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Version 0:

Reviewer comments:

Reviewer #1

(Remarks to the Author)

This very well written and beautifully illustrated manuscript describes climate model simulations of radiocarbon for the last
80,000 years, with a focus on Marine Reservoir Ages. | have only minor suggestions for improvements.

1)  would suggest to include statistics of model — data fit, such as root-mean-squared errors, bias (difference in means), and
correlation coefficients for all comparisons shown in Figs. 2, 3 and 4

2) How realistic is the AMOC simulation? Recent papers by Oppo (10.1002/2014PA002667), Repschlaeger
(10.1016/j.quascirev.2021.107145) and Poeppelmeier (10.1038/s41561-023-01140-3) suggest the AMOC was not
shutdown during HS1. May warrant a brief discussion.

3) The point made in lines 118-122 is a good one. Consider mentioning it in the abstract. | think it will be useful for other
modelers who don’t usually do that.

See attached annotated documents for more minor issues.

In the caption of Fig. S1 there is a typo for the age of HS1.

It would be good to make the data available at a repository.

Andreas Schmittner

Reviewer #2

(Remarks to the Author)
The review is provided as attached pdf file

Version 1:
Reviewer comments:
Reviewer #1

(Remarks to the Author)
I'm satisfied with the revisions and recommend publication.

Reviewer #2

(Remarks to the Author)
The reference to Galbraith et al. (2015) points to a paper which is not relevant to the present work. The right reference is



another work by Galbraith et al., also published in 2015.

Hence, this reference

Galbraith, E.D., Dunne, J.P., Gnanadesikan, A., Slater, R.D., Sarmiento, J.L., Dufour, C.O., de Souza, 410 G.F., Bianchi, D.,
Claret, M., Rodgers, K.B., Marvasti, S.S., 2015. Complex functionality with 411 minimal computation: Promise and pitfalls of
reduced-tracer ocean biogeochemistry 412 models. Journal of Advances in Modeling Earth Systems 7, 2012-2028. 413
https://doi.org/10.1002/2015MS000463

should be replaced by this one

Galbraith, E. D., E. Y. Kwon, D. Bianchi, M. P. Hain, and J. L. Sarmiento, 2015. The impact of atmospheric pCO2 on carbon
isotope ratios of the atmosphere and ocean. Global Biogeochem. Cycles, 29, 307-324. doi: 10.1002/2014GB004929.
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Reply to Review #1

We thank Andreas Schmittner his constructive review. Please find our detailed answers to the
specific issues further below. Our answers as well as the changes made in the revised manuscript
are highlighted in blue. Please note that the figures showing meridional *C age distributions now
also include benthic-Planktic (B-P) **C ages, regardless of his review.

Reviewer #1 (Remarks to the Author):

This very well written and beautifully illustrated manuscript describes climate model simulations
of radiocarbon for the last 80,000 years, with a focus on Marine Reservoir Ages. | have only minor
suggestions for improvements.

1) I would suggest to include statistics of model - data fit, such as root-mean-squared errors, bias
(difference in means), and correlation coefficients for all comparisons shown in Figs. 2, 3 and 4.

We now report these uncertainty measures in Table S1 that can be found in the Supplementary
Information (lines 69-73). For better readability, we only report the biases in the main text and
refer to Table S1 for the other uncertainty values.

2) How realistic is the AMOC simulation? Recent papers by Oppo (10.1002/2014PA002667),
Repschlaeger (10.1016/j.quascirev.2021.107145) and Poeppelmeier (10.1038/s41561-023-
01140-3) suggest the AMOC was not shutdown during H51. May warrant a brief discussion.

We now briefly discuss that an AMOC shutdown during HS1 has been questioned in view of proxy
data other than 231Pa / ?®°Th, and that Péppelmeier et al. (2023) reject this hypothesis because a
shutdown would lead to unrealistically high benthic-planktic (B-P) **C ages of more than 2500
years in the North Atlantic. Regarding *C, we think that the evidence against an AMOC shutdown
is not really convincing because our B-P 1C ages in the North Atlantic are much lower (which is
shown in an additional Supplementary Figure, Fig. S5 (lines 61-68 in the Supplementary
Information). In fact, our B-P **C ages during HS1 are in line with a new high-resolution *C record
from the equatorial West Atlantic (Jena et al., 2026). See lines 183-191 in the revised manuscript.

3) The point made in lines 118-122 is a good one. Consider mentioning it in the abstract. | think
it will be useful for other modelers who don't usually do that.

Done, see lines 28-30.

See attached annotated documents for more minor issues.
In the caption of Fig. S1 there is a typo for the age of HS1.

Corrected to 17.5 ka, see line 29 in the Supplementary Material.

It would be good to make the data available at a repository.



We are going to upload the data to the PANGAEA repository as soon as the manuscript is accepted
for publication.

Annotated issues:

Line 78: What's the cutoff?

The cutoff is 50° and is now mentioned in line 80

Lines 91-92: Is that shown somewhere?

Not really (but it could be inferred from Fig. 3). This is now clarified in line 94.

Line 98: how realistic is this AMOC evolution?

See our reply to suggestion #2 further above.

Lines 99-106: Report statistics such as RMS errors and correlation coefficients

RMS errors of modelled A¥C are 40 %o for CLIMBER-X and 45 %o for LSG, respectively. Model
biases (the differences in modelled and observed means) are -7 %o for CLIMBER-X and -25 %o for
LSG. Errors and biases are rounded to integers. Correlation coefficients are r = 0.912 for CLIMBER-
Xand r =0.922 for LSG. The biases are reported in the revision in lines 104-105, RMS errors and
correlation coefficients can be found in Supplementary Table S1 (lines 69-73).

Lines 118-122: Good point

Thank you. Note that it has been slightly rephrased following the suggestion of Reviewer #2 (line
126).

Line 123: Report statistics such as mean (bias), RSME, r

The overall model bias is -379 4C years with an RMSE of 653 'C years; r = 0.416. In the main text
we report only the bias (lines 131-133) and refer to Supplementary Table S1 for the other values
(lines 69-73 in the Supplementary Information).

Lines 128-130: Could it also be an issue with the data? There are a few very high data points also
in the tropics, which seem unrealistic.

This is a valid point but it is difficult for us as modellers to judge the data quality of observations.
We now note that at some locations the observations exhibit questionably strong scatter (lines
144-145). Note that Figure 3c has been redrawn now showing the average of multiple
observations at the same site; however, the resulting changes are barely visible.

Line 142: Report statistics



The overall bias is -483 *C years with an RMSE of 649 *C years; r = 0.753. In the main text we
report only the bias (lines 152-153) and refer to Table S1 for all other numbers (lines 69-73 in the
Supplementary Information).

Lines 172-173: Seems inconsistent with recent work by Oppo (10.1002/2014PA002667),
Repschlaeger (10.1016/j.quascirev.2021.107145) and Poeppelmeier (10.1038/s41561-023-
01140-3)

See our reply to suggestion #2 further above.

Line 176: What does the acronym stand for?

“Virtual Axial Dipole Moments*“, referring to the palaeomagnetic production reconstruction. We
decided to rename this experiment to “P_pmag"“ where “pmag"” stands for “paleomagnetic
reconstruction” (line 165).

Line 243: How long did the full run take?

Do you mean in real time? A simulation over 70 kyr takes about 10 days using 36 nodes at AWI's
NEC Linux cluster “Albedo“ which is now mentioned at lines 243-244.

Line 552: Specify if this is surface only or full depth average.

The results refer to the sea surface which is clarified in line 600.

Reference

Jena, P. S., Chiessi, C. M., Beese, |., Butzin, M., Dias, B. B., Campos, M. C., Lohmann, G., Mulitza,
S., 2026 (in press). Centennial-scale intensifications of the Atlantic Meridional Overturning
Circulation during Heinrich Stadial 1. Nature Communications,
https://doi.org/10.1038/541467-026-73364-x



Reply to Review #2

We thank Reviewer #2 for his / her constructive review. Please find our detailed answers to the
specific issues further below. Our answers as well as the changes made in the revised manuscript
are highlighted in blue. Please note that the figures showing meridional **C age distributions now
also include benthic-Planktic (B-P) **C ages, regardless of his / her review.

Comments on the manuscript by Butzin et al.

"Marine radiocarbon reservoir age simulations for the past 50,000 years revisited"
(COMMSENV-25-5679)

In this work the authors study the evolution of Marine Reservoir Age (MRA) over the past fifty
thousand years with the help of an Earth system model of intermediate complexity.

There are two distinct parts in their work.

First they constrain the atmospheric A¥C to follow the Intcal20 and SHcal20 reconstructions.
Under that scenario, they compare the MRAs with those previously obtained with an ocean
global circulation model under different circulation scenarios (hence, the mention ‘revisited’ in
the title of the paper). In this first part they also examine the impact of initial conditions on the
final radiocarbon distribution in the ocean. In the second part, the model is forced with
cosmogenic radiocarbon production in the atmosphere. Two sensitivity experiments were
performed, one with a reconstructed rate, and one with a constant rate, allowing for
disentangling the influence of ocean circulation changes and changes in the production rates on
MRA. A very short discussion on the interhemispheric A¥C gradient then follows. The authors
then conclude that the interhemispheric A¥C gradient was much larger during the Laschamps
event (~ 41 ka BP) than predicted by the reconstructions.

The manuscript is well structured and clear to read. However, there are several points of concern.

I am not convinced by the explanation of the difference between the MRA predicted by the LSG
and by CLIMBER-X (lines 95-99). Given that the air-sea exchange of radiocarbon is very slow, a
more vigorous ocean ventilation would result in an increase of the difference between the
radiocarbon content in the surface layer and in the atmosphere, since the faster renewal of
surface waters would allow for less time to equilibrate. | suspect that the larger MRA obtained
with the LSG are due to a more vigorous vertical mixing in that model. Did the authors examine
the difference in background vertical mixing (explicit and numerical) and mixed layer depth
between the LSG and CLIMBER-X?

In a homogeneous system (or averaged over large scales) the opposite is the case: A more
vigorous meridional overturning circulation (MOC) decreases the gradient between the
atmosphere (where there is the only source of 1*C) and the deep sea (sink) because the interior of
the ocean is faster renewed. Having said that, we agree that mixing may play a more important
role for MRAs than the MOC. In fact, the vertical diffusivity in the LSG model is significantly
stronger than in CLIMBER-X, namely up to three times in the upper 500 m of the ocean. In addition,
the LSG model does not include a specific mixed layer model while this is the case in CLIMBER-X.



As a result, mixed layer depths (considering a density threshold of Ace = 0.125 kg m™ with respect
to the sea surface following Monterey and Levitus, 1997) in subpolar and subtropical subduction
regions appear to be higher in the LSG simulations than in CLIMBER-X. However, the size of this
effect is somewhat uncertain as only annual-mean temperatures and salinities are available from
the LSG model (which was run for the last time in 2020 at a computer which is no longer in
operation). We rephrased as follows (lines 97-102): “This is due to weaker vertical mixing in the
upper ocean and stronger near-surface winds in CLIMBER-X. Both lead to a smaller isotopic
disequilibrium between the sea surface and the atmosphere than in the LSG model, in which the
upper (lower) bound of MRAs corresponds to the scenario with the weakest (strongest) *CO, air-
sea fluxes as well as the weakest (strongest) meridional overturning circulation in the Atlantic
(AMOC).“

The transient climate simulation should be discussed further. Over the deglaciation, the results
presented here differ in several aspects from previously published ones under the same ice-
sheet scenario (Masoum et al., 2024). For example, in this study, the changes in AMOC at the end
of Heinrich 1 event are much larger than obtained by Masoum et al. (2024) in the PaleoMist
scenario.

The AMOC changes in our paper are much larger because we apply a more recent model version
of CLIMBER-X than Masoum et al., 2024 (version 3 instead of version 2). Version 3 includes an
updated parametrization of frictional processes in the bottom water layer of the ocean caused
by the topographic drag. This is now clarified in line 254-256. See also our reply to Reviewer #1
and lines 183-191 in the revision regarding the realism of an AMOC shutdown.

How well is the present-day ocean state represented at the end of the long transient simulation?
| agree that A¥C in 1990 is reasonably reproduced (Fig. 4), but how do temperature and salinity
distributions compare to observations?

We now compare simulated temperatures and salinities with gridded observations according to
World Ocean Atlas 2023 (WOA23; decadal averages of the period 1985-94 corresponding to the
period of GLODAP bomb “C observations). Temperature biases are 0.43 °C at the sea surface
(SST) and -0.23 °C considering zonal-mean values in the interior of the Atlantic and Pacific (ZMT).
Salinity biases are 0.10 at the sea surface (SSS) and 0.01 considering zonal-mean values in the
interior of Atlantic and Pacific (ZMS). Regional uncertainties are summarized in terms of root
mean square errors (RMSE) and correlation coefficients (r). Values for temperature are RMSEsst
= 2.0 °C, RMSEzyr = 1.51 °C, rsst = 0.982, and rzyr = 0979. Regional uncertainties of salinities are
RMSEsss = 1.8, RMSE s = 0.37, rsss = 0.718, and rs = 0.854. See the new Figure S2 and lines 34-43
in the Supplementary Information.

The differences observed in 1950 and 1990 between experiments IntSH20 and SpinHist (Fig. 4)
are not solely explained by the longer or shorter transient **C input history as claimed on lines
120-122. In 1950 or 1990, the ocean circulation obtained with IntSH20 is most probably very
different from that obtained with SpinHist. Indeed, in IntSH20, the ocean has been adjusting to



a varying climate forcing over 70 kyr in addition to the transient *C input. The SpinHist
experiment which starts in 1850 from a long spin-up with steady climate forcing is not influenced
by the long term climate trend. Differences in the radiocarbon distribution between IntSH20 and
SpinHist also result from the different climate scenarios and are not only due to the duration of
the transient atmospheric radiocarbon forcing.

We agree and modified the sentence accordingly to “This indicates that a thorough model
evaluation with *C observations is misleading if a simulation does not include a sufficiently long
(millennial rather than centennial) transient climate and 4C input history”, line 126.

The reconstruction of the radiocarbon production rate, which is central to this study, is not
sufficiently discussed. What is the sensitivity of the production rate to the various
parametrizations? How does the reconstruction of **C production in this study compare to other
reconstructions?

As described in lines 331-334, we spliced three geomagnetic field reconstructions into one
continuous record to estimate geomagnetic field intensity changes over the last 70,000 years.
Obviously, other production rate reconstructions are available (for a comparison see e.g. Dinauer
et al. 2020 or Kéhler et al. 2022) but their differences are not resolved and it is beyond the scope
of the paper to attempt to do so. Compared to previous reconstructions, our VADM-based *C-
production rate has a stronger long-term trend, and hence, comes closer to the 700-800 %o during
the Laschamps excursion but instead is 50 %o too high during the preindustrial (lines 221-225 in
the main text).

Regarding the parametrization of the production rate calculation from VADM, the sensitivity to
the applied parameters is very low (typically below 2 %). This is because the reconstructed
production rates are normalized and used as a multiplier of the steady-state “C production rate
in the model. Hence, choosing a different solar modulation potential, a different Local Interstellar
Spectrum, or a different parametrization for the derivation of cutoff-rigidities from VADM are
below 2 % (see the figure below). The only exception is during the peak of the Laschamps
geomagnetic field minimum, where a systematically different solar modulation would have larger
effects. However, there is no evidence for a such a difference and solar cycles occurred in a similar
manner as today (Wagner et al., 2001).
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We added to the section “Reconstruction of *C production rate changes” (lines 339-345):

“The used production rate changes are relatively insensitive to the exact choice of the above
mentioned parameters due to their normalization prior to multiplication with **P.*. Other sets of
parameters yield differences of less than 2 % except during the period of the lowest VADM during
the Laschamps event, in case systematically different solar modulation is assumed. However,
there is no evidence for. However, there is no evidence for a such a difference and solar cycles
occurred in a similar manner as today (Wagner et al., 2001).”

It is not clear whether the **C production rate at a given time is homogeneous over the globe or
varies with location. Are the *P¢ rates in the three latitude bands and in Egs (5) to (7) identical?
| suppose they are not. Could the authors illustrate the temporal evolution of *P¢ in the three
latitude bands?

The *“C production rates are globally homogeneous, which is clarified in lines 306-307.
Equations (5) to (7) are erroneous. It seems there is a confusion between terms driving the

radiocarbon ratio (**R) and terms controlling the radiocarbon concentration (}*C) in the
atmosphere.

We disagree, in equations (5) to (7) the total amount of **C is conserved. We demonstrate this for
the mass balance of total C the northern atmosphere zone which reads

(’) d/dt 14I\/’A,N = 14PC,N - A 14MA,N - 14HA,N%A,T - JII4F*A,N%O,N dSN
where

(ii) UMan=Y"Ran Xa Man



is the total amount of 1*C in the northern atmosphere (mol s!) for a CO, volume mixing ratio x
and total molecular inventory My, and *P¢y and A 1*M, y denote production and radioactive
decay of total *C (each in mol s™). The third term at the right-hand side in (i) is the hemispheric
exchange rate (mol s!) between the northern (N) and tropical (T) atmosphere zones,

(iii) 14HA,N—>A,T = “HN-T 14RA,N Xa MaN + UTon 14RA,T Xa Ma 1

(iv) 14HA,N—>A,T = "HNn-T 14RA,N XaMa/ 4+ Uron 14RA,T XaMa/ 2= -lUnst (14RA,N - 14RA,T) XaMa/ 4
with

(v) Ma =4 Mpn = 2 My 1 = total molecular inventory of the global atmosphere.

The fourth term at the right-hand side in (i) is the air-sea exchange flux of **C integrated over the
surface area dSy (mol s71). Applying equation (2) from the paper,

(vi) JTF* anson dSn = [[**Fan-on Coic, dSn.

In the following we apply equation (v) to (ii) and to *Pcy = Pc / 4, where *P¢ is the global
production rate. Inserting (ii), (vi), (v), and (vi), equation (i) becomes

(Vl) [(d/dt 14RA,N) Xp + 14RA (d/dt XA)] MA / 4
=MPc/ 4- X Ran Xa Ma/ 4 - Unst (Y*Ran - ¥Rat) Xa Ma/ 4 - [[Fan-on Coic, dSn

or, with (d/dt xa) / xa = d /dt In x,,

(VH) d/dt 14RA,N + 14RA (d/dt In XA)
=P/ (Xa Ma) - A Ran - Unos (M*Ran - Y*Rat) - 4 [[¥Fan—on Coic, dSn 7 (Xa Ma)

Equation (vii) is equation (5) in the paper, except for the denominator below **P. (which was
originally defined differently and implicitly included x,-M,; this has now been changed for clarity
in lines 313-315) and for the small term d/dt In x, on the left-hand side. In the model this term is
formally neglected but implicitly taken into account, as atmospheric CO, is updated at each time
step. The derivation of equations (6) and (7) is analogous.

Line 39 : that we carried out... (suppress the ‘had’).

Changed accordingly, see line 41.

Figure 1 & line 84: With respect to the timing of Laschamps event, it would help the reader to
superimpose a plot of the reconstructed A*C, in Figure 1.

Done, see the new Figure 1 in the revision (line 596).

Line 77: Could the authors document the difference between the atmospheric A“C
reconstructions used with CLIMBER-X and with LSG?



The LSG model simulations were forced with globally homogeneous values of atmospheric A*C
according to IntCal20 which is clarified in lines 604-605.

Line 97: Since the envelope of MRA obtained with the LSG results from the combination of three
scenarios (PD, GS, and CS), it is not only the AMOC strength in scenario GS that should be
considered here.

This is certainly true and has been rephrased (lines 97-102), see also our reply to the to first
comment.
Line 164: there is no Section 3,3.

Corrected to “discussed further below*, line 171

Line170: Galbraith et al. (2015) is not the right reference here.

We would appreciate if Reviewer #2 could explain why this paper should not be the right reference
here. Galbraith et al. (2015) present a derivation of the different air-sea equilibration time scales
of 12C, 13C, and “C. They show that the equilibration of *C directly depends on pCO, (while the
equilibration of 12C depends on the CO, buffer capacity; cf. their equations (A1) - (A15)), and they
explicitly discuss the consequences of this effect on MRAs (cf. Section 4.2 in their paper).

Lines 172 & 174: adding the evolution of atmospheric pCO, in Figs 1 and 5 would really help the
reader.

Figures 1 and 5 have been enhanced accordingly, see lines 596 and 635.

Line 212: Dinauer et al. (2020) is missing in the reference list.

Amended, cf. lines 394-396.

Line 240: Nonetheless, our simulations predict less sea ice... (instead of ‘arrive at’).

Changed accordingly, see line 261.

Lines 249 & 318: The production rate should be in atoms cm? s,

Corrected, see lines 270 and 307.

Line 269: The units of *F, as given by Eq. (2) are m s, not m? s,

Corrected, see line 290.

Line 305: The age that is reported by Eq. (8) is the Marine Radiocarbon Age (MRA); hence, line
305 should read: ‘We report marine radiocarbon ages...".



Changed accordingly, see line 326.

Figure 3a: the caption mentions that the observations by Rubin and Key are identified by means
of triangles. However, | do not identify any triangle in Fig. 3a.

Amended, see Fig. 3a near line 614 (it is a mystery to us how the symbols could disappear from
the figure).
Figure S1, caption: the range for H1 is 15-17.5, not 15-7.5.

Corrected, see line 29 in the Supplementary Information.
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Reply to the Reviews

Our answers are highlighted in blue.

Reviewer #1 (Remarks to the Author): I'm satisfied with the revisions and recommend

publication.

We thank Reviewer #1 for reviewing.

Reviewer #2 (Remarks to the Author):

The reference to Galbraith et al. (2015) points to a paper which is not relevant to the present
work. The right reference is another work by Galbraith et al., also published in 2015. Hence, this

reference

Galbraith, E.D., Dunne, J.P., Gnanadesikan, A., Slater, R.D., Sarmiento, J.L., Dufour, C.O., de Souza,
410 G.F., Bianchi, D., Claret, M., Rodgers, K.B., Marvasti, S.S., 2015. Complex functionality with
411 minimal computation: Promise and pitfalls of reduced-tracer ocean biogeochemistry 412
models. Journal of Advances in Modeling Earth Systems 7, 2012-2028. 413
https://doi.org/10.1002/2015MS000463

should be replaced by this one

Galbraith, E. D., E. Y. Kwon, D. Bianchi, M. P. Hain, and J. L. Sarmiento, 2015. The impact of
atmospheric pCO2 on carbon isotope ratios of the atmosphere and ocean. Global Biogeochem.
Cycles, 29, 307-324. doi: 10.1002/2014GB004929.

We thank Reviewer #2 for reviewing and replaced the erroneous reference accordingly, see lines
376-378 in the revision.
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Abstract

Marine radiocarbon (1C) archives are depleted relative to the atmospheric 1*C reservoir, which
is commonly expressed as the Marine *C Reservoir Age (MRA). Here we apply the Earth system
model of intermediate complexity CLIMBER-X equipped with **C to simulate the MRA evolution
over the past 50,000 years. Globally, our simulated MRAs range from 400 to 1200 *C years and
are systematically lower than previous estimates from the uncoupled LSG ocean general
circulation model, which is mainly due to stronger ocean ventilation in CLIMBER-X. Short-term
MRA variations are dominated by changes in cosmogenic **C production, while glacial-interglacial
climate variations exert slower and damped effects. From the coupled evolution of atmospheric
and marine C in these simulations we infer that during the Laschamps geomagnetic excursion
the interhemispheric *C gradient in the atmosphere was up to twice as large as previously
estimated.
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Introduction

The most recent radiocarbon (**C) calibration curve IntCal20 (Reimer et al., 2020) has not been
entirely derived from terrestrial **C archives. For times prior to the continuous tree record (~ 14
ka BP) IntCal20 has also considered absolutely dated speleothems, terrestrial macrofossils, and
marine records from corals as well as foraminifera. Marine *C archives are systematically
depleted relative to the atmospheric **C reservoir, which must be corrected for in *C dating. The
depletion is typically expressed in terms of the Marine Reservoir Age (MRA) which is the **C age
of seawater relative to the overlaying atmosphere. In the case of IntCal20, the MRA correction
of the marine archives was supported by long-term simulations of **C that we had carried out
with the Large-Scale Geostrophic (LSG) ocean general circulation model (Butzin et al., 2020). The
LSG model was not fully coupled to the atmosphere. It considered transient input values of
atmospheric *C (reconstructed from the Hulu cave record; Cheng et al., 2018) but did not
incorporate transient climate forcing. Instead, the LSG model considered various characteristic
scenarios of constant climate forcing intended to represent the range of past glacial to deglacial
climate variability. The original idea of this approach was to vary (or mix) between the upper and
lower bounds of the climate scenarios and their corresponding MRA outcomes by means of
expert knowledge. However, to avoid the potential pitfalls of such subjective reasoning, IntCal20
ultimately only considered the MRA results of a single intermediate climate scenario. A further
shortcoming was that the LSG model did not include a prognostic sea ice module but inherited
sea ice from the atmosphere general circulation model ECHAM, which also provided the other
climate forcing fields (Lohmann & Lorenz, 2000). The ECHAM model itself only included
reconstructed glacial sea surface temperatures which are considered outdated now (CLIMAP
Project Members, 1981; Sarnthein et al., 2003). All in all, this *C modelling approach is no longer
up to date. Here, we replace the LSG model with a more comprehensive model that overcomes

the aforementioned limitations.

Simulations of marine *C are computationally challenging, even if the entire *C dating range of
~ 50,000 years is not targeted. The deep sea contains a large pool of slowly decaying dissolved
inorganic *C which is only slowly ventilated with atmospheric *CO,. This implies that a well-
defined initial state is only reached after several thousands of years of model integration (e.g.,
Aumont et al., 1998; Orr et al., 2017). In addition, marine **C observations of the past are often
based on corals and sediment cores from sites that would require high spatial model resolution,
which would further increase the computational costs. We are not aware of a comprehensive
Earth system model that could be applied to simulate *C over tens of thousands of years at such
sufficiently high spatial resolution in the ocean. Here, we prioritize model speed over resolution
and apply the Earth System Model of Intermediate Complexity (EMIC) CLIMBER-X (Willeit et al.,
2022; 2023) that we have equipped with **C to revisit our previous MRA simulations.

In the following, we present new MRA simulation results obtained with prescribed atmospheric
14C, compare them with previous LSG model results, and discuss potential implications for the
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above-mentioned initial value problem as well as for the calibration of ocean models using *C.
Then we will broaden the perspective and discuss **C simulations with cosmogenic *C production
forcing. While these simulations primarily aim at an improved understanding of the drivers of
past MRA variability, we will also address aspects of atmospheric *C variations in the past.

Results and discussion

MRA evolution in simulations with prescribed atmospheric A**C

In this scenario CLIMBER-X is driven with reconstructed values of atmospheric A™C (A'C,),
similar (but not identical) to the simulations with the LSG model. First we consider the long-term
evolution of global-mean MRAs, disregarding the polar latitudes where sea ice could cause
considerable regional *C age anomalies. Our simulated global MRAs vary between ~ 400 and
1200 4C years, where the highest values are reached at 42 ka BP shortly before the geomagnetic
field minimum of the Laschamps geomagnetic excursion (~ 41 ka BP, e.g. Channell and Vigliotti,
2019) when the rates of change in geomagnetic field strength, and thus, transient changes in *4C
production, are largest (Fig. 1). Similar to our previous simulations with the LSG model (Butzin et
al., 2017; 2020), this major MRA excursion occurs prior to the reconstructed peak of A*C, in the
atmosphere. Between 30 and 20 ka CLIMBER-X simulates a slow decline of global MRAs from
about 700 to 600 C years which is superimposed by centennial-scale MRA fluctuations of about
+ 100 *C years. During the last deglaciation the global MRA declined to ~ 400 *C years in the
early Holocene which was interrupted by two MRA excursions of 100 to 200 **C years near 15
and 13 ka BP, shortly before the Bgalling-Allerad (BA) and the Younger Dryas (YD) periods,
respectively. In the Holocene the global MRA varied between 400 and 600 *C years with a
preindustrial value of 430 1“C years in 1850 CE. In the 20t century the global MRA declined to
320 *C years in 1950 CE, which is slightly higher than the value of 290 “C years that can be
estimated from gridded prenuclear GLODAP observations (Key et al., 2004). Overall, the long-
term MRA transients of CLIMBER-X and LSG tend to run parallel, but the CLIMBER-X MRA values
are systematically lower. This can be explained with a stronger ocean ventilation in CLIMBER-X,
which is due to a stronger meridional overturning circulation in the Atlantic (AMOC, by about
40 % compared to LSG scenario GS regarding the long-term average of the streamfunction
maximum; see also Supplementary Fig. 1) as well as due to a higher gas transfer velocity for **CO,
(at the LGM by about 4 % when globally averaged between 50°N - 50°S; not shown).

A comparison with ACp,c records of (sub) tropical corals between 13 and 25 ka BP yields that
the CLIMBER-X values roughly align with the observations (Fig. 2a). On the other hand, the LSG
results for A¥™Cpc are mostly lower than the observations (Fig. 2b) which translates to
systematically elevated regional MRAs. This indicates that, at least between 13 and 25 ka BP and
in the low-latitude regions, the revised CLIMBER-X MRAs are more realistic than the previous
LSG model results.
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As ACpc and hence MRA values can vary significantly between regions, we take a closer look at
the spatial distribution of MRAs in the recent past and during the LGM. Our starting point is the
20™ century as this is the period with the most comprehensive database of marine “C
observations. We focus on the prenuclear state in 1950 CE which is more representative for the
Holocene than more recent decades. Our simulation captures the large-scale pattern of observed
MRAs, such as minimum values in the subtropics and maximum values in the Southern Ocean
(Fig. 3a). However, the model overestimates MRAs in the tropical oceans, particularly in the
eastern upwelling zones. Our simulated MRAs also tend to be too high in the northern North
Atlantic while they tend to be too low in the Southern Ocean. These biases become more
apparent after the bomb *C pulse in the 1990s (Fig. 3b). We note that the bomb pulse not only
increases 1%C ages at the surface but also in the deep sea, where it also amplifies model biases
such as the overly weak and shallow ventilation, visible in higher benthic-atmospheric (B-Atm)
14C ages than observed (Fig. 4). We also note that another bomb pulse **C simulation that was
directly started from the preindustrial steady-state conditions at the end of the initial model
spin-up displays different biases (also shown in Fig. 4). This indicates that a thorough model
evaluation with 1*C observations is misleading if a simulation does not include a sufficiently long
(millennial rather than centennial) transient **C input history.

Turning to the LGM (here defined as the period 19.0 - 21.8 ka BP following Skinner et al., 2023),
we find that CLIMBER-X yields MRAs ranging from 300 *C years in the subtropical oceans to
about 1600 “C years in the Southern Ocean (Fig. 3c), which results in global-mean MRA values
of about 600 *C years within 50°N and 50°S, and of 670 *C years including the polar oceans. Our
simulation does not reproduce the high MRAs of about 2000 “C years (or more) observed at
subarctic and subantarctic sites. This is probably due to the insufficient sea ice extent of CLIMBER-
X in these regions compared to reconstructed values (Paul et al., 2021; see Supplementary Fig.
S2), which could lead to excessive air-sea exchange of **CO, there. A striking difference to the
earlier LSG model simulation results (e.g., Butzin et al., 2020) is that the MRAs of this study are
considerably lower not only at the sea ice margins but also in fully ice-covered areas. As the sea
ice extent and thickness in the LSG model were adjusted ad hoc, we think that its polar MRA
values are spuriously high. This is also indicated by the rapid and counterintuitive decline of sub-
surface MRAs in ice-covered regions seen in LSG model simulations (cf. Fig. 3 in Butzin et al.,
2017). As for the non-polar oceans, we find that CLIMBER-X, like the LSG model, underestimates
MRAs at coastal sites and in upwelling regions. Multi-scale ocean modelling has shown that local
dynamics can substantially modulate MRAs there (Lohmann et al., 2020). Such effects are only
partially represented in simplified models which may explain some of the remaining
discrepancies between simulated and observed patterns.

A brief inspection of B-Atm %C ages in the interior of the glacial oceans yields that our results are
qualitatively in line with observations (Supplementary Fig. 3). Our simulation captures the

pattern of deeper ocean ventilation in the North Atlantic than in the North Pacific, but the entire
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Pacific below about 1.5 km depth is too young compared to observations.This may reflect the
aforementioned low-MRA biases at the sea surface in high-latitude source water regions.
However, the LSG model simulation for the LGM with considerably older polar-subpolar surface
waters also fails to reproduce the high B-Atm *C ages reconstructed in the Pacific (not shown).
Neither simulation accounts for the injection of *C-dead geologic carbon at the sea floor, which
has been proposed to explain the anomalously old glacial - deglacial high **C ages observed at
some locations in the Pacific (Rafter et al., 2019; Stott et al., 2019).

MRA evolution in simulations with prescribed cosmogenic 1“C production

In the previous simulations the MRA evolution was subject to prescribed AC variations in the
atmosphere. These variations reflect changes in cosmogenic *C production (i.e., changes in the
source strength of the global *C cycle) as well as climate-induced changes in the partitioning of
14C between the atmosphere and oceans. To disentangle both effects, we consider two sensitivity
experiments (named P_const and P_VADM) in which AC, is not prescribed but forced with 14C
production rates. This approach ensures that the global **C budget is always closed which is not
necessarily the case in AC,-driven scenarios. In the following we neglect the terrestrial
biosphere which represents a comparatively small **C sink that can be factored into the marine

14C reservoir.

In the first sensitivity experiment P_const, we apply a constant *C production flux over the entire
simulation period and chose the value that was diagnosed after the spin-up integration (**Pc* =
1.72 atoms cm™ s1). This scenario reveals the effects of glacial to interglacial climate variations
in CLIMBER-X on the MRA history (and on A C,, discussed in Section 3.3). In experiment P_const,
global (50°N - 50°S) MRAs vary only in a narrow range of 600 - 700 **C years prior to 14 ka BP,
before they almost monotonously decline to 470 **C years in 1850 CE (0.1 ka BP) at the end of
the experiment (Fig. 1). The global MRA curve is much smoother than in simulation IntSH20 and
only reflects short-term variations of the AMOC in a muted way (cf. Supplementary Fig. 1). It
rather reflects the long-term trend of pCO,, where increasing CO, levels lead to decreasing MRAs
(see also Galbraith et al., 2015, for a theoretical treatment). The MRA-pCO, relationship appears
to be decoupled during the last deglaciation as the simulated global MRA decline lags the
prescribed rise of pCO, by about 4000 years (not shown). This is due to an AMOC shutdown in
CLIMBER-X during Heinrich Stadial 1 (HS1, 15.0 - 17.5 ka BP, Supplementary Fig. 1), which leads
to a temporary increase in A*C, that counterbalances the pCO, effect (Fig. 5). The absence of
other pronounced global-scale MRA variations (simulated in experiment IntSH20) suggests that
these are due to cosmogenic *C production variations. This is investigated in the second

sensitivity experiment P_VADM.

Sensitivity experiment P_VADM considers transient cosmogenic *C production fluxes *Pc
between 55 and 0.1 ka BP (shown in Fig. 5). The simulation branches from experiment P_const
at 55 ka BP, analogously to scenario IntSH20 in which A'*C, changes from constant to transient

values at the same time. Simulation P_VADM yields enhanced millenial-scale variations of global
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MRAs with a pronounced peak of almost 1200 **C years around 41 ka BP (Fig. 1). Moreover, it
yields an earlier onset of the deglacial global MRA decline than sensitivity experiment P_const.
Both traits coevolve with the *Pc record, i.e., with a production peak around 41 ka BP and a dip
of P between 18.8 ka BP and 16.5 ka BP. Overall, this experiment captures the characteristic
features of the global MRA evolution resulting from the concentration-forced simulation IntSH20.
Differences such as the temporal mismatch of MRA peak values and the lower short-term MRA
variability reflect the uncertainties of the underlying atmospheric *C input functions (A**C, and
14p.) and their different temporal variability. Taken together, these findings prove the significant
influence of cosmogenic *C production variations onto the MRA history and that MRA excursions
may reflect 1*P. changes rather than ocean ventilation changes.

Coevolution of MRAs and atmospheric A*C

While the focus of this paper is on *C in the surface ocean, we finally exploit our production-
forced sensitivity runs for a brief study of the coevolving A¥C in the atmosphere. In sensitivity
experiment P_const, A'*C, varies around 0 %eo. Prior to the deglaciation, the variability is probably
too low because Heinrich Stadials HS2 - HS5 are not resolved by the PaleoMIST reconstruction
which uses a time step of 2500 years. During the deglaciation A¥C, initially rises to ~ 20 %o, which
is followed by a decline to ~ -50 %o by the beginning of the Holocene, before A*C, rises again to~
-20 %o in 1850 CE (Fig. 5). This is due to the above mentioned abrupt variations in ocean
ventilation simulated between 17.5 and 10 ka BP. The interhemispheric gradient of atmospheric

A™C (IHG) in this simulation amounts 4.7 %o in the long-term average and is constant (Fig. 6).

Sensitivity experiment P_VADM shows a sharp rise of A*C, between 42 and 40.5 ka BP, followed
by an almost linear long-term decline (Fig. 5). The simulated peak value of about 650 %o is close
to the reconstructed amplitude of ~ 700 to 800 %o during the Laschamps excursion (e.g., Cheng
et al., 2018; Cooper et al., 2021) but the timing does not match. The model fails to reproduce the
reconstructed rebound of A'C, between 33 and 25 ka BP and overestimates Holocene values (~
50 %o instead of 0 %o in 1850 CE / 0.1 ka BP). The causes of these deviations are uncertain. A
lower value of P.* would improve the Holocene bias but further reduce A¥C, before the
deglaciation. Prior to the LGM, Heinrich events as well as Dansgaard-Oeschger events are not
captured. Based on HS1, their contribution likely remained below 50 %o, insufficient to explain
the persistent A*C, values near 500 %o between 33 and 25 ka BP. Similar behaviour was found

by Dinauer et al. (2020), despite testing various **Pc reconstructions and carbon cycle feedbacks.

Despite of these global mismatches, the simulated interhemispheric gradient (IHG) remains
within the reconstructed long-term range of 4.5 - 7 %o (Hogg et al., 2020; Reimer et al., 2020).
Around the Laschamps excursion our model produces an IHG of up to 13 %o, almost twice as high
as reconstructions suggest (Fig. 6). Whether this stronger gradient is realistic remains uncertain
as the IHG reconstruction prior to ~ 13 ka BP relies on statistical modelling rather than on direct
observations (Hogg et al., 2020). Our hypothesis can be tested once additional C observations

from that period are available.
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Methods

Model and simulation setup

We apply the climate core of the Earth System Model of Intermediate Complexity CLIMBER-X
(Willeit et al., 2022; 2023), version 3, which we have equipped with **C in terms of A*C. CLIMBER-
X has been developed for long-term simulations and is about 100-1000 times faster than more
comprehensive Earth System Models. As the model has been described in detail elsewhere, we
will only provide a brief overview here. To summarize, the climate core of CLIMBER-X consists of
the 2.5-dimensional statistical-dynamical atmosphere model SESAM, the 3-dimensional
frictional-geostrophic ocean model GOLDSTEIN (Edwards and Marsh, 2005), the dynamic-
thermodynamic sea ice model SISIM, and the land surface-vegetation model PALADYN (Willeit
& Ganopolski, 2016). The horizontal model resolution is 5° x 5°. Vertical resolution in the ocean
is 23 layers of uneven thickness using z-level coordinates. CLIMBER-X takes glacial-interglacial
sea level variations into account and features a flexible land-sea mask. The model is forced with
insolation (Laskar et al., 2004), greenhouse gas concentrations (Kohler et al., 2017), and
continental ice sheets including their meltwater discharge. Here, we apply the PaleoMIST ice
sheet reconstruction (Gowan et al., 2021; implemented into CLIMBER-X by Masoum et al., 2024a,
2024b) which, different to other ice sheet reconstructions, covers the past 80 kyr and thus the
entire time span accessible to *C dating. In combination with orbital and greenhouse gas forcing,
the PaleoMIST ice sheet forcing leads to an ocean cooling of up to 10 K at the sea surface during
the Last Glacial Maximum (LGM) which is colder than in reconstructions (Paul et al., 2021; see
Supplementary Fig. 2). Nonetheless, our simulations arrive at less sea ice in the Northeast Atlantic
and in the Southern Ocean than the GLOMAP reconstruction for the LGM (Paul et al., 2021).

First, the model is integrated over 20,000 years with steady climate forcing for 1850 CE and A'#C,
=0 %o to achieve a defined non drifting initial state. Then CLIMBER-X is run from 70 ka BP forward
in time with transient climate forcing, either with prescribed A*C, or *P¢ values. Prior to 55 ka
BP (the current limit of *C reconstructions) A¥C, and *P: are kept constant. In the
concentration-driven simulation we apply a homogeneous A¥C, value of 528 %o which
corresponds to the global-mean value for 55 ka BP according to IntCal20 (Reimer et al., 2020). In
the production-driven simulation we employ a homogeneous rate *P:* corresponding to a flux
of ~ 1.72 atoms s, which would maintain A¥C, at 0 %o in the simulation under preindustrial
steady-state conditions. This value comes close to geomagnetic model estimates of the modern
14C production (e.g., Panovska et al., 2023). From 55 ka BP onward we also apply transient values
of A¥C, and P, respectively. In the concentration-driven scenario we use A'*C, according to
IntCal20 (Reimer et al., 2020) for the Northern Hemisphere north of 30°N, A¥*C, according to
SHCal20 (Hogg et al., 2020) for the Southern Hemisphere south of 30°S, and consider the average
of both curves in the intertropical zone between 55 ka BP and 0.1 ka BP (1850 CE). Between 1850

CE and 2015 CE we apply A¥C, values for the same three atmosphere zones reconstructed by
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Graven et al. (2017). In the production-driven case we force the model with reconstructed 4C

production rates, the reconstruction of which is described further below.

Implementation of radiocarbon

Radiocarbon (**C) is implemented in terms of A¥C as R = 1 + A¥C / (1000 %o), which is the
normalized *C / 2C ratio corrected for carbon-isotopic fractionation. In the ocean we only
consider dissolved inorganic carbon (DI*2C = DIC and *Rp;c) and neglect the organic *C cycle. We
also assume that DIC concentrations are constant and homogeneous and that the sea surface is
in local solubility equilibrium with respect to atmospheric CO, (see Mouchet, 2013, for further
discussion). It has been shown that these approximations increase the relative uncertainty of
14Rpic by less than 5 % compared to more accurate approaches (Butzin et al., 2024).

The computation of the evolution of marine *C then simplifies to

(1) d: ™Rpic = D(**Ropic) - A “Rpic

and the local air-sea exchange flux of **CO, / CO, (in m? s!) *F, becomes
(2) 14FA =k Csat / Coic, (14RA - 14RDIC)-

In Equation (1), D is a nonlinear differential operator which describes the transport of **Rp,c, and
A =1.216 x 10* yrt is the radioactive decay constant of *C (Audi et al., 2003; Bé and Chechev,
2012; Kutschera, 2013). In Equation (2) k,, and C. are the gas transfer velocity and the saturation
concentration of CO,, Cpc, = 2.0 mol m is the global-mean concentration of DIC in surface water,
and R, is the #CO, / '2CO, ratio in the atmosphere. The gas transfer velocity (in m s?) is
parameterized following Wanninkhof (2014):

(3)  kw=6.9722x 107 (Sc / 660)°5 u? (1 - f),

where Sc is the Schmidt number of CO,, u (in m s?) the wind speed at 10 m height, and f; the sea
ice area fraction (ranging from zero to one). The saturation concentration of CO, (in mol m=) is

calculated as
(4) Csat = Do Xco, Pst / Po,

where @, is the solubility function of CO, depending on temperature and salinity (Weiss and
Price, 1980), xco, is the mole fraction of atmospheric CO,, Pg; is the atmospheric in-situ pressure
at sea level, and P, = 1.01325 x 10’ Pa is the atmospheric standard pressure.

Atmospheric radiocarbon values %R, are either directly prescribed or computed from
cosmogenic **C production rates *Pc using a simple atmospheric **C model. In both cases we
consider three latitude zones (N: 90°N—30°N, T: 30°N—30°S, and S: 30°5—90°S) with
homogeneous atmospheric *C concentrations within each zone. In the production-driven model

we allow for meridional *C exchange and assume that the meridional exchange rates p across
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the subtropical boundaries are identical and constant. The temporal evolution of atmospheric

14C in the three latitude zones then becomes

(5) 14RA,N =1Pc- A MRan - 1 (MRan - YRa1) - 4 [[YFa Coic, dxn dyn/ (Xco, Ma)

(6) 14RA,T =1p c-A 14RA,T -p(2 14RA,T - 14RA,N - 14RA,s) -2 ff 14F A Coic, dxrdyr/ (Xco2 Ma)
(7)  YRas="Pc-AYRas-1 (“Ras-"Ra1) - 4 J[¥*Fa Coic, dxs dys/ (Xco, Ma)

The terms at the far right side of Equations (5)—(7) describe the integrated air-sea exchange of
14C0, / 2C0O, in a latitude zone, where M, = 1.7726 x 10%° mol is the molecular inventory of the
global dry atmosphere for a total mass of 5.1352 x 10'® kg (Trenberth and Smith, 2005) and a
molar mass of dry air of 0.02897 kg mol™.

We chose a meridional exchange rate of p = 1.667 yr* which leads to an interhemispheric A¥C
gradient (defined as A¥Cap - A¥Cps) of 4.6 %o during the Holocene in line with observations
(Hogg et al., 2020; Reimer et al., 2020). This value of p roughly corresponds to an inter-
hemispheric exchange time of about 1.2 yr which is slightly lower than indicated by bomb *4C
pulse records (Levin et al., 2021) but still in the range of studies considering other transient
tracers (e.g., Geller et al., 1997; Maiss et al., 1996).

We report radiocarbon ages *t in 1*C years (i.e., using the conventional half-life of 5568 years)
according to

(8) ¥41r=-8033In (14RDIC / 14RA).
Numerical *4C age values in the text are rounded to full decades.

Reconstruction of 1C production rate changes

To infer **C production rate changes, we combined the Virtual Axial Dipole Moments (VADM) of
the models pfm9k1a (0 - 9 ka BP; Nilsson et al., 2024), GGF100k (9 - 14 ka BP; Panovska et al.,
2019), and GGFSS70 (14 - 70 ka BP; Panovska et al., 2021) into one continuous record of
geomagnetic field strength covering the last 70,000 years. Radiocarbon production rates were
then calculated by converting VADM into cutoff-rigidities following Lifton et al. (2014) and using
the Local Interstellar Spectrum by Herbst et al. (2017), a constant solar modulation potential of
500 MV, and the production yield functions by Poluianov et al. (2016). The resulting production
rates have been normalized and converted to absolute **C production fluxes using the numerical

value of Pc* (~ 1.72 atoms s2).



319

320
321
322

323
324
325

326
327
328
329

330
331
332

333
334
335

336
337

338
339
340

341
342
343

344
345
346

347
348
349
350

References

Audi, G., Bersillon, O., Blachot, J., Wapstra, A.H., 2003. The Nubase evaluation of nuclear and
decay properties. Nuclear Physics A, The 2003 NUBASE and Atomic Mass Evaluations 729,
3-128. https://doi.org/10.1016/j.nuclphysa.2003.11.001

Aumont, O., Orr, J.C., Jamous, D., Monfray, P., Marti, O., Madec, G., 1998. A degradation
approach to accelerate simulations to steady-state in a 3-D tracer transport model of the
global ocean. Climate Dynamics 14, 101-116. https://doi.org/10.1007/s003820050212

Bard, E., Arnold, M., Hamelin, B., Tisnerat-Laborde, N., Cabioch, G., 1998. Radiocarbon calibration
by means of mass spectrometric 2°°Th/?3*U and “C ages of corals. An updated data base
including samples from Barbados, Mururoa and Tahiti. Radiocarbon 40, 1085-1092.
https://doi.org/10.1038/345405a0

Bard, E., Hamelin, B., Fairbanks, R.G., Zindler, A., 1990. Calibration of the *C timescale over the
past 30,000 years using mass spectrometric U-Th ages from Barbados corals. Nature 345,
405-410. https://doi.org/10.1038/345405a0

Bard, E., Menot-Combes, G., Rostek, F., 2004. Present status of radiocarbon calibration and
comparison records based on Polynesian corals and Iberian Margin sediments. Radiocarbon
46, 1189-1202. https://doi.org/10.1017/s0033822200033087

Bé, M.-M., Chechev, V.P., 2012. **C - Comments on evaluation of decay data. Laboratoire National
Henri Becquerel. https://www.Inhb.fr/nuclides/C-14_com.pdf

Butzin, M., Heaton, T.J., Kéhler, P., Lohmann, G., 2020. A Short Note on Marine Reservoir Age
Simulations Used in IntCal20. Radiocarbon 62, 865-871.
https://doi.org/10.1017/RDC.2020.9

Butzin, M., Kbhler, P., Lohmann, G., 2017. Marine radiocarbon reservoir age simulations for the
past 50,000 years. Geophysical Research Letters 44, 8473-8480.
https://doi.org/10.1002/2017GL074688

Butzin, M., Ye, Y., Vélker, C., Giirses, O., Hauck, J., Kdhler, P., 2024. Carbon isotopes in the marine
biogeochemistry model FESOM2.1-REcoM3. Geoscientific Model Development 17,
1709-1727. https://doi.org/10.5194/gmd-17-1709-2024

Cheng, H., Edwards, R.L., Southon, J., Matsumoto, K., Feinberg, J.M., Sinha, A., Zhou, W., Li, H.,
Li, X., Xu, Y., Chen, S., Tan, M., Wang, Q., Wang, Y., Ning, Y., 2018. Atmospheric *C/*?C
changes during the last glacial period from Hulu Cave. Science 362, 1293-1297.
https://doi.org/10.1126/science.aau0747



351
352
353

354
355
356

357
358
359
360
361
362

363
364
365
366

367
368
369
370

371
372
373

374
375
376
377
378

379
380
381
382
383

384
385

Channell, J.E.T., Vigliotti, L., 2019. The Role of Geomagnetic Field Intensity in Late Quaternary
Evolution of Humans and Large Mammals. Reviews of Geophysics 57, 709-738.
https://doi.org/10.1029/2018RG000629

CLIMAP Project Members, 1981. Seasonal reconstructions of the Earth’s surface at the Last
Glacial Maximum (No. MC-36), Geol. Soc. Am. Map Chart Ser. Geol. Soc. of Am., Boulder,

Colo.

Cooper, A., Turney, C.S.M., Palmer, J., Hogg, A., McGlone, M., Wilmshurst, J., Lorrey, AM.,
Heaton, T.J., Russell, J.M., McCracken, K., Anet, J.G., Rozanov, E., Friedel, M., Suter, |., Peter,
T., Muscheler, R., Adolphi, F., Dosseto, A., Faith, J.T., Fenwick, P., Fogwill, C.J., Hughen, K.,
Lipson, M., Liu, J., Nowaczyk, N., Rainsley, E., Ramsey, C.B., Sebastianelli, P., Souilmi, Y.,
Stevenson, J., Thomas, Z., Tobler, R., Zech, R., 2021. A global environmental crisis 42,000
years ago. Science 371, 811-818. https://doi.org/10.1126/science.abb8677

Cutler, K.B., Gray, S.C., Burr, G. S., Edwards, R. L., Taylor, F. W., Cabioch, G., Beck, J. W., Cheng,
H., Moore, J., 2004. Radiocarbon calibration to 50 kyr BP with paired **C and 2*°Th dating of
corals from Vanuatu and Papua New Guinea. Radiocarbon 46, 1127-1160.
https://doi.org/10.1017/s003382220003306

Durand, N., Deschamps, P., Bard, E., Hamelin, B., Camoin, G., Thomas, A.L., Henderson, G.M.,
Yokoyama, Y., Matsuzaki, H., 2013. Comparison of *C and U-Th Ages in Corals from IODP
#310 Cores Offshore Tahiti. Radiocarbon 55, 1947-1974.
https://doi.org/10.2458/azu_js_rc.v55i2.16134

Edwards, N.R., Marsh, R., 2005. Uncertainties due to transport-parameter sensitivity in an
efficient 3-D ocean-climate model. Climate Dynamics 24, 415-433.
https://doi.org/10.1007/s00382-004-0508-8

Fairbanks, R.G., Mortlock, R.A., Chiu, T.-C., Cao, L., Kaplan, A., Guilderson, T.P., Fairbanks, T.W.,
Bloom, A.L., Grootes, P.M., Nadeau, M.-J., 2005. Radiocarbon calibration curve spanning O
to 50,000 years BP based on paired 2°°Th/?%4U/?%®U and 'C dates on pristine corals.
Quaternary Science Reviews 24, 1781-1796.
https://doi.org/10.1016/j.quascirev.2005.04.007

Galbraith, E.D., Dunne, J.P., Gnanadesikan, A., Slater, R.D., Sarmiento, J.L., Dufour, C.0O., de Souza,
G.F., Bianchi, D., Claret, M., Rodgers, K.B., Marvasti, S.S., 2015. Complex functionality with
minimal computation: Promise and pitfalls of reduced-tracer ocean biogeochemistry
models. Journal of Advances in Modeling Earth Systems 7, 2012-2028.
https://doi.org/10.1002/2015MS5000463

Geller, L.S., Elkins, J.W., Lobert, J.M., Clarke, A.D., Hurst, D.F., Butler, J.H., Myers, R.C., 1997.
Tropospheric SF6: Observed latitudinal distribution and trends, derived emissions and



386
387

388
389
390
391

392
393
394
395

396
397
398
399

400
401
402

403
404
405
406

407
408
409
410

411
412
413

414
415
416

417
418
419

interhemispheric exchange time. Geophysical Research Letters 24, 675-678.
https://doi.org/10.1029/97GL00523

Gowan, E.J., Zhang, X., Khosravi, S., Rovere, A., Stocchi, P., Hughes, A.L.C., Gyllencreutz, R.,
Mangerud, J., Svendsen, J.-l., Lohmann, G., 2021. A new global ice sheet reconstruction for
the past 80 000 years. Nature Communications 12, 1199. https://doi.org/10.1038/s41467-
021-21469-w

Graven, H., Allison, C.E., Etheridge, D.M., Hammer, S., Keeling, R.F., Levin, I., Meijer, H.A.J.,
Rubino, M., Tans, P.P., Trudinger, C.M., Vaughn, B.H., White, J.W.C., 2017. Compiled records
of carbon isotopes in atmospheric CO2 for historical simulations in CMIP6. Geoscientific
Model Development 10, 4405-4417. https://doi.org/10.5194/gmd-10-4405-2017

Heaton, T.J., Kéhler, P., Butzin, M., Bard, E., Reimer, R.W., Austin, W.E.N., Ramsey, C.B., Grootes,
P.M., Hughen, K.A., Kromer, B., Reimer, P.J., Adkins, J., Burke, A., Cook, M.S., Olsen, J.,
Skinner, L.C., 2020. Marine20—The Marine Radiocarbon Age Calibration Curve (0-55,000
cal BP). Radiocarbon 62, 779-820. https://doi.org/10.1017/RDC.2020.68

Herbst, K., Muscheler, R., Heber, B., 2017. The new local interstellar spectra and their influence
on the production rates of the cosmogenic radionuclides °Be and *C. Journal of
Geophysical Research: Space Physics 122, 23-34. https://doi.org/10.1002/2016JA023207

Hogg, A.G., Heaton, T.J,, Hua, Q., Palmer, J.G., Turney, C.S., Southon, J., Bayliss, A., Blackwell,
P.G., Boswijk, G., Ramsey, C.B., Pearson, C., Petchey, F., Reimer, P., Reimer, R., Wacker, L.,
2020. SHCal20 Southern Hemisphere Calibration, 0-55,000 Years cal BP. Radiocarbon 62,
759-778. https://doi.org/10.1017/RDC.2020.59

Key, R.M., Kozyr, A., Sabine, C.L., Lee, K., Wanninkhof, R., Bullister, J.L., Feely, R.A., Millero, F.J.,
Mordy, C., Peng, T.-H., 2004. A global ocean carbon climatology: Results from Global Data
Analysis  Project (GLODAP). Global Biogeochemical Cycles 18, GB4031.
https://doi.org/10.1029/2004GB002247

Kohler, P., Nehrbass-Ahles, C., Schmitt, J., Stocker, T.F., Fischer, H., 2017. A 156 kyr smoothed
history of the atmospheric greenhouse gases CO,, CH,4, and N,O and their radiative forcing.
Earth System Science Data 9, 363-387. https://doi.org/10.5194/essd-9-363-2017

Kutschera, W., 2013. Applications of accelerator mass spectrometry. International Journal of
Mass Spectrometry, 100 years of Mass Spectrometry 349-350, 203-218.
https://doi.org/10.1016/j.ijms.2013.05.023

Laskar, J., Robutel, P., Joutel, F., Gastineau, M., Correia, A.C.M., Levrard, B., 2004. A long-term
numerical solution for the insolation quantities of the Earth. Astronomy & Astrophysics 428,
261-285. https://doi.org/10.1051/0004-6361:20041335



420
421
422
423
424
425
426
427

428
429
430

431
432
433

434
435
436

437
438
439

440
441
442
443

444
445
446

447
448
449

450
451

452
453
454

Lauvset, Siv K., Lange, Nico, Tanhua, Toste, Bittig, Henry C., Olsen, Are, Kozyr, Alex, Alvarez, M.,
Azetsu-Scott, Kumiko, Becker, Susan, Brown, Peter J., arter, Brendan R., otrim da Cunha,
Leticia, Feely, Richard A., Hoppema, Mario, Humphreys, Matthew P., Ishii, Masao, eansson,
Emil, Jones, Steve D., Lo Monaco, Claire, Murata, Akihiko, Miller, Jens Daniel, Pérez, Fiz F.,
Schirnick, Carsten, Steinfeldt, Reiner, Suzuki, Toru, Tilbrook, Bronte, Ulfsbo, Adam, Velo,
Antén, Woosley, Ryan J., Key, Robert M., 2023. Global Ocean Data Analysis Project version
(GLODAPv2.2023). (NCEI Accession 0283442). DELC14. NOAA National Centers for

Environmental Information. Dataset. Accessed 19 November 2025

Levin, I., Hammer, S., Kromer, B., Preunkert, S., Weller, R., Worthy, D.E., 2021. Radiocarbon in
global tropospheric carbon dioxide. Radiocarbon 1-11.
https://doi.org/10.1017/RDC.2021.102

Levitus, S., 2012. NODC Standard Product: World Ocean Atlas 1998 (7 disc set). (NCEI Accession
0095184). Temperature. NOAA National Centers for Environmental Information. Dataset.
Accessed 17 November 2025

Lifton, N., Sato, T., Dunai, T.J., 2014. Scaling in situ cosmogenic nuclide production rates using
analytical approximations to atmospheric cosmic-ray fluxes. Earth and Planetary Science
Letters 386, 149-160. https://doi.org/10.1016/j.epsl.2013.10.052

Lohmann, G., Butzin, M., Eissner, N., Shi, X., Stepanek, C., 2020. Abrupt Climate and Weather
Changes Across Time Scales. Paleoceanography and Paleoclimatology 35, e2019PA003782.
https://doi.org/10.1029/2019PA003782

Maiss, M., Steele, L.P., Francey, R.J., Fraser, P.J., Langenfelds, R.L., Trivett, N.B.A., Levin, I., 1996.
Sulfur hexafluoride—A powerful new atmospheric tracer. Atmospheric Environment, Joint
8th CAGCP and 2™ IGAC Conference on Global Atmospheric Chemistry 30, 1621-1629.
https://doi.org/10.1016/1352-2310(95)00425-4

Masoum, A., Nerger, L., Willeit, M., Ganopolski, A., Lohmann, G., 2024a. Lessons from transient
simulations of the last deglaciation with CLIMBER-X: GLAC1D Versus PaleoMist. Geophysical
Research Letters 51, e2023GL107310. https://doi.org/10.1029/2023GL107310

Masoum, A., Nerger, L., Willeit, M., Ganopolski, A., Lohmann, G., 2024b. Paleoclimate data
assimilation with CLIMBER-X: An ensemble Kalman filter for the last deglaciation. PLOS ONE
19, e0300138. https://doi.org/10.1371/journal.pone.0300138

Mouchet, A., 2013. The ocean bomb radiocarbon inventory revisited. Radiocarbon 55,
1580-1594. https://doi.org/10.1017/50033822200048505

Nilsson, A., Nguyen, L., Panovska, S., Herbst, K., Zheng, M., Suttie, N., Muscheler, R., 2024.
Holocene solar activity inferred from global and hemispherical cosmic-ray proxy records.
Nature Geoscience. 17, 654-659. https://doi.org/10.1038/s41561-024-01467-5



455
456
457
458
459
460

461
462
463

464
465
466
467

468
469
470
471

472
473
474

475
476
477
478

479
480
481
482

483
484
485
486
487
488
489
490

Orr, J.C., Najjar, R.G., Aumont, O., Bopp, L., Bullister, J.L., Danabasoglu, G., Doney, S.C., Dunne,
J.P., Dutay, J.-C., Graven, H., Griffies, S.M., John, J.G., Joos, F., Levin, ., Lindsay, K., Matear,
R.J., McKinley, G.A., Mouchet, A., Oschlies, A., Romanou, A., Schlitzer, R., Tagliabue, A.,
Tanhua, T., Yool, A., 2017. Biogeochemical protocols and diagnostics for the CMIP6 Ocean
Model Intercomparison Project (OMIP). Geoscientific Model Development 10, 2169-2199.
https://doi.org/10.5194/gmd-10-2169-2017

Panovska, S., Korte, M., Constable, C.G., 2019. One Hundred Thousand Years of Geomagnetic
Field Evolution. Reviews of Geophysics 57, 1289-1337.
https://doi.org/10.1029/2019RG000656

Panovska, S., Korte, M., Liu, J., Nowaczyk, N., 2021. Global Evolution and Dynamics of the
Geomagnetic Field in the 15-70 kyr Period Based on Selected Paleomagnetic Sediment
Records. Journal of Geophysical Research: Solid Earth 126, €2021JB022681.
https://doi.org/10.1029/2021)B022681

Panovska, S., Poluianov, S., Gao, J., Korte, M., Mishev, A., Shprits, Y.Y., Usoskin, 1., 2023. Effects
of Global Geomagnetic Field Variations Over the Past 100,000 Years on Cosmogenic
Radionuclide Production Rates in the Earth’s Atmosphere. Journal of Geophysical Research:
Space Physics 128, €2022JA031158. https://doi.org/10.1029/2022JA031158

Paul, A., Mulitza, S., Stein, R., Werner, M., 2021. A global climatology of the ocean surface during
the Last Glacial Maximum mapped on a regular grid (GLOMAP). Climate of the Past 17,
805-824. https://doi.org/10.5194/cp-17-805-2021

Poluianov, S.V., Kovaltsov, G.A., Mishev, A.L., Usoskin, I.G., 2016. Production of cosmogenic
isotopes ’Be, °Be, 1“C, #Na, and %¢Cl in the atmosphere: Altitudinal profiles of vyield
functions. Journal of Geophysical Research: Atmospheres 121, 8125-8136.
https://doi.org/10.1002/2016JD025034

Rafter, P.A., Carriquiry, J.D., Herguera, J.-C., Hain, M.P., Solomon, E.A., Southon, J.R., 2019.
Anomalous > 2000-Year-Old Surface Ocean Radiocarbon Age as Evidence for Deglacial
Geologic Carbon Release. Geophysical Research Letters 46, 13950-13960.
https://doi.org/10.1029/2019GL085102

Reimer, P.J., Austin, W.E.N., Bard, E., Bayliss, A., Blackwell, P.G., Ramsey, C.B., Butzin, M., Cheng,
H., Edwards, R.L., Friedrich, M., Grootes, P.M., Guilderson, T.P., Hajdas, I., Heaton, T.J.,
Hogg, A.G., Hughen, K.A., Kromer, B., Manning, S.W., Muscheler, R., Palmer, J.G., Pearson,
C., Plicht, J. van der, Reimer, R.W., Richards, D.A., Scott, E.M., Southon, J.R., Turney, C.S.M,,
Wacker, L., Adolphi, F., Blintgen, U., Capano, M., Fahrni, S.M., Fogtmann-Schulz, A.,
Friedrich, R., Kéhler, P., Kudsk, S., Miyake, F., Olsen, J., Reinig, F., Sakamoto, M., Sookdeo,
A., Talamo, S., 2020. The IntCal20 Northern Hemisphere Radiocarbon Age Calibration Curve
(0-55 cal kBP). Radiocarbon 62, 725-757. https://doi.org/10.1017/RDC.2020.41



491
492

493
494
495

496
497
498

499

500
501
502
503

504
505
506

507
508

509
510
511

512
513
514

515
516

517
518
519

520
521
522

Reimer, P.J., Reimer, R.W., 2001. A Marine Reservoir Correction Database and On-Line Interface.
Radiocarbon 43, 461-463. https://doi.org/10.1017/50033822200038339

Rubin, S.I., Key, R.M., 2002. Separating natural and bomb-produced radiocarbon in the ocean:
The potential alkalinity method. Global Biogeochemical Cycles 16, 52-1-52-19.
https://doi.org/10.1029/2001GB001432

Sarnthein, M., Gersonde, R., Niebler, S., Pflaumann, U., Spielhagen, R., Thiede, J., Wefer, G.,
Weinelt, M., 2003. Overview of Glacial Atlantic Ocean Mapping (GLAMAP 2000).
Paleoceanography 18, 1030. https://doi.org/10.1029/2002PA000769

Schlitzer, R., Mieruch-Schniille, S., 2025. webODV Explore, https://explore.webodv.awi.de

Skinner, L., Primeau, F., Jeltsch-Thémmes, A., Joos, F., Kéhler, P., Bard, E., 2023. Rejuvenating the
ocean: mean ocean radiocarbon, CO, release, and radiocarbon budget closure across the
last deglaciation. Climate of the Past 19, 2177-2202. https://doi.org/10.5194/cp-19-2177-
2023

Stott, L.D., Harazin, K.M., Krupinski, N.B.Q., 2019. Hydrothermal carbon release to the ocean and
atmosphere from the eastern equatorial Pacific during the last glacial termination. Environ.
Res. Lett. 14, 025007. https://doi.org/10.1088/1748-9326/aafe28

Trenberth, K.E., Smith, L., 2005. The Mass of the Atmosphere: A Constraint on Global Analyses.
Journal of Climate 18, 864-875. https://doi.org/10.1175/JCLI-3299.1

Tierney, J.E., Zhu, J., King, J., Malevich, S.B., Hakim, G.J., Poulsen, C.J., 2020. Glacial cooling and
climate sensitivity revisited. Nature 584, 569-573. https://doi.org/10.1038/s41586-020-
2617-x

Wanninkhof, R., 2014. Relationship between wind speed and gas exchange over the ocean
revisited: Gas exchange and wind speed over the ocean. Limnology and Oceanography:
Methods 12, 351-362. https://doi.org/10.4319/lom.2014.12.351

Weiss, R.F., Price, B.A., 1980. Nitrous oxide solubility in water and seawater. Marine Chemistry
8, 347-359. https://doi.org/10.1016/0304-4203(80)90024-9

Willeit, M., Ganopolski, A., 2016. PALADYN v1.0, a comprehensive land
surface-vegetation-carbon cycle model of intermediate complexity. Geoscientific Model
Development 9, 3817-3857. https://doi.org/10.5194/gmd-9-3817-2016

Willeit, M., Ganopolski, A., Robinson, A., Edwards, N.R., 2022. The Earth system model CLIMBER-
Xv1.0 - Part 1: Climate model description and validation. Geoscientific Model Development
15, 5905-5948. https://doi.org/10.5194/gmd-15-5905-2022



523
524
525
526

527

528

529
530
531

532
533

534
535
536

537
538

539

540
541

542
543

544
545

546
547

Willeit, M., llyina, T., Liu, B., Heinze, C., Perrette, M., Heinemann, M., Dalmonech, D., Brovkin, V.,
Munhoven, G., Borker, J., Hartmann, J., Romero-Muijalli, G., Ganopolski, A., 2023. The Earth
system model CLIMBER-X v1.0 - Part 2: The global carbon cycle. Geoscientific Model
Development 16, 3501-3534. https://doi.org/10.5194/gmd-16-3501-2023

Acknowledgments

M. B. and G. L. acknowledge funding through DFG-ANR research project MARCARA, grant no.
490763579. F. A. acknowledges funding through the Helmholtz Association (VH-NG 1501). We
thank A. Masoum and M. Willeit for their initial CLIMBER-X model support.

Author contributions

M. B. implemented radiocarbon into the model, carried out the simulations, and wrote the
manuscript with contributions from all authors. F. A. reconstructed the radiocarbon production
rates. G. L. initiated and conceptualised the study. All authors analysed and discussed the results.

Competing interests
The authors declare that there is no conflict of interest.

Data availability

Model results are available at https://nextcloud.awi.de/s/QmoqZojipQ3TWQ3
but will be transferred to another public repository after the publication of the paper.

Code availbility
The model code is available at https://nextcloud.awi.de/s/tSSA2LaNY6NGFB5

and will be transferred to another public repository after the publication of the paper.



548

549
550

551
552
553
554
555
556
557
558

Figures

Global-mean Marine Reservoir Age (50°N—50°S)

1600
IntSH20
1400 - P_const
P_VADM
1200 A 156
[
5
Y 1000 ~
)
z
< 800 Al
S 4“
Y 2

400

200 - T T T
50 40 30 20 10 0

Age (cal ka BP)

Figure 1. Long-term evolution of simulated Marine Reservoir Ages (MRA). Shown are model
results globally averaged between 50°N and 50°S. The blue curve (scenario IntSH20) is obtained
with atmospheric AC according to IntCal20 (Reimer et al., 2020) combined with SHCal20 (Hogg
et al., 2020). Orange (P_const) and green (P_VADM) curves are results for constant and transient
rates of cosmogenic **C production, respectively. Previous simulation results obtained with the
LSG model using IntCal20 that were carried out for Marine20 (Heaton et al., 2020) are shown in
gray, with their uncertainty range estimated by alternative ocean climate scenarios.
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Figure 2. Comparison of observed and simulated A'*C in surface water in the past. Scatter plots
comparing marine AC of the past (13 - 25 cal ka BP) measured in corals contributing to IntCal20
(Bard et al., 1990, 1998, 2004; Cutler et al., 2004; Durand et al., 2013; Fairbanks et al., 2005) with
model results. (a): CLIMBER-X (this study). (b): Previous results obtained with the LSG model for
Marine20 (Heaton et al., 2020).
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Figure 3. Comparison of observed and simulated marine reservoir ages (MRA). Shaded areas
are model results (this study). (a): MRA around 1950 CE, triangles are observations compiled by
Rubin and Key (2002; see further references therein) and dots are observations between 1945
and 1954 CE collected in the Marine20 database (Reimer and Reimer, 2001; cf.
https://calib.org/marine for further references). (b): MRA around 1990 CE, dots are observations
between 1985 CE and 1995 CE (compiled by Lauvset et al., 2023; data retrieved using webODV
Explore, Schlitzer and Mieruch-Schnulle, 2025) (c): MRA at the Last Glacial Maximum, model
results are averaged over 19.0 - 21.8 ka BP and dots are observations between 19.0 and 21.8 ka
BP (compiled by Skinner et al., 2023; see further references therein).
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Figure 4. Comparison of simulated and observed benthic-atmospheric (B-Atm) *C ages. Shown
are zonal-mean values in the Atlantic and Pacific. (a): Long-term simulation results for 1950 CE
(this study, extension of simulation IntSH20). (b): Short-term simulation results for 1950 CE (this
study, extension of the spin-up equilibrium simulation). (c): Reconstruction of prenuclear values
(Key et al., 2004). (d): Long-term simulation results for 1990 CE (this study, extension of
simulation IntSH20). (e): Short-term simulation results for 1990 CE (this study, extension of the
spin-up equilibrium simulation). (f) Gridded observations around 1990 CE (Key et al., 2004).
Gridded observations were remapped to the spatial resolution of CLIMBER-X.
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Figure 5. Atmospheric A¥C according to simulations and reconstructions. The blue curve
(IntSH20) is the average of the IntCal20 and SHCal20 reconstructions. The orange curve (P_const)
shows AC, simulated for a constant cosmogenic **C production flux of *Pc* = 1.72 atoms cm™
s! that would keep the global **C inventory constant under preindustrial steady-state climate
conditions. The green curve (P_VADM) is obtained if #C in CLIMBER-X is forced with

reconstructed *C production rates of the past “P¢, which are shown in red.
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Figure 6. Interhemispheric gradient of A'*C in the atmosphere. The blue curve displays the
difference between IntCal20 (Reimer et al., 2020) and SHCal20 (Hogg et al., 2020) values. Orange
and green curves result from simulations forced with constant and transient C production rates

(sensitivity experiments P_const and P_VADM).
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"Marine radiocarbon reservoir age simulations for the past 50,000 years revisited"
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In this work the authors study the evolution of Marine Reservoir Age (MRA) over the past fifty thousand
years with the help of an Earth system model of intermediate complexity.

There are two distinct parts in their work.

First they constrain the atmospheric AC to follow the Intcal20 and SHcal20 reconstructions. Under that
scenario, they compare the MRAs with those previously obtained with an ocean global circulation model
under different circulation scenarios (hence, the mention ‘revisited’ in the title of the paper). In this first part
they also examine the impact of initial conditions on the final radiocarbon distribution in the ocean.

In the second part, the model is forced with cosmogenic radiocarbon production in the atmosphere. Two
sensitivity experiments were performed, one with a reconstructed rate, and one with a constant rate, allowing
for disentangling the influence of ocean circulation changes and changes in the production rates on MRA. A
very short discussion on the interhemispheric A™C gradient then follows. The authors then conclude that the
interhemispheric AC gradient was much larger during the Laschamps event (~ 41 ka BP) than predicted by
the reconstructions.

The manuscript is well structured and clear to read. However, there are several points of concern.

I am not convinced by the explanation of the difference between the MRA predicted by the LSG and by
CLIMBER-X (lines 95-99). Given that the air-sea exchange of radiocarbon is very slow, a more vigorous
ocean ventilation would result in an increase of the difference between the radiocarbon content in the surface
layer and in the atmosphere, since the faster renewal of surface waters would allow for less time to
equilibrate.

I suspect that the larger MRA obtained with the LSG are due to a more vigorous vertical mixing in that
model. Did the authors examine the difference in background vertical mixing (explicit and numerical) and
mixed layer depth between the LSG and CLIMBER-X?

The transient climate simulation should be discussed further. Over the deglaciation, the results presented here
differ in several aspects from previously published ones under the same ice-sheet scenario (Masoum et al.,
2024). For example, in this study, the changes in AMOC at the end of Heinrich 1 event are much larger than
obtained by Masoum et al. (2024) in the PaleoMist scenario.

How well is the present-day ocean state represented at the end of the long transient simulation? I agree that
A™C in 1990 is reasonably reproduced (Fig. 4), but how do temperature and salinity distributions compare to
observations?

The differences observed in 1950 and 1990 between experiments IntSH20 and SpinHist (Fig. 4) are not
solely explained by the longer or shorter transient '“C input history as claimed on lines 120-122. In 1950 or
1990, the ocean circulation obtained with IntSH20 is most probably very different from that obtained with
SpinHist. Indeed, in IntSH20, the ocean has been adjusting to a varying climate forcing over 70 kyr in
addition to the transient “C input. The SpinHist experiment which starts in 1850 from a long spin-up with
steady climate forcing is not influenced by the long term climate trend. Differences in the radiocarbon
distribution between IntSH20 and SpinHist also result from the different climate scenarios and are not only
due to the duration of the transient atmospheric radiocarbon forcing.

The reconstruction of the radiocarbon production rate, which is central to this study, is not sufficiently
discussed. What is the sensitivity of the production rate to the various parametrizations?
How does the reconstruction of *C production in this study compare to other reconstructions?

It is not clear whether the "*C production rate at a given time is homogeneous over the globe or varies with
location. Are the '*Pc rates in the three latitude bands and in Eqs (5) to (7) identical? I suppose they are not.
Could the authors illustrate the temporal evolution of P in the three latitude bands?



Equations (5) to (7) are erroneous. It seems there is a confusion between terms driving the radiocarbon ratio
(**R) and terms controlling the radiocarbon concentration (**C) in the atmosphere.

Line 39 : that we carried out... (suppress the ‘had’).

Figure 1 & line 84: With respect to the timing of Laschamps event, it would help the reader to superimpose a
plot of the reconstructed A'*C, in Figure 1.

Line 77: Could the authors document the difference between the atmospheric A™C reconstructions used with
CLIMBER-X and with LSG?

Line 97: Since the envelope of MRA obtained with the LSG results from the combination of three scenarios
(PD, GS, and CS), it is not only the AMOC strength in scenario GS that should be considered here.

Line 164: there is no Section 3,3.

Line170: Galbraith et al. (2015) is not the right reference here.

Lines 172 & 174: adding the evolution of atmospheric pCO; in Figs 1 and 5 would really help the reader.
Line 212: Dinauer et al. (2020) is missing in the reference list.

Line 240: Nonetheless, our simulations predict less sea ice... (instead of ‘arrive at’).

Lines 249 & 318:The production rate should be in atoms cm™ s™.

Line 269: The units of '“F, as given by Eq. (2) are m s™, not m?s™.

Line 305: The age that is reported by Eq. (8) is the Marine Radiocarbon Age (MRA); hence, line 305 should
read: “We report marine radiocarbon ages...’.

Figure 3a: the caption mentions that the observations by Rubin and Key are identified by means of triangles.
However, I do not identify any triangle in Fig. 3a.

Figure S1, caption: the range for H1 is 15-17.5, not 15-7.5.
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