We thank both reviewers for their positive and constructive feedback on the manuscript.
We agree with most of their comments and have used them to significantly improve the
paper.

Reviewer #2 commented on the abnormally high number of observations assimilated in the
LUMIA inversions, which led us to discover that one observation filter was not correctly
applied. To account for this, we had to recompute all the LUMIA inversions, which has led
to revisions of the figures and of the results section. However, the new results do not
fundamentally change the outcome of the study (if anything, the range of estimates has
narrowed down).

Please find below our detailed answers (with the reviewers comment in blue, and our
answers in black).

Review 1

We have revised the entire abstract, in response to comments from both reviewers

Fixed

Fixed

Differences exist between the results, but these are rather negligible and don't affect the
interpretation of the results. We have replaced "qualitatively equivalent" by "similar".

In fact, this is already in the methods (Section 2.2.4), but we think that briefly recalling it
here helps understanding the following paragraphs. But the text should have been pointing
to Section 2.2.4 and not 2.2.1. This has been corrected.



Yes, these correspond to sites that have both flask and in-situ data. There are very few
flask data in comparison to in-situ data, so their impact on the inversions is negligible (and
the observation uncertainty is anyway inflated according to the number of observations per
week at a given site, so the observational constraintisn’t really increased). They were kept
in the workflow as they can have an importance in places where there is only flask data,
although such a situation doesn't occur in the experiments presented in this manuscript.

This is an analysis of the ensembles of LPJ-GUESS simulations computed following the
method described in Section 2.1.2.

corrected

This sentence is indeed not a result. However, this section shows model-data
comparisons, which could easily be mis-interpreted: some of the observations have been
assimilated in some experiments but not in others, there is differences in the scale of
representativeness of the observations (local flux measurements compared to grid-cell
averages), etc. The first two paragraphs aim at clarifying that context.

Review 2

We have removed one reference and summarized the findings in the abstract.

We have revised the entire abstract

We have revised the entire abstract



L17-13: “In this study, we used the LUMIA regional atmospheric inversion system (Monteil
and Scholze, 2021) to confront wetland emissions from the GRaB-AM approach to
atmospheric CH4 measurements in Europe. We then perform inversions using the
information from GRaB-AM as prior.” Does the second sentence repeating what is said in
the first sentence? Could you consider to merge these sentences?

The first sentence referred to the propagation of GRaB-AM emissions with LUMIA (i.e. CH4-
LPrior), while the second one referred to their further optimization (CH4-LPost). We
however agree that it wasn't very clear so we haven't used these sentences when re-writing
the abstract.

L23 "for the global methane budget” Do you perhaps mean global natural methane budget?
On overall, I think anthropogenic emissions contribute more than tropical wetlands.

yes, we meant the budget of wetland emissions. We have fixed the sentence as suggested.

Section 2.1.2 Please provide information about EC sites in LUMIA domain. Although a full
list can be found in Kallingal et al. (2024), it is reader friendly to repeat the information also
in this paper.

In Kallingal et al., 2024, GRaB-AM accounts for observations at fourteen sites, in the
Northern Hemisphere high latitudes. Sites outside the LUMIA domain (e.g. in North
America) don’t contribute less than those inside to the parameter estimation. Therefore, if
we are to provide information on these sites, we need to do it for all of them, which would
end up repeating large chunks of Kallingal et al., 2024. Therefore, we prefer to stick with
just referring to that paper.

L7108-109: Why do you use different ranges for prior and posterior ensembles? How are
these percentages decided?

The ranges are actually not different, but the formulation was confusing. In both cases, the
samples are drawn from their 90% confidence interval. But in the “prior” (LPJ-GUESS-
unopt) ensemble, the PDFs are non Gaussian, to avoid non-sensical negative values for
some parameters, therefore the relation between confidence interval and standard
deviation is more complicated.

We have adjusted the text, slightly.

L160-161: CAMS provides two inversion estimates, one using surface air-samples, and
another using also satellite data. Which product did you use?

It relies on the inversion assimilating surface observations. This now has been clarified.



L171-172: “All the emissions were regridded from their original resolution to the 0.25°, daily
resolution of the FLEXPART footprints.” What method did you use in case original
resolution is coarser than 0.25° or daily?

Nothing particular, the low resolution emissions were just projected on a higher resolution
grid, so the emissions in kgCH4/m2 at a given lat/lon/time remain the same

L175: “influence on observations” | guess here you mean atmospheric observations. This
is true, but would it be better if you say e.g. “contribution to seasonality of total emissions”
So that it is connected to emissions rather than atmospheric states.

Indeed, it's better this way. We have adjusted the text according to the reviewer’s
suggestion

L178: “the fact that the observation network is relatively dense in Northern Europe” It is
probably not only about how the dense the observation network is, but also locations and
surroundings of the sites. If all the sites are close to anthropogenic sources, the constraint
on wetland sources well be weak. Please clarify this point a bit more.

This is precisely what the previous sentence refers to ("There is also a geographical
separation between emissions from wetlands ..."). The immediate surrounding of the sites
is notthatimportant (CH4 is a long-lived tracer, so the observations are sensitive to the
emissions aggregated over a very large area, and the ICOS sites are chosen not to be in the
direct vicinity of emission hotspots).

L187: “they are set proportional to the absolute value of the emissions” Can you specify
how much?

No, at least not in a meaningful way. They are initially set to 100% of the absolute values of
the emissions, but as mentioned in the following sentence (1188 of the original
manuscript), the aim is just to set the contribution of each variable to the overall
uncertainty. They are later multiplied by a uniform scaling factor (y) in Eq. 3, to achieve a
category-specific target annual uncertainty (reported in Table 1). We have clarified this in
the revised manuscript.

L198-199: Did you use all the data available, or did some filtering based on observation
quality, quantified by flags? From which dataset did you collect these from?

We used all the data available in the dataset. The observation dataset was provided
through the CoCO2 project (loannidis et al., 2025), we did not apply any further filtering
(except the time of the day selection).



As mentioned in the previous answer, the data comes from a curated dataset prepared for
previous inversion intercomparison exercises (e.g. loannidis et al., 2025, Thompson et al.,
2021}, and contains one single measurement error column. However, the manuscript was
not correct: 20 ppb is the default value (in case none is provided), not the minimum one.
The rationale for such a high value was to avoid over-constraining the inversions with data
of unknown quality. But after verification, it turns out that although the setting was
switched on, it was not actually used, since all valid observations had a valid model error
value in the dataset. We have clarified the origin of the data and removed the reference to
the 20 ppb value from the text.

We have slightly modified the start of the section, to clarify that this is just a reminder of
the method, described in more detail in Section 2.2.4 (which describes the uncertainty in a
more generic way, for other categories too). We have also modified the title of section 3.1,
to clarify that it refers only to wetlands

The value reported in Table 2 is a;fgg . We have clarified this in the caption of Table 2.

The background concentrations are prescribed in our inversions, based on a CAMS
inversion constrained with surface observations. However, the CAMS inversion doesn’t
assimilate all the observation sites used in our study. It is therefore possible that it
incorrectly represents some of them. It would in principle be possible for us to further
optimize the background concentration to account for this, but without a clear idea of how
large the uncertainty on this should be, the outcome would be very difficult to interpret. We



therefore chose to simply prescribe it and acknowledge possible shortcomings of the
approach.

L350: “the way they did.” | do not quite understand this last part. Maybe the sentence can
be slightly revised?

We have slightly reformulated the sentence.

L360-363: Did you take into account wetland area (i.e. how large are wetlands) within the
grid cell? If so, did you take the wetland area information from LPJ-GUESS?

Yes, the emissions are expressed in gCH4 per day and square meter of wetland area, with
the wetland area information from LPJ-GUESS. We have added that information to the
caption of Figure 9, and also corrected the unit labels in that figure, which were incorrect
(gCH4/m2/day instead of gCH4/kg/day).

L370: | see the largest reduction in RMSE in LPJ-GUESS-opt (site) rather than LUMIA-Lpost.

Indeed, but “LPJ-GUESS opt (site)” is not a gridded product but run at site-level (the full
sentence is “Among the gridded product, the best fit ...”).

L345: “overestimating CH4 emissions” > “overestimating regional CH4 emissions”?
corrected

L434-439: Is it only due to lack of emissions from wet mineral soils? How about
overestimation of wetland emissions in regions where EC data are not available, e.g. due to
wrong representation of wetland area, or biases in climate forcing data?

We have removed the reference to the lack of emissions from wet mineral soils, which,
although not wrong, is clearly not the explanation for the overestimated emissions here.
We have reformulated that paragraph and introduced the hypothesis of errors in the
wetland area.

L443-444: “lower temporal resolution of the methane emissions” | do not fully agree. Do
you mean temporal variations of methane emissions are weaker in the sense that it does
not have strong diurnal cycle? Please rephrase.

Indeed, we have replaced “resolution” by “variability”
L476-479: How are these estimates compared to other studies?

Direct comparisons with other studies are difficult because of the limited extent of our
study domain. We have however expanded that section with a comparison to the JSBACH-
HIMMELI mode, for which we had data since it was used in loannidis et al., 2025.



We don’t really understand the question. Inversions adjust the prior emissions, so, yes, itis
common that emission estimates are reduced by the inversions (and it is common as well
that they are increased). Maybe the reviewer is asking whether there is a general tendency
to reduce them? Not to our knowledge.

At least in LPJ-GUESS, yes. And we acknowledge this in the manuscript.

We have expanded the discussions, in particular with a comparison to the JSBACH-
HIMMELI model. Direct comparisons with other studies are cumbersome, because of the
differences in study area and temporal extent, which requires re-downloading and
processing the data, therefore we had to limit it to what was already available to us.

Inversions are only indirectly (through their prior) constrained by EC data, and the major
biases have already been corrected by GRaB-AM in LPJ-GUESS-opt, therefore there is not
much scope for improvements in inversions using that product as a prior. Furthermore, the
EC data represents emissions at one specific observation site, while the LUMIA emissions
are representative of one 0.25°x0.25° grid cell, so even in a perfect world, we wouldn’t
expect a full match between the two.

The text of Section 4.3 has been adapted to better reflect this.

By diagnostic models, we refer to models that attempt to estimate the CH4 emissions
based on empirical relationships to a set of observable parameters, rather than full DGVMs
that attempt to simulate the full carbon cycle.

We have further developed this paragraph in the revised manuscript.



Note that our focus in this study is on wetland emissions specifically. Anthropogenic
emissions are important as well, but better addressed by other studies, e.g. loannidis et
al., 2025, to which we participated, with a slightly different setup (JSBACH-HIMMELI
wetland emissions instead of LPJ-GUESS).

The ratio of uncertainties between anthropogenic and wetland emissions depends a lot on
the location. At the scale of Europe, we attributed a total uncertainty of 5 TgCH4 to the
“non-wetland” emission category, which is largely dominated by anthropogenic
emissions, vs. 0.5 TgCH4/year for wetlands. But over the Nordic region, on which we
focused our analysis, this ratio is a lot more balanced (the prior wetland and non-wetland
emissions are on the same order of magnitude, for the Nordic region, but, assuming that
wetland emissions are a lot more uncertain, they dominate the uncertainty budget.

We are not really sure what the reviewer refers to by “implement the information”. As
mentioned, our inversions already account for uncertainty in anthropogenic emissions (in
fact, forthe whole “non-wetland” category, but it is largely dominated by anthropogenic
emissions), but using a rather arbitrary estimation for that uncertainty, which limits our
trust in the source-attribution of the emission adjustments by the inversions, especially in
regions where both anthropogenic and natural emissions are significant (which is why we
didn’t really focus on other European wetlands, such as those in the Netherlands, Great
Britain or Ireland).

Having a more objective quantification of the anthropogenic emission uncertainties would
strengthen our confidence in our results, but it would probably not dramatically change
them (unless our current estimate of these uncertainties is too incorrect).

Our inversions do technically employ different uncertainty estimates for different sources
(“wetlands” and “non-wetlands”) and there are many other examples, for CH4 and for
other tracers, including some rather old ones (e.g. Meirink et al., 2007). The difficulty is not



to set up inversions resolving emissions per category, but to obtain robust results with
them.

Implementing more realistic anthropogenic emission uncertainties (including correlations)
and resolving the emissions for finer categories is of course necessary once they become
available, but it will really only be useful in conjunction with the assimilation of more
observations (e.g. satellite data, isotopic data, flux observations, etc.), which is the more
technically challenging part.

Figure 1:

Please add latitude/longitude coordinate labels of the grids.

We have added them in the revised figure

Please check coordinates of the EC sites. | wonder what is a site on the Baltic sea...?

It was a typo in the coordinates of Degero (all EC sites are plotted in green, and the ones
used in Fig 9 are overplotted in red, but somehow, the green point for Degero was shifted
South).

| do not see Siikaneva with green star. Is it just overlapped with red star? Please make it
clear (also for Zarnekow).

Yes, the idea was to have a red star on top of the green one, to mark the sites covering the
year 2018. But clearly it was not readable enough. We have adjusted the size of the green
and red stars to make it more visible, and have clarified the caption.

Please add/rephrasing the caption a bit to make it clear what type of observations you are
talking about: “LUMIA inversion domain (cyan grid), the position of the atmospheric
observation sites used in the LUMIA inversions... The red dots mark the position of the
eddy-covariance sites used in Section 3.3.1.”

See reply above.

Labels: I would prefer to use “sites” than “obs”, and modify “CH4 obs” to e.g.
“Atmospheric sites” to make it clear (EC also measures CH4).

We have followed the reviewer’s suggestion and edited the labels.
Figure 2:
Are these regional emissions for the LUMIA or Nordic domain?

They are for the LUMIA domain. We have included a cleaner revised figure.



See comment above

bmb is for biomass burning. We have clarified this in the revised figure.

The emissions of the LUMIA-Lpost inversion are shown in Figure 7. We think it woud be
confusing to have them in the methods section.

Yes, these are annual averages. We have now included that information in the caption

The spatial resolution is the same in all panels (0.25°), but the original datasets were at
different resolutions (very low for the geological emissions), see revised Table 1.

It’s more or less on purpose (it’s a feature of the plotting library). For wetlands, all grid cells
are within the range of the colourbar, while for the other categories, there are grid cells that
exceed it, therefore the colourbar is shown with an arrow. Since these are very localized,
extending the color range to accommodate them would make the rest of the plots look very
flat, therefore we chose that compromise.

We have fixed this in the revised manuscript. We have also changed the plotted units from
nmolCH4/m2/s to gCH4/m2/day, which is more common, therefore the range of the
colourbar has changed.

The colour label is “uncertainty reduction (%)” and not “emissions”, therefore we don’t
understand this comment.



We have fixed this in the revised manuscript.

No, not easily, at least not in a meaningful way. The inversion system does compute an
estimate of the uncertainty reduction, but its interpretation can be quite misleading (it’s a
diagnostic of the inversion system, not a proper uncertainty estimate: it doesn’t account
for uncertainties on prescribed components of the inverse problem (e.g. the transport
model, the boundary conditions, the type of correlations used, etc.), therefore it’s not a
value that we like to communicate, especially when mixing several data assimilation
systems. We think that a much better measure of uncertainty comes from intercomparison
exercises, such as loannidis et al., 2025, for instance.

All panels show differences vs. LPJ-GUESS-unopt (there are too many possible
comparisons to show them all, we opted to compare everything to the un-optimized LPJ-
GUESS. We have however now included the comparisons to LPJ-GUESS-opt in Figure S2).

We tried to make the figures as readable as possible, but with six timeseries on the same
plot, itis hardly avoidable that some colors will look alike. We how made the figure full-
width, which hopefully should make it more legible.

Yes, the observed values are hourly, but only afternoon observations are assimilated in
LUMIA (see Section 2.2.5).

The main take away point from this figure is the overestimated concentrations in the LPJ-
GUESS-unopt and LPJ-GUESS-opt cases (i.e. without further optimization by LUMIA). This
is sufficiently visible on the figure. The differences between the two LUMIA simulations and



the observations are, by construction, rather negligible (since LUMIA adjusts the emissions
precisely to fit these observations).

In the revised manuscript, we have reduced the smoothing windows to 48 hours, which is a
better compromise between showing the information and retaining legibility. We have also
removed the smoothing from the background concentration timeseries (since it’s not
needed for legibility), which facilitates discussion on the role of the background.

Indeed, we have fixed this

It doesn’t matter in the sense that we are not studying inter-annual variability, but it still
matters if there is a particular emission anomaly that year, that would not be captured by
the climatological emission field.

The original data comes from a collection of point sources, therefore without a resolution
as such. However, the fields we received had been pre-regridded, and clearly to a rather
low resolution (4th panelin Figure 3), therefore we agree that Table 1 is somewhat
misleading. We have revised the table and its caption.

Model uncertainty here refers to the weekly model representation error assumed at each
site. As noted in response to an earlier comment, the measurement error is typically much
smaller, and rather constant from site to site. The main objective of that column is
highlighting how we adjust the relative weight of each observation site.



Thanks a lot for being so thorough! There was indeed a preprocessing error, some of the
night-time data had not been correctly filtered (see main reply). The numbers in the new
table are correct.

Please add units for latitude, longitude, elevation and inlet height.
We have added them.

Lan et al. reference seems to be missing in Bibliography. Please also remember to add
publication year for this reference.

We used the references provided along with the datasets, ideally with a DOl and a year
when available, but not all of them provide it. Lan et al. is present in the bibliography (line
720 of the original manuscript).

Do | understand it correctly that RMSE here means RMSE in differences between simulated
and the EC measurements? Please make this clear. Could you also add the RMSE in LPJ-
GUESS-unopt site simulation?

The table shows “RMSE reduction, compared to the LPJ-GUESS-unopt site simulation”, not
“RMSE compared to the EC measurements”: 100 * (RMSE(LPJ-GUESS-unopt) - RMSE(sim))
/ RMSE(LPJ-GUESS-unopt). We have clarified this in the caption.

Is it correct that negative values mean increase in RMSE?
yes
Table 4: Could you also add biases?

yes, we have added them.

Technical comments

Unit “/year” should be written as year-1
We leave this for the publisher to fix, once the paper is accepted.

In general, overuse of parentheses could be improved. Short ones are ok, but | would prefer
to write them as proper sentences in many cases. Please consider revising.

This comment is difficult for us to address, since it is not specific.

Please check reference styles. For example, “(e.g. Rayner et al. (2005))” should be written
as “(e.g. Rayneretal., 2005)”.

See our response to the first technical comment.



don’t/doesn’t/didn’t > do not/ does not/ did not

See our response to the first technical comment.

L709: “time” > “times”?

fixed

L147: Please provide references to FLEXPART.

Indeed, we have added the correct reference.

L166: The term super-category is only used here. Can you just say categories?

We think it would be confusing here. The word “super-category” and the sentence that
follows are self-explanatory enough.

L173: Please mention Figure 2 first.

Figure 2 is mentioned at the nextline (174) ...

L174: “that has exhibits”: there are two verbs?

It should have been “that exhibits”. We have fixed this.
L186: ow > ow is not defined yet. do you mean oxc?
yes, we have fixed this.

L191: “in-situ observations from 43 European in-situ and flask measurement sites, “in-
situ” is repeated. Should it be rephrased as e.g. “continuous and discrete observations

from 43 European in-situ sites”?
We have removed the first “in-situ”

L192: “ICOS network of in-situ measurements” | would prefer to say “ICOS network of
atmosphere stations.”

We have replaced by “ICOS network of atmospheric in-situ measurements”

L194: “and the free ,” Some words missing?

yes, the word “troposphere” was missing

L232-233: “were estimated by through two” > “estimated by” or “estimated through”
we have removed “by”

L275: Figure 5 > do you mean Figure 67



yes.
L292-293: “roughly a halving” > “roughly a half of”

we think “halving” is correct.

“mainly during the” > “mainly due to reduction of emissions during”?
we think our sentence is correct.

L350: “two optimizations system” > “two optimization systems”

The sentence has been reformulated, in response to another comment

L356: “CHA4 fluxes from wetlands” > “CH4 flux measurements (or data or observations)
from wetlands”

fixed

L364: “improved for most sites” > “improved for most sites after optimizations”

that’s implied by the word “improved” (which refers to a before/after state)...

L395-409: I would prefer to have this in Introduction as this is a kind of general description.
We think it’s relevant in the discussion.

L410: “two data-informed, in principle complementary:” > “two data-informed, in principle
complementary, approaches:

fixed.

L413: Remove “s” after “(LUMIA)”

fixed (s ->is)

L434: “and/or” > “or”

it can be both, so and/or

L476-477: Please add simulation name that estimated 2.5 Tg CH4 year-1.
fixed

L511-501: “based on the LPJ-GUESS model Kallingal et al. (2024)” > “based on the LPJ-
GUESS model by Kallingal et al. (2024)” or “based on the LPJ-GUESS model (Kallingal et al.,
2024)”

fixed



fixed

fixed
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