Dear reviewer,

Thank you for reviewing our paper, and for the many helpful suggestions. In
order to respond we have kept your original comments in black, our responses
are in blue, and any proposed changes are in underlined blue.

Reviewer comments

Malina et al., On the consistency of methane isotopologue retrievals using TCCON
and multiple spectroscopic databases

General comments

This paper assesses comparative retrievals of both 12CH4 and 13CH4 total
column amounts from TCCON spectra, with an emphasis on a new spectral
window and line parameter data available for the TROPOMI instrument on ESA
satellites (S5P, S5), but not currently used by TCCON. The study covers 4
separate line parameter lists and 4 spectral windows, with spectra of differing
quality from 2 TCCON sites, Tsukuba and Ascension Island.

The study is thorough and detailed, covering the sensitivity of 4 x 4 x 2 = 32
different combinations of analysis to a number of potential sources of error. In
general | have no argument with the thrust and rigour of the work, apart from
specific comments below. However I find the level of detail difficult to assimilate,
so that the key conclusions get lost in the (repetitive) detail and length of the
paper. I would make the general recommendation to move much of the detail
expressed in similar arrays of plots and figures to supplementary material or an
appendix, while providing an essential summary of each comparison and
sensitivity test in the main paper. I do not provide a detailed roadmap for this,
but I have made some suggestions in the specific comments. This would shorten
the main paper and improve its readability for a wide audience, while not
removing the detail for those readers who need it. The conclusions do provide a
reasonable summary of the main points from the study, but the road is long to
get there.

Thank you for your comments here, in order to address your general comments
we have moved the majority of the recommended material into the appendices
(AMT manuscript preparation rules suggest that supplementary material is not
designed for such information). Therefore the following changes have been made
based on your and reviewer 2’s recommendations.

e Section 2.4, the sensitivity analysis has been re-written to account for the
changes suggest by both reviewers. Here we identify that the majority of
results related to the sensitivity analysis are in Appendix C. The outline of
the sensitivities to a priori and parameter errors magnitudes study have
been placed in the new Table 3. We have also included the sensitivity to
methane profile shape errors. In addition, with the recommendations of
reviewer 2, we have included some descriptions of some additional




analysis in section 2.4.1. Here we focus on how the differences between
the windows and the spectroscopic databases vary with water vapour
and path length variations over the course of a day.

e Section 3.3 has been significantly slimmed down, only 1 figure is shown,
showing retrieval values from Tsukuba in April 2016, with an associated
table indicating bias statistics for this case (Table 5). Additional bias
statistics for retrievals in October from Ascension Island (Table 6) are
also shown to contrast with the Tsukuba values. Additional statistics for
retrievals from Tsukuba in July 2016 and Ascension Island in August
2016 are shown in Appendix B for reference, but no additional figures are
included.

e Section 3.5 has been significantly altered. The new section 3.5.1.
identifies the linear relationship between local condition variability and
window and spectroscopic database bias, the inclusion was
recommended by reviewer 2. Following this, the original sensitive
analysis dealing with how a priori and parameter information uncertainty
affects retrievals has been moved to Appendix C, which now includes
sensitivity to a priori methane profile shape errors. The subsection
dealing with instrumentation errors has been removed. The original
section 3.5 which analysed the effects of a priori and parameter errors is
now found in section 3.5.2. This section summarises the results of the a
priori and parameter error analysis shown in Appendix C.

¢ The section identifying differences between line strength and lower state
energy values (Spectroscopic database) has been removed.

[ have made comments below about the feasibility of making useful remote
sensing measurements of §13C in CH4. I agree with the authors’ final conclusion
that this is not currently feasible with sufficient accuracy to be useful, but this
part of the analysis is over emphasised through the paper because it is clear from
the start that this is the case. The sections on 13CH4 could be much reduced
while still coming to the same valid conclusion.

Based on your recommendation here we have reduced the volume of word space
dedicated to 13CH4, the following have been changed:

e Abstract - Rewritten to remove most references to 13CH4, placing 12CH4
and variations due to spectroscopic differences as the main emphasis of
the work.

e The references to 13CH4 have been much reduced in the analysis criteria.

e All 13CH4 retrieval series figures in section 3.3 have been removed from
the paper, as well as any significant discussion of the retrievals. A small
reference to 13CH4 results remains at the end of the section.

e Section 3.4 the discussion surrounding the calculation of d13C is reduced,
and summarises the point that the calculation of d13C with TCCON is not
possible at this time, with fundamental issues in 13CH4 spectroscopic
database parameters.

¢ The references to 13CH4 in the discussion have been significantly
reduced.




e The references to 13CH4 in the conclusions have been reduced to a single
sentence.

The paper is suitable for publication in AMT, but I recommend a major revision
to restructure it to bring out the key messages from the large amount of detail.

Specific comments

P1 L15: Results obtained with the SEOM-IAS database in the 4190-4349 cm-1
window show the lowest fit residuals

Corrected, thank you.

P2L40: Can you provide a reason why TCCON uses 6000 cm-1 and does not use
this window? Is it because of the greater interference from water vapour? See
also P3 L60.

There is no reason for this published on the TCCON website or literature,
however a conversation with the developer of GFIT (Geoffrey Toon) suggested
that this is for historical reasons. Specifically the spectroscopic parameters for
the 6000 cm-1 wavenumber region was higher quality than the 4190-4340 cm-1
range when TCCON originally started. It is only recently that the spectroscopic
parameters in the new ranges have become as good quality, therefore it is
possible in the future that methane retrievals from TCCON will use this new
spectral band.

P2L52: My understanding is that solar occultation refers to measurements from
space (or at least above most of the atmosphere) where the ray path follows the
sun as it sets or rises through the earth’s limb between high elevation angle (exo-
atmopshere) to low. TCCON would be better described as taking direct-beam
solar absorption measurements from the ground.

Agreed, the sentence now reads.

...and records direct solar spectra....

P3L82: 12CH4 is closer to 99% than 98%. This paragraph overstates the
possibility of retrieving useful information on 613C. As pointed out later (p8,
discussion and conclusion), §13C in CH4 varies only by around 1% from -47%o
in situ near the ground except close to strong sources, and we would expect total
column amounts to vary much less than that. The possibility of measuring total
column 613C in CH4 with sufficient accuracy and precision to be useful for
source attribution is not just challenging, it is very remote indeed. Although the
authors do mention the challenge, this paragraph holds out a false hope that
could have been recognised from the beginning.

We have included the following sentence to outline the challenges associated
with calculating d13C.



Calculating total column values of this metric would be highly beneficial towards
understanding the global methane budget, but is unlikely to be achievable with
TCCON at this time due to the accuracy requirements. However, calculation at
this time will allow for an assessment of how far current technology is from
making a useful total column assessment.

P4L99 Remove “While” - not a sentence. (There are other instances...)

Thank you we have done this, and carefully checked the rest of the paper for
other instances.

P4L123: This is ambiguously written - GFIT assumes a fixed profile shape for
EACH trace gas - but they are different for each trace gas

Thank you, we have replaced “all” with “each”.

P4L130: most spectral features are resolved, but many spectral lines will overlap
at the pressures and temperatures in the atmosphere.

Thank you, we have replaced “all” with “most”.

P7 L188: Should o(intra-window) rather read o(inter-window)?
Yes, we have replaced all instances of intra-window with inter window.
P7L192: A posteriori error appears twice.

Thank you for catching this, the first instance has been replaced with “Retrieved
values”.

P7L196: the denominator should read (13CH4/12CH4)VPDB not just VPDB
This has been changed, thank you.

P8L210: Using CO accuracy and precision requirements as a proxy for 13CH4
because it has a similar total column amount is misleading and irrelevant. 13CH4
measured with the target precision and accuracy for CO is
geophysically/geochemically useless. We already know the value better than
that -it is very closely defined by the 12CH4 column because 613C varies by less
than 1%o and 13CH4 can be calculated from Eq. 2. What really matters is how
much 13CH4 varies from this value. That requires far higher precision and
accuracy. The text and objectives for 13CH4 measurement should reflect this
reality in this and the paragraph beginning on L219.

We have removed the reference to CO in this subsection, and have re-written the
analysis criteria w.r.t 13CH4 as follows.

In terms of 13CH4 there are no published precision and accuracy requirements




or statistics with TCCON. Fundamentally the final aim of retrieving 13CH4 is to
calculate d13C. d13C has been used to differentiate between methane source
types (Fisher et al. 2017, Nisbet et al. 2016, Rigby et al. 2017, Rella et al. 2015),
and variations of this value has been linked with variations in the global methane
budget (Rigby et al. 2017, Mcnorton et al. 2016). How much d13C varies in the
total varies in the total column is a complex issue (Weidmann et al. 2017, Malina
etal. 2018, 2019), in-situ studies (Nisbet et al. 2016, Rigby et al. 2017, Fisher et
al. 2017) all show that an uncertainty of <<1%o in d13C is required in order to
determine natural annual variability at the surface. However, variability in d13C
can be higher in the troposphere and stratosphere due to variability of the OH
sink and the fractionation caused by OH (Rockmann et al. 2011, Buzan et al.
2016), with evidence that d13C can vary by up to 10%o in different air parcels
(Rockmann et al. 2011). Based on these factor, we assume a rough total column
d13C variability of 1%o0, which equates to a total uncertainty of <0.02 ppb on
13CH4 retrievals, or roughly 0.1% of the total column. This is clearly an
unrealistic target for individual retrievals, given the uncertainty requirements
for 12CH4 described above. Nevertheless precision errors will be low due to the
nature of TCCON, and through the fact that TCCON sites are situated in a fixed
position, allowing for long term averaging to reach a required precision target.
Therefore one of the minor aims of this study is to identify how far away TCCON
uncertainty (including systematic errors) is from the desired uncertainty of
<1%o0 d13C.

P8L218: See comments above. this quoted uncertainty of s required in in situ
measurements near the surface - once the small variations near sources of
varying §13C are mixed into the (almost unvarying) total column by the
retrieval, the requirement is <<<1%o

Thank you for this comment, however we disagree with your statement here that
d13C is unvarying in the total column. There is evidence from balloon
measurements that 12CH4 and 13CH4 are removed from the atmosphere at
different rates by the OH radical in the troposphere. This is called the Kinetic
Isotope Effect, and depending on the OH concentration in the troposphere will
yield different d13C concentrations (Réckmann et al., 2011). As (Réckmann et al,,
2011) identify, there is a difference of several %o between tropical and arctic air
at 11 km, which increases further up in the atmosphere.

P9L232: There is ambiguity between the line parameters, which are intrinsic
properties of the molecule, and the spectral lines as observed and analysed,
which depend on both the intrinsic line parameters and the cxternal onditions -
concentrations, pressure, temperature. The databases differ most likely in line
positions, strengths, lower state energies and widths, as well as completeness -
some lines may be missing in one list compared to another. These parameters
are not, or are only weakly, pressure and temperature dependent themselves -
they determine the positions, strengths and widths of absorption lines and their
temperature- and pressure dependences. — eg. the lower state energy is the main



determinant of temperature dependence of a transition and hence absorption
strength - it is not temperature dependent itself. The max/min/mean of line
intensities and lower state energies seems like a very crude measure for
meaningful comparison, and I do not find 3.5.1 on P23 very helpful. This section
(3.5.1) could be put in the appendix and the main conclusion summarised in a
much briefer section.

Upon further thought we have removed this section from the paper entirely, as
you suggest it does not add much to the paper, and none of the conclusions are
dependent on it.

P10L270 section 2.4.3. I suggest deleting this section. The case that a different
apodising function is used for measured and modelled spectra would be a gross
error in the analysis and should never occur. If apodisation is applied in GFIT, it
either matches that applied to the measured spectrum, or is applied internally to
both and there is no mechanism by which it can be applied to one and not the
other. There is little point in evaluating it. On the other hand, there may be (and
are) small instrument effects which make the ILS imperfect, and which could be
viewed in a similar way to apodisation. Such effects should be much smaller than
the difference between an apodised and unapodised spectrum, even for a weak
apodisation function. A better ballpark measure of the effect of imperfect ILS
would be to slightly adjust the instrument Field of View or phase error, which
affect the width and symmetry of lines.

We have removed the apodising function error section, we agree that it provides
little useful value in this study.

P12 Fig 2: This figure has limited value. It is impossible to distinguish the
differences between the 4 databases through the four coloured traces, either
through congestion, or poor choice of Y-axis scale. The most important
information is in the different residuals (row 3). I suggest that the 5 single
component spectra in each region, appropriately and comparatively Y-scaled to
be easy to view, be moved to supplementary material/appendix or dropped, and
Fig 2 replaced with only the CH4 spectra (4 columns), perhaps H20 as the major
interferent, and one row each for the 4 residuals, having the same Y-scale in each
window for comparability. The differences between databases would be much
clearer in this view, supported by the statistics of Table 3. Ascension Is spectra
do not need a figure in the appendix, comparable statistics to Table 3 would
suffice (with a reason for the higher noise/poorer fits).

Based on your recommendation here we have modified the figure, the first row
of the figure shows transmission values for the isotopologues as before but only
for the TCCON spectroscopy database. Each row below this shows the residual
transmission for each window for each separate spectroscopic database.
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This new figure allows for better comparison with the fit statistics indicated in
the new Table 4. The fit statistics for the Ascension Island case are now shown in
Appendix A, the corresponding Ascension Island fit figure has been removed
from the paper.

With regards to the poorer fit values for the Ascension Island case, there are
several reasons for this. The following text has been inserted into Appendix A to
explain the differences.

Concerning the differences in fit quality between the Tsukuba and the Ascension
Island TCCON instruments: both instruments run according to TCCON
specifications but their respective configurations are not exactly the

same. This is normal and necessary as different sites need local

adjustments to account for different local conditions such as altitude,

humidity or cloud conditions. Most of the effects caused by such

individual configurations are removed by the differential CO2 and CH4 DMF
retrievals but will affect individual spectra.

In the case of Tsukuba and Ascension, the configuration effects cannot
be compared directly except for detector noise, which turned out to be
comparable. However, the signal on the detector of the Ascension Island
instrument is at least 50% lower than that of the Tsukuba instrument.
Likely reasons are:

1) The Ascension FTS runs on a higher spectral resolution (0.014 cm!
vs. 0.02 cm1) and a faster scanner speed (10 kHz vs. 7.5 kHz). Both
reduce integration time per spectral pixel.

2) The illumination of the InGaAS detector on Ascension is kept low on
purpose to avoid saturation. This setting cannot be readjusted in
between site visits and has to last for months.

3) The solar tracker has known issues with pointing at the centre of the




sun at low SZAs but cannot be replaced easily. In addition, dust buildup
on the solar tracker mirrors reduces the reflectivity of the mirrors
quickly. They are cleaned weekly but a signal loss in the order of 20%
over a few days is not uncommon.

P16 Table 4. Rows 4 and 5 should read inter-window - see comment P7L188. If
understand correctly, this is the deviation across all windows, (intra-window
would mean variation within one window, which seems meaningless). From line
7, replace “b” with “bias”.

Thank you, we have replaced intra-window with ‘inter-window’.

Figure 5 could be removed to the appendix and just the essential differences to
Tsukuba outlined in the text here. What is the reason for the higher uncertainties
at Ascension?

This figure has been removed from the paper.

The reason for the higher uncertainties at Ascension are identified in the
comment above referring to the poorer fit qualities.

Table 6 nicely illustrates the difficulty of retrieving useful information on §13C in
CH4, given that we know a priori that the correct answer should be within 1%o
of -47%o. See earlier comments.

We have tried to emphasis that the results presented in (now Table 7) are a key
barrier in retrieving d13C for the time being.

P24 3.5.2 I found this section long and difficult to assimilate. In Fig 9, what are
the dotted lines? And in Fig 10, it is very hard to visualise or interpret the
differences when both slope and intercept are varying and are co-dependent. It
is much easier to interpret comparisons of a single metric, even if less rigorous.
For example if the data of Figure 9 included the 1:1 line it would be much clearer
to see any offset and slope differences and make an immediate comparative
visual assessment. Fig 10 would not be necessary, but could be replaced by a
table of comparative single statistics. Likewise Figs 11/12,13/14 and 15/16.

We felt that the original figures helped show the variations in the sensitivity of
each spectroscopic database to variations in the a priori information as opposed
to a very large table of statistical values which would be difficult to interpret.
However, we accept that there is too much information here in order to easily
come to a conclusion, we have therefore moved all of this information to
Appendix C, here the detail can be assessed away from the main text. In order to
provide a simplified set of values for easier interpretation in the main text, we
have also provided values of the Gwindow, Ginter-window and bias as described in
section 2.2. This allows for direct comparison with the standard cases, and



shows how introducing errors into a priori information directly affects the
accuracy of the retrievals.

Section 3.5.2 has been much reduced, all original content has been moved to the
appendices. This section now contains a summary of the results contained in
Appendix C. Each case in Appendix C includes a table similar to Tables 5 and 6
which indicate the direct impact on bias values of including an error in the a
priori and parameter profiles for the April 2016 Tsukuba case. The remaining
figures outline the impact of the a priori and parameter errors on the other
Tsukuba and Ascension Island cases.

In the case of the 2% CH4 bias, is this just a scaling of 2% to the apriori profile? I
would not expect a large sensitivity in this case, because the retrieval also simply
scales the a priori total profile without changing shape - only the initial starting
point changes. Perhaps a better test would be to perturb the shape of the profile
to assess the sensitivity, by changing the tropopause height or the
tropospheric/stratospheric balance.

Sensitivity to water vapour is perhaps the most important here because water
vapour is so variable.

We have now included an additional sub-section detailing the effect of changing
the a priori profile of methane in all retrieval cases. This new section does indeed
indicate significant sensitivity to methane profile shape, dominating any error
due to a simple profile shift.

See Appendix C2.

P31 3.5.3. See earlier comment, [ do not think this ILS sensitivity assessment is
meaningful in practice in this form.

We agree, this section have been removed from the paper.

P35 L521: Long term averaging of 13CH4 measurements at a single TCCON site
may well increase precision, but accuracy is more important and is not improved
by averaging. Table 6 illustrates that the accuracy needs to improve by 1-2
orders of magnitude to be useful.

We agree, we highlight in the conclusions that although precision could be
increased, fundamental accuracy issues remain.
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