Reviewer comments
Author responses

This is a useful and reasonably thorough assessment of CMIP6 Earth System Models’ ability
to simulate soil carbon in comparison to both CMIP5 and observations. The paper is well
written, and the subject matter is entirely appropriate for Biogeosciences.

We thank the reviewer for a thorough and constructive review. We have addressed the
comments given and feel the study has now been improved.

Major comments

Multiple conclusions are reached around CMIP6 being differently constrained in
performance to CMIP5. The problem is, both CMIP5 and CMIP6 are ensembles of
opportunity and you get to analyse what is there, not what you would like to be there. So,
the 11 CMIP6 models are different to the 10 CMIP5 models in many ways. Some CMIP6
models are tweaks on CMIP5, some are significantly updated. There are different climate
models, there are models with shared land surface models (CESM2, NorESM2-LM) and |
would bet that there are shared modules within some of these land models. Obviously, you
cannot compare like-with-like and | do not think there are enough members of the
ensemble to suggest testing for independence. Thus, in my view all you can do is be very
careful in your discussion and conclusions. For example, line 268 — is this reduction real or a
function of the ensemble construction? Similar, lines 514, 580, 551 (and others) feel to me
to be important in this context. You cannot “fix” this. But you can highlight it explicitly and
thoughtfully in the Discussion and make sure your conclusions are limitations-aware.

As the reviewer states this issue cannot be fixed, however a conscious effort has been made
throughout the manuscript to address this comment. CMIP5 and CMIP6 are ensembles of
opportunities, so this point has been recognised and the non-independent nature of CMIP
ensembles are now included within the Discussion:

“Simulating global soil carbon stocks that are consistent with empirical data is required to
predict reliable projections of future soil carbon storage and emission (Todd-Brown et al.,
2013). Despite a reduced spread in model estimates of global total soil carbon within CMIP6
relative to CMIP5, discrepancies remain in the consistency of these estimates with the
observations between the two CMIP generations. It should be noted that CMIP6 does not
simply contain updated versions of every model in CMIP5, some new models are included
and some CMIP5 models not included in CMIP6. This These factors together with the
uncertainty associated with empirical datasets has resulted in no robust conclusion being
drawn on the improvement of soil carbon simulation in CMIP6 compared to CMIP5. Due to
the potential significant feedback that exists between soil carbon and global climate, this
lack of consistency may reduces our confidence in future projections of climate change
(Friedlingstein et al., 2006; Gregory et al., 2009; Arora et al., 2013; Friedlingstein et al.,
2014).



A caveat of this evaluation study is the non-independent nature of CMIP ESMs, where for
example CESM2 and NorESM2-LM share the same Land Surface Model (LSM). Additionally,
the ensembles included here do not necessarily represent all models that exist within each
CMIP generation. However, the evaluation completed here allows for general
improvements in the simulation of soil carbon stocks and fluxes between the CMIP5 and
CMIP6 generations to be noted, and key areas for future model development to be
highlighted.”

Additionally, a conscious effort has been made to address this issue throughout the
manuscript, where similar statements to the ones highlighted have been changed to note
the non-independent nature of CMIP. Bold statements, for example “reduced uncertainty”
have been replaced with “reduced model spread”, and changes to the suggested lines are
given below:

Line 268 — “The ensemble mean global total soil carbon is found to have reduced in CMIP6
from CMIP5, although it is noted that this may be a factor of the selection of models

included in each ensemble rather than any change in process representation.”

Line 514 -“

Line 551 — “Arebustimprevementinthe An improved simulation of NPP is seen suggested
in the ESMs included from CMIP6,+wedets compared with the ESMs from CMIP5 medels.

This conclusion is suggested deduced by:”

Line 580 — “The systematic improvements seen-inthe-simulation suggested from the
evaluation of NPP in within our CMIP6 ensemble are not seen-r suggested for the
simulation of soil carbon turnover time (), where the simulation of zsis found to remain
inconsistent with the empirical data in CMIP6 from CMIP5. Improvements are seen
suggested within CMIP6 relative to CMIP5,”

A more specific question is should you be showing the ensemble mean or the ensemble
median? The median is more insensitive to outliers. Why show the mean?

It is true that the mean is more sensitive to outliers compared to the median, however the
outlying models are not necessarily less ‘realistic’ than the other models. For example,
CESM2 and NorESM2-LM are often outliers due to the representation of vertically resolved
soil carbon. Therefore, we feel outlying models should not be given less waiting in the
ensemble analysis and it is not appropriate to be insensitive to outliers with this type of
evaluation. Additionally, showing the ensemble mean makes this study more comparable to
other evaluation studies, as the mean value is commonly used for ESM evaluation, including
within IPCC reports. Nevertheless, a map is shown below comparing the mean and median
soil carbon for the considered CMIP6 ESM ensemble. This is shown to make little difference
to the results, given the large spread seen within the results.
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Abstract — there are a series of really nice results in this paper that are not to be found in
the abstract. For example, line 565 might have been shown before for CMIP5 but it is
important that it is still there in CMIP6. Lines 601-602 are also important. The abstract
basically says CMIP6 is an improvement — but hidden later are some really important
conclusions that hint that this improvement might be related to the ensemble or at least
“improvements, but for the wrong physical reasons”. | think your paper will have much
more impact if some of the important findings are reflected in the abstract.

The abstract has been changed to the following:

“The response of soil carbon represents one of the key uncertainties in future climate
change. The ability of Earth System Models (ESMs) to simulate present day soil carbon is
therefore vital for reliably estimating global carbon budgets required for Paris agreement
targets. In this study CMIP6 ESMs are evaluated against empirical datasets to assess the
ability of each model to simulate soil carbon and related controls: Net Primary Productivity
(NPP) and soil carbon turnover time (ts). Comparing CMIP6 with CMIP5, a lack of consistency
in modelled soil carbon remains, particularly the underestimation of northern high latitude
soil carbon stocks. There is a robust improvement in the simulation of NPP in CMIP6
compared with CMIP5, however an unrealistically high correlation to soil carbon stocks
remains, suggesting the potential for an overestimation of the long-term terrestrial



carbon sink. Additionally, the same improvements are not seen in the simulation of ts. These
results suggest much of the uncertainty associated with modelled soil carbon stocks can be
attributed to the simulation of below ground processes, and greater emphasis is required
on improving the representation of below-ground soil processes in future developments of
models. These improvements would help reduce the uncertainty of projected carbon release
from global soils under climate change and to increase confidence in the carbon budgets
associated with different levels of global warming.”

Line 154 you use mrsos. | understand why. This is soil moisture over 10 cm. You use this
with 1m soil carbon. At the very least you need to discuss whether this is important to your
analysis in a “caveat” section in the Discussion. In effect, you are using a high frequency soil
moisture (I accept primarily for patterns) which probably reflects high frequency rainfall
more than anything else. | am not proposing you change it, but the implications of this
needs to be explained and discussed. Your observed soil moisture is also over a shallow
depth | suspect (line 220). Does this matter — perhaps not because mostly you only consider
patterns but | was less sure when you look at the constraints later.

Line 591 and whole paragraph. There is an issue hidden in here that might be worth
discussing which | think was picked up in papers by Jeff Exbryat. Relations with temperature
are anchored in reality — and are relatively easy. A land model should simulate a
temperature that reflects observations. In contrast, soil moisture is far more complex and
most land models achieve a value of soil moisture that reflects the value that is needed to
constrain evaporation. There is, of course, much more to it than this, but soil moisture can
vary a lot between land models, while all those land models simulate similar drainage and
evaporation. This means that when looking at correlations between ts and theta, the theta
is not necessarily translatable across models. So, | think there is much more to it that you
hint at in this paragraph and it might be worth teasing that out a little. Specifically, the
statement “is likely to be due to key soil processes not being represented” might be true but
is not very insightful ... and it might be more to do with the relationships between existing
ley soil processes not being blended well.

The reviewer raises a good point about the discrepancy in depth between the soil moisture
and soil carbon datasets, which is important to clarify. We have firstly added on line 156
(methods):

"It is noted that this represents surface soil moisture and does not match the depth over
which soil carbon is evaluated (0-1m). This is due to deeper soil moisture products not
being as readily available due to limitations of remote sensing methods in penetrating
deeper ground. It is expected that the surface soil moisture will be related to deeper soil
moisture to some extent but will be influenced by different processes. For example, high
surface soil moisture after rainfall events could run off and thus not always reach the
deeper soil. However, due to the long timescales considered (1978 - 2000) for both the
modelled and empirical data, the average surface soil moisture will be closely related to
deeper moisture."



In the discussion we have edited the paragraph that the reviewer highlights (from line 591)
to include discussion of the caveats of the soil moisture data/simulations:

"To simulate ts consistently with observations, the relationship of ts to both temperature (T)
and moisture (8) must also be simulated in a way that is consistent with observations.
Generally, the ts-T relationship is consistently simulated, however there is variation in the
modelled temperature sensitivity of ts across the ensemble. The ts-0 relationship is less
consistently represented, where the majority of CMIP6 models do not match the empirically
derived relationship. Despite a positive dependence of soil respiration on soil moisture in the
empirical data, many of the CMIP6 models display a contradictory positive ts-0 correlation
(Fig. 8). This lack of consistency between the modelled and empirical relationships involving
Ts could be influenced by a number of factors. -istikely-to-be-due-to-key-soilprocessesnot
beingrepresented- Particularly, a limitation of the ts-0 relationship in ESMs is the
representation of peat not being simulated. Peat forms in wet areas globally, so to simulate
the ts relationship to soil moisture consistently with empirical data, models must simulate
increased, longer turnover times in regions where peat exists. Moreover, to accurately
simulate the accumulation of peat in models, the soil column must be vertically resolved to
allow for the soil column to grow (Chadburn et al., 2022). However, it is noted that the
empirical relationship shows ts reducing with higher soil moisture, which suggests that the
observations are picking up more on the longer turnover times in dry areas rather than in
saturated areas such as peatlands. This may be due to having only surface soil moisture
information, whereas peatlands, while saturated at depth, typically have a water table
~10cm below the surface and can be very dry at the surface (Evans et al., 2021). There is
also a question of what soil moisture in LSMs represents, and the definition of soil
moisture varies between models. The aim within models is to act as the lower boundary
condition for atmospheric models, therefore their soil parameters may historically have
been tuned to give appropriate evaporation rates and not to represent the soil moisture
itself."

Finally, | liked your conclusions, but | would like to test a couple of them. Are you sure about
Conclusions 1 and 2. | mean, are you sure you can conclude this despite the uncertainties
associated with the ensemble design, the observed data and so on.

Conclusions 1 and 2 have been edited to account for the associated uncertainties.

1. “The spatial patterns of soil carbon in CMIP6 models gre appear to be more in
agreement with each other than they were in CMIP5 and more consistent with
observations in the mid-latitudes, although caveats around the uncertainty in
observations and the ensemble design make this conclusion uncertain. However,
soil carbon is still heavily underestimated in high northern latitudes (with the
exception of two CMIP6 models that represent deep soil carbon).”

2. “Overall, we are not able to identify ne significant improvements are-seen in the
simulation of the observed spatial pattern of soil carbon across the globe from the
CMIP5 to the CMIP6 generation.”



I am therefore going to recommend major revisions but with the note that they are not
“major” in the sense that a lot of work needs to be done but | do suggest that resolving 1-5
would substantially improve the paper. | would suggest:

1. Add a caveats section to the discussion and focus on the major limitations of your
study.
See above comments that address the caveats of the study (Major comment
numbers 1, 4, 5).

2. Check your conclusions and see if there are any minor edits you might want to make
given the caveats
See above (Major comment number 6).

3. Check over the paper and remove anything that is superfluous (see below).
As below all minor comments.

4. Check each section to ensure that the narrative flows.
A conscious effort has been made to ensure the study is clear and the narrative is
easy to follow.

5. Make sure the reader knows the supplementary figures exist more obviously.
These figures are now clearly referenced in the main text, and the figures have been
moved to the Appendix of the study.

Minor comments and pedantry

Line 12 —is this statement right - that there is 2-3 times the amount of carbon in the soil cf.
the atmosphere. | would have guessed its closer to an order of magnitude. Roughly 600 Pg C
in the atmosphere, 550 in vegetation, 1500 in soils and 1700 in permafrost. Please check.

The IPCC AR5 reported estimates of 600 PgC within the atmosphere, however more recent
estimates are approximately 800 PgC. Nevertheless, we agree that the predicted soil carbon
stocks (1500+1700 = 3200) is at the upper end of our estimate (1600-2400), though less
than an order of magnitude. Therefore, the sentence has been edited accordingly:

"Soil carbon is the Earth's largest terrestrial carbon store, with a magnitude of at least three
times-of-two-to-three-times the amount of carbon contained within the atmosphere”

Your paragraph structure needs some attention. Line 16 starts with real world carbon
storage. Half way through you switch to Earth System Models. Similar issues in section 2.3.1.
You do this a lot. It makes the narrative disjointed throughout and harder to follow than it
should be. A significant re-write is really required focussed on the section structure.

An effort to address this comment has been made throughout the manuscript. This has
mostly involved breaking up paragraphs into multiple paragraphs which now separately
focus on the real-world carbon or modelled carbon, making the narrative is easily to follow.



Line 22 — How do you know that the most up to date ESMs make up CMIP6? It is an
ensemble of opportunity and not everyone who can participated in CMIP6.

Line 22 — “ensemble known as CMIP6” is mis-stated. The CMIP6 ensemble is far broader
than ESMs. Just be careful with the precision of the language.

This sentence has now been changed:

“The latest generation of the Coupled Model Inter-comparison Project (CMIP) CMIPS6,
includes an ensemble of ESMs, which are used in the most recent Intergovernmental
Panel on Climate Change (IPCC) report (AR6).”

Line 25 — further to pedantic comments, it is not true that the carbon cycle is fundamental
to obtaining accurate future projections. It is, of course, true on long timescales, but it is not
true of projections to 2050. Again, be precise in the language and the timescales you are
talking about.

This sentence has now been changed:
“The response of the carbon cycle to climate change is fundamental to obtaining accurate
global carbon budgets future-projections, and the relationships between carbon and

environmental drivers used in models help to determine this response. Therefore,
representing present day carbon stores and spatial controls realistically is key forirmproving

thereligbility-of future-projections-of-climate-change for estimating carbon emission cuts

required for Paris agreement targets.”

Line 45 - This paragraph is very confusing. It is trying to signpost what comes but fails to do
that. You can just delete it as anyone reading this who cannot find your results needs help.
This paragraph has been removed.

Line 60 — | am not certain the detail in this paragraph really helps the reader. | mean, | am
not sure ... consider the value and whether its essential for the reader.

Line 78 — similar comment to line 60.

The content of section 2.1 in the Methods remains however the text has been edited to be
more concise.

Line 110 — why divide by 1E127?

In the calculation of global totals, units are converted from kg (1073) to Pg (10715).
However, this statement has been removed to avoid confusion as unnecessary detail.



Line 129 — | do not think you define the term after NPP
NPP is now defined within the methods:

“In an unperturbed steady-state (i.e. neglecting disturbances from land-use change, fires,
insect outbreaks etc.), there is no net exchange of carbon between land and atmosphere,
and Rh is equal to the NPP, where NPP is defined as the net carbon assimilated by plants
via photosynthesis minus loss due to plant respiration.”

Line 344 — the hatching is invisible on the version of the manuscript | read

The figure has been edited to make the hatching more visible and is suitable for an online
journal format.

Line 510 — the word “may” is incorrect. It does reduce our confidence.

The sentence has been edited to remove the word may:

“this lack of consistency may-reduee reduces our confidence in future projections of climate
change”

Line 526 — this is a brave statement — adding complexity does not necessarily improve
simulations.

The following sentence has been edited:

“"

. which aims to more

consistently simulate soil carbon with the real world.”

III

Line 621 — present day carbon is not “vital” on all timescales. Check language.

This sentence has been edited:

“The ability of Earth System Models (ESMs) to simulate present day soil carbon is vital to
help produce predict reliable global carbon budget estimates, which are required for Paris

agreement targets projections-of-climatechange.”

Line 625-6 should be in the acknowledgment.

This line has been moved to the acknowledgments.



Figure 1-3,6,7 — | am not sure you can change this but the ensemble average of two
ensembles of opportunity do not really tell us that much. Maybe you have no choice, but I'd
have liked to have seen the individual models. Now, later | find you do this in the
Supplementary Figures (ok — that makes sense) but unless | missed it, you do not refer to
these anywhere. At the very least, you should flag the existence of these figures in the
legends to Figures 1-3,6,7 and in each section when you introduce the ensemble figure you
should point to the existence of the individual models.

Thank you for pointing this out. The maps of the individual models have been moved to the
Appendix, so they are now easier to find. Additionally, they are now more clearly
referenced, including references in the figure captions as suggested.

Figure 1-3,6,7 — again. Take a look at Figure A3. You present the ensemble average of this
figure in the main text. Is that "legitimate(as distinct from commonly done). You are
averaging together large changes of opposing signs.

The individual difference maps for each of the CMIP6 ESMs are also included in the main
text, alongside the ensemble mean figures. Only the individual CMIP5 maps are included
within the Appendix due to the focus being on CMIP6. Additionally, despite showing
ensemble means, the differences between the ESMs are highlighted within the results so
the opposing signs are highlighted.

Figure 4 — Ahhh, Taylor diagrams. Do you think your audience will understand them? In my
experience, the only people who really understand them are those who have personally
created and analysed them. For this journal | would suggest you consider their suitability.

Taylor diagrams are useful tools to present statistical information, and have been regularly
used in ESM CMIP evaluation studies, so we feel they are understood. Additionally, the
results from the figure are clearly explained using the diagram, which should be easy to
follow even if the reader has not come across this style of diagram before.

Figure 9 —there are two shading intensities | think but its almost invisible on my printout.
The main point of this figure is to show the latitudinal pattern, shown by the solid lines,

however the shading has been slightly darkened to make more visible. Therefore, the figure
is suitable for an online journal format.



