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12 April 2022

To
The Editor, ACP

We are herewith submitting our revised manuscript #acp-2021-1039, entitled “Estimated regional
CO2 flux and uncertainty based on an ensemble of atmospheric CO2 inversions” by Chandra et al.

We thank the reviewers for helping us greatly with very helpful comments and suggestions. We now
have a huge confidence that the article contains useful information for the interests shown by the
reviewers in the work. We have made our best effort to revise the manuscript.

Two paragraphs at the end of the Results and Discussion, Supplementary Figure S10, and the final
paragraph of the Conclusions are deleted following the suggestions of the reviewers and taking in to
account their concerns on the methodology. This deletion also helps us getting rid of some of the
not-so-clear discussions and improves brevity of the text, without compromising on overall contents
of the article. However, we still feel that the issues raised in these two paragraphs and Figure S10 are
important, and will be followed up by dedicated studies in the future.

Thank you very much for allowing us to submit the revised manuscript.
Sincerely yours,

Naveen Chandra
(on behalf of all coauthors)
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Reply to reviewer#01’s comments

We sincerely thank the reviewer for carefully reading our manuscript and providing us important feedbacks.

We have tried our best to address them. Please find our detailed replies in black to each comment in grey.

Thank you very much for appreciating our study.

The novelty of this work is to understand the impact of prior fluxes, and uncertainties (model data uncertainty
and prior flux uncertainty) on the estimate of posterior fluxes at the global and regional scale. We agree that the
single model transport is not ideal, but please note that this study do not aims to give a full flux estimation
uncertainty range, including that due to model transport. We aim to estimate the best CO» flux with our transport
and provide uncertainty on the best-estimated flux. The transport errors are already explored extensively in the
TransCom, GOSAT, and OCO-2 model intercomparison projects. We evaluate fluxes using independent flux
estimation such as RECCAP and compare the simulation of a posteriori flues with independent aircraft data like

GCP. These are mentioned in the Abstract.
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The MIROC4-ACTM model transport quality has been checked separately using multiple tracer simulations as
discussed in the methods section. The performances for inter-hemispheric gradient and vertical transport in the
upper troposphere and lower stratosphere are reasonable. Nevertheless, no uncertainty is given to our flux
estimation system.

We have now revised the manuscript and do our best to highlight the novelty of the work.

We agree approaches in Basu et al. (2018) and Philip et al. (2019) are good, but for full scale transport error
uncertainty estimate. However, the uncertainty we estimate is different from that estimated in Basu et al. (2018)
and Philip et al. (2019). Our aim is to estimate uncertainty due to choices of prior fluxes and representation of
model data and flux uncertainties. It is impossible to estimate the role of inverse model input parameters without
running a single model with a number of different choices of inverse model parameters (e.g., prior flux
uncertainty, model data uncertainty etc.); hence we use a well-tested single transport model. As stated earlier

we compare our estimated fluxes with regional fluxes from independent studies (RECCAP).

While making choices on prior flux selection we did look in to the VISIT land and JMA ocean fluxes in
comparison with typical DVGM simulations (GCP’s TRENDY) and other ocean observation based flux
products used in IPCC ARG, respectively. As you can see from the two plots below our Prior fluxes (CASA and
VISIT; Takahashi and JMA) are fairly well encompassing the other available products. Therefore, we did not
believe we needed more variety in our prior fluxes.

Figures 4, 5, 6 and 7 in the article are testimony that the inversions are able to bring a posteriori fluxes to a

common value from both the prior flux extremes.
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Figure R1. Comparisons of VISIT and CASA prior cases with TRENDY DGVMs (Sitch et al., 2015;

https://doi.org/10.5194/bg-12-653-2015) for 15 land regions.
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Figure R2. Comparisons of JMA and Takahashi prior cases with pCO2 observation-based products (Fay et al.,
2021; https://doi.org/10.5194/essd-13-4693-2021) for 11 ocean regions.

Thank you for pointing this out here and suggesting numerous corrections below. The reviewer#2 is also very

kind in reading the manuscript line by line and pointing us to all corrections that are needed. We have made our

best effort to incorporate all suggestions and revise the manuscript.
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We have revised the two sentences as

“However, the uncertainties in the regional flux distributions remain unconstrained due to the lack of high-
quality measurements, uncertainties in model simulations, and representation of data and flux errors in the
inversion systems. Here, we assess the representation of data and flux errors by using a suite of 16 inversion
cases derived from a single transport model (MIROC4-ACTM) but different sets of a priori (bottom-up)
terrestrial biosphere and oceanic fluxes, as well as prior flux and observational data uncertainties (50 sites) to

estimate CO; fluxes for 84 regions over the period 2000-2020.”

We have slightly revised the sentence as
“Interannual variability and seasonal cycle in CO- fluxes are more consistently derived for two distinct prior

fluxes when a greater degree of freedom (increased prior flux uncertainty) is given to the inversion system.”

Yes, surface data are also used, say in Fig. 12 (bottom row)

We consider this remark and revised the sentence as

“We have further evaluated the inversion fluxes using meridional CO; distributions from independent (not used
in the inversions) aircraft and surface measurements, suggesting that the ensemble mean flux (model-
observation mean+1c standard deviation = 0.3£3 ppm) best suited for global and regional CO, flux budgets

than an individual inversion (model-observation 1c standard deviation = 0.3543.3 ppm).”

We have slightly revised the sentence for clarity as:
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“Using the ensemble mean fluxes and uncertainties for 15 land and 11 ocean regions at 5-year intervals, we
show promises and capability to track flux changes toward supporting the ongoing and future CO, emission

mitigation policies.”

Canadell et al. is the referring to the Chapter of IPCC AR6 which has assessed the TCRE etc. Cited again in the

next sentence, instead of this general sentence.

We modified the sentence as
“The sinks on the land and ocean constitute a major component of nature-based solutions to mitigate the rise in

CO; concentration, as discussed in the [PCC AR6 (Canadell et al., 2021)”

The paragraph is rearranged and shifted to Line#57. We have added a reference to Kondo et al. (2020) for this

sentence.

Rearrangements of the text is done as per your suggestions.

The aim of this introduction on FFC aliasing effect to give the background of the discussions related to the flux
trends for East Asia; Fig. 6 and Fig. 10. Some revisions are now made based on reviewer#2’s suggestions and

we have added some text in the previous paragraph to link the topics. Hope the paragraph reads better now.
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We have now revised this paragraph. The 2" sentence is deleted in the process. Hope the paragraph read well

now.

No, unfortunately this could not be explored in details and remained as a hypothesis. Thus, we have revised this

paragraph by cleaning up texts.

Thank you. We have revised the paragraph as a whole, and added at the end as discussed in previous comment
(Line 70 —73)

“Another way of improving our knowledge about uncertainties in regional flux estimations is to employ multiple
types of datasets from both bottom-up and top-down modelling systems (Ciais et al., 2021; Kondo et al., 2020),
which we have adapted here for checking the regional inversion fluxes, in addition to the GCP like evaluation

using independent aircraft data.”

We have cited : (Basu et al., 2018; Patra et al., 2005a; Philip et al., 2019; Qu et al., 2021; Wang et al., 2018).

Crowell et al., 2019 and Peiro et al.,

We are aware of these publications (Crowell et al. 2019 is already cited; Peiro et al. used fluxes for an extended
period) which makes assessments of regional fluxes estimated by inversions using OCO-2 data but none of both

give separate assessments of prior flux uncertainty vs data uncertainty on the inversion results, for example. In
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fact, it is impossible to estimate the role of inverse model input parameters without running a single mode with
a number of different choices of inverse model parameters (e.g., prior flux uncertainty, measurement data

uncertainty etc.).

Following your and Reviewer#2 suggestion we have modified the statement as
“Such intercomparisons used single inversions from different modelling groups and provided the range in total
CO; flux uncertainty due to the choices of prior fluxes distribution, prior flux uncertainty, observational data

uncertainty, and the model transport uncertainties.”

The sentence is revised as
“Reasonably good model transport in MIROC4-ACTM enables us to use any mismatch between observation
and simulations to estimate the land and oceanic fluxes using the inverse modelling technique (details in Section

2.4).”

Corrected as per your suggestion.

Thank you for pointing this out. The sentence is revised as “The CASA and VISIT monthly-mean fluxes are
downscaled to 3-hourly time intervals by redistributing respiration and gross primary production (Olsen and
Randerson, 2004) using JRA-55 meteorology, i.e., 2m air temperature and incoming solar radiation at the earth

surface”

Thank you for catching the mistake. Yes, we have used v4.1s
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Agreed, but we created a 4 lettered name to accommodate all 4 fluxes, as given in Eq. 1. We have slightly
rearranged for better clarity about how the notations are formed: g: GridFED FFC, ¢3:CASA-3hr, v:VISIT,
t:TTO09 ocean, j: JMA ocean, and f: Fire

Sorry for the unclear information. Our intent was to evaluation inversion strength. So, we have changed
“simulations” by “inversions” for clarification. We stated both - consistently (or the lack of it)! We think
transport model is key for the fluxes we derive, although CO; is an inert species and transport is linear. So, we

thought of mentioning the model’s name.

Given as : GML/NOAA (https://gml.noaa.gov/aftp/data/trace gases/co2/flask/y and WDCGG
(https://gaw .kishou.go.jp/) websites

Revised as “the grid point nearest to the observation location” for clarity

The matrix inversion system requires data every month of the inversion period. We have checked the fitting

program works well when data gap is less than 6 months, as the seasonal cycle is derived by using 6 harmonics.

We have stated the rationale as: (sorry without conducting the suggested simulation, we think a much greater

number of model input parameters need to be tested and used in the future studies)
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Selection of wide range of PFUs, in the range of 0.5 — 1.0 PgC yr' the ocean regions and 0.2 — 4.0 PgC yr' for
the land regions allows us to understand about the stability of the inversion system as assess the range of a

posteriori fluxes for aggregated sub-continental/basin regions or the land and ocean totals.

Revised as per your suggestion.

This sentence is revised as
“As discussed later in this article, the FUR is only indicative of the observational constraint on the regional
fluxes, the spread of ensemble inversions provides a measure of uncertainty of the regional CO; sources and

sinks.”

As a remark. we have revised this sentence as
“Hence, the magnitude of biases and RMSE indicates predominantly the accuracy of the predicted fluxes (the

errors due to model transport and measurement network are not explored in this study).”

All 16 sets are not simulated by model, but we used three representative cases, and part of this sentence is now
revised for clarity as
“The CO, simulations are derived from three sets of prescribed fluxes: “gc3t” (case: ctl ux4 gc3t in Table 2),

“gvjf” (case: ctl_ux4 gvjf), and “ensm” (average of all 16 inversions).”

Thank you for this suggestion. Review#2 also expressed concerns on this part of the discussion.
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We have removed this paragraph and the one before it, and Fig. S10.
However, we still feel that the issues raised in these two paragraphs and Figure S10 are important, and will be

followed up by dedicated studies in the future.

We have deleted this final paragraph of the Conclusions, as per your suggestion and also because lines 692-720

in the submitted version are deleted following suggestions from you and Reviewer#2.

We appreciate your help very much. All of the above corrections are made in the revised manuscript.

Thank you for the suggestion, we have further scrutinized the Yasunaka et al. paper and added
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“It is not easy to put forward a hypothesis for the weaker sink in summer than in winter of Northern Ocean,
while we can speculate that the atmospheric CO; decrease in polar air exceeds compared to the decrease that
occur over the surface sea-water and reduced solubility of CO; in warmer water. Indeed, Yasunaka et al. (2018)
have shown that the Greenland-Norwegian seas and Barents Sea are indeed acts as milder sink of CO, (flux = -
4 to -5 mmol m™ day™') during June-August compared to the October-March (flux = -10 to -15 mmol m? day”
1, and the Chukchi Sea and Arctic Ocean show strongest uptake in October. Thus, as whole the Northern Ocean

of our study could act as the weakest sink in summer months.”

All of the above corrections are performed. We appreciate your help very much.

All of these references are cited in the revised manuscript



428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464

Reply to reviewer#02’s comments

We sincerely thank the reviewer for carefully reading our manuscript and providing us important feedbacks.

We have tried our best to address them. Please find our detailed replies in black to each comment in grey.

This manuscript explores the sensitivity of a global CO2 flux inversion using CO2 mixing ratio measurements
to the choices of prior flux, prior flux uncertainty, and measurement uncertainty assumed in the inversion. Gap-
filled measurements from 50 globally-distributed sites are used and monthly fluxes across 2000-2020 are
estimated for 84 emission regions (54 on land, 30 for the oceans). Given that the fluxes to be estimated are
severely under-constrained by the data used here, especially in the tropics and southern hemisphere (SH) were
the data are sparse, it is not surprising that the final estimate should depend strongly on the prior estimate
assumed going in. The sensitivity to two different sets of prior fluxes are explored here: 1) annually-balanced
CASA land biospheric fluxes paired with Takahashi (1999) ocean fluxes, a combination that results in too large
of a trend of CO2 in the atmosphere due to the lack of the realistic global land sink, and 2) land biospheric
fluxes from the VISIT model that have too large of an global annual uptake, resulting in a too-small trend of
CO2 in the atmosphere, coupled with ocean fluxes from the JMA model. The bias in the global land+ocean
uptake embodied in each of these sets of prior fluxes is reduced in the posterior flux estimates, but remains at a
lower level, especially for individual regions instead of the global level. Since the two priors had errors in the

trend of opposite signs, averaging results over the two cases results in lower errors with respect to the truth.

Besides varying the prior fluxes themselves, the authors explore the impact of assuming different values for the
uncertainty on these prior fluxes as well as the uncertainty on the measurements (or model-measurement
mismatches, to be more precise). One must assume some value for these uncertainties in the inversions, and
these assumed values are always incorrect to some degree, since one never knows precisely what the true
uncertainty ought to be: the larger the errors in these assumed values, the larger the error in the a posteriori
estimate due to the bad assumptions; these errors tend to be systematic rather than random, so it is quite useful
to know how large of an impact they have. In my view then, this study is worth publishing because it quantifies
the impact of these mis-specified statistical assumptions, even if the global CO2 flux inversion underpinning
this work is far from being cutting edge. (Global CO2 inversions of this sort using the in situ CO2 measurement
network have been done for over two decades, going back to the 1990s at least. There are now many more in
situ measurement sites than the 50 used here, including tall towers on the continents and the routine aircraft
profiles that have been used here for evaluation purposes. Furthermore, there are column-integrated CO2
measurements from ground-based Fourier spectrometers looking at the sun, as well as the huge volume of
column CO2 data from satellites. These data are now used routinely to estimate fluxes for thousands of regions,

instead of just the 84 used here.)
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The authors have done a nice job setting up their ensemble of runs (16 total, permutations of the 2 flux priors,
2 different assumptions for the magnitude of measurement uncertainties assumed, and 4 different assumptions
for the magnitude of a priori flux uncertainty assumed) and have done a careful job of analyzing the results from
a variety of perspectives (global total, land/ocean totals, regional fluxes, annual means, interannual variability,
seasonal variability, the estimation uncertainty versus the sensitivity of the estimate to the priors and assumed
statistics, and errors evaluated by comparing to independent data). While the manuscript is quite long and may
be daunting to some readers, I realize that there is a lot of ground to cover and am sympathetic that the length
is not inappropriate. However, my main problem with the manuscript is with the writing: in many places, it is
difficult to understand the points that are being made. As a result, I had difficulty understanding precisely what
was done in this work, both in terms of the method used for the inversion and the methods used for the analysis,
as well as the results obtained and the logic used to interpret those results. Therefore, before being published
in ACP, I would like the authors to do a better job with their writing, making it clearer what was actually done
and what the implications of their work really are. I think that they should also note that their setup here is more
under-constrained by the data than most, and therefore the impact of the error sources that they examine is
probably larger for this study than for inversions that use more data. Finally, when quantifying the uncertainty
in the flux estimates, the authors need to do a better job explaining what error terms are quantified by their
ensemble spread, and what are not (the authors note that transport model error is not quantified, since they only
used a single transport model in this study, but they do not do a good job pointing out the difference between
the estimation errors usually quantified by the inversion and the errors examined here in their sensitivity study,
or the slight overlap between the two (due to the errors or differences in the prior fluxes)). I have noted below
the places where the authors should clarify their text, and I have made numerous editorial corrections and
suggestions for better wording that will hopefully make it easier for the reader to understand what is going on.
I apologize for not breaking out the more-editorial comments separately from the more substantive ones: at the

moment, they are all mixed together in rough line-number order.

We are overwhelmed by your efforts in reading the article so carefully. We have no words to appreciate or thank
you enough. While revising the manuscript and writing replies we have felt that it requires immense patience
and extraordinary helping nature to prepare such a review, for no credits.

We have revised whole manuscript as per your suggestions.

Detailed comments (line number indicated):

24: "without riverine export correction" -- I take this to mean that these are the actual fluxes inverted, and that

if you corrected for 0.6, say, you would get 1.6 +0.6 = 2.2 PgC/yr storage in the ocean. Please give more detail

as to what making this correction would do to the results and how that relates to anthropogenic fluxes/storage.
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We have added “The rivers carry about 0.6 PgC yr'' of land sink in to deep ocean, and thus the effective land

and ocean partitioning is -2.3=0.3 and -2.2+0.3, respectively.”

Revised as

“We have further evaluated the inversion fluxes using meridional CO; distributions from independent (not used
in the inversions) aircraft and surface measurements, suggesting that the ensemble mean flux (model-
observation mean+1c standard deviation = -0.3% 3 ppm) best suited for global and regional CO- flux budgets

than an individual inversion (model-observation 1o standard deviation = -0.35+3.3 ppm).”

The land and ocean sink uncertainty assessed in Canadell et al. is based on GCP CO2 budget. We revised the
sentence as

“The uncertainty in land and ocean sink partitioning of up to about 1 PgC yr'' in the IPCC ARG are based on
the Global Carbon Project (GCP)’s annual carbon budget”

Following your suggestion, we have revised the later part of the first sentence for better clarity, as
“Top-down inverse models estimate residual natural or non-FFC CO, fluxes from land and ocean regions
because inversion calculations do not explicitly optimise the FFC emissions, i.e., the FFC emissions are not

revised, but the a priori land and ocean sinks are revised.”

Both of the corrections are made.
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We have updated/expanded the discussion here:

Evaluation of predicted fluxes from model-data differences may not be straightforward due to the underlying
assumptions of a flux inversion system, e.g., for flux correlation lengths or the radius of influence for the
measurements, observational data uncertainty, prior flux uncertainty (Baker et al., 2010; Chevallier et al., 2007;
van der Laan-Luijkx et al., 2017; Miyazaki et al., 2011; Niwa et al., 2017; Rodenbeck et al., 2003), while the
data assimilation system will fit the model concentrations to the observed values. Thus, good statistics for the
validation metric using independent data and assimilated concentration field did not ensure good agreement
between the estimated fluxes by different models, at the sub-hemispheric and sub-continental scales, or
separately for land and ocean. For example, a model-observation difference within £1 ppm and/or vertical
concentration gradient simulation within 1-c standard deviation of the observed gradient resulted in more than
1 PgC yr'' flux differences between models at regional or sub-hemispheric scales (Gaubert et al., 2019; Stephens

et al., 2007; Thompson et al., 2016).

Both the corrections are made.

Following your suggestion, two sentences are merged to one as
“Such intercomparisons used single inversions from different modelling groups and provided the range in total
CO; flux uncertainty due to the choices of prior fluxes distribution, prior flux uncertainty, observational data

uncertainty, and the model transport uncertainties.”
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Thank you for these suggestions. All of the above corrections are made in the revised manuscript.

Sorry for the incorrect formulation. We revised the sentence as
“We fit the measured and simulated time-series at daily-weekly time intervals with six harmonics (extracts the
sinusoidal component, i.e., seasonal cycle) and Butterworth digital filter with a cut-off length of 24 months

(determines the long-term trends)”

Apologies for the poor construction of the equations and description. It is now revised as:

“In the Bayesian inversion, when the relation between model parameters and data parameters is linear (d = J5),

the misfit function (x?) is constructed as (Rayner et al., 2008; Tarantola, 2005)

1,5 > > N1 o N N - T > "1, -
Xz = E[(s - SO)TC(SO) 1(5 - SO) + (]SO - dobs) C(d) (]SO - dobs)] (2)
Assuming that the elements of C(ci ) are uncorrelated, the solutions for § and C(§) can then be written as

>\ -1 >\ - -
<i>= 5+ (76 1+CGE™) I C(d) (dons — dacrm) )

and posterior error covariance
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ci) = (17c(d) 1+ CGo) )

where S is the prior source for the 84 regions and 288 months in 1998-2021, C(S,) is the prior source error
covariance matrix, (zobs is the measurement data at 50 sites for 288 months, and C((Z) is the data error

covariance matrix. d, crm (= JS) is forward model simulation time series using a priori fluxes, run continuously
for the whole period of analysis, and sampled at the time and locations of the individual measurement before
calculating monthly means. J is the Jacobian matrix of sensitivities of observations with respect to $, calculated
using simulations of unitary pulse sources for a month for the 84 basis regions, and sampled at the 50
measurement sites. The unitary pulses are simulated for 4 years and originated for each month of year 2011 for
all regions (84 regions x 12 months = 1008 tracers per year; one set of J-matrix is reused for all years). We have
shown in Fig. S1 and associated text that use of annually repeating J does not affect the inversion results
significantly as majority of the spatial and temporal flux variabilities are coming from the a priori, which are
simulated using interannually varying meteorology. The elements in § are the optimised CO fluxes (referred to
as a posteriori or predicted flux) from 84 regions at monthly time intervals. The off-diagonal elements of C(S;)

are kept zero, assuming the a priori fluxes are uncorrelated to one another regions or time. The correction fluxes

(S — Sy in Eq. 3) is primarily determined by the term (C?ACTM - c?o,,s), scaled by the data/flux uncertainty.”

The equations are modified for cost function like symbols.

We follow the equations from Rayner et al. (2008) and Tarantola (2005). They are now written in the notations

you suggest. The vectors and matrix are shown in small letters with arrow on top and capital letters, respectively.
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The inversion code is made available on github, which was first developed by Peter Rayner, Rachel Law et al.
at CSIRO, and later distributed through TransCom inversion activities by Kevin Gurney, Rachel Law et al. We
have revised some of the codes and functionalities, e.g., we are using (d - dacrm) as input the inversions instead
of originally d and dacrwm separately. The Cp and Cso and other infrastructures are also changed vastly. Part of

the code is given below for ‘s’

Kount2 =0
do 1=1,lregl ! for number of regions, 84 in this case
write(chl2,'(i2)") 1
do m=1,mtotl ! for months
do n=firstsrc,lastsrc ! for years: firstsrc = 1998, lastsrc=2021
kount2 = kount2 + 1
ntime = nfirst + (n-firstsrc)*mtot1 +m-1
src(kount2) = stemp3(l,ntime, 1)
enddo
enddo
enddo

All corrections are done

Replied above for the comment “169, Section 2.4:” The revised texts clarified these issues.
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Thank you for this suggestion. We have changed this to "model data uncertainty" here and all places in the

manuscript.

Corrections are made

We stated the “maximum allowed” values. However, we agree with you that it is better to give the range, as

given in the Table 2 already. Revised accordingly.

Corrected.

We had used “pred” for predicted flux. Following your suggestion all is changed to “post”. This is now clarified

in the Figure 2 caption. Thank you

Yes, we tend to agree with you, but we haven’t been able to come up with anything different. So, we continue

to use FUR.
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Apologies for this mistake. The PFU for the oceans in the control case is 0.75 PgC/yr. Text and Table 2 revised.

We have removed South Pacific now. However, we think any measurable FUR change is a positive sign.

All of the above corrections are made in the revised manuscript.

We have now stated our criterion as (which is later shown in Fig. 5) :
The best estimate criterion is based on closest agreement of the global total (FFC emissions + land and ocean

sinks) fluxes with the global mean growth rate (section 3.2).

There is no other observable quantity to validate inversion fluxes in a strict sense, and also used in GCP CO,

budgeting process.



752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788

Yes, we have the full covariance matrix, but the regional fluxes we are analysing here do not conform with the
inversion model regions. However, we have checked the a posteriori flux uncertainty for the TransCom sized
regions are well over 2 PgC/yr. It is also clear from FUR statistics that the uncertainty for 84 inverse model
regions is not very large. Since we start with large a priori uncertainties (say, compared to TransCom Level 2

inversions), our a posteriori uncertainties are large.

That’s one of the reasons we have performed an ensemble of inversion to assess the physically meaningful (can
be questioned) uncertainties for regional fluxes. We have added these sentences in the article for clarification.
“The regional and global land/ocean flux uncertainties estimated from the 16 ensemble members cover those

arise from priori flux distributions, PFU, MDU. The uncertainties due to data coverage and model transport

errors are not assessed here.”

Corrected.

Sorry, for missing the citation. Schuldt et al., 2021 is added for v6.1. The reference list is corrected accordingly.

Corrections and additions are made. We use 16 routine NOAA aircraft profile sites.

Yes, some errors would come from transport error, but as we have mentioned in the previous sentence the

MIROC4-ACTM transport is validated for inter-hemispheric transport and transport of species in the upper
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troposphere and lower stratosphere using multiple tracers. Thus, we believe the biases and RMSEs will decipher

mostly about flux errors.

We have revised this sentence as “Model transport is one of the sources leading to uncertainties in the predicted
fluxes, but the simulations of SF¢ and age of air confirm the low transport error in MIROC4-ACTM (Bisht et
al., 2021; Patra et al., 2018). Hence, the magnitude of biases and RMSE indicates predominantly the accuracy
of the predicted fluxes (the errors due to model transport and measurement network are not explored in this

study).”

The sentence is revised as “The a posteriori results make reasonable corrections regardless of which a priori

fluxes they start from, e.g., the gc3t case with net-zero annual flux or the ‘gvjf” case with strong sink.”

Revised as “The degree of freedom of our inversions is a few times smaller than the gridded inversions when

spatial flux correlations of 1000-2000 km are assumed”.

Revised for better clarity as

“Figure 5 shows the trends and interannual variability in the global fossil fuel (FF) emissions (used as input for
the inverse model), land-biosphere, ocean, and annual atmospheric CO, growth rate for 16 inversion ensemble
members based on two combinations of land-biosphere and ocean prior fluxes (VISIT and CASA for land-
atmosphere, and TT09 and JMA for sea-air) and eight combinations of prior flux/data uncertainties (PFU and
MDU)”
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349-350: If you say that the uncertainties for the global land and ocean fluxes are 1.4 and 0.7 ppm, respectively,
it makes me wonder whether you have accounted for the correlations (the off-diagonal terms) in the a posteriori
covariance matrix properly in computing the uncertainties for those two regions. Other global inversions of in
situ CO2 data have found the uncertainty for the global land flux to be down around 0.5 PgC/yr. Do you
consider the off-diagonal terms in the a posteriori covariance matrix when calculating these uncertainty values

on the global land and ocean regions?

Yes, the off-diagonal terms are included. Note that our a priori flux uncertainties are much greater than those
used in TransCom studies for example. We use flat 2 PgC/yr for land and 0.75 PgC/yr for oceans in the control

casc.

Figure 5 caption, line 150: "brackets"

Corrected.

Figure 5 caption, line 150: "Numbers in the bracket in the legend are budget imbalance between inversions and
observed CO2 growth rate." The description given here and in the text (lines 360-361) does not make it clear
how these values were calculated. Do they measure the difference in _trend across the twenty years? (l.e.,
the difference in the beginning and ending values, divided by the number of years.) Or is it not the trend but
rather the absolute offset that you are calculating? Or is it the RMS difference between individual annual

values? Or monthly values? What are the units? Please do a better job describing this quantity in both places.

Mean of absolute offsets are given in PgC yr'. We have clarified it at both places as per your suggestion

373: "-induced changes": this doesn't work with a long parenthetical expression squeeze in between the original
word ("La Nina") and this phrase. Please put the information inside the parentheses elsewhere (maybe in the

caption to Fig. 5).

We have revised as per your suggestion. Parenthetical expression moved to Figure caption. Thank you.

377: "generally showing an increased ocean sink during strong El Nini(Jo events (e.g., during 2015-2016)".
But your Figure Sc does not show this: it has an increased ocean sink at the end of 2016/beginning of 2017 and
a reduced ocean sink in 2015. The 2015/2016 El Nino began in mid-2015 (or earlier) and was well over by
mid-2016. The increased uptake, due to the capping of the thermocline in the East Pacific that occurs during
the El Nino, should therefore be seen a full year before it is seen in Figure Sc. Please remove this or do a better

job explaining what you mean.



863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899

We have deleted this part of the sentence. Such inconsistency arises from the lack of sufficient measurements

in the Tropical Eastern Pacific region.

Done.

Practically both are happening here. The FFC error is affecting flux estimation for a short period of 2001-2009,
while the CO» fertilisation is slow but lasting process. We have made the specific period of FFC effect clear in

the manuscript.

Done.

Thank you very much for suggestion. We have revised the sentences as “Significant differences are seen in
between a priori VISIT fluxes and a posteriori fluxes over Russia, East Asia and Europe. The VIST prior suggest
the mean values of land uptake -0.76, -0.55 and -0.54 PgC yr™', respectively for Russia, East Asia and Europe;
however the ensemble inversion suggest the ranges of fluxes from -0.33 to -0.37, -0.42 to -0.57 and 0.08 to -

0.09 PgC yr', respectively. In general, the inversions suggest substantial uptakes ...”
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Corrected.

Done.

Revised as “VISIT prior consists of strong sinks over all three South America regions, and for all the regions
the inversions moderated the sinks and thus producing fluxes closer to the inversions using CASA prior even

though the regions have no measurement sites”

Revised as “The predicted land carbon sink over East Asia tends to increase is tied to a rapid increase in FFC”,

and further explanations are given in the next sentences.

Following your suggestions, we have revised this sentence as “Because the atmospheric data constrain the total
net surface flux regionally when fluxes are constrained by observations, a biased high increase in fossil fuel
emissions is required to be compensated by a biased high increase in the natural land uptake by inversion. If
absolutely no constraints by observations, the compensation will occur in the regions where the biased FFC

signals are transported by the prevailing winds.”
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Thank you very much for pointing out these corrections. All corrections are made.

Thank you. We have borrowed your words and added a sentence here “These features appear likely because of
the incomplete measurement constraint in the inversions permits “dipoles” of flux errors to appear between the
neighbouring regions (compensating errors of opposite sign due to the inability of the measurements to

completely localise the source or sink in the right place).”

All corrections are made, and “TDI calculation” is replaced by “inversions” in Figure 8 caption.

Revised and one sentence is added for clarity,

“The correlations were less than 0.3 between “gc3t” inversion and “gvjf” prior, which can be inferred as only
some of the interannual variabilities were present in the gvjf prior, and the interannual flux variability for gvjf
inversions are significantly different from gvjf prior. These results imply that the VISIT land ecosystem fluxes
and GFEDv4s fire emissions inadequately represent CO; flux signals that are observed at the 50 measurement

sites in our inversion.”
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Corrected and ENSO index information given

Correlations are about 0.3 or greater for Brazil, Temp S America, Northern and Central Africa and Southeast
Asia, as given in Table S3, for the gc3t inversion case which had no interannual variability in the prior flux,
both for land and ocean. Also for these regions and gvjf inversion case, the correlation between MEI and

posterior fluxes remained similar or slightly increased compared to MEI and prior fluxes.

We have now provided P-values as a significance test of the correlation coefficients in Table S3.

This was an overlook. Yes, North Asia — now changed to Russia

Yes, it should be Fig. 8 (or Fig. 6). Fig. 8 is now cited.
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We actually have the inversion cases of ctl ux2 gvjf & ctl ux4 gvjf, which are clearly suggesting some
differences from the prior by the inversions (Fig. 60). But some part of the Australian landmass is weakly
constrained by observations (Fig. 3). In general, our inversion suggests some consistency in the CO, flux [AV
for gc3t and gvjf inversions (r=0.43), but the flux variabilities are much weaker for gc3t compared to those for

gvjf prior or predicted fluxes.

In the control case we used fixed 2 PgC/yr PFU for all land regions, but in the gpp v* cases the PFU are

proportional to GPP of the region, which is low for Australia due to the lack of dense biosphere.

We believe more targeted research is needed to answer all the important questions you have raised. Thus, we

are not changing the discussions here, for not to be too speculative.

Thank you. Done

We have added this discussion here:

“The oceanographic observations indicate that sea surface temperature and pCO; in the equatorial warm pool
areas (5°N-5°S, west of the dateline) are not sensitive to El Nifio conditions (Takahashi et al., 2003), but a
strong correlation is found for the West Pacific region in the case of JMA ocean prior that is driven by pCO»
measurements and sea-surface temperature. The ge3t inversions did not produce expected (negative) correlation
for CO; fluxes and ENSO index for the both East and West Pacific regions, due to the lack of observational
coverage. Patra et al. (2005a) showed that the global ocean flux variability is significantly underestimated or
even produced opposite phase for strong El Nino of 1997/1998, if the Pacific Ocean Cruise data are not used in

inversions.”
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We have revised the sentence now as “Seasonal cycle amplitude for CASA prior flux for land total is 33.6 PgC
yr'!, and that for VISIT is weaker at 23.8 PgC yr’', and the peak of the growing season (when the net flux is
most negative) occurred in July for CASA that is one month after the VISIT (Fig. 9, top-left panel)”.

We have made several small corrections for clarity, based on these 2 comments.

Corrected.

We have added a sentence : “Posterior fluxes for the tropical regions also do not converge well mainly because

of the general sparseness of CO» data (Patra et al., 2013)”

All corrections are made.

Thank you for the suggestion, we have further scrutinized the Yasunaka et al. paper and added
“It is not easy to put forward a hypothesis for the weaker sink in summer than in winter of Northern Ocean,

while we can speculate that the atmospheric CO; decrease in polar air exceeds compared to the decrease that



085  occur over the surface sea-water and reduced solubility of CO, in warmer water. Indeed, Yasunaka et al. (2018)
086  have shown that the Greenland-Norwegian seas and Barents Sea are indeed acts as milder sink of CO; (flux = -
087 4 to -5 mmol m? day™) during June-August compared to the October-March (flux = -10 to -15 mmol m™ day”
088 '), and the Chukchi Sea and Arctic Ocean show strongest uptake in October. Thus, as whole the Northern Ocean
089  of our study could act as the weakest sink in summer months.”

090

091

092

093

094

095

096

097  Corrections and clarifications are made.

098

099

100

101

102

103

104  We revised this text as “Flux estimates for all the land regions remain quite uncertain, as seen from the 5 to 95
105  percentiles range of the 16-inversion ensemble (whiskers) at about 0.3 PgC yr™' for the land regions and typically
106  less than 0.2 PgC yr' for the ocean regions. The fluxes at 25 to 75 percentiles range show slightly reduced
107  uncertainties — a large reduction is not seen compared to the 5 to 95 percentiles range because the two a priori
108  models often formed two different sets of CO, flux values”

109

110

111

112

113 We have followed the TransCom formulation for this calculation. Usually, we have about 5 regions in one
114  aggregated region. Here are the posteriori flux uncertainties for the TransCom regions (except that the

115  Temperate Asia is broken in to South and East Asia):

116  Region name Flux_Correction Flux Uncertainty
117  Boreal N. America -0.16 2.13
118  Temperate North America -0.96 2.79
119  Tropical America 0.43 3.20
120 South America -0.01 3.18

121 Northern Africa -0.09 3.22



122 Southern Africa -0.07 2.78

123 Boreal Eurasia -0.22 3.09
124 West Asia -0.43 3.81
125  East Asia -0.26 2.63
126  Tropical Asia -0.13 3.32
127  Australia -0.30 2.38
128  Europe -0.04 3.00
129  North Pacific -0.11 1.29
130 West Pacific 0.00 1.00
131  East Pacific 0.20 0.91
132 South Pacific -0.09 1.08
133 Northern Oean 0.13 0.85
134 North Atlantic -0.12 0.92
135  Tropical Atlantic 0.03 0.93
136  South Atlantic -0.02 0.97
137  Southern Ocean -0.06 0.83
138  Tropical Indian Ocean -0.12 1.41
139 South Indian Ocean 0.03 0.84
140  total -2.39 8.38
141  total-land -2.26 8.20
142 total-ocean -0.13 3.38
143

144 We have now revised the sentence as “each of the 15 land analysis regions have predicted flux uncertainties in
145  range of 2.1 (Boreal North America) to 3.8 (West Asia) PgC yr for the control gc3t case, as the reduction from
146  prior flux uncertainties were small by inversion for most region (Fig. 3)”

147

148  Sorry for not being precise in the submitted manuscript.

149

150

151

152

153

154

155

156

157

158
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Thank you very much for these suggestions. All the corrections are made.

All the sub-sections in the Results and Discussion section are numbered as 3.x for simplicity, and the

Conclusions as ‘4’.

We have revised the text as “three sets of prescribed fluxes: “gc3t” (case: ctl ux4 gc3tin Table 2), “gvjf” (case:

ctl ux4 gvjf), and “ensm” (average of all 16 inversions).”

Thank you. Corrections are incorporated in the revised manuscript.

“model-observation bias” is now mentioned.

Sorry for the unclear discussions. The text is revised now as
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“The NOAA aircraft observations show a high bias during boreal summer throughout the troposphere over the
US and Canada, implying possible seasonally dependent errors in posterior fluxes over these latitude regions
(Fig. S7). When the aircraft data is over the high latitude continental regions, model-observation comparison
suggests a stronger surface CO; sink is estimated by inversion compared to what is suggested by vertical profile
gradients. HIPPO for the month of July also show negative model-observation mismatches near the surface (Fig.
S6). But the mismatches turn positive in the higher altitudes, above about 1 km, and thus the model and
observations averaged over 0-2 km are in much closer agreements (Fig. 11c). Based on these comparisons, the
simulations from the ensemble mean of 16 inversion cases (“ensm”) show lowest mean bias, in comparison
with gc3t or gvjf inversions, and suggested to be most suitable flux estimation for quantifying the global land

and ocean carbon sink on the timescale of annual mean and its decadal trend.”

Done

Figure caption and text revised according to your suggestions.

It is now given clearly in the Inverse method (section 2.4) that the Green’s functions are run for 4 years. We

have checked that the pulse signals are homogenously distribution at the end of 48 months, and we believe
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further extension of the simulations are not needed. But it is something we should test in the future by running

the Green’s functions well beyond 4 years.

However, following suggestions from you and reviewer#1, we have deleted lines 692-720 from the submitted
version of the manuscript. Also deleted are Supplementary Figure S10, and the final paragraph from the
Conclusions. We hope these actions will get rid of much of the confusions, as mentioned here and in the

comments below.

“.when you do a forward run with the optimized fluxes, you get the same modeled ...”

“Y ou must provide more discussion on why you get different modeled measurements”

Fig 12 caption and legend: it is not clear what the dashed lines labeled 'gc3t' and 'gvjf' indicate -- are these the
modeled measurements given by these two priors? Please say in the caption what they are. If they are the

modeled measurements given by the priors, why do you not also plot these lines for the top panels?

699: "We speculate that MIROC4-ACTM produces stronger sinks in the high northern latitudes":

stronger than what? Please reword this to make the meaning clear.

697-707: "It is also interesting to note that the meridional gradients in biases for independent aircraft
observations (Fig. 12a,b,c) and sites used in inversion (Fig. 12d,e,f) show opposite phases, i.e., most negative
and most positive at 250N, respectively. We speculate that MIROC4-ACTM produces stronger sinks in the high
northern latitudes (negative model-observation bias at surface sites over 750N or HIPPO/ATOM latitude-
altitude plots in Fig. S5, S6), which can arise from the model's inability to simulate the sites over the land
because of the coarse horizontal resolution. Thus, resulting in a weaker sink or a stronger source in the northern
tropics and subtropical (250N) regions, respectively. The tropical source is then transported to the mid-high
latitudes, which is captured by the aircraft observations, as a positively biased concentration. This experience
suggests a need for new forward model simulations using inversion fluxes, not the optimised atmospheric CO2
fields during data assimilation, should be used for evaluating inversion fluxes with the help of independent

observations."

This discussion is not clear and makes no sense to me. Why should 75 deg N be an important inflection point
for the surface data (there being very few surface sites that far north, anyway)? If there is a stronger sink than
there should be in the northern extratropics, then yes, there could be a balancing stronger source south of that.
But how could the positive perturbation in atmospheric CO2 then jump over the negative perturbation to the

north of it to then somehow cause the positive model-obs differences seen in the far north (Figure 12 and S5)?
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We believe the final two paragraphs are not clear and appearing to confuse even the expert readers. With that
in mind we have decided to delete these two paragraphs, Supplementary Fig. 10, and the final paragraph in this
revised manuscript. However, we still feel that the issues raised in these two paragraphs and Figure S10 are

important, and will be followed up by dedicated studies in the future.

Regarding the final paragraph before Conclusions (lines 709-720), it is nice that we have a general agreement
on how the inversion estimated fluxes are to be tested, i.e., by comparison against independent data. As the
reviewer has kindly pointed out we have already done both comparisons with independent flux results from
RECCAP and aircraft observations to assess our inversion results, and this paragraph and Figure S10 are

redundant.

This sentence is revised as “The terrestrial biosphere (2.58 PgC yr'') and ocean (1.54 PgC yr") absorb about
46% of the emissions due to fossil fuel and cement production (8.9 PgC yr™) in the period 2001-2020.”
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730: add a comma before "and two"

734: replace "resultant" with "result"

Corrected.

735-736: "The spread between the ensemble members provides us a reasonable measure of the inversion

estimated flux uncertainty but lacks the quantification of transport model uncertainty."

It seems to me that the spread in the ensemble results should quantify the variability due to only those things
that are varied across the ensemble: prior fluxes, prior flux uncertainty, and characterization of the MDU. It
should not be expected to capture the usual estimation uncertainty due to errors in the measurements and errors
in the prior flux (why? because the spread across the ensemble only quantifies the effect of mis-characterizing
or changing the assumed statistics for those quantities, but does not capture the uncertainty due to those errors
themselves). Therefore, in addition to the errors due to transport, you should also add on these usual estimation

uncertainties to get the total errors. This would be a good place to mention that additional error source.

This sentence is revised as “...but lacks in quantification of the roles of transport model uncertainty or the

inherent errors in the measurements and the prior fluxes.”

742: replace "extratropical" with "extratropical southern", since you are focusing only on the south not the north

Done

743: "The ensemble of inversions splits into a “near-neutral” group and a “strong-source” group based on the

priors."

It is unclear what feature in the flux results you are referring to here, with this statement. Please say what flux

feature you are discussing -- global total? global land total? global ocean total?

We have revised this as “The ensemble of inversions splits into a “near-neutral” group and a “strong-source/sink”

group based on the priors for the tropical and extratropical southern land regions.”

750 remove the comma before "in less agreement"
752: "ATom"
766: what do you mean by "unanimously"? That it is true across all 16 cases?

772: "North Pacific"
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Thank you for these suggesting these corrections. All of the above corrections are made in the revised

manuscript.

Revised as “North Pacific with a mean flux of -0.55+0.05 PgC yr"', and also considerable CO, uptake is
estimated for Southern Ocean, where CO, uptake increased from -0.12+0.07 PgC yr' in 2001-2009 to -
0.33+0.06 PgC yr' in 2010-2019”

We have deleted the final paragraph of Conclusions in the revised manuscript, following these comments from

you and Reviewer#1



