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We would like to thank both reviewers for their helpful and useful comments on
our manuscript. Our response to reviewers’ comments are shown in bold below.
Reviewer #1
I did not find any obvious errors or omissions in the manuscript, but I believe that the
abstract should report the mean values of the carbon-concentration and carbon-climate
feedback parameters for land and for the ocean calculated using the fully-coupled configuration.
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We agree with reviewer 1 and we will show mean values of the carbonconcentration and carbon-climate feedback parameters as well as TCRE for land
and for the ocean in the abstract when revising our manuscript.
Besides, I would recommend to revise the first abstract of the ’Introduction’ if the authors would have some spare time. I think it would be better to replace it with a brief
historical overview of the climate feedbacks problem citing some seminal work on this
Subject.
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Thank you for this good suggestion. We will mention the primary feedbacks
that operate in the climate system and put the carbon cycle related feedbacks in
context of these primary climate system feedbacks in the first paragraph of the
introductory section.
Reviewer #2 (Dr. Kirsten Zickfeld)
General comments: This manuscript provides an update on carbon cycle feedback parameters in Earth system models based on simulations conducted under the CMIP6
framework. This is a useful manuscript that demonstrates how feedback metrics have
evolved from CMIP5 to CMIP6 models and provides explanations for these differences.
However, the manuscript is very long, and inconsistent in its quality. A few sections are
merely descriptive and do not offer much insight into the reasons for inter-model differences, whereas other parts are missing important details (see specific comments).
Also, I am not convinced of the usefulness for this manuscript of the analysis that decomposes feedback parameters into various terms (section 4.4). The decomposition
has meaning to experts in the respective land and ocean biogeochemistry disciplines,
but in my view has little value to readers not familiar with the concepts of one or either discipline. I suggest that the authors consider removing these analyses from the
manuscript and preparing separate disciplinary submissions. This would free room to
strengthen other aspects of the manuscript. For instance, the abstract concludes that
the approach of calculating the feedback parameters from COU and BGC simulations
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is “most relevant”, yet there is no discussion of this point in the main manuscript. Also,
an interesting result is that despite the fact that several models now include N limitation,
the model-mean land carbon uptake has increased relative to CMIP5. This is an important result, which in my view warrants more attention in the results and conclusion
sections.
We thank Dr. Zickfeld for her thorough review. She makes two major comments. First, she recommends a shorter manuscript that reports only the
carbon-concentration and carbon-climate feedbacks, and suggests that section
4.4 (which delves into the reasons for differences in feedback parameters among
models) be removed and reworked as a separate manuscript. Second, that the
conclusion that the use of COU and BGC experiments yields “most relevant”
values of feedback parameters should be explained clearly in the main text.
While we completely agree with her second major comment and will revise our
manuscript accordingly, we respectfully disagree with the suggestion that the
manuscript should be split in two. Previous papers that summarized carbonconcentration and carbon-climate feedback parameters from ESMs (Friedlingstein et al., 2006; Arora et al., 2013) did not address the reasons for differences
in feedback parameters across models. At a workshop in Bern in April 2018,
about 25 members of both the land and ocean carbon cycle communities agreed
that analyzing reasons for differences among models is desirable. This knowledge is expected to lead to model improvements, and in the long term perhaps
a stronger consensus about the most appropriate approaches. This is especially true for land carbon cycle models given the large spread. The question
of removing Section 4.4 was put again to all of the co-authors, and there is a
strong consensus that Section 4.4 provides a novel analysis that is valuable to
the present manuscript, especially given that the underlying framework for assessing differences among models is the same for land and ocean. In addition,
providing results from land and ocean in a single manuscript in an integrated
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manner provides an opportunity for the land carbon cycle community to learn
about the ocean carbon cycle and vice versa, and hopefully contributes to dialogue across the the boundaries that have traditionally separated the two communities. Despite its somewhat longer page count, which we will try hard to
reduce while revising our manuscript, we feel that the intellectual and scientific
value of the additional analysis justifies the length.
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Specific comments:
In the following lines, we make note of how we will address these specific comments when revising our manuscript.
Abstract, l. 48-49: How are they different?
We will mention the values of feedback parameters in the abstract.
Abstract, l. 50-51: This conclusion is not supported by the discussion in the manuscript.
There is discussion on this point in the Appendix that should be elevated to the main
manuscript if this point is to be kept in the abstract.
Agreed. We will enhance the discussion about higher relevance of feedback
parameters values calculated using COU and BGC configurations.
Abstract, l. 51-55: Report interesting findings rather than methodological approaches.
Agreed. We will revise the abstract accordingly.
p. 4, l. 97: “Offers several benefits”: which specifically?
Organized MIPs offer benefits of common standards and experiment protocol,
coordination, infrastructure, and documentation that facilitates the distribution
of model outputs and the characterization of the mean-model response (Eyring
et al., 2016). We will revise this sentence.
p. 4, l. 116: “Comparison is useful”. I don’t think comparison between A13 and F06 is
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particularly useful. The two studies differ with regard to a number of key assumptions
that make resulting feedback metrics hard to compare. In addition to different scenarios these include emissions versus concentration-driven runs and different methods to
compute gamma.
We will remove the word useful and reword this sentence.
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p. 6, l. 142: Section 2 title: I suggest to rename the title to “Feedbacks metrics in the
coupled climate-carbon system”. The current title suggests a section on processes,
which it is not.
Thank you for this suggestion.
p. 8, l. 183: Even though c’ does not appear in Eq. 1a I suggest to mention that c’ is
the same for RAD as well.
Actually this is already mentioned on line 185.
p. 9, l. 192-193: Unclear what is meant by “evolve over time” (from one year to another
or from CMIP5 to CMIP6?).
This sentence implies the evolution of parameters over the duration of the experiment. We will revise this to make it more explicit.
p. 10, l. 225: Include reference to Zickfeld et al. (2011). The paper provides a detailed
analysis of non-linearities in the coupled climate-carbon cycle system.
Agreed.
p. 11, l. 234-235: First part of the sentence is repetitive.
We will reword this sentence.
p. 11, l. 237: How is it different, i.e. is it larger or smaller?
The gamma (carbon-climate feedback) values may be higher or lower for land,
but for ocean it seems the gamma values are always higher when calculated
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using the COU-BGC approach. We will revise this sentence.
p. 13, l. 276-277, “explicitly considering. . .”: contradictory. Needs clarification.

BGD

We will reword this sentence.
p. 17, l. 361-362: Need to say that changes in biological carbon inventory are assumed
to be small.

Interactive
comment

Agreed.
p. 19, l. 407: How is the function f defined?
The function in equation (16) represents the familiar solution of the ocean carbon
system from two of the "four pillars" (DIC, total alkalinity, pH, and pCO2), in this
case with total alkalinity and pCO2 on the RHS and DIC the unknown for which
we are iterative solving. To explain, we assume an initial guess for H+ and use
it to remove the effect of minor species (e.g., borate) from the total alkalinity in
order to get the carbonate alkalinity. Then from the carbonate alkalinity and the
pCO2 we estimate a new H+. This process is repeated for a number of iterations
until the solution reaches a convergence. This new H+ and pCO2 is used to
estimate the carbonate speciation.
We are using the preformed alkalinity instead of the instantaneous total alkalinity, and a surface ocean pCO2 in equilibrium with the atmosphere, to estimate
the preformed DIC for water masses formed in earlier times when atmospheric
CO2 was lower. All of the quantities in these equations are defined in the text.
We will rework the wording to make sure that the meaning of each is clear and
unambiguous.
Printer-friendly version

In the revised manuscript we explicitly state that this function corresponds to
the iterative algorithm of Follows et al. 2006, but prefer not to go into detail in
the paper since this function is well documented in the work of Follows et al.
2006.
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p. 20, l. 415-416, “Do slightly affect”: Can this be quantified?
Our diagnostics of the ocean feedbacks and carbon pools depend primarily upon
changes in DIC, the preformed and regenerated pools, relative to the pre industrial. There are inter-model differences in the pre-industrial ocean that slightly
affect the changes in saturated DIC. Differences in the pre-industrial saturated
part of DIC as shown in Figures S1a to S8a, second column for all models and
Figs. 11a and 12a for UKESM.
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For example, for a doubling in pCO2 (no climate change) for a pre-industrial state
with
pCO2=280 ppm,
To=5 deg. C,
So=34.5 PSU,
P= 2 µmol/kg,
Si= 80 µmol/kg,
Alkpre= 2300 µmol/kg,
the resulting change in ∆DICsat
=DICsat(2xpCO2)-DICsat(to)
=(2199-2093) µmol/kg
= 106 µmol/kg.
If instead the ocean at pre-industrial is warmer by 1deg. C then the change in
∆DICsat
=DICsat(2xpCO2)-DICsat(to)
=(2193-2085) µmol/kg
= 108 µmol/kg (i.e.1.9% difference).
If instead the ocean at pre-industrial has higher Alkpre by 50 µmol/kg then the
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change in ∆DICsat
= ∆DICsat =DICsat(2xpCO2)-DICsat(to)
=(2245-2136) µmol/kg
= 109 µmol/kg (i.e. 2.8% difference).”
p. 21, l. 450-452. This statement is confusing. After reading it I thought that the
additional figure panels show CMIP6 results for the subset of models that was used in
CMIP5, but from the figure captions I gather that those panels show the CMIP5 results
from A13. Please clarify.
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Thank you. We will clarify this statement to make it explicitly clear that the model
results are shown for CMIP6 and CMIP5 models that participated in Arora et al.
(2013) and this study, respectively, and not any subset.
p. 22, L. 470-472: Mention that the CMIP6 model ensemble includes some high climate
sensitivity models.
Agreed.
p. 23, l. 481-482: “fitting a polynomial”? Justify why you chose to do this. Fitting
procedure needs to be described in the Methods section.
This is best illustrated by considering temperature change. The mean model
temperature change, although averaged over a number of models, doesn’t increase monotonously with CO2 because of inter-annual variability. So the meanmodel value at the end of simulation may be higher or lower, than if it were increasing monotonously, depending on the values from individual models. Fitting
a polynomial to mean-model values yields a more reliable estimate of warming
at the end of the simulation. We will expand the text around this to justify our
reason for fitting a polynomial and also describe the approach.
For calculation of TCRE we will follow the more standard approach that calculates TCR using 20 annual values of temperature centered on the year when CO2
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doubles.
p. 23, l. 489-490: It is not intuitive why temperature in the RAD simulation is sensitive
to inclusion of NorESM2-LM whereas land and ocean carbon fluxes are not. Please
explain.
We now have results from the RAD configuration of the 1pctCO2 experiment from
the NorESM2-LM model so this issue will become moot.
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p. 24, l. 512, “has not meaningfully declined”. The bottom panels in Fig. 2 suggest that
it has actually increased.
Yes, true indeed. We will reword this sentence.
p. 25, l. 523-524: How about changes in ocean circulation?
In the RAD simulation, the overall loss of carbon is caused mainly by a depletion
of upper ocean DIC, which is primarily due to surface warming (70-86% for CMIP5
models) and to a second-degree due to changes in alkalinity (10-28% for CMIP5
models) (Schwinger et al., 2014). The changes in the circulation/stratification in
the RAD also increase the isolation of deep water, which lead either to a near
neutral or a small positive increase in the storage of DIC in deep waters (in this
RAD run where there is no increase in pCO2).
p. 25, l. 526-540: I don’t find this pargraph particularly useful as it merely describes
what is evident in the figure. I suggest to either include an explanation for intermodel
differences, or delete the paragraph. The figure could then be moved to the Appendix.
Agreed. This figure and the associated discussion is an ideal candidate for moving it to the Appendix to reduce the overall length of the main text.
p. 26, l. 543: Which simulation – RAD? The factor is lower (about two) for the COU
and BGC simulations.
In fact this sentence refers to the COU simulation. We will clarify this.
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p. 26, l. 552-553: Need to clarify that ∆C’ refers to a change in a reservoir. As such,
∆C’A
is not the atmospheric growth rate (PgC/yr) but the change in atmospheric carbon
burden (PgC).
Yes, this is correct. We will make this change.
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p. 26, l. 555: Which equation/section of the Appendix? Could also refer to Eq. (18).
Equation A6 in the appendix.
p. 27, l. 564: Which equation/section of the Appendix?
This refers to section A1 of the appendix.
p. 28, l. 588: It should be emphasized that the difference between models with and
without representation of the N cycle is much smaller than in CMIP5.
Actually this is kind of a red herring since there was only essentially one land
model with N cycle (CLM4, implemented in CESM1-BGC and NorESM) in the
Arora et al., 2013 study.
p. 28, l. 595-596: It would he helpful to have a brief explanation of the increase in CO2
fertilization effect in CanESM5.
Agreed. We will expand on this sentence.
p. 28, l. 602-603: I suggest to remove quantitative information from this and the
subsequent paragraph (not needed).
Agreed.
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p. 29, l. 611 – p. 30 l. 628: The discussion would be easier to follow if differences
in land models were first discussed, followed by a discussion of differences in ocean
Models.
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Agreed.
p. 28, l. 592 – p. 30 l. 628: It would be worth emphasizing (here and in the conclusions)
that with implementation of N limitation in several models land carbon uptake increased
in CMIP6 relative to CMIP5.
Actually, the subtlety here is that the mean land carbon uptake in CMIP6 models
has increased due to models which do not include N cycle. We will convey this
message clearly.
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p. 30, l. 641-646: Avoid repeating information from the figure legend in the text.
Agreed.
p. 31, l. 650-652: This is not immediately evident from the figure (e.g. betaL
calculated with RAD-COU differs from that calculated with other approaches for CMIP6
models). What measure was used to quantify the sensitivity?
The absolute mean betaL
values in Figure 6b calculated using the RAD-COU approach (-55.1 Pg C/degree
C) are higher than that calculated using the BGC-COU approach (-45.1 Pg
C/degree C) by 22%. We will make this clear when revising our manuscript.
p. 31, l. 656-658: It could again be noted that difference between models with and
without N limitation is smaller than for CMIP5.
As mentioned above, since there was only essentially one land model with N
cycle (CLM4, implemented in CESM1-BGC and NorESM) in the Arora et al., 2013
study it is difficult to draw such a conclusion.
p. 31, l. 663: It is worth mentioning in my view that the spread in feedback parameters
for models with and without N cycle has widened compared to CMIP5.
We are not sure what its being implied here. But the fact that there was only
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one land model in Arora et al. (2013) CMIP5 study with N cycle means no sound
conclusions can be drawn here.
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p. 32, l. 680, “existing studies”: Provide references.
We will provide reference to ocean carbon cycle studies here.
p. 33, l. 703-707: Avoid repeating information from the figure legend in the text.
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Agreed.
p. 32, l. 680-681: The preferred use of COU and BGC over other approaches to
calculate the feedback parameters is a conclusion highlighted in the abstract, yet the
discussion is relegated to the Appendix. If the conclusion is to be kept in the abstract,
the text in A2 should be elevated to the main manuscript.
We agree and we will make this discussion part of the main text.
p. 34, l. 722-724: Suggest to delete quantitative information in parenthesis (not
needed).
Agreed.
p. 37, l. 772-773, “This is one of the few times. . .”: Include references.
We will include this reference.
p. 38, l. 798-801: Unclear why this needs to be stated upfront.
This statement clarifies the dominant control by the air-sea exchange, rather
than the response being controlled by land-ocean exchanges (as explained in
the second sentence). This issue is expanded upon in the Appendix in Table
A2.
p. 46, l. 961: climate response to cumulative carbon emissions
Thank you. We will include the word “carbon”.
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p. 47, l. 977-978: Is the increase in the mean value of the TCRE since CMIP5 due to
changes in TCR, diagnosed emissions or both?
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We have not analyzed this aspect. However, since we are not aware of any other
recent paper documenting and analyzing TCRE in detail from CMIP6 models we
have decided to mention TCRE numbers in the abstract as well. In this respect
it would make sense to analyze and report this aspect too (i.e. the reason for
increase in TCRE).
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We will also cite Jones Friedlingstein (in revision for an ERL paper) who document TCRE and component uncertainty terms. Given the small and uneven
sample of ESMs available, we cannot say that TCRE has changed significantly
since CMIP5, although the contribution to its uncertainty has moved towards a
greater component from climate feedbacks than carbon cycle - this is primarily
due to reduced spread in land-beta in CMIP6.
p. 47, l. 986-987, “representation of the nitrogen cycle is helpful in reducing this
uncertainty”: unclear what results this statement is based on.
What is meant here is that the spread across land models is smaller for models
with N cycle. We will clarify this when revising our manuscript.
p. 47, l. 993-p. 48, l. 1003: Several studies have explored the decomposition of
TCRE into various terms and their contribution to TCRE uncertainty. Given that a
comprehensive discussion of this literature is out of scope here I suggest to delete this
paragraph that is based on a single study.
Although a single study, the cited work corroborates our conclusion that the
inter-model spread in the TCRE are dominated by the thermal/temperature part.
It also identifies that after 80 years carbon part of the TCRE becomes equally
important. We feel this is important and needs to be retained.
p. 50, l. 1038, “. . . a reduced spread across land models”. I don’t think this is a
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correct characterization of the results. The CMIP6 models including N limitation have
a smaller spread than the models without N limitation (Fig. 6) but the overall spread is
not reduced compared to CMIP5.
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This is what we meant and your comment indicates that we need to reword our
sentence. We are implying that if all land models had N cycle implemented the
spread between the models will be reduced.
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p. 50, l. 1052-1055: Again, the manuscript lacks discussion supporting this Conclusion.
As mentioned above, we will move text from appendix to the main manuscript to
support this conclusion and bring out the message (that COU and BGC configurations providing the most relevant parameter values) more clearly.
p. 59, Fig. 5 caption: Equation references need to be corrected.
Thank you for pointing this.
p. 62, Fig. 8: The upper panel is reproduced in Fig. 9, so this figure could be cut.
The reason for reproducing Figure 8a in the upper panel of Figure 9 is for easy
correspondence between models and the reasons for their behaviour as described by the decomposition terms.
p. 65-66: Figs. 11 and 12 could be combined. Also, the figure caption needs to draw
attention to the different vertical scale used in the panels.
Both Figure 11 and 12 already have 16 panels each. Combining them will likely
make their axes labels and other text completely unreadable. We will make note
of the different colour scales used in the panels.
We will also include other minor editorial suggestions made.
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