur-occurred on millennial to centennial timescales ;-there-ts-aneed-forahigh
WWQMWMQMMMMMMM@AWMHM
s13C : :

Previous global compilations of §'3C time series tend-te-focus on orbital-scale responses because their age models are not

s-time series on a consistent age model across the glacial termination. Glebal

precise enough to analyze the relative timing of carbon cycle changes during the deglaciation (e.g., Lisiecki et al. (2008)). One

For example, Oliver et al. (2010) caution that their global §'3C data synthesis, which includes 258 records from many benthic
and planktic foraminifera species, isnotrecommended-foranatyzine-should not be used to analyze §'2C changes on timescales
of less than 10 kyr due to age model uncertainty and the inclusion of low-resolution recordstOliver-et-al;201H0)—Studies-of
. Instead, studies of §'3C change across the last glacial termination often foeus-on-use local or regional depth transects that
contain high-resolution §'3C records with good age control (e.g., Sarnthein et al. (1994); Thornalley et al. (2010); Hoffman and
Lund (2012); Tessin and Lund (2013); Lund et al. (2015); Oppo et al. (2015); Sikes et al. (2016)). In modeling studies, transient
simulations are typically compared to a small number of individual benthic §13C records or regional syntheses, presumably due

to the limitations of available global §'3C compilations (e.g. Kohler et al. (2005); Brovkin et al. (2007); Kohler et al. (2010)).



2.2 Terrestrial biosphere and mean ocean §'3C

A portion of the additional carbon released from the deep ocean since the LGM was taken up by the terrestrial biosphere. The
transfer of carbon between the terrestrial biosphere and the deep ocean affects the global mean value of benthic §'3C because
the mean §'3C signature of the terrestrial biosphere is significantly more negative (approximately -25%0) than mean ocean
§'3C (approximately 0%o) (Shackleton, 1977). The change in global mean benthic §'3C between the LGM and the Holocene
is estimated to be 0.32%o0 + 0.20%0 (Peterson et al., 2014; Gebbie et al., 2015), but the timing of mean benthic § Bc change
across the deglaciation is not well known.

Deglaetal-changesin-The amount of terrestrial carbon storage change (soils and vegetation) can be reconstructed in many
ways, including terrestrial vegetation proxies and archives (e.g., pollen, paleovegetation), carbon cycle models (e.g., box mod-
els, inverse methods, dynamic global vegetation models, biomization methods, etc.), and proxies such as benthic § Bc, triple
oxygen isotopes (Landais et al., 2007), and atmospheric carbonyl sulfide (Aydin et al., 2016). These methods produce esti-
mates of change in terrestrial carbon storage between the LGM and Holocene that-vary-varying from 200-1900 PgC due to
uncertainties and assumptions associated with each method (see discussion and citations within Peterson et al. (2014)).

Due to uncertainties in the total magnitude of change, here we focus on comparing the timing of changes in terrestrial carbon
storage and global mean benthic §'3C. Models simulate rapid increases in terrestrial carbon storage from approximately 19-10
ka, followed by more gradual changes from 10-0 ka (Kaplan et al., 2002; Joos et al., 2004; Kohler et al., 2005). More recently,
the potential effects of changes in poorly-constrained carbon reservoirs (beneath ice sheets and on continental shelves) were
evaluated using deglacial simulations of biogeophysical and land carbon changes from the HadCM3 General Circulation Model
(GCM). The model simulated a rapid increase in terrestrial carbon storage from 20-14 ka, different responses between 14-11
ka depending on the model scenario, and then steady, gradual change from 11-4 ka (Davies-Barnard et al., 2017).

Estimates of global mean benthic 6'3C are also used to remove global changes from individual §3C records in-erderto
identify patterns of local or regional change, e.g., related to ocean circulation. Because estimates of global mean §'3C have
only been available for the LGM and Holocene, some studies use deep Pacific §'3C time series as a proxy for global mean
§13C change (Shackleton et al., 1983; Curry and Oppo, 1997; Lisiecki et al., 2008). Given the large volume and carbon
storage capacity of the deep Pacific, its §'3C change should be similar in magnitude and timing to the mean ocean §'3C
change; however, no study has yet confirmed this relationship. For example, low sedimentation rates and poor carbonate
preservation in the deep Pacific may limit how well deep Pacific §'3C time series resolve changes in mean ocean §'3C.
Additionally, large changes in Atlantic or Indian Ocean §'3C could alter the timing of global mean §3C relative to the Pacific.
By constructing a global benthic §'3C stack, we can now directly compare deep Pacific §'3C with global mean 6'3C change

across the deglaciation.
2.3 Vertical gradients in benthic §13C

A vertical gradient in the 6*3C of DIC between surface/intermediate waters and deep water results from a combination of

physical, chemical, and biological processes. The air-sea gas exchange of CO5 between the atmosphere and surface ocean



generates a temperature-dependent fractionation (Lynch-Stieglitz et al., 1995). Biological productivity in the surface ocean
preferentially incorporates 2C into organic molecules, leaving '*C-enriched DIC in surface waters. Conversely, deep water
becomes depleted in 13C due to remineralization of sinking organic carbon with a §*3C signature of approximately -25%o. The
accumulation of respired organic carbon in the deep ocean gradually increases deep water’s DIC concentration while decreasing
its 6'3C value. Thus, sinking organic carbon simultaneously creates vertical gradients in both §'3C and DIC, creating low 62C
and high DIC in the deep ocean and high §'3C and low DIC in the surface ocean. However, deep water §13C is also affected by
the transport of relatively high-6'3C North Atlantic Deep Water into the deep Atlantic, where it mixes with low-§'3C waters
from the Southern Ocean (Talley, 2013).

Numerous §'2C records from the well-characterized Atlantic Ocean demonstrate an enhanced vertical §'3C gradient between
intermediate and deep water during the LGM (e.g., Curry and Lohmann (1982); Curry et al. (1988); Duplessy et al. (1988);
Sarnthein et al. (1994); Hodell et al. (2003); Curry and Oppo (2005); Marchitto and Broecker (2006); Herguera et al. (2010)).
The less well-sampled Pacific and Indian Oceans also show signs of enhanced stratification at the LGM based on stronger
vertical §13C gradients and other nutrient and ventilation proxies (e.g., Kallel et al. (1988); Matsumoto and Lynch-Stieglitz
(1999); Matsumoto et al. (2002); Herguera et al. (2010); Lund et al. (2011b); Allen et al. (2015); Sikes et al. (2016)).

Multiple causes have been proposed for stronger vertical §13C gradients during the LGM, including increased surface pro-

ductivity and export, increased ocean stratification, and changes in preformed §'3C in regions of deep water formation (e.g.,

Therefore, the large vertical §'3C gradient at the LGM could indicate a strong biological pump and/or weak vertical mixing,

either of which would increase deep ocean carbon storage. Although studies do not agree about the relative importance of
different mechanisms in creating this vertical gradient, the consensus is that the enhanced vertical §'3C gradient at the LGM
is consistent with greater deep ocean carbon storage and that this carbon was transferred to the atmosphere and terrestrial

biosphere during the glacial termination.

simulations—suggest-that-multiple-proeesses-Multiple processes likely contribute to deglacial pCO- rise (Bauska et al., 2016),
including ocean temperature increase, enhanced Southern Ocean mixing rates (and the role of sea ice) (e.g., Franois et al.
(1997); Crosta and Shemesh (2002); Gildor et al. (2002); Hodell et al. (2003); Paillard and Parrenin (2004)), decreased alka-

linity and carbon inventories (Yu et al., 2014; Kerr et al., 2017), reduced biological pump (Buchanan et al., 2016), enhanced
global ocean circulation (Buchanan et al., 2016), and coral reef growth (e.g., Vecsei and Berger (2004)).

On orbital timescales, changes in the intermediate-to-deep vertical §'3C gradient closely match atmospheric CO,, with

weaker vertical §13C gradients corresponding to higher COs levels (Oppo and Fairbanks, 1990; Flower et al., 2000; Hodell et al., 2003; K6

This relationship suggests that many of the processes affecting CO,, also alter the vertical §'°C gradient, Here we evaluate the

relationship between atmospheric CO, and vertical 6'3C change at millennial resolution across the deglaciation. It is beyond




the scope of this study to evaluate how much of the change in CO, and the vertical §'3C gradient at the LGM is associated
with specific processes, such as changes in the biological pump (Archer et al., 2003; Kohler et al., 2005; Brovkin et al., 2007,
Galbraith and Jaccard, 2015), deep water formation (McManus et al., 2004; Curry and Oppo, 2005) and/or Southern Ocean
stratification (Lund et al., 2011b; Burke and Robinson, 2012).

3 Data

This study presents a compilation of +17-127 previously published benthic §'3C time series of Cibicides wuellerstorfi in per
mil relative to Vienna PeeDee Belemnite (V.P.D.B.) (Figure 1; Table Al). Each record in the compilation spans the time range
20-6 ka. Analysis does not extend after 6 ka because cores from several data-sparse regions were either too low-resolution or
missing sediment from 6-0 ka. We only include 6'3C records with mean sample spacing better than 3 kyr¢, and 87% have a
mean sample spacing of less than 2 kyr). We excluded any records with sample gaps of 4 kyr or larger and excluded any cores
affected by the phytodetritus effect (“Mackensen effect") as assessed by the original authors and the criteria from Peterson
et al. (2014). We included one C. kullenbergi record from the deep South Atlantic (MDO07-3076Q) (Waelbroeck et al., 2011)
which may record a more negative 6*3C value than C. wuellerstorfi at the LGM (Gottschalk et al., 2016). Additionally, we use

some cores with samples labeled “C. spp" that may include some C. kullenbergi (Table Al).

4 Methods

41 StackingAge models

For nearly all cores we use the age models of Stern and Lisiecki (2014) —whieh-have-age-medelsbased on regional benthic

5'80 alignments and seven regional age models. Each of the seven regions has an age model based on planktic feraminiferal
14C 90

kyr-or-greatermeasurements from multiple cores; ''C dates are combined across cores by assuming that benthic 9'°0 is
synchronous within each region (but not necessarily between regions). The first step of this process was generating an initial
radiocarbon age model for each of 61 cores by using that core’s radiocarbon dates, the Bayesian age modeling software Bacon
(2),,_the Marinel3 calibration (?),, and constant 405 '“C-yr reservoir ages. Bacon was used to estimate "C-based ages at
specified depths throughout each core, including Monte Carlo uncertainty estimates that increase with distance from the 'C
measurements. To identify the core-specific depths for which *C-based ages would be combined, each core’s benthic 50
record was aligned to an Atlantic or Pacific target core using the alignment software Match (?) . Creating regional age models
maximizes the total number of '*C dates which contribute to each age model. For example, we-do-not-expect-to-reconstrict

adwith tha oncetof the Blline-AHard orwith—contann eale_CO b ancac i Mareott-ot—r 014

Beeause-the intermediate Pacific age model is derived from 14 sediment cores that include a total of 160 radiocarbon dates.



The final age model for each core in Stern and Lisiecki (2014) was produced by converting from a (transitional) target age

model based on benthic 67°0 alignment to a regional composite radiocarbon age model.
Our compilation also includes §'°C record-resolution-varies-between sites—we-interpetate-thefrom 10 South Atlantic cores.
that were not included in Stern and Lisiecki (2014) and for which we used the cores’ published radiocarbon age models
(2Hoffman and Lund, 2012; Tessin and Lund, 2013; Lund et al., 2015) . These cores are denoted with asterisks in Table Al.
Stern and Lisiecki (2014) estimate 95% confidence intervals for each regional age model using 10,000 Monte Carlo age
samples for each core from Bacon. Age uncertainty estimates for each region include the effects of any errors in benthic 5150,
alignment because alignment errors would increase scatter in the compiled radiocarbon dates (by aligning portions of cores
WMFMMMMMMNG
: 3 Lces an- al-sou u at 'W@gruhedaﬁ%&heugh

eirenlationexperiments93 % confidence interval widths of the regional age models range from 0.5-2.0 kyr. Although Match does
not quantify alignment uncertainty, alignment uncertainties have been estimated using a similar algorithm, called HMM:-Match
(2)... For age models generated either by 9'°0 alignment or radiocarbon, the amount of age uncertainty depends on the time
resolution of the 90 or *C data, respectively. A comparison of 15 low-latitude Pacific cores found that *'C-based age
uncertainty is comparable to, if not greater than, the uncertainty associated with §'°0 alignments by HMM:Match (2) .
Wedef o .

42 Stacking

After compiling all 127 records on their previously published age models, we use spatial patterns in benthic §'2C to define nine
ocean regions, for example, differing-based on different LGM §'3C values betweenfor intermediate and deep sites (Figure 2). In

the North Atlantic, we separate the intermediate North Atlantic (INA, 0.5-2 km) from the upper deep North Atlantic (UDNA,
2-4 km) and the lower deep North Atlantic (LDNA, >4 km). Because the South Atlantic has fewer records than the North
Atlantic (Table 1) and a different vertical §'3C structure (Figure 2), we define the intermediate South Atlantic (ISA) as 0.5-2.5

km and the deep South Atlantic (DSA) as >2.5 km. Although a zonal gradient is evident in the intermediate South Atlantic
Figure 1), as also observed by Peterson et al. (2014) , we combine all ISA records into a single region because only three sites

are available in the east. We separate the Indo-Pacific into four regions: the intermediate Indian (II, 0.5-2 km), intermediate
Pacific (IP, 0.5-2 km), deep Indian (DI, >2 km), and deep Pacific (DP, (>2 km). The longitude boundaries between the Atlantic,

Indian, and Pacific basins are the same as in Peterson et al. (2014). To-create regional-stacks,we-average-the-interpolated-612€
records-in-each-region-(Figure-2;-Table-A)~Most regions contain at least six eoressites; however, the intermediate and deep
Indian regions each contain only two §13€ recordssites.

deglacial sea level rise is small, less than 3%. Therefore. we use modern water depths and volumes for all sites at all time steps.



This preserves the spatial dimensions of the regions and prevents cores near region boundaries from switching between regions
To ealeulate-an-intermediatecreate regional stacks, we interpolated all benthic §™*C records to an even 1-kyr spacing and
MWMM\WMMMMQ deep, and global mean §'3C stacks (Figure 3, Figure

are calculated by averaging the
regional stacks using volume weighting as a percent of total volume ¢using-over a depth range of 0.5-5 km (Table 1). Thus, we

represent regions proportional to their volume rather than over-representing well-sampled regions. These-global-stacks-inchade

4.3 Stack limitations and uncertaint

Although our global stack includes benthic §13C records from sites-n-the Atlantic, Indian, and Pacific Oceansbutexelades-, it
does not include data from the Southern Ocean, Arctic Ocean, and-or shallow inland seas. Additionally, this-our compilation

only includes benthic 6'3C records from below 0.5 km:

S13C above 0:5-km-Planktie-. Although planktic §'3C data suggest that mixed layer 6'3C values may closely track atmospheric
§13C change (Eggleston et al., 2016; Hertzberg et al., 2016), we refrain from interpreting or making assumptions about ¢§ 13c
above 0.5 km. It is beyond the scope of the current study to quantify stack uncertainty associated with portions of the ocean

which lack C. wuellerstorfi §**C time series.
We-eateulate-a—vertieal-Uncertainty estimates for §13C ¢

global-vertieal-from C. wuellerstorfi range from 0.1%o0 (?) to 0.22%o (experiments LW and CW in ? ). Accounting for the
carbonate ion concentration of seawater can improve the accuracy of benthic §'C (?) , but estimates of carbonate ion changes
throughout the deglaciation are scarce. In the absence of carbonate ion data, a linear regression can be used to convert between

MSL@&WC :
and DIC §'3C (regressions LW6 and
CW6 in ? ). However, because our study focuses on the timing of §'2C change rather than its amplitude, we present all §*3C

representations-of the-vertieat-data using the values originally measured in foraminiferal calcite.

Interpolating the 9"*C records to an even I-kyr spacing introduces an additional source of uncertainty in the data. Although
combining information from multiple records inherently risks distorting the true ocean state, this risk is counterbalanced by the
potential for improved signal-to-noise when estimating regional and global signals. In supplemental material, we provide the
original, uninterpolated records for all 127 sites, which could be used for comparison with transient deglacial ocean circulation
experiments. Because age model uncertainties are approximately 1-2 kyrs (Stern and Lisiecki, 2014) and some of the §'°C
gradient-to-atmespherie-records analyzed have sample spacings of 2-3 kyr, our interpretation focuses on §'°C features with



timescales of about 2 kyr or greater. For example, we do not expect to reconstruct abrupt changes associated with the onset of
the Bélling-Allerdd or with centennial-scale CO, change (Marcott et al., 2014) .

We estimate stack uncertainty using Monte Carlo simulations that account for the effects of measurement uncertainty and
intra-region §'3C variability. Specifically, we generate nominal 95% confidence intervals for the stacks using 10,000 boot-

strapped iterations that randomly resample §'2C records from each region. During the resampling process, we also simulate

§'3C measurement uncertainty in each record by adding Gaussian white noise with a standard deviation of 8:150.20%o (Gebbie
et al., 2015). Differences-in-the benthie 6 2Cstack between-different-Multiple runs of our Monte Carlo simulations, each with
10,000 iterations, is-produce differences in the global benthic §'3C stack on the order of 0.02%o at the LGM (20-19 ka) and

of-the-ocean-for-which-there-isno-available-dataless during the Holocene.

4.4 Comparison to atmospheric CO»

To compare the §'2C data to atmospherlc CO; changes from 20-6 ka, we spheeeHegefhe%fhe%ﬁa&esplm&G@Tfeeefd&ef

%MMCMWMMW
regional stacks from the Atlantic and Pacific. The Indian Ocean regional stacks are excluded from this vertical gradient
calculation because each Indian region includes only two sites, making the Indian regional stacks more susceptible to noise.
A global vertical §'°C gradient that includes the Atlantic, Indian, and Pacific Oceans (AIP AJ'°C;_p) is provided in the
supplemental materials (Figure A1, Table A2). Additionally, we construct an alternate §'°C gradient based on the difference
between half the intermediate North Alantic stack and the deep Pacific stack (AJ'°C 1y 4/2)~ ). analogous to the gradient

compared to COy ¥

teed-in Lisiecki (2010) .

We interpolate a composite ice core CO5 record by-interpolatingit(?) to the same 1-kyr resolution ef-as our benthic §'3C
stacks —

and calculate correlation coefficients between CO, and the vertical gradient of §'2C. Additionally, we examine the potential
for differences in the timing of COy and 6'3C change that could be caused by lags in the climate system or age model

uncertainty. We ealeutate-eorrelation-eoefficientsfor-evaluate different potential lags by interpolating the spteed-CO, record
with different time offsets, using-tags-thatrangeranging from +1000 yr to -1000 yr in increments of 100 yr. For example, a
100-yr lag in CO5 relative to the vertical §'3C gradient would be represented by comparing §'3C values at 6, 7, ... 20 ka with
COg values at 5.9, 6.9, ..., and 19.9 ka. Conversely, a CO- lead of 100 yr would be suggested if the correlation between the two
is maximized for CO5 values at 6.1, 7.1, ..., 20.1 ka.

Testing the significance of correlations between §'3C and CO; is complicated by the fact that both time series are au-
tocorrelated, i.e., each data point is highly correlated with the value immediately before or after. To reduce the impact of
autocorrelation, we pre-whiten the data by taking the difference between successive 1-kyr samples before calculating the linear

correlation and its statistical significance. Our final assessment of the statistical significance of the correlations accounts for the



reduction in the number of degrees of freedom in the data associated with pre-whitening and /fer-allowing time lags between

§13C and CO,, observations.

5 Results

5.1 Comparison to LGM and Holocene reconstructions

Although our compilation of §'®C time series includes fewer core sites than some previous studies of LGM 6'3C, it preserves
the large-scale features of these I:GM&HGMreconstructions, such as enhanced vertical and meridional Atlantic §!3C
gradients (Figure 2) (e.g., Curry and Oppo (2005); Peterson et al. (2014)). Vertical §'3C gradients at the LGM are strongest in
the glacial North Atlantic, closely followed by the glacial South Atlantic (Peterson et al., 2014). Indo-Pacifie-12Cvalues-are
more-depleted-than-North-Atlantie-613Cvalues-of the-same-depth-_The most depleted 613C values in the compilation are from
the high-latitude deep South Atlantic during the LGM, possibly due to inclusion of data from C. kullenbergi (Gottschalk et al.,
2016). Equatorial-deep-South-Atlantic records—at-the EGM-have-Indo-Pacific §13C values for the LGM are similar to equa-
torial deep Indo-Pacifie-South Atlantic records of the same depth and more depleted than North Atlantic §'3C recordsvalues.

However, our compilation lacks Indo-Pacific sites deeper than 3.5 km.
At 6 ka the 6'3C values in this compilation generally resemble the Holocene compilation of Peterson-etat{20+4)Peterson et al. (2014) .
Minor differences could result from Peterson et al. (2014) using Holocene data from 6-0 ka and including more sites from the

North Pacific sites and mere-sites-from 0.5-1.5 km depth.
5.2 Regional stacks

We create nine regional §'3C stacks from 20-6 ka (Figure 3, Table 1). Six of the regional §'2C stacks increase steadily from
approximately 20-18 ka to 6 ka (LDNA, DSA, 11, IP, DI, DP). Small deviations in the trend-trends of the Indian o 13 stacks are
interpreted as noise because these stacks each contain only two eeresd>C records. Three Atlantic regions (INA, ISA, UDNA)
show a decrease in §'3C from approximately 19-15 kaand-then-, followed by an increase from 14-6 ka, as described in previous
studies (e.g., Hodell et al. (2008); Thornalley et al. (2010); Hodell et al. (2010); Lund et al. (2011a); Tessin and Lund (2013);
Oppo et al. (2015)). The UDNA 6'3C stack is-briefty-simitarto-has a §*2C value between the ISA and LDNA from 20-17 ka,
approximately matches the LDNA at 16 ka, and then resembles the ISA stack from 14-6 ka. LDNA §'2C is slightly greater
than DSA §'3C except at 10 ka when the two stacks briefly converge. The DI and DSA §'3C values are generally similar
across the deglaciation except that the DSA 6'3C begins increasing at 18 ka while the DI §'3C increase begins at 16 ka. The
intermediate-depth §'3C stacks in the Indian and Pacific Oceans are very similar for most of the time interval.

Across the deglaciation, the vertical 6'3C gradient weakens in the Atlantic, most noticeably in the North Atlantic {where the

INA-LDNA =gradient decreases from 1.20%o at 20 ka and-to 0.31%o at 6 ka). Vertical gradients in the Indian and Pacific Oceans
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show much less change. The largest spread in 6'3C values is observed from 20-18 ka, when the intermediate North Atlantic

71.50% a difference which decreases to

and deep South Atlantic regions differ by
0.40%o at-+H-1+6-by 10 ka. The maximum difference between regions at 6 ka is 0.91%o between the intermediate North Atlantic

{mostenriched)-and the deep Indiantmost-depleted)—.

5.3 Volume-weighted stacks and global mean 6'3C stack

A global mean §'3C stack is constructed by volume weighting all nine regional stacks. However, we construct two different
versions of the intermediate and deep ¢ 13 stacks, with and without the Indian stacks, because the Indian regions each contain
only two records. Both versions of the intermediate and deep stacks show similar trends, but we focus our analysis on the
version that uses only the Atlantic and Pacific regions, which should be less susceptible to noise (Figure 4, Table 1). Results
for the intermediate and deep §'3C stacks that include Indian Ocean are provided in supplemental materials (Figure A1, Table
A2).

The volume-weighted intermediate, deep, and global mean 6'3C stacks increase across the deglaciation, but the magnitude
of change is larger for the deep #-2C-stack (0.46%o) than the intermediate 62C-stack (0.24%0) (Table 1, Figure 4). We define
the vertical 5'3C gradient, A§'3C;_p, as the difference between the volume-weighted Atlantic-and-Pacifie-intermediate and
deep stacks that exclude the data-sparse Indian regions. This gradient is-targest-at20-ka<(0-46%o)-and-shrinks-has a maximum
of 0.41%qat 18 ka and decreases to 0.24%o by 6 ka.

The volume-weighted global §'3C stack holds nearly steady from 20 to 19 ka at approximately 0.00%0 (95% CI: -0-+0-to
0:09-0.13 to 0.12%o at 19 ka) and then increases from 18-6 ka, reaching a value of 6:370.39%0 (95% CI: 9:26-0.24 to 0.49%o)
at 6 ka. The change from 20 to 6 ka in the global stack is 0.36%o (95% CI: 6:25-t6-0-460.23 to 0.50%o0), which agrees to within
uncertainty with the LGM-to-Holocene mean-d12C change estimate-of 0.38%0 (95% CI: 0.30 to 0.46%o) estimated for 0.5-5 km
from-(Peterson-et-al-2014)-by Peterson et al. (2014) . Recall that the mean §'3C estimate from our global stack is not quite a
whole-ocean §'3C estimate because we do not include data from the surface (<0.5 km), Southern Ocean (>658S), or bottom
waters (>5 km). Estimates of whole-ocean 6'3C change are slightly smaller at 0.34%o (95% CI: 0.15 to 0.53%0) (Peterson
etal., 2014) and 0.32%0 (95% CI: 0.12 to 0.52%o) (Gebbie et al., 2015) —The-because the surface ocean (0-0.5 km) has enriched
$13C values-with-muehless deglacial change (Eggleston et al., 2016; Hertzberg et al., 2016).

6 Discussion

6.1 Terrestrial carbon storage and global mean benthic §12C

The long-standing explanation for mean benthic §'3C change across the deglaciation is an increase in the size of the terrestrial
biosphere (Shackleton, 1977; Curry et al., 1988; Duplessy et al., 1988). Here we compare the timing of changes in our global
mean §3C stack (i.e., a monotonic increase from 19-6 ka, Figure 4B) with model simulations and other terrestrial biosphere

reconstructions.
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A carbon isotope-enabled transient model from LPJ-DVGM simulated a mean ocean §'3C increase beginning at 21 ka, with
the most rapid changes occurring from 17-10.5 ka (Kaplan et al., 2002). In these experiments, the terrestrial biosphere began
expanding around 18-16.5 ka (Joos et al., 2004; Kohler et al., 2005) and rapidly increased from 17-9 ka, with 70% of terrestrial
carbon storage change occurring before the Holocene (11.5 ka) (Kaplan et al., 2002). fa-ourglobal-6-2CstackSimiliarly, 67%
of the change in our global 6'3C ehange-stack occurs between 19-11 ka while the remaining 33% of-6'3€-change-occurs from
11-6 ka.

Simulations from HadCM3 estimated that 45-70% of terrestrial biosphere expansion occurred between 18-14 ka (Davies-
Barnard et al., 2017). Dramatically different trends were observed from 14-6 ka in simulations with different assumptions about
carbon storage under glacial ice sheets and on continental shelves. The simulation that most closely resembles our global mean
§'3C stack is the simulation that releases carbon from under ice sheets to the atmosphere and does not accumulate carbon on
exposed continental shelves (Figure 5). This simulation is also the only one which agrees with terrestrial carbon storage change
estimates of 440 PgC based on whole-ocean mean § Bc change (e.g., Peterson et al., 2014).

Climate-model-simulations-of-the-Holoeene-Holocene simulations using a global pollen synthesis, the biomization method,
and vegetation-models-models of climate and vegetation (HadCM3, FAMOUS, and BIOME4) suggest that the global average
area for most carbon-rich megabiomes (i.e., excluding grasslands and dry shrubland) increased from 10-2 ka and net primary
productivity increased from 8-2 ka (Hoogakker et al., 2016). This is consistent with our observation that the global mean benthic
§13C trend continued until at least 6 ka. Dramatic land use changes from agricultural practices, another potential mechanism
for terrestrial carbon change, did not begin until 4.5 ka (Ruddiman and Ellis, 2009). More detailed evaluation of Holocene

terrestrial carbon storage changes will require improved spatial coverage for 6*3C records from 6-0 ka.

6.2 Globalmean-6'3C-and-deep-Deep Pacific and global mean §'3C

Previous studies have assumed deep Pacific 6'3C can be used as a proxy for global mean §'3C because the deep Pacific
constitutes about 30% of the ocean volume and is not strongly affected by shifting water mass boundaries (e.g., Shackleton
et al. (1983); Curry and Oppo (1997); Lisiecki et al. (2008)). From 20-6 ka, the global mean and deep Pacific & 13 stacks show
similar patterns of change (Figure 6) and fall along a tight regression line

§13C yrobar =+021.03+6:060.07%0 x §'3Cpp + 0-1480.19+0.01%o0
The two time series are highly correlated (r2=0.99), which is not surprising because the large volume of the deep Pacific

exerts a strong influence on the global mean §'3C stack. However;-when-When the stacks are pre-whitened to account for

autocorrelation (Table 2), their correlation f: is weaker (r2=0.47) but statisticall
significant (p=0-05)-Thestatistical-significa ati ime- al-ana

A-Alternatively, a carbon cycle box model simulated a strong correlation between deep Pacific §'3C and CO; across several
glacial cycles (r?=0.96) (Kéhler et al., 2010). The correlation between CO, and our deep Pacific 6'3C stack and-€O--is
statistically significant after pre-whitening (r?=0-620.57, p=6-6+0.03), but global mean §'3C and CO; are not (r*=6-200.28,

p=0-240.16). Our compilation of Pacific records is likely insufficient to determine whether deep Pacific §'3C correlates better
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with global mean §'2C or atmospheric CO,. This issue could be better resolved using a §'3C compilation spanning multiple

glacial cycles and including more deep Pacific sites.
6.3 Vertical 6'3C gradient and atmospheric CO-

The vertical 6'3C gradient (A§'3C;_ p) in our compilation resembles the inverse of CO, change across the deglaciation (Figure
7), as would be expected if they are both strongly influenced by changes in deep ocean carbon storage (Flower et al., 2000;
Oppo and Horowitz, 2000; Hodell et al., 2003). Alternatively, one orbital-scale study found a sronger-stronger correlation
with CO using the gradient between the deep Pacific and half the INA §'*C stack (A§'*C(;y4/2)—pp) Lisiecki (2010).
Both vertical §'3C gradients (A§'3C;_p and A513C( 1N A/2)—pp) decrease from 18-11 ka over the same time interval that
atmospheric CO; increases. In contrast, the global mean §'3C stack increases at a relatively steady pace from 19-6 ka. Thus,
the vertieal-613C gradientrecords-gradients record a distinctly different signal than the-global mean §'3C.

The vertieat-613C gradients decrease most rapidly across two time steps, 18-17 ka and 12-11 ka. The first change at 18
ka is approximately synchronous with the start of atmospheric CO; rise {Mareott-et-al-20+4)(Marcott et al., 2014; ?) and a
decrease of 0.3%o in the §'3C of atmospheric CO, (Eggleston et al., 2016). In the Southern Ocean at 18 ka, proxy records
indicate a decrease in aeolian dust deposition accompanied by lower marine productivity (Martinez-Garcia et al., 2009) and a
decrease in winter sea ice cover, which likely reduced vertical stratification (Ferrari et al., 2014). The second rapid change in
the vertical §'3C gradients at 12 ka approximately coincides with rapidly increasing atmospheric CO5 from 13-11.5 ka and a
decrease of 0.1%o in the §13C of atmospheric CO5.

From 11 to 6 ka, atmospheric CO5 remains nearly constant with a small (approximately 10 ppm) decrease from 11-8 ka.
Change-in-the-The vertical §'3C gradients is-are also relatively steady from 11-6 ka, with a slight increase in both gradients
from 9-8 ka. The small decrease in atmospheric CO; beginning at 11 ka (Marcott et al., 2014) has been variously attributed to
growth of the terrestrial biosphere, sea level rise, and an increase in gas exchange through reduced sea ice cover (Kaplan et al.,
2002; Joos et al., 2004; Kohler and Fischer, 2004; Kohler et al., 2005, 2010).

Although CO, correlates strongly with both A§3C;_p (r2=-9.98;Q.V9§) and A513C(1NA/2)_DP (r2=-9.98:/Q.A9§), we must
pre-whiten these time series to remove autocorrelation before assessing the statistical significance of their correlation. At
the 95% confidence level, atmospheric CO> significantly correlates with both A§'3C;_p (1?=-670:p<6:6+-0.51; p=0.03)
and AS3C(rna/2)—pp (=0:79-0.69; p<0.01) (Figure A1, Table 2). Better correlation with A§*3C s 4/2)—pp could be
because of better age control and higher resolution 6'2C records in the INA region than the other intermediate regions. Deter-
mining whether the A6*3C(;n 4/2)—pp gradient or the volsme-weighted-global vertical §'C gradient correlates better with
atmospheric CO- will require data with better spatial coverage and/or a longer time span.

Because our comparison of the vertical §'3C gradient and CO, could be affected by differences-in-timingeatsed-by-carbon
eyele-proeesses-lags within the carbon cycle or age model uncertainty, we additionally investigate whether the correlations

between CO, and the vertical §'3C gradient would be improved by age model shifts (Table 2). The correlation between COy is
maximized when A§'3C_ p tags-€O5-by-300-years-or-when-or Ad'3C 1y 4/2)— pp teadslags CO, by 200-400 years (Table
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2), both-ef-which-are-which is within the age uncertainty of the sediment core age models. Thus, changes in atmospheric CO,
and vertical 6'3C gradients appear synchronous to within age model uncertainty.
The-prevailing-proeesses-Processes that potentially explain atmospheric CO, change during glacial cycles include the effi-
ciency of the biological pump (Martinez-Garcia et al., 2009; Galbraith and Jaccard, 2015), circulation changes (Ferrari-et-al520144:acerra-
or a combination of these-and/or-other-multiple processes (Bauska et al., 2016; Skinner et al., 2017). These-Different processes
could influence the carbon cycle on different timescales (Bauska et al., 2016; Kohfeld and Chase, 2017) and/or in different
regions (e.g., (Gu et al., 2017)) ;-which-eould-eonfound-and complicate interpretations of which processes are most responsible
for atmospheric CO, change. However, because both productivity and circulation change would affect the vertical §'3C gra-
dient while changing atmospheric CO,, we interpret our results as supporting the importance of the deep ocean as a reservoir
for storing glacial carbon frem-related to either or both processes. Furthermore, these results support the use of vertical §3C

gradients as a proxy for glacial-interglacial CO change on both orbital and millennial timescales (Lisiecki, 2010).

7 Conclusions

We present regional §'3C stacks and volume-weighted intermediate, deep, and global mean §3C staek-stacks from a compi-
lation of +H7-127 benthic C. wuellerstorfi §13C records, which span 20 to 6 kyr with a mean age resolution better than 2 kyr.
Age models are based on %0 alignments to regional stacks with radiocarbon dating +-with-and age model uncertainties for

eaech-eore-of approximately 1-2 kyr. Qur compilation shows spatial patterns in benthic §'3C that are similar to higher resolution

reconstructions of the Holocene and Last Glacial Maximum. The volume-weighted mean §'°C change estimate-of-estimated

from these 127 records is 0.36%o0 (95% CI: %ﬁ%%&%m%eefeﬂfﬂaﬂ—smd’fﬁﬂ 23 t0 0.50%o), similar to the
estimate of Peterson et al. (2014) for 0.5-5 km based on 480

Importantly, this global compilation of benthic §'3C that-are-similar-to-hicher resolutionreconstructions-of the Holocene
and-ast-Glactal Maximum-time-slices—

The-global-mean-time series also allows us to evaluate the timing of change in the mean and vertical gradient of §'3C and
compare them with other carbon cycle changes. The volume-weighted global §'3C stack is-interpreted-asrecording-an-increase
in-the-size-of the-terrestrial-biosphere-increases from 19 to 6 ka and likely reflects terrestrial biosphere growth, in agreement with
modehngstudies(Kaplan-et-al;2002:Jooesetal;-2004)-model simulations (Kaplan et al., 2002; Joos et al., 2004; Davies-Barnard et al., 2(

To constrain the timing of the end of terrestrial biosphere expansion, future work should focus on extending this-estimate

stecords.

the global stack through the Late Holocene. Furthermore, the-§'3C changes from 20 ka to 6 ka suggest that a deep Pacific
§13C stack %ﬁbﬁmﬁ%ﬁ@ﬂ%ﬁwgobal mean §'3C with an offset of 6+48%o—Future-work-should-aim-to

| teat-0.19%. Vertical §1C
gradients --between intermediate and deep water (A§'3C;_p) and between the intermediate North Atlantic and deep Pacific
(Ad 13C( INA/2)—DPp) ~are-interprettedtare interpreted as proxies for ehanges-change in deep ocean carbon storage. We-find-that
millennial-seale- Millennial-scale features in A§'*C;_p and AG'3C 7y 4/2)— pp are significantly correlated with atmospheric
CO; changes from 20-6 ka.

14



Based on these eomparisonsanalyses, we conclude that the four-dimensional compilation of globally distributed §'3C time

series presented here provides useful constraints for global carbon cycle reconstructions and for comparison with deglacial

simulations from isotope-enabled Earth systems models.

Data availability. The original data and publication citations along with this data synthesis are made available in supplemental files.
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Figure 1. Locations of ++7-127 core sites compiled for this study, color coded by LGM ¢ 13C estimates at each core site. Markers indicate
locations of cores in the nine regions: INA = intermediate North Atlantic; UDNA = upper deep North Atlantic; LDNA = lower deep North
Atlantic; ISA = intermediate South Atlantic; DSA = deep South Atlantic; II = intermediate Indian; DI = deep Indian; IP = intermediate

Pacific; DP = deep Pacific.
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Figure 2. The three-dimensional structure of §*3C in Indian and Pacific Oceans (A-a and €c) and Atlantic (B-b and Bd) shown as zonally col-
lapsed cross sections (latitude vs. modern water depth) with the same marker scheme as in Figure 1. Dotted lines indicate region boundaries.
Colors show the §*3C value at each site for the LGM (20 ka, top row) and Holocene (6 ka, bottom row). Note that latitudes on the x-axis
are oriented so the Southern Ocean is in the center of the figure. Additional time slices (in 1-kyr intervals from 20-6 ka) and an animation of

deglacial 6*3C changes can be found in the supplemental materials.
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Figure 3. Regional stacks for the (Aa) Atlantic and (Bb) Indian and Pacific Oceans. Note the x- and y-axes are identically scaled. INA =
intermediate North Atlantic; UDNA = upper deep North Atlantic; LDNA = lower deep North Atlantic; ISA = intermediate South Atlantic;

DSA = deep South Atlantic; II = intermediate Indian; DI = deep Indian; IP = intermediate Pacific; DP = deep Pacific.
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Figure 4. Volume-weighted stacks. (Aa) The volume-weighted global stack is calculated based on all nine regional stacks. However, the
intermediate and deep stacks shown here only include Atlantic and Pacific data due to the small amount of Indian data. A comparison
of these stacks with ones which include the Indian stacks is provided in Figure Al. (Bb) Stack uncertainty as characterized by the 95%

confidence interval half-width shewing-the-change-in-uneertainty-across-the-deglaciationfor-of each stack.
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Figure 7. Comparison of atmospheric CO2 with beth-AP—(a) the vertical 53¢ gradient (aexcluding the data-sparse Indian regions) and
ASEC o m=prgradient(b) AS'°C(ryva/2)-pp- Both vertieal-gradients elosely-resemble-the-spliced-have a statistically significant
correlation with atmospheric COz records (red circles)-(Mareott-etal-20+4;- Monnin-et-ak;2004)-, b&t—fh&Aé—Gmm)—Dp—gmdiem
is—better—ecorrelated—with—atmospherie €Oy —from—20-6—ka? ). Reeall—the-The y-axes for (a) and (b) are scaled differently because
AGYC (1 4/2)- pp gradientisnotvolume-weighted-scales the intermediate North Atlantic stack by half before subtracting the deep Pacific
stack while the vertiealAP-0'°C gradient is vetume-weighted-heneethe right-y-axes-difference between the top-Atlantic-Pacific intermediate

and bettom-panels-are-not-directty comparabledeep stacks.
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Table 1. Region-details:-number-of sites-inctuded,-the regionat-Regional stack information. The total volume as-a-pereent-of represented by
the eore-depthrange-global stack of all nine regions (spanning 0.5-5 km ;-and excluding shallow inland seas, Southern Ocean, and Arctic
Ocean) s-and-is 77.7% of the mean-whole ocean. The volume of each region is listed as a percent of the global stack volume (rather than

whole ocean volume). For each stack we list its 6'3C estimates-value at the LGM (20 ka), Holocene (6 ka), and the Holocene & 13C minus
¢ 315-¢ Stre an-612Cvalues The 95% confidence interval for the global mean § 13c change

LGM §'3C difference. S
Region name Sites in stack  %Volume =  §3Cpri1(%0)  63C e (%o) ASBC yoi—n.cm(%o)
INA 18 5.0 1.06 1.24 -0.18
ISA 9-14 7.9 0:96-1.0_ 0:59-0.65_ 0.37
II 2 8.0 0.16 0.01 0.15
P 6 243 0.31 -0.02 0.32
Intermediater; -4 p_ 35 45.2 055057,  ©6290.30, 0.26,,
UDNA 49 5.4 0.92 0.44 0.48
LDNA 10 1.5 0.75 0.04 0.71
DSA +4-19 6.2 0:42-0.55 -0:38-0.24 0-80-0.79
DI 2 9.5 0.15 -0.46 0.61
DP 7 322 0.17 -0.16 0.33
Deepwmap. 82 54.8 031+0.33,  -042-0.10,, 0:430.42,,
Globalg=—y H7127 77.7* 6:370.39,, 6:6+0.03,,  0.36, (95% CI: 6:25t6-6:460.23 to 0.50)

*Volume of eore-depth-range-(0:5-5km)-all regions as a proportion of glebal-whole-ocean volume
= Yolume-weighted-6 2 Cvalues,,, Excluding the Indian Ocean regions
Volume-weighted §'3C values

+Atlantic, Indian, and Pacific Ocean regions
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Table 2. Correlation coefficients and p-values between pre-whitened records. We-pre-whitened-to-accountfor-autocorretated-Pre-whitening
reduces the impact of autocorrelation in the time seriesand-ealeutated—. Calculated p-values te-account for the reduced degrees of free-

dom ferin pre-whitened and /or-time-tagged-time-lagged correlations. WW%WWM
lead/hg&be%eﬁﬁeeﬁdﬁeﬂ&“tﬂﬁwm\m s the %@W atmospherlc C02 feeefd—m—}GO-yeaf—meremeﬂfs

refativeto-2 and the 513C st

Mafee%e%al—@@%&)ﬂt—%%mm

Record 1 Record 2 CO,, time shift (years) Pre-whitenedr?> Pre-whitened p-value
Global mean §'3C stack Deep Pacific 6'3C stack 0 0.46 0.05

CO, Deep Pacific 6'2C stack 0 0:62-0.57 6:608-0.02

COq Global §13C stack 0 0:20-0.28 0:24-0.16

COq Global §13C stack —500-600 6:35-0.39 0-42-0.09

CO, ASB3Cr_p 0 -0:70-0.51 0:002-0.03

COq ASB3Cr_p -+366-—400 -0:73-0.66 0:002-0.006

CO, A513C(1NA/2)_DP 0 -0:79-0.69 0:0002-0.003

CO, A613C(INA/2),DP —200-400_ -0:82-0.78 0:0002-0.0006
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Figure Al. (Aa) Two versions of the deep and intermediate stackswith—the—: AP stacks (solid lines) include only Atlantic and Pacific
regions and AIP stacks pletied—in—(dot-dashed lines) include Atlantic, Indian, and AP-—stacks—plotted—in—soldtinesPacific regions.
(Bb) The 95% C.I half-width for each stackin—thetegend—in—figure(A). (Ec) Comparison of CO2 and both—AP and AIP ver-

tical §'3C gradients. Both volume-weighted vertical gradients closely resemble the splieed—atmospheric CO2 records (red circles)
Mareottetal;20+4: Monnin-etal-2004)-(2) , but the-AIP éﬁmAAQfC eradient-(dashed green-blue line) is mere-neisy-and-slightly-meore
depleted-less smooth than the-AP 65\AM611 C gradient-(solid blue line) during the termination.
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Table A1l. Supplemental table of the name, location, region, and reference for each record in this eompilationd >C synthesis. Asterisks mark
cores for which we use the cited authors’ radiocarbon age model instead of using the regional age model from Stern and Lisiecki (2014) .

Core  Name Depth Region Reference
name e Fon (m) DoL
Latitude  Longitude
EWO209-HPc 59293 442 40567796 EPNA Curry-and-Oppo-(1997)-Sarntheipsel/dbi(d8949.1594/PANGAEA.54372

115 ma
GIK16006-1

GeoB7920-2 208349  48:6-71 2278803 UDNA  TjeHingiietah-(2008) SamthditpralEilon#) 0.1594/PANGAEA 54381
GIKIS666:6 INA

GeoB9568-5 5213 479:178 2384812  UDNA  Muliizaetal(2008)-Sarntheihttps:/doi.org/10.1594/PANGAEA. 134784

GIK16017 NA. Q04
GeoB9526 124522 A&+ 3223900 UDNA tess thdbicbre/10.1594/PANGAEA. 134554
GeoBET18 128 INA_ etal 2009)

GHI7049-6 55—}2\6/\1\1 267 %2& UDNA Jung-and-Sarnthein(20063)-Cahnttps://www.ncdc.noaa.gov/paleo/study/8720
OCE205-103GGC 81 INA - etal (2008

GHI705+ 562575 39 2295 UBNA Sarathein-etal—-1994)-Venz ehtth 1899w Hodelheaak¢2G03¢0/study/2550
ODP92 59 14 DA

GHK23415-9 532121 492 2472 UBNA Weineltetat~2003)Huels  https:/doi.org/10.1594/PANGAEA.55754
M35003:4 6120 1290 DAL Q00

KF3 376289  3+8 2690 UBNA Riehter-(+998)-Freudenthal et 02).pangaea.de/10.1594/PANGAEA.57859
MDB95-26460 40:6549  99-198 2465 UDNA Voetker-and-de-Abrea{(204H] ://doi.org/10.1594/PANGAEA.112916
GIK16004 207 2 A

ODP984 1650 INA

ObP9%O 555117 H4F 2168 UBNA Oppe-et-al—+2006)-Oppo and Raipbaiidsi(d8900).1594/PANGAEA.52404
V28127 01 10 DA

SY99-03 404356 3281 2475 UBNA Cortijo-etal-(1999) Weinelt andSaffdthieong/2008j94/PANGAEA.97104
GIK11944:2 76y mA

V29202 6+11.5 24794 2658 UBNA Oppe-and-tehman-(1995)Dehtepsical atwin¢d99dna. gov/paleo/study/2554
DSDPS02 1800 A

ENO66-16 55648 24+ 31452 UBNA Oppe-andFairbanks(+987)-Chitpsedbi (19880 1 594/PANGAEA.726195
V2814 27 185 DA

ENO66-21+ 42648 216 3995 UBNA Oppo-and-Fairbanks-(1987)-Milipset/dbi(@A06D. 1 594/PANGAEA.271549

GIK23519 26 185 DA



Core  Name Depth Region Reference

name Fat Fom (m) DorL,
Lattde  Longitude
UDNA
GH23418-8 526252 203 284+ Jung-and-Sarnthein(2004)-SahithsitidighaldRd)de/10.1594/PANGAEA. 54366
UDNA
1ObP-51368 49:9-158 242 3960 Hedelet-al+2008)-Sarntheinhitpd:/(d6Rgangaea.de/10.1594/PANGAEA . 54364
UDNA
KNRHO-50 4961 43221 3995 Curry-et-al1988)-Oppo https://www.ncdc.noaa.gov/paleo/study/21450
KNRHO-55 4937.6 429 4556 EBNA Curry-etal1988)yRichter  https://doi.org/10.1594/PANGAEA.66317
KFI3_ 318 2690 UDNA  (19%8
KNRHO-58 48212 -43-18.6 434+ EDNA Curry-etal{1988)-Sarnthein dttls (1 angaea.de/10.1594/PANGAEA.52049
GIK123285 78 UDNA
UDNA
KNRHO-66 46635 43407 3547 Curry-etal1988) Fronval  https://www.ncde.noaa.gov/paleo/study/2524
KNRHO-H 44555 437 3164 UDNA Jun and  Sarnthein  https://doi.org/10.1594/PANGAEA.112909
GIK17050 29 1 2003
UDNA Curry et al. (1988)
KNR110-82 43 435 2816 https://doi.org/10.1594/PANGAEA.357162
GIK23418-8 52.6_ =203 2841 UDNA Jun and  Sarnthein  https://doi.org/10.1594/PANGAEA.112915
2003
EN066-38 49 -20.5 2937 UDNA  Curry and Lohmann  https://doi.org/10.1594/PANGAEA.726019
1983
GIK15612-2 444 -26.5 3050 UDNA Sarnthein et al. (1994 https://doi.org/10.1594/PANGAEA 54369
KNR110-75 43 -43.4 3063 UDNA Curry et al. (1988)
https://doi.org/10.1594/PANGAEA.357161
UDNA Curry et al. (1988)
KNRHO-82 43435 435 2816 https://doi.org/10.1594/PANGAEA 52327
UDNA Curry et al. (1988)
KNRHO-9+ 48184 433 3810 https://doi.org/10.1029/PA003i003p00317
UDNA
MD95-2039 40:6378 o4 3384+ Sehéntfeld-et-al+2003)-Skinndrtipsd/ Sloacdetbi,. [300ADANGAEA.738036
55
ODbPR928 438 4042 EBNA Curry-and-Oppe2005)-Curryhttps://doi.org/10.1594/PANGAEA.726013
UDNA
SH96-39 52544 22-43.7 3955  Chapman-and ackleton-(HONBpCiidy iairgl.1(1988%/PANGAEA.357160
KNR110.71 3164
V22-197 142 -18.6 3167 U%
Beyle-(1992y-Curry et al. (1988)ps://doi.org/10.1594/PANGAEA.52291
UDNA

V23-8+ 543124 168 2393 Veumretat(1992)Zarriess athitvatlenane /(D01 594/PANGAEA.756414



Core name 409 99 4624 PSA  Hodetetak(200HReferencdOl

Latinde  Longitude  Depth Region
)

-42.9
OBP1090 4.9 8:94556 3702 BSACurry et al. (1988 Venz-and-Hodel-2002)-https://doi.org/10.1594/PANGAEA 357157
KNRI10:55 LDNA
PS2498 44217 —+42 3783 BSA Hedell-et-al+2003)-Bickert amdtp¥ofdoi. 0.1594/PANGAEA.103621
RE13-228 22331 +H2-20 3204 BSA Boyle-(1992)-Curry and  https://doi.org/10.1594/PANGAEA.726015
EN066:26 4745 LDNA  Lohmann (1983)

-19.7
V29435 25 8884998 2675 BSA—=Curry _ and  Sarnthein-etal-+994-https:/doi.org/10.1594/PANGAEA.726017
E/I\\IQ\@Q—\S/% INA/Q/I\\IQ Lohmann (1983
V36-49 62-37 232 3706767 DBSA Oppe-andFairbanks(1987)-Anttps 41d o1 999)10.1594/PANGAEA 54790
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Table A2. Correlation coefficients and p-values between records. The upper rows are-use the raw data, and the bottom rows are-the-use
pre-whitened data to account for autocorrelated time series. AIP gradients include Atlantic, Indian and Pacific regions, and AP graients
include only Atlantic and Pacific regions. To investigate possible leads/lags between records, we shift the atmospheric CO2 record in 100-
year increments relative to the §'3C stacks and, for brevity, list only the best correlations. All p-values account for reduction in degrees of
freedom due to either-pre-whitening and/or time shifting.

Record 1  Record 2 CO,, time shift (years) 12

CO, APFAIP A6'3Cr_p 0 -6:97-0.96

COq APFAIP AS'3Cr_p  +1060-700_ -0.99

COq AP A3Cr_p 0 -6:98-0.96

CO, AP A§3C;_p +606-—100 -6:98-0.97

COq A613C(1NA/2)_DP 0 -0.98

COq ASBCnaja-pp  —200400 -6:98-0.99

CO, Global 613C stack 0 0:93-0.94

CO; Global §'3C stack +1+606-800_ 6:950.97

Record 1  Record 2 CO, time shift (years) Pre-whitened r?  Pre-whitened p-value
CO, APFAIP Ad'3Cr—p 0 -6:39-0.25 0:08-0.19
COq APFAIP AS'3Cr_p  +906-800_ -6:86-0.62 6:6603-0.01
COq AP A3C;_p 0 -6:76-0.50 0:002-0.03
CO, AP A§3C;_p -+306-—400 -0:73-0.65 0:002-0.007
COq A513C(1NA/2)_DP 0 -6:79-0.69 0:6002-0.003
COq A613C(1NA/2),DP —200-+400 -0:82-0.78 0:6002-0.001
CO, Global §'3C stack 0 0:26-0.29 0:24-0.16
COq Global §'3C stack —500 036037 0-44+-0.10
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