Carbon isotopes and Pa/Th response to forced circulation changes: a model

perspective

Note to the Editor and referees

We have requested a long deadline extension since a bug was found in the
iILOVECLIM model code that could affect the carbon cycle part. To ensure scientific
reproducibility, we first wanted to assess whether the bug found could have a
significant impact on our results. This has required to run several multi-millennial long
simulations. After analysis of the results of the newer version, we however found that
our conclusions are unaffected by this error. We thank the Editor and the referees for
their patience in this necessary process.

Response to the referees’ comments

We thank both reviewers for their constructive comments that helped to improve and
clarify the manuscript. We have addressed the comments in detail below.

Anonymous Referee #2

This is a report on the implementation of the Pa/Th sedimentary proxy in the ocean-
climate model of intermediate complexity, iLOVECLIM, in addition to the previously
included stable carbon and radiocarbon isotope ratios. The reconstruction of past
circulation states has suggested substantial changes from that observed in the
modern ocean, with potentially significant implications for past climate change. It is
therefore important that model simulations can capture the observed sedimentary
evidence and demonstrate the ocean physics that might be consistent with this
evidence. In this case, the incorporation of multiple isotopic tracers with different
distribution and influences adds a valuable layer of sophistication to such modeling
efforts.

In addition to demonstrating the model’s ability to reproduce the observed modern
distributions of Pa/Th and carbon isotopes, the authors report on the results of what
is now a relatively standard “hosing” experiment, wherein freshwater is imposed on
the surface of the high latitude North Atlantic within the model domain, in order to
weaken convection and the overturning circulation. Changes in subsurface water
masses and the strength of the overturning have the result of redistributing the
sedimentary Pa/Th and carbon isotopes, which the authors then interpret and
compare to existing data. They identify different responses of in the respective
tracers. One major finding is that in the hosing experiment, changes in both carbon
isotopes lag Pa/Th by a few hundred years.

Overall, this study is an important step forward in terms of the state of the art of
implementation of circulation proxies and should therefore be worth accepting for
publication in Climate of the Past, following revisions that should address the
following points.



A more careful data-model comparison is needed to validate the simulated Pa and
Th, which is the main advance made in the model. The paper compares bottom water
particulate Pa/Th with a core top compilation (Henderson et al., 1999). Other than
that, the comparison with Pa/Th data is mostly qualitative. The authors acknowledge
that they refrained from making more data/model comparisons because of the
crudeness of the model (Page 8 Line 41 (P8L41)). However, it is still important to
show those comparisons. Readers may gain information about the fidelity (or lack
thereof) of the model to the modern observations, including regions where the model
performs well and regions where it does not. This information will help make the
audience more informed, and therefore increase the impact of the paper. For
example, the paper mentions the compilations of sedimentary Pa/Th by Lippold et al.
(2016) and Ng et al. (2018) (P9L6). How does the model compare with them
graphically? How do the particulate and dissolved Pa and Th results compare with
GEOTRACES observations? These could be addressed in a few brief passages.

The two reviews received highlighted the need for a more careful model data-
comparison. We agree that it is important to show where the model performs well and
where it does not. We have thus revised the corresponding set of figures (Figures S1
to S3) and text accordingly. As already mentioned, the core top compilation used in
Figure 1 is actually the same compilation as presented in (van Hulten et al., 2018), we
have corrected the references in the manuscript accordingly. Besides, we are now
presenting the relevant modelled variables on the GEOTRACES transects GA0O3 and
GAO02S shown in previous studies (Gu and Liu, 2017; van Hulten et al., 2018; Rempfer
et al., 2017) as detailed below.

Both reviewers mentioned the need of a more quantitative model evaluation. As
explained in the supplementary text S1, we have calculated the RMSE of dissolved
and particulate Pa and Th and noticed that while improving the Th variables, we were
actually deteriorating the Pa variables and vice versa... Besides, we would like to point
out that none of the previously published Pa/Th implementations really achieved a
proper quantitative evaluation of the model-data agreement between model Pl output
and modern datasets. What is usually shown is the dissolved Pa and Th profiles along
with the particulate Pa/Th on GEOTRACES transects GA03 and GA02 ((Gu and Liu,
2017; van Hulten et al., 2018; Rempfer et al., 2017)) as well as the sedimentary Pa/Th
against Holocene core top data and remains a graphical and qualitative evaluation.

At this stage, and because at least 5 implementations of Pa and Th in different models
of intermediate complexity and GCMs have been published so far, a quantitative
model-data evaluation would make more sense in the frame of an extensive model-
model and model-data intercomparison. Such a work is clearly out of the scope of this
study and is the subject of ongoing work by the lead author for a subsequent
publication.

In addition, we would like to highlight a few points concerning the use of the
GEOTRACES data for model performance evaluation. Itis clear that the GEOTRACES
database provides a growing amount of data for comparison with model outputs.
However, we think that it is worth to point out a few issues:

- First of all, it is worth noting that the model outputs represent averages of
several years of run under equilibrium state while GEOTRACES data



correspond to one particular sampling date. Besides, depending on the model
resolution, several GEOTRACES data points can correspond to one single
model grid box... All in all, it seems important to us to stress that the model can
sometimes display a feature “at the wrong” position, so any point by point
comparison has to be handled carefully.

- What is reported in the GEOTRACES dataset (Schlitzer et al., 2018) are total
dissolved or particulate 231Pa and 230Th activities corrected for measurement
blanks and ingrowth since sample collection. These relatively “raw”
concentrations do contain a signal from the 231Pa and 230Th coming from detrital
(dissolution of terrigenous material or terrigenous component of particles) as
well as 231Pa and 230Th coming from water column scavenging (also called
excess fraction). The different fractions/contributions can be derived from the
231Pa, 230Th and 232Th concentrations using a few assumptions and can
sometimes represent more than 10% of the signal. It seems important to remind
that what is actually computed by the models is solely the Pa and Th derived
from the water column U-decay. Any other source of Pa and Th is not taken into
account by the models. However, none of the published modelling paper
mentions which concentrations (corrected or not — which correction) have been
considered. This complicates the evaluation of the model performances and
motivates an extensive model intercomparison. For the reasons mentioned
above, using the full potential of the GEOTRACES dataset would therefore
require to first determine a method for the calculation of the excess fractions as
the pre-calculated excess concentrations are only available for 2 Atlantic
profiles. Such work is clearly beyond the scope of the present study.

For all of the reasons explained above and for the sake of consistency with the model
evaluations that have been previously published we are now showing for the model-
data evaluation:

- The modelled sedimentary Pa/Th against the core top database as shown in
(van Hulten et al.,, 2018) — see response to reviewer 1 comments and the
revised caption of Fig. 1

- The zonally averaged dissolved and particulate Pa, Th and Pa/Th N-S Atlantic
profiles (as shown on Figure 6 (Gu and Liu, 2017)) — Figure S1.

- The dissolved Pa and Th along GEOTRACES transect GA02 S using the data
from (Deng et al.,, 2014) — please note that there are no particulate (only
dissolved) data published in the latter article — Fig. S2

- The dissolved and particulate Pa and Th and Pa/Th along the GEOTRACES
transect GAO3 using the data from (Hayes et al., 2015a, 2015b) — Fig. S3

The model-data agreement of the water column particulate and dissolved activities is
extensively described in the SOM.

Additionally, hypotheses are offered for why 13C response leads Pa/Th (possibly bi-
ology and/or air-sea exchange slows down 13C response), yet given the setup of the
model, it would be a missed opportunity not to conduct a more detailed diagnosis of
modeled causes for the lead-lag relationships among the various tracers. If the rea-
sons can be pinned down, the paper can make a more robust conclusion, even if it is
model-depending. Is it possible to plot the biological changes before and after a hos-
ing experiment? How about changes in the air-sea exchange rate? Depending on the



results of those plots, the paper can then present a fuller picture of the changes
during a hosing experiment.

We thank the reviewer for asking us to further investigate the lag between carbon
isotopes and Pa/Th responses to a decrease in NADW formation. Indeed, the model
set up allows us to look at the total biologic productivity (Calcium carbonate and
particulate organic carbon) changes across the hosing. However, as shown on Figures
4 and 5, the carbon isotopes response has a strong spatial variability. Therefore,
plotting the marine productivity anomaly between the control period and the hosing
peak (year 550 to 600) — i.e. before and after the hosing as suggested by the reviewer
— will not help investigating the cause of the delayed carbon response which happens
around year 800 in the deep NW Atlantic.

In order to investigate the potential causes for the carbon isotopes lag, we have plotted
time series of relative organic carbon production, aqueous pCO2 and sea surface
temperature averaged over the North Atlantic, where the lag between Pa/Th and
carbon isotopes is the most pronounced. We see that, in line with the classical hosing
response described in the literature, the freshwater addition in the North Atlantic
causes a decrease of the SST and the organic carbon production as well as an
increase of the agueous pCO2. However, all those changes reach their maximum
around year 600 (or shortly before) of the simulation, i.e. about 200 years before the
013C response around year 800 (in the deep basin). This indicates that the air-sea
exchanges and the biological productivity are not directly responsible for the time lag
between the carbon isotopes response and the AMOC slowdown. Looking at a series
of N-S Atlantic sections, we can see that the 613C anomaly builds up in the North
Atlantic intermediate waters above 3000 m from year 400 to 750. The maximum of the
anomaly is located between 1500 and 3500 m around 50°N and spreads in the deep
Atlantic from year 750. Therefore, we argue that the lag between the carbon isotopes
response relative to the Pa/Th is likely due to the time necessary to transport the
anomaly on site, in particular in the deep ocean. While the Pa/Th directly depends on
the AMOC capacity to transport Pa southwards, the carbon isotopes form in the
intermediate ocean because of changes in air-sea exchange and accumulation of
nutrients related to the decrease in NADW formation. Therefore, it seems to take more
time for the carbon isotopes anomaly to reach the deeper ocean through water mass
advection.

We have revised the discussion section and added Figure 6 to include those findings
in the revised manuscript. This study highlights a complex response of the different
proxies to a rather classic circulation perturbation. The relationship between the
proxies and the ocean circulation surely needs further work to be fully understood. We
hope that our manuscript now presents a fuller picture of the changes happening during
a hosing experiment.

Additional smaller points for consideration:
In P1L25 This is confusing. Should it read “without an a priori guess”™?

Yes, we have now corrected this sentence.

In P1L33-34 These are not global changes and should be more narrowly defined,
possibly as regional or even local.



Done
In P1L36, it should be “see Lynch-Stieglitz (2017) for a review”.
Done

In P1L40, "Nd, Cd/Ca, sortable silt are also valuable proxies to reconstruct circulation
and water mass and they are worth mentioning.

We have now changed the sentence by:

“To date, among the numerous tracers available (e.g. benthic §%0, Nd isotopes, Cd/Ca or
sortable silts), the sedimentary (23'Paxs,0/>3°Thys,0) ratio (hereafter Pa/Th) and dissolved
inorganic carbon isotopes (8'3C, AC) are key tracers to reconstruct and quantify past
circulation patterns and water mass flow rates.”

In P2L25, this should be 12C, although in truth it is both, with a lower 13C/13C.
We thank the reviewer for highlighting this typo. This has now been corrected.

In P4L17, Equation 2, the second minus sign is different from the first. The multiplica-
tion dot is positioned as a punctuation would.

This has now been corrected

In P4L34, Equation 4, the “d” in “Kd” should be subscript.
Done

In P5L14, it should be “compiled in Dutay et al. (2009)”.

This comment is no longer valid as we now evaluate the model performance using
GEOTRACES dataset as requested by the two reviewers.

In P6L13, this is a long and potentially confusing sentence, yet a valuable one for its
description of how the proxies were evaluated. It would help to have a comma after
“identify”, which might make it clearer that the identification is of simulation periods
exceeding a defined length, for each proxy.

We thank the reviewer for the suggestion that we adopted.

In PBL3-5, this is a bold statement that just does not ring true. Ten thousand years for
equilibration of the carbon isotope signal in the Atlantic ocean, and a thousand for
Pa/Th? This is in a basin where the residence time of the deep waters is a few
hundred years today, and maybe a thousand years more in the past. Unless |
misunderstand the point here, something is not right.



We thank the reviewer for his/her careful reading. However, we confirm that this is not
a “bold wrong statement”. Indeed, because Pa and Th, on the one hand, and the
carbon isotopes, on the other hand, undergo very different processes in the ocean
water column, the simulation time required to equilibrate these different tracers is very
different. For instance, carbon isotopes are exchanged between different reservoirs
such as the atmosphere, the ocean, the terrestrial and marine biosphere while the Pa
and Th stay in the oceanic compartment.

We indeed agree that the residence time of deep waters is about a few hundreds of
years today and could have increased up to thousands of years in the past in the
Atlantic basin. However, Pa and Th residence time in the water column is not related
to the residence time of the deep-water masses. Instead, the residence time of Pa and
Th in the water column depends on how fast these two isotopes are scavenged to the
sediments by particles sinking in the water column. In other words, the observed
residence time of Pa and Th in the water column remains up to 200 years for Pa and
40 years for Th (Henderson and Anderson, 2003), independently of the overturning
circulation rate.

From the model side, (van Hulten et al., 2018) obtain negligible Pa and Th drifts, of
less than 0.1% after 500 years of equilibration. Please find below the text from (van
Hulten et al., 2018) on this topic :

“The model was spun up for 500 years, after which it was in an approximate steady
state (decadal drift of —-0.002 % for total 230Th and +0.058 % for total 231Pa).
Protactinium-231 has a larger drift than thorium-230 because 230Th is more quickly
removed everywhere in the ocean because of its high particle reactivity. The lithogenic
particles are in a steady state, and the PISCES variables are in an approximate steady
state (e.g. phosphate shows a drift of —=0.005 % per decade).”

The figure below shows the evolution of the global averages for dissolved and
particulate Pa and Th after a fresh-start (all activities are initialized to 0). Therefore, we
may consider that the Pa/Th tracer is at equilibrium after 1000 years of simulation.
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In P8L26, when listing the reasons that the millennial scale climate changes are not
analogous to the hosing experiments, it would be useful to also point out that the lo-
cation of the freshwater hosing in the model (the Nordic Seas) could also be different
from events that originate primarily from the Laurentide ice sheet on North Americal,
mostly likely including the millennial Dansgaard-Oeschger and Heinrich events.

We thank the reviewer for highlighting this point. We have changed the text
accordingly:

“‘However, our hosing experiments are not direct analogues of the millennial scale
climate changes of the last glacial cycle because i) glacial millennial events occurred
under glacial conditions whereas our simulations were run under PI conditions, ii) the
Heinrich and DO events have distinct proxy patterns and cannot be entirely explained
by a simple fresh water addition in the North Atlantic and iii) the freshwater inputs might
have occurred in different locations across distinct millennial scale events (e.g.
originating from the Laurentide or Scandinavian ice sheet) while in the model, the
freshwater was only added in the Nordic seas.”



P9L10, substitute “If’ with “While”.
Done

PIL32, modeled 13C results are compared with another model’s results, yet this sec-
tion is named “Comparison to proxy data”. Maybe update section title to “Comparison
to proxy and modeled data.”

We thank the reviewer for his suggestion that we have implemented.

In Figure 2, the labels (e.g. A. Single response) are unnecessarily far from the plots.
The caption should define the dotted black lines (which | assume is the 2 sigma
variation of the control phase). Also in the caption, the dotted red vertical line is the
response time and the dotted red horizontal line is the proxy response. The caption
states it the other way.

We thank the reviewer for highlighting these issues. Figure 2 and its caption have
been edited accordingly.

In Figure 3, | think I’'m missing something here. Why are there overlaps between the
data coverage of single and dual response plots? Shouldn’t the two be mutually
exclusive?

As pointed out by the reviewer, single and dual responses are clearly mutually
exclusive. However, as explained in our response to reviewer 1, Figure 3 shows zonal
averages for the western Atlantic N-S section. Consequently, for one grid cell to appear
blank on Figure 3 A. (resp. 3.B.) it is required that the zonal average is empty and
consequently that there is no grid cell in the full longitude range considered, displaying
a single response (resp. dual response). Therefore, it is possible to have overlaps on
Figure 3. We added a sentence to Figure 3’s caption in order to clarify this point.

Lastly, a citation in your references has the wrong publication year. The citation for
“Luo, Y., Francois, R. and Allen, S. E.: Sediment 231Pa/230Th as a recorder of the
rate of the Atlantic meridional overturning circulation: insights from a 2-D model.,
Ocean Science Discussions, 6(4), 2755—-2829, 2009.” should instead be Luo, Y.,
Francois, R., and Allen, S. E.: Sediment 231Pa/230Th as a recorder of the rate of the
Atlantic meridional overturning circulation: insights from a 2-D model, Ocean Sci., 6,
381-400 https://doi.org/10.5194/0s-6-381-2010, 2010.

We thank the reviewer for highlighting this typo. This is now corrected.



References:

Deng, F., Thomas, A. L., Rijkenberg, M. J. A. and Henderson, G. M.: Controls on
seawater 231Pa, 230Th and 232Th concentrations along the flow paths of deep
waters in the Southwest Atlantic, Earth Planet. Sci. Lett., 390, 93-102,
doi:10.1016/j.epsl.2013.12.038, 2014.

Gu, S. and Liu, Z.: 231 Pa and 230 Th in the ocean model of the Community Earth
System Model (CESML1. 3)., Geosci. Model Dev., 10(12), 2017.

Hayes, C. T., Anderson, R. F., Fleisher, M. Q., Huang, K.-F., Robinson, L. F., Lu, Y.,
Cheng, H., Edwards, R. L. and Moran, S. B.: 230Th and 231Pa on GEOTRACES
GAO03, the U.S. GEOTRACES North Atlantic transect, and implications for modern
and paleoceanographic chemical fluxes, Deep Sea Res. Part Il Top. Stud.
Oceanogr., 116, 29-41, doi:https://doi.org/10.1016/j.dsr2.2014.07.007, 2015a.
Hayes, C. T., Anderson, R. F., Fleisher, M. Q., Vivancos, S. M., Lam, P. J.,
Ohnemus, D. C., Huang, K.-F., Robinson, L. F., Lu, Y., Cheng, H., Edwards, R. L.
and Moran, S. B.: Intensity of Th and Pa scavenging partitioned by particle chemistry
in the North Atlantic Ocean, Mar. Chem., 170, 49-60,
doi:https://doi.org/10.1016/j.marchem.2015.01.006, 2015b.

Henderson, G. M. and Anderson, R. F.: The U-series toolbox for paleoceanography,
Rev. Mineral. Geochem., 52(1), 493-531, d0i:10.2113/0520493, 2003.

van Hulten, M., Dutay, J. C. and Roy-Barman, M.: A global scavenging and
circulation ocean model of thorium-230 and protactinium-231 with realistic particle
dynamics (NEMO-ProThorP 0.1), Geosci Model Dev Discuss, 2017, 1-32,
doi:10.5194/gmd-2017-274, 2018.

Rempfer, J., Stocker, T. F., Joos, F., Lippold, J. and Jaccard, S. L.: New insights into
cycling of 231Pa and 230Th in the Atlantic Ocean, Earth Planet. Sci. Lett., 468, 27—
37, doi:https://doi.org/10.1016/).epsl.2017.03.027, 2017.

Schlitzer, R., Anderson, R. F., Dodas, E. M., Lohan, M., Geibert, W., Tagliabue, A.,
Bowie, A., Jeandel, C., Maldonado, M. T. and Landing, W. M.: The GEOTRACES
intermediate data product 2017, Chem. Geol., 493, 210-223, 2018.



