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The authors utilized the latest version of TROPOMI XCH4 retrievals averaged in 2018-2019
to optimize various sources of CH4 on a global scale. In addition, since OH and CH4 are
intertwined, they added OH to the state vectors for adjustment (optOH). Finally, the
authors proposed a statistical downscaling method leveraging both prior knowledge from
bottom-up emission inventories and the oversampled TROPOMI data to scale the
optimized 2x2.5 degree emissions down to 0.1x0.1 degree. This method enabled them to
identify the missing sources better. Their primary take-home messages are i) The use of
XCH4 observations is not adequate to provide reliable constraints on OH; this is why
authors gave up on the optOH result; ii) the middle east underreports the energy-sector
CH4 emissions; iii) In South and Southasia, there is a strong degree of correlation
between CH4 agriculture and waste emissions and some hydrological variables such as
more precipitation (or to be more precise, the runoff) during Monsoon seasons; iv) the
reported emissions related to the oil and gas industry over the US in the latest bottom-
emission inventory (EDGAR v6) is not too different than the top-down estimates made
from this study. In general, the paper has important implications for the CH4 budget and
regulations. However, the results are too optimistic because careful error quantification is
lacking. In addition, some key aspects of inversions need to be clarified. A major revision
is required to bring this draft to a publishable level.

Major comments:

Inversion: While I understand the importance of using an adjoint model for implicitly
resolving the source-receptor relationship without having to rerun the forward model
multiple times, the inversion framework comes with a significant weakness which is its
inability to gauge the confidence level in the final estimates (i.e., the posterior error). The
paper should inform the readers about this major weakness (introduction, conclusion, and
Table 2) and highlights studies such as Qu et al. 2021, which reported the AKs of the top-
down estimates because they used an analytical inversion. For example, can we trust the
optimized CH4 emissions using the TROPOMI XCH4 over water or high SZA? are the



reported top-down estimates statistically significant? In addition, several aspects of the
inversion need to be further clarified: i) It needs to be explained how the 4D-var
framework is applied when the inversion window is as wide as a 2-years average. ii) the
TROPOMI full-physics algorithm relies on the prior profiles meaning the retrieved XCH4 is
a piece of information on top of an ignorant model; I do not see any mention of if
TROPOMI XCH4 was recalculated with GEOS-Chem prior profiles to ensure that only the
true information from the satellite radiance is used for the inversion (Page 39 in http://ww
w.tropomi.eu/sites/default/files/files/publicSentinel-5P-TROPOMI-ATBD-Methane-
retrieval.pdf). This task should be done iteratively because the GEOS-Chem profiles
change after each inversion iteration. iii) it is unclear if the TROPOMI data have been
scaled up to the resolution of GEOS-Chem in the inversion; if not, the difference in their
spatial representativity will result in a perceived bias which can be problematic. iv) how do
the errors associated with the vertical diffusion in GEOS-Chem impact your result? The
model error parameter is lacking in the analysis. v) is the state vector the total CH4
emissions, or is it sector-based? vi) why did not the authors use the glint mode to account
for off-shore emissions? 

Downscaling: Two central problems exist: i) can the two-year average TROPOMI XCH4
truly capture the spatial variance in XCH4 at 0.1x0.1 degrees? By oversampling TROPOMI
pixels, we may lose spatial variance (a smoothing effect) more than we reduce the
random noises. The authors need to prove that a two-year averaged TROPOMI data can
resolve the length scales of plumes at the resolution of 0.1x0.1 degree; if not, that
resulting spatial representativity error induced by oversampling can potentially hinder
reaching a 0.1x0.1 degree information. ii) The proposed downscaling method (Eq2)
heavily relies on assumptions about prior errors/information. Even the observational term
depends on the prior fraction of emissions (fk). As noted by the authors, the prior CH4
emissions do not agree with other bottom-up emission inventories (R2=0.01?), so how
can one fully trust a downscaling output when it heavily relies on questionable prior
information? Would it be more sensible to use the posterior error/distribution for this part
(under the condition in which the inversion framework was analytical, permitting the
calculation of the posterior error)? As a result of these two combined complications, I
challenge the authors to provide an error estimation for this downscaling method and
propagate them to the emissions maps and statistics (especially Table 2). Your study did
not inform the posterior errors due to the use of adjoint; now, the lack of an uncertainty
estimation for the downscaling part (which is the most crucial selling point of the paper)
appears as an oversight. 

Comparison to ATOM: I need clarification on this comparison. Based on the author's
discussion on optOH, they suggested that a strong El Nino year (2018-2019) led to lower-
than-average OH mixing ratio (8.27e5 molec/cm3). But then they compared their
constrained model in different years (<2018) with ATHOS OH measurements and
concluded that their optOH is vastly underestimated, reinforced by the overestimation of
CO. If 2018-2019 was a unique timeframe, how could one generalize the comparison
results from other years to the 2018-2019 period? Furthermore, I see a few issues here i)
ATHOS OH can easily contain up to 30% error; have the authors considered the
measurement errors in their comparison? Given the observational errors, I encourage
applying a statistical test to know if the differences are real. ii) have the authors looked
into the measured OHR to see if there are missing sources (such as VOC) in their model?
What is the implication of underestimating OH in the optOH scenario? Should we perform
a multispecies inversion with TROPOMI CO and HCHO to provide an additional constraint
on OH? In theory, letting OH see the CH4 feedback (optOH) is suitable, but why should
the ATOM analysis discourage this meaningful practice? What if your default CO



simulations are too high, and the optOH highlights that tendency? I'm left with many
questions because the authors needed to dig into the problem more deeply.

Specific comments:

P1. L16. I do not think you ever used CO as an observational constraint for the model.
This sentence is misleading. 

P2. L38. Does really the recent enhancement in CH4 need to be better understood? I
suggest adding more recent studies discussing the role of reduced NOx due to the
lockdown on OH and CH4. There must be a recent study from Jacob's group regarding the
increases in wetlands and permafrost CH4. This part needs more references in general.

P2. L40. After reading the abstract saying that sinks and sources cannot be resolved with
a high-resolution satellite, I found this sentence regarding transformative advancement
somewhat contradictory. 

P2. L43. Shouldn't we also have an overrepresented source? If a source is
underrepresented, another source should compensate for it.

P2. I found the second paragraph of the introduction imbalanced. The paper utilized
remote sensing data, so I highly suggest comparing the pros and cons of using different
remote sensing observations. 

P2. L60. Who came up with this R2 value? The agreement is unsettlingly low. Please
provide a reference. 

P2. The third paragraph needs to include the temporal representation error between
different emission inventories and the fact that CH4 emitters can vary from time to time at
a relatively short temporal scale. 

P3. L71. In the abstract, you said you had constrained CO, but here you imply that they
will be used for evaluation. 

P5. L147. Why is the regularization factor applied to So instead of Se? We are less
confident in Se compared to So. Another way (which should be the same as finding the



maximum curvature in the L-curve) to find the optimum regularization factor is to scale Se
several times and find the knee point in averaging kernels vs. the factor, although this
might not be possible with the adjoint. 

P6. L167. How sure are you that the muted response of the model to a higher error in OH
is not due to the lack of the degree of freedom? An analytical inversion would be able to
answer it.

P6. L177. What is the implication of this low gamma value?  The prior error is too
uncertain or the observations are less noisy compared to the So?

P7. L213. Why should we accept this ad-hoc definition as XCH4 background? Any
concerete evidence?

P9. Section 3.1. How can the errors in the soil uptake by methanotroph influence these
results? 

P10. In the first paragraph, I encourage using absolute numbers from Figure 3 to describe
the reduction in bias, such as (from -13.8 to 8.8 ppbv).

P10. L299-301. I'm afraid I have to disagree with saying that TROPOMI is dense, but we
cannot fully resolve the source/sink of CH4. It would help if you had more than CH4 to get
OH right (such as HCHO and CO constraints), which has nothing to do with the
densityTROPOMI XCH4 observations.

P10. In the second paragraph, you should specifically mention what emissions are used for
the retrospective simulations. 

P11. Is rice cultivation part of the wetland?

P12. Why talk about livestock in the wetland sections?

P12. 380. Where is the South Sudd in the figure?



P13. Can you provide more physical explanations of why these wetland emission models
disagree so much? Is it due to their parameterization or the need for more information
about water nitrogen content, heat content, depth of wetland, sulfate content, etc.?

P14. The second paragraph: are we so clueless about the wetland anaerobic activity to
use a simple correlation analysis? How about the soil nitrogen, water temperature, depth,
oxygen content, etc.? 

P14. L421. Please add a fraction of the total for each sector.

P15. L444. Are they missing from other top-down emissions too? The bar is usually low for
bottom-up emission inventories, especially in developing countries.

P17. L 515. Does correlation explain causation?

P18. L 560. It's not about the density of TROPOMI data but a piece of factual information
from XCH4. We need more compounds not denser data.

P16. is this number of available pixels really a lot? Please provide the percentage for a
hypothetical situation when clouds were not present. 

Editorial comments:

P1. L16. What do you mean by separately resolved?

P1. L20-21. It is vague; does the hydrological adjustment come after or before?

P1. L22. The sentence (Fossil fuel emission...) is awkward.

P1. L23. Many -> several

P2. L39. What do you mean by strong heterogeneity? Spatial or temporal?



P2. L42. inverse -> inversion

P2. Please use +- for a normal range. 18+-1 is shorter and neater. Please apply this to
the entire manuscript.  

P8. L242. What do you mean by "spatial source uncertainty"?

P7. Eq.2. The i->j is weird; what do you mean?

Figure 4. The panels are too small. 

Figure 5 needs to be enlarged. This is the most critical figure, which is hard to see. 

Table2. The numbers in the parenthesis are just the deviation in a defined box, not an
actual error. Please inform the readers about it.
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