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Response to RC1
(updated from AC1 to reflect the revised manuscript submission.)

General comments:

The paper of Pasquier et al. investigates the future changes of the ocean’s biological and
preformed carbon pumps by 2090s under two emission scenarios (RCP4.5 and RCP8.5) using
a simple model biogeochemistry model and steady-state ocean circulation transport matrix
models. They present a new partitioning of preformed DIC to separate the contributions of
different pathways of preformed DIC to the ocean carbon storage and outgassing. Using this
data-constrained model approach, they found that biological production declines only
modestly in the future, while organic matter export declines more significantly due to the
reductions in both biological production and export ratio.

The paper is well-written with clear figures and presents interesting results on the
biogeochemical cycling and biological carbon pump. I only have specific minor comments and
questions detailed below:

We thank Referee #1 for their positive general comments.

• The authors highlight the fact that the model results are to some extent imprinted by
unrealistic circulation features of the ACCESS1.3 model, especially in the Southern Ocean
and the deep ocean. The sensitivity of the results to the choice of this peculiar model should
be more emphasize.

We agree that these features have important effects on the ocean carbon cycle, as we point out
throughout the manuscript. Without direct comparison with other circulation models it is difficult
to quantify the sensitivity. While deep convection that reaches to the bottom in the Southern
Ocean is unrealistic, this turns out to be the ACCESS1.3 mechanism for forming AABW, and
ACCESS1.3 reduces AABW formation in the future. Reduced AABW formation in the future is a
feature that is robust in the sense that it is seen in a number of models and it is also supported
by recent observations (de Lavergne et al., 2014). We therefore expect the large-scale changes
we document not to be particularly sensitive to the fact that AABW is formed through unrealistic
means. In response, we have added the following to the Discussion section:

iii. Most quantitative aspects of our results are likely model specific and to some extent
imprinted by circulation biases. While the ACCESS1.3 parent model is state-of-
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the-art, it produces Antarctic Bottom Water (AABW) through unrealistically deep
convection in the Southern Ocean (Bi et al., 2013). However, the future reduction
in AABW seen here is robust across CMIP5 models and also expected from recent
observations (de Lavergne et al., 2014). We therefore do not expect our results to
be sensitive to this unrealistic model feature. Although a model with more realistic
AABW formation might produce quantitatively different results (e.g., production
could increase due to a smaller decline in mixed layer depths), the qualitative links
between changes and their driving mechanisms should be robust and model-inde-
pendent (e.g., mixed-layer shoaling driving intensified nutrient trapping; Liu et al.,
2023).

• This study does not account for the potential changes in the oceanic circulation and
stratification due to melting of ice sheets, which could alter the ventilation and storage of
carbon in the deep ocean. If this were the case, would it result in different behavior of the
biological production or organic matter export?

Referee #1 is correct that ACCESS1.3 does not model meltwater input from terrestrial ice sheets
(as is the case for most climate models, as far as we are aware). We agree that melting ice
sheets will have significant effects on biological production and organic-matter export through
major changes in the global circulation (Li et al., 2023; Purich et al., 2018). While we cannot give
a definitive answer, we would expect the effect from ice-sheet meltwater to exacerbate the
reduction in future Southern Ocean ventilation (this was the case for meltwater experiments
using the ACCESS-ESM1.5 model in the SSP5-8.5 scenario; (Purich & England, 2023)). In
response, we have added the following to the Discussion section:

iv. The parent ACCESS1.3 model does not include meltwater from terrestrial ice sheets.
Including ice-sheet meltwater would further reduce Southern Ocean ventilation (Li
et al., 2023; Purich et al., 2018; Purich & England, 2023). This would likely strengthen
the already dominating role of the circulation in driving changes in the biological
and preformed carbon pumps.

• Why focusing on the RCP4.5 and RCP8.5 scenarios? This has to be justified.

We chose the RCP8.5 scenario simply because, of the commonly studied and available future
scenarios, it provides the strongest perturbation of the ocean state and hence a very clear
signal for us to quantify. Adding the more likely intermediate RCP4.5 scenario allowed us to
quantify sensitivity to future scenario by additionally studying a more realistic perturbation. In
response, we have added the following to Section 2.1 (Ocean Circulation Models):

For the future ocean states, we use the 2090s average for the ACCESS1.3 CMIP5 runs
for the RCP4.5 and RCP8.5 scenarios. We use RCP8.5 (which represents the worst-case
scenario for future global warming; Meinshausen et al., 2011) because it provides the
strongest perturbation, and the more likely intermediate RCP4.5 to assess the sensi-
tivity of our results to climate-change scenario. We prescribe atmospheric CO₂ ratios
at 278, 536, and 886 ppm for the preindustrial-, RCP4.5-, and RCP8.5-based states ana-
lyzed below.

• What are the implications of prescribed pCO2 concentrations for the simulation? It would
have been interesting to account for the feedbacks between the ocean carbon cycle and the
atmospheric pCO2 concentration, which may affect the future evolution of the preformed
DIC.



The implications for our simulations are that changing the prescribed atmospheric 𝑝CO₂ has a
negligible effect on everything except the preformed DIC pipes. While we agree that the
feedbacks on atmospheric 𝑝CO₂ are important (and has been the subject of previous work by
the authors, e.g., Holzer et al. (2021)), they are out of the scope of our study.

If the total (i.e., ocean + atmosphere) carbon inventory were prescribed at its 2090s levels —
instead of prescribing atmospheric 𝑝CO₂ — then most of the carbon would ultimately end up in
the ocean because of the buffer factor, resulting in an atmospheric 𝑝CO₂ close to its
preindustrial value. Furthermore, the prescribed atmospheric 𝑝CO₂ does not affect anything
other than the mean preformed DIC concentration. For example, we found that prescribing
𝑝CO₂ = 360 μatm (the mean 1990s value, which differs from the preindustrial 270 μatm used
here) for our preindustrial state merely shifts DIC concentrations up by the same amount at
every location. This uniform shift in DIC would have little effect on our results because no
process in the ocean interior depends on the global mean DIC concentrations. This is
demonstrated by the following unpublished figure of global-mean tracer profiles (see the yellow
and green lines, for which we used the preindustrial circulation but with different 𝑝CO₂ values):

Figure 1: Global mean depth profiles of (a) PO₄, (b) dissolved O₂, (c) DIC, and (d) total alkalinity
for the preindustrial state (green and yellow lines) and future states (orange and red lines). Note

how the green and yellow lines only differ for DIC (panel c).

In response, we have added the following to the Section 3.3.2 (The future preformed pump)
when discussing Fig. 6:

Across all source–sink pairs, the ingassing-to-outgassing flow rates increase the most
(roughly by factors 3 and 6 for RCP4.5 and RCP8.5) because of the dramatic change
in atmospheric 𝑝CO2. Note that, had we prescribed the total (i.e., oceanic plus atmos-
pheric) carbon inventory instead of only the atmospheric 𝑝CO2, the increase in at-
mospheric 𝑝CO2 and in the ingassing/outgassing fluxes in Fig. 6 would have been
significantly smaller.

• I found the description of the preformed carbon pump and how it differs from the solubility
pump a bit confusing. I think it could be clarified.

We have clarified the distinction in two places. In the Introduction, the corresponding passage
now reads:

To comprehensively track all carbon through the ocean, we quantify future change
in terms of the biological carbon pump and in terms of what we call the preformed
carbon pump. A quantification of the preformed pump is made possible by a novel
partition of preformed DIC according to its sources and sinks. The preformed pump



defined here allows us to track all preformed DIC back in time to its sources when
atmospheric CO2 entered the ocean, when organic matter was remineralized in the
euphotic zone, or when aphotically regenerated DIC resurfaced. In addition, we track
preformed DIC forward in time to its sinks, when it will outgas to the atmosphere
or be utilized biologically. In this way we quantify the timescales and flow rates (the
plumbing’’) of not just the biological pump but also of the preformed pump, as well
as the interaction between these pumps and the atmosphere and how these change in
the future under idealized steady-state scenarios.

In addition, Section 3.3 (The preformed carbon pump) now starts with:
To assess the future state of the biological pump, it is useful to place it in the context
of overall carbon sequestration by also considering the preformed DIC pool (e.g., Ito
et al., 2015). Our approach differs conceptually from previous quantifications of the
abiotic carbon cycle in terms of the solubility pump (e.g., Volk & Hoffert, 1985), where
one typically focuses on the sub-surface pathways of preformed DIC, and efficiency is
defined realtive to complete surface saturation. By contrast, our new preformed DIC
tracer allows us to quantify not only interior but also euphotic DIC pathways, how
they change in the future, and how they affect the ocean’s entire DIC inventory. The
“preformed carbon pump” considered here is thus the natural counterpart of the bio-
logical pump.

• As explained by the authors, the effect of iron on phytoplankton growth is not included in this
study to avoid complexity. How would it change the presented results if it was taken into
account? (i.e. does it have an important role?)

It is difficult to answer this question quantitatively without explicitly modelling the iron cycle,
which is out of the scope here. However, our PCO2 model captures the global patterns of iron
limitation in the late 20th-century ocean because the model was optimized against observed
nutrient concentrations (Pasquier et al., 2023), which are partly controlled by the iron cycle. In
addition, we expect that future changes in the global iron supply will not play a significant role
in the carbon cycle (Tagliabue et al., 2014). Iron deposition and its effect on biological
production are predicted to be order 10% by 2100 for RCP8.5 with strong spatial variations and
compensations (Drenkard et al., 2023; Liu et al., 2024). For example, Liu et al. (2023) did not
report any biological-pump effect from changes in the iron cycle (even though the CESMv1
model used includes iron). Thus, while the iron cycle could change dramatically on very long
timescales, it is reasonable to assume that its effects would be dominated by the large effects
from circulation changes as considered here in our steady-state analysis. No change.

Other comments:

L6: “experiences only modest declines”. Precise how much.
We have added “8–12 %”.

L8: the latter being driven
“being” has been added.

L19: In recent decades,
Comma has been added.

L30: …pump, preindustrial atmospheric pCO2 concentrations
Comma after “pump” has been added and italic “𝑝” has been added to read “𝑝CO₂”.



L55: remove the brackets of the sentence. Same at L77-78, L90-91, L128-129, L132, L258-259,
L320-321, L375-376, L452-453 and in the caption of Figure 4.
We agree that too many parentheses reduces readability. However, we think that some of our
parenthetical sentences should remain parenthetical to make it easy for the reader to identify
details that could be skipped on a first reading. We will defer to the Editor, but the changes we
have applied are:
• L55: no change
• L77-78: OK
• L90-91: OK
• L128-129: no change
• L132: OK
• L258-259: OK
• L320-321: OK
• L375-376: no change
• L452-453: OK
• caption of Figure 4: OK

L66-71: this paragraph has to be removed from the introduction since it is about the results of
the study.
We have removed this paragraph. We would like to note, however, that this type of “upshot
paragraph” is fairly commonplace and often gives a useful preview of essence of the paper.
Whether to include an upshot paragraph or not is mostly a matter of style. In this instance, we
agree that it is not necessary.

L80: atmospheric pCO2. Same at L93.
L80 is correct as we are talking about the CO₂ mixing ratio. No change expected.
L93 is also correct. However, as suggested by Referee #1, we have changed “atmospheric CO₂
concentrations” to “atmospheric 𝑝CO₂” here.

L105-106: precise the reference used to choose the parameters of the PCO2 model
The choice of parameters in the PCO2 model was described in detail in our previous study
(Pasquier et al., 2023). We have added the reference.

L112: …which in steady state obeys:
No punctuation here is not incorrect and a matter of house style, which we leave for the copy
editor to decide. No change expected (unless required by copy editor).

L133: the ocean through pCO2 air-sea exchange
Partial pressures are not exchanged, CO2 molecules are. No change.

L138: Note that in our model, carbon
Comma has been added.

L156: “the exact same concentrations as traditionally defined preformed DIC”. This has to be
precised. What are these concentrations? How are they chosen?
Note that the traditionally-defined preformed concentrations are described in the previous
sentence. For clarity, we have changed to “as obtained by the traditional approach (i.e., by
propagating euphotic concentrations)”.

L178: what are the main mechanisms
This sentence is intended as a signpost to guide the reader by indicating what comes next,
including a description of these main mechanisms. No change.

L183: remove merely
Done.



L186: “the more sluggish circulation”. Precise the sentence with value for the circulation.
There is no unique metric for circulation sluggishness. The point here is that biological
production declines together with the nutrient supply, and that this decline is expected given
that the circulation is slower in our future states than in the preindustrial. In this paragraph we
report the nutrient decline in the euphotic zone and then discuss its drivers. Adding a metric of
the circulation change here would distract from the main point. Such a metric would need to be
explained and motivated, e.g., justified through its relation with mean euphotic nutrient
concentrations, which is so much detail that it would derail our argument. Having said this, to
give you an idea of how much the deep circulation slows down, the mean age and mean
reexposure time change by up to 600 and 1200 years for the RCP4.5- and RCP8.5-based
states, respectively (see Fig. C3 in this manuscript or the work of Holzer et al. (2020)). No
change.

L186: decline by 12 and 19 % for the two scenarios compared to the preindustrial
For readability, we avoided repeating “compared to the preindustrial state” every time when this
is clear from context, which we think is the case here. The two-sentence lead paragraph of
Section 3.1 includes “We now examine how each of these components change from their
preindustrial values”. No change.

L187-188: “due to the slower future circulation and decreased ventilation”. Please give values.
As for first L186 point above, it would be distracting to dive into circulation/ventilation metrics at
this stage of the manuscript. No change.

L191: for RCP4.5 and RCP8.5 respectively (compared to the preindustrial)
As for point above, we also avoided repeating “respectively” over and over, particularly when
unambiguous from the context, as we think is the case here. No change.

L191: “although the North Atlantic contains a patch of prominent cooling”. Does it have a local
effect on nutrient and carbon uptake rates?
Yes, because the nutrient and carbon uptake rates are temperature dependent (Eq. (2)).
However, this effect is not widespread enough to impact the global-scale response. No change.

L204: RCP4.5 and RCP8.5 respectively
Will have added “respectively”.

L220-221: in the RCP4.5 and RCP8.5 scenarios respectively, compared to preindustrial. Same
in L253.
As for L186 point above, that the changes mentioned are relative to the preindustrial state is
obvious from the context. No change L220–221. However, for L253, we have added that Table 1
also lists the “corresponding preindustrial-to-future changes” in the preceding sentence.

L230: “do not suffice”. Replace by are not enough.
This is correct common-language English. No change.

Table 1: Add to the caption “…for preindustrial, RCP4.5 and RCP8.5 scenarios. Variations
relative to the preindustrial are also shown”.
We have added:

Total, regenerated, and preformed DIC inventories for the preindustrial, RCP4.5, and
RCP8.5 states in units of PgC. Changes relative to the preindustrial state are also
shown.

L271: remove a priori
Done.

L275: remove such
Done.



L302: and how they change in the future
We have replaced “these” with “they”.

L303: remove the [t]
Sorry about this. Done.

Figure 6: make the dashed rectangle in the left corner more visible for the reader.
Done.

L326: To better understand the transport pathways of preformed DIC, we quantify the amount
able to enter
Done.

L328: (not shown in Fig. 6) revealed that regardless of source-sink pair, more
We have added “in Fig. 6”.

L357: Italic font may be used for emphasis and used sparingly. Remove the italic style of the
word less. Same in L361, 364, 365.
The emphasis usage in this paragraph is important because it brings attention to the subtle and
surprising differences between pump strength and pump efficiency as we quantify them here.
Italic font is used for emphasis for 5 words out of roughly 15,000 for the whole article. No
change.

L437-439: remove the sentence to explain the SSP scenarios since it is not useful.
We respectfully disagree that explaining how RCPs match SSPs is not useful, but we agree that
this passage is too verbose. We have rephrased as:

For CMIP6 models under the SSP2-4.5 and SSP5-8.5 scenarios (which nominally match
RCP4.5 and RCP8.5; Riahi et al., 2017, Arias et al., 2021), the increase in ocean carbon
sequestration is about 400–500 PgC by the year 2100 (Liu et al., 2023), of which only
about 100 PgC is regenerated DIC as there has been insufficient time for it to accumu-
late at depth.

L461: remove below
Done.

L462: Liu et al. (2023)
We think this is correct usage but will defer to the editor. The “Liu et al.” citation without the
year is done through the \citeauthor command in LaTeX, which is suggested in the publisher’s
LaTeX template:

%% LITERATURE CITATIONS
%%
%% command & example result
%% citet{jones90}| & Jones et al. (1990)
%% citep{jones90}| & (Jones et al., 1990)
%% citep{jones90,jones93}| & (Jones et al., 1990, 1993)
%% citep[p. 32]{jones90}| & (Jones et al., 1990, p. 32)
%% citep[e.g.,][]{jones90}| & (e.g., Jones et al., 1990)
%% citep[e.g.,][p. 32]{jones90}| & (e.g., Jones et al., 1990, p. 32)
%% citeauthor{jones90}| & Jones et al.
%% citeyear{jones90}| & 1990

This avoids unnecessarily repeating the year here, which is unambiguous given that Liu et al.
(2023) was referenced at the start of the paragraph and that there is only one reference for Liu
et al. No change.



L484: remove brought to light here
This is appropriate English for what was done in this work. No change.

L491: this allows for the first time
This is correct English. No change.

L496: with declines of ~10 %, even for RCP8.5. Remove the italic style as well.
We have removed “merely” and added the comma after “10 %”. This paragraph contains no
italic style.

L500: RCP8.5-based steady-state scenarios respectively, in comparison to preindustrial
Will have added “respectively” here but have added “from preindustrial values” to the previous
bullet point instead.

References: sort the references of DeVries in chronological order.
References are automatically sorted alphabetically by the publisher’s LaTeX template. No
change.

Response to RC2
(updated from AC2 to reflect the revised manuscript submission.)

Summary

The manuscript provides an analysis of the changes in the ocean carbon cycle between the
preindustrial years and the 2090s, under the RCP4.5 and RCP8.5 future scenarios. Using a
biogeochemical model forced by decadal-mean ocean circulations derived from a climate
model, in steady-state, the authors find that (i) the counteracting effects of the decline in
nutrient supply into the euphotic zone and the warming-enhanced phytoplankton growth rate
induce a slight decrease in biological production, and (ii) the reduction in biological production
and export ratio leads to a decrease in organic matter export. In addition, they assess the
changes in preformed and regenerated dissolved inorganic carbon (DIC) inventories and cycles
and find that due to the weakening of the circulation the inventory of regenerated and
preformed DIC increases while the cycle of preformed DIC cycle becomes faster.

The manuscript makes a novel contribution by developing a partitioning of preformed and
regenerated DIC in accounting for the source and sink processes. The manuscript is well
written and organized. However I would like to raise several points, mostly regarding the
discussion of the results, that should be addressed before its publication.

Please see the detailed explanation of these major points and all my detailed comments below.

We thank Referee #2 for the positive feedback.

Before we provide detailed point-by-point responses, we would like to address Referee #2′s
frequent requests for uncertainty estimation (e.g., with repect to circulation choice, mixed-layer
depth, averaging period, neglect of seasonality). While we share the referee’s appreciation for
the importance of uncertainty in general, we think that for our idealized study it makes little
sense to estimate uncertainties even if that were feasible within the scope of our study. We are
not making specific predictions for the future of the real ocean for which uncertainties would be
important. Instead, our focus is conceptual on the processes that drive future changes in the
marine carbon cycle for idealized steady-state scenarios. Importantly, the uncertainties that the
referee would like to see are very unlikely to affect our conclusions.
Uncertainties with respect to model specifics could in principle be quantified by comparing a
wide suite of different circulation and biogeochemical models, but that would necessitate major
new research and is beyond the scope of our study. In previous work, Pasquier et al. (2023)
had quantified the effects from the ACCESS-M circulation biases by embedding PCO2 in
OCIM2, the ocean circulation inverse model (DeVries & Holzer, 2019). Pasquier et al. (2023) had
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also quantified the effects from biogeochemical parameterization by altering its complexity or
by changing biogeochemical parameter values. In the submitted manuscript, we focus on the
conceptual and qualitative implications of our analysis without distracting the reader with
uncertainties that are of little value in the context of our idealized study.
Below are our point-by-point responses.

Main comments

1. The circulation model: The authors forced the biogeochemical model using the fields of the
ACCESS-1.3 model. They referred to previous studies (Bi et al., 2020; Pasquier et al., 2023)
stating a surestimation in the mixed layer depth in this model (in particular unrealistically
deep mixed layer in the Weddell and Ross seas), that could impact the carbon pump. Several
questions arise from the existence of these biases in the circulation model:

• Could the author justify the choice of the ocean circulation ACCESS-1.3 simulations for this
study?

We used ACCESS1.3 because it is a state-of-the art climate model and because this work builds
on previous publications based on the ACCESS1.3 circulations. While we could have chosen a
different circulation model, all models come with biases, and none of the other models’
transport matrices have been assessed in as much detail as those for ACCESS1.3 (Chamberlain
et al., 2019; Holzer et al., 2020). Furthermore, Pasquier et al. (2023) optimized the PCO2
biogeochemistry model embedded in the ACCESS1.3 circulation (“ACCESS-M PCO2”) to
quantify in detail the effects of circulation biases on the biological pump. Thanks to its
optimized biogeochemical parameters, the ACCESS-M PCO2 model fits observations of DIC,
total alkalinity, dissolved O₂, and PO₄ better than most CMIP5 and CMIP6 models (Bao & Li,
2016; Fu et al., 2022; Planchat et al., 2023). These factors make the ACCESS-M PCO2 model a
natural choice for our study. In response, we have added the following paragraph after the
caveats list in the Discussion section:

A number of factors made the ACCESS-embedded PCO2 model a natural choice for
this study, which builds on previous publications. While we could have chosen a differ-
ent circulation model, all models have biases, and none of the other models’ transport
matrices have been assessed in as much detail as those for ACCESS1.3 (Chamberlain
et al., 2019; Holzer et al., 2020). Furthermore, Pasquier et al. (2023) optimized PCO2
embedded in the ACCESS1.3 transport matrix (“ACCESS-M PCO2”) and quantified the
effects of circulation biases on the biological pump. Importantly, our optimized prein-
dustrial state fits observations of DIC, total alkalinity, dissolved O₂, and PO₄ better than
most CMIP5 and CMIP6 models (see, e.g., Bao & Li, 2016; Fu et al., 2022; Planchat et
al., 2023).

• The authors used optimized biogeochemical parameters, which partly corrects biases from
circulation in the preindustrial conditions, if I correctly understand. Are these optimized
parameters also used in the future scenario runs? If it is the case, how does this optimization
influence carbon pump in the future states where these biases could have disappeared?

Referee #2 is correct that the biogeochemical parameters were optimized for the preindustrial
state and then also used for the future states. Optimizing the parameters for the future states (if
future data were available) could fundamentally change the biogeochemistry, capturing, e.g.,
biological and ecosystem evolution, which is out of scope. Instead, the question here is how the
carbon cycle changes due to changes in the physical state of the ocean at “fixed” biology (as
modelled by PCO2), given that future biology is unknown. Importantly, we expect that our
results are qualitatively robust to variations in parameter values because the mechanisms that



drive these changes operate in the same way regardless of the precise parameter values. In
response, we have added the following sentence to Methods section 2.2 (Biogeochemistry
Model):

We use the same biogeochemical parameters for both preindustrial and future states
to capture the response of the carbon cycle to changes in physical ocean state without
any changes in plankton physiology.

• Could the authors expand the third point in the discussion section L. 406-420 by specifying
how these MLD biases impact their results on carbon flow rates and inventories, and their
main conclusions, given the “key importance of circulation changes”? Could they estimate
the uncertainties of the results related to these biases? If these uncertainties are not
negligible, at least, the authors should qualify, in the abstract and conclusion sections, the
quantified changes found between the preindustrial and 2090s in both future scenarios.

One could estimate this uncertainty by applying our analysis to a family of different circulation
models, but this is out of scope. While such uncertainties would be important when making
predictions, our goal is different here: We used an idealized framework of steady future ocean
states to elucidate the driving mechanisms causing changes in the ocean’s carbon pumps.
What is important for that goal is that the circulation model qualitatively captures the expected
future changes (e.g., weakening of ventilation, increased stratification, slowing down of
meridional overturning, weakening of deep-water formation, and so on). In response, we have
qualified the abstract and conclusions accordingly. The abstract now contains the following
sentence:

We find that biological production experiences only modest declines (by 8–12 %)
because the reduced nutrient supply due to a more sluggish future circulation and
strongly shoaled mixed layers is counteracted by warming-stimulated growth.

The conclusion now contains the following sentence:
The overall nutrient supply declines because of intensified Southern Ocean nutrient
trapping and because decreased ventilation and strong mixed-layer shoaling slows the
resurfacing of nutrients from depth.

2. The preindustrial conditions: For the preindustrial run, the authors forced the
biogeochemical model using averages of circulation and thermodynamics over the 1990s
instead of preindustrial years. They justified this choice based on the minor changes in
hydrodynamics between these two periods. Why did they not directly use averages of
circulation over preindustrial years? I suggest adding some explanations on this point in the
Methods section.

While we could have used a preindustrial mean, we chose the same period (1990s) as in
previous work (Chamberlain et al., 2019; Holzer et al., 2020; Pasquier et al., 2023). The
late-20th-century observations used to constrain the PCO2 parameters through optimization
are more consistent with the 1990s circulation than with the preindustrial circulation.
Regardless, we would expect preindustrial-to-1990s changes to be dwarfed by the 1990s-
to-2090s changes, the latter being our focus here. We have added the following to Methods
Section 2.1 (Ocean Circulation Models):

To build our circulation models, we use physical ocean states from ACCESS1.3 climate-
model simulations (Bi et al., 2013) for the preindustrial ocean and for two future cli-
mate scenarios. For the preindustrial ocean, we build on the work of Chamberlain et al.
(2019) and Pasquier et al. (2023) and use the 1990s average of the circulation, thermo-



dynamic, and forcing fields from the “historical” ACCESS1.3 runs submitted to CMIP5
(Taylor et al., 2012). We refer to this 1990s state as “preindustrial” because the carbon
cycle was optimized against DIC observations corrected for anthropogenic DIC. The
circulation itself and the other tracers used as constraints are appropriate for the 1990s,
but because the preindustrial-to-1990s changes are dwarfed by the centennial changes
analysed here, we do not make a further distinction with a true preindustrial state.

3. Time integration: The authors considered averages on 10-year time slices. I suggest adding
a small discussion on this relatively short time integration for which decadal variability is not
handled.

We of course agree that we subsample decadal variability with a 10-yr average, but we expect
decadal variability to be small compared to the centennial-scale changes considered here.
More importantly, our goal here is not to make precise predictions of carbon-cycle changes for
which uncertainty due to decadal variability is important. Instead, our goal is to use a
reasonable future state to explore the consequences of expected circulation changes on the
carbon cycle. In response, we have added the following to the caveats list in Section 4
(Discussion):

vi. Using the 1990s and 2090s decadal means from a single climate-model run does
not capture decadal variability. However, we expect decadal variability to be small
compared to the centennial changes considered here. While important for precise
predictions, decadal variability is not important in our idealized steady-state frame-
work for which any reasonable future state suffices.

4. Seasonality: In the discussion section (L. 408-410), the authors also mentioned
uncertainties in the results associated with the absence of seasonality in their circulation
model forcing. Could the authors be more specific and give an estimate of these
uncertainties in the carbon pump and its plumbing, associated with this simplification, or
refer to previous studies that could have estimated them?

While we cannot quantify the effect of seasonality with a steady-state circulation model, we
expect seasonality to mostly affect the upper few hundred meters of the water column. Huang
et al. (2021) recently built a seasonally varying ocean circulation inverse model (CYCLOCIM)
and found that the inclusion of seasonality only improved the model–observations mismatch
above roughly 200 m depth in the global mean. We therefore do not expect the absence of
explicit seasonality to affect the qualitative character of our results, as most of the circulation-
driven changes analyzed occur at depth. In response, we have added the following to the
seasonality caveat in Section 4 (Discussion):

ii. Our steady circulations do not capture seasonal covariances between physical,
thermodynamic, and biological variations Riebesell et al., 2009). While this could
be addressed with a cyclo-stationary model (e.g., Bardin et al., 2014), doing so
would greatly increase complexity and computational cost. We expect seasonality
to mostly affect the upper few hundred meters of the water column as was the case
for Huang et al. (2021) who built a seasonally-varying ocean circulation inverse
model (CYCLOCIM). We therefore do not expect the absence of explicit seasonality
to affect the qualitative character of our results, as most of the circulation-driven
changes analyzed occur at depth.

5. Export of particulate organic matter: Pasquier et al. (2023) indicated that “particles are
only submitted to gravitational sinking” in the coupled model. Is it also the case in the



present study? I suggest clarifying how the export of organic matter is calculated in the
Methods section. If the transport of POC is similar as done in Pasquier et al. (2023), could
the authors specify or give an estimate of how including the advective-diffusive transport
could quantitatively change preformed and regenerated DIC inventories and carbon flow
rates, in particular in deep convection areas?

We use the same PCO2 as in the work of Pasquier et al. (2023), and POC is not transported by
the circulation. This approximation is desirable for computational efficiency and justified
because the gravitational transport of particles typically dominates the advective–diffusive
transport (water currents are typically orders of magnitude smaller than our POC sinking
velocities). Our goal was not to build the most realistic biogeochemistry model, but a relatively
simple one with reasonable fidelity to observations in the current state of the ocean. (Important
processes such as, e.g., temperature- and oxygen-dependent remineralization are
parameterized in PCO2.) Furthermore, from (unpublished) numerical experiments, we do not
expect that including the advective–diffusive transport of particles would make a significant
difference to the model solutions. In response, we have added the following in Section 2.2
(Biogeochemistry Model):

Organic matter is then remineralized back to DIC through respiration at rates 𝑅DOC,
𝑅POCf, 𝑅POCs, while PIC is dissolved to DIC at rate 𝐷PIC. In PCO2, biogenic particles
are only transported by gravitational settling, which dominates advective–diffusive
transport. All the particles that reach the bottom-most grid box are either remineral-
ized or dissolved there.

Detailed comments

L. 66-71: I suggest removing this text summarizing the main results of the study from the
introduction section.
Done.

L. 113: Did the authors consider the deposition of particulate organic matter (POM) on the floor,
remineralisation of POM in the sediment, and the flux of dissolved inorganic matter from the
sediment to the water column?
In PCO2, all POM that reaches the bottom is eventually remineralized in the grid box adjacent to
the seafloor (Pasquier et al., 2023). This highly simplified benthic parameterization of sediment
fluxes thus does not allow us to capture changes in benthic fluxes and early diagenesis that
could be driven by global warming and changes in circulation. A more detailed parameterization
of sediment fluxes could be implemented in future versions of PCO2, but is out of the scope
here. In response, we have added that all the POC that reaches the seafloor is remineralized in
Section 2.2 (Biogeochemistry Model; see response above) and have added the following to the
caveats:

v. Our model may not capture potentially important effects from biogeochemical
mechanisms that are not explicitly parameterized (e.g., Henson et al., 2022). These
include changes in community composition from adaptation and evolution (e.g.,
Boyd, 2015, Passow & Carlson, 2012, Doney et al., 2009, Lomas et al., 2022), changes
in nitrogen and/or iron limitation (e.g., Thornton et al., 2009, Jickells et al., 2005), or
changes in early diagenesis and sediment fluxes (e.g., Griffiths et al., 2017; Sweetman
et al., 2017). However, at least some of our model’s mechanistic shortcomings are
partially compensated by having optimized biogeochemical parameters (Pasquier
et al., 2023).



L. 181: I suggest rephrasing “The future circulation of our states”.
We have replaced with “The circulation of our future states”.

L. 185-187: I suggest showing the nutrient supply and its changes instead of (or in addition to)
the euphotic nutrient inventory and its changes, which result from several processes.
The euphotic-zone nutrient inventory may be considered to be the nutrient supply as nutrient
uptake rates depend on nutrient concentration and not nutrient flux. While one could consider
the net nutrient flux into the euphotic zone, this flux also results from a number of processes.
We think quantifying the standing stock of nutrients if preferable to make our points here. No
change.

L 192: Maybe better “and despite” instead of “despite”.
Done.

L. 192-200: Please see my first major comment. The authors presented that the main changes
in mean euphotic nutrient concentration are localized in areas where ML is unrealistically deep
in the preindustrial simulation (Fig. B1d-e, Fig. C2). Could the authors, in the discussion section,
discuss or indicate an estimate of the uncertainties of the different contributions to DIC
biological uptake changes and of the resulting uptake change, associated with the MLD biases,
perhaps based on previous studies? Could the MLD biases impact the sign of the total
production change and the first main conclusion?
As per our general response at the beginning, quantitative estimates of such uncertainty are out
of scope here. However, our qualitative results are likely to be robust as the Southern Ocean
mixed layer is predicted to shoal (de Lavergne et al., 2014; Kwiatkowski et al., 2020), driving a
decline in nutrient supply, which in steady state must be balanced by a decline in export (and
likely production).
Yes, a smaller change in MLD could impact the sign of the production change, whereby the
increase in phytoplankton growth from warming could overtake the decline in nutrients.
However, our key point here is that the regenerated carbon inventories increase because of the
increased residence times, even if production declines. Also note that comparisons with
transient models are complicated, with most CMIP5 and CMIP6 models predicting an increase
in Southern Ocean production by 2100, potentially caused by any combination of a warming-
enhanced growth, reduced zooplankton grazing pressure, increases in micronutrient supply,
reduced sea ice, or reduced light stress from increased stratification and a shallower MLD
(Kwiatkowski et al., 2020). In response, we have added the following to the caveats in Section 4
(Discussion):

Although a model with more realistic AABW formation might produce quantitatively
different results (e.g., production could increase due to a smaller decline in mixed layer
depths), the qualitative links between changes and their driving mechanisms should
be robust and model-independent.

L. 201: Maybe better: “Changes in export ratio”
Thank you. We have adopted this wording.

L. 202-203: I suggest defining export production at the beginning of “Changes in export ratios”
section, instead of in L. 217-218.
Agreed. We have moved the definition of export production.

L. 208-215: In this paragraph, the authors listed mechanisms inducing changes in OC export
ratio. Did the authors quantify the changes of DOC and POC export ratios, DOC and POC
exports, and euphotic DOC and POC remineralizations? I suggest adding these changes to the
appendices. Related to my first main comment, could the authors give an estimate of the
uncertainties of the magnitude of export ratio changes due the MLD biases?



Yes, we quantified changes in export ratios for each export pathway (DOC, POCₛ, POCf, and
PIC) but, for concision, we only showed maps of the total export ratio in the main text. However,
Appendix Fig. D3 does show the corresponding zonal integrals partitioned according to export
pathway, which we think provides ample detail. As per our overall response at the beginning,
quantifying the uncertainty is not feasible within the scope of our study. In response, we now
refer to Figure D3 in this passage.

L. 217: “changes in carbon export production Jex itself”.
OK, we have added “production” here.

L. 223: Do you mean organic-matter production or export production? Please clarify.
We meant export production. We have added “export”.

L. 230: “suggest”
Fixed (removed erroneous “s” at the end).

L. 259: “unrealistic deep ML”
We have changed this for “unrealistically deep mixed layer”.

L. 280-281: I suggest rephrasing this sentence.
While we are not exactly sure what Referee #2 is suggesting here to read:

Figure 5 shows that for each export mechanism (DOC, POCₛ, POCf, and PIC), export
production declines and sequestration time increases. The increases in sequestration
time are consistent with an overall slowdown of the circulation and with longer re-
exposure times for regenerated DIC to return to the euphotic zone (Fig. C3).

L. 302: “these pathways change”
We think it is clear that “these” refers to the DIC pathways in this short sentence. No change.

L. 303: delete [t]
Apologies. Deleted.

L. 338: Do you mean “regenerated nutrients at intermediate depths”?
We have rephrased as “nutrients regenerated at intermediate depths”.

L. 345-346: I suggest deleting the repetitions with L. 253-254, if any.
We are not sure where the repetition is here. L345–346 is about the preformed carbon
inventories while L253–254 is about the total carbon inventories. No change.

L. 367-368: the flow rate decreases/increases or the flow rate slows/speeds up?
We have removed “rate” here and made sure to use “the flow slows/speeds up”.

L. 391-393: I suggest replacing “a significant advance over” by “an enrichment of”
We respectfully disagree here. The traditional view of preformed tracers as the solution to a
concentration boundary-value problem is set in stone and cannot be “enriched” by going to
flow rates (i.e., source/sink). No change.

L. 449-453: “the changes in the controls on carbon export and biological utilization identified
by Boyd (2015)”: Could the authors list these changes and clarify the agreements with the
study of Boyd et al. (2015)?
There are 12 carbon pump components identified by Boyd (2015) that are based on 25
publications (their Table 3). In our judgement, an exhaustive comparison would be too much
detail for this discussion. For simplicity and clarity, we instead focused on the strongest
disagreement, which is that PCO2 does not include shifts in community composition, which is
the predominant control in the study by Boyd (2015). No change.

Appendices: I suggest (i) numbering the appendices and their figures in the order of reference
in the main text, (ii) locating the figures after the title of the corresponding appendix (Fig. C1),



(iii) changing the caption of Figure D2 (and Fig. D1), where the authors referred to Fig. 2 that is
commented later in the main text.
We respectfully disagree with Referee #2 here. The appendices were organized for clarity and
ordered by the first appearance of the first figure of each appendix in the main text: Appendix A
is mentioned in L170, Fig. B1 in L187, Fig. C1–3 in L190, and Fig. D1–3 in L203. In response, figure
placement with respect to titles has been fixed, although the precise placement of figures will
occur in the final typesetting by the journal. We have also revised the captions of appendix
figures so that they are self-contained.

L. 533-535 and L. 613-618 : These lines should be located after the appendices.
We used the Journal’s LaTeX template, which controls these placements. We defer to the
editors for final typesetting details. No change.

Figure C2: I suggest adding the MLD changes for the two future scenarios as in Figure 2.
Agreed. We have added plots of the changes to Fig. C2.
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