Thank you to both reviewers for their helpful comments. We have responded to all reviewer comments.
Other changes in addition to changes from the responses to reviewers:

Author institution updated for Edward J. Dlugokencky to "National Oceanic and Atmospheric Administration, Global
Monitoring Laboratory, Boulder, CO, USA"

NOAA ESRL aircraft changed to "NOAA GML aircraft network™ due to an updated name for this program.
The format of this response is alternating paragraphs of: reviewer comment, response, reviewer comment, response...

Response to reviewer 1. The ordering of the responses are: major comments from reviewer 1, minor comments from
reviewer 1.

Responses to Major comments from Reviewer 1:

Reviewer 1: 1-1) 3. MUSES-AIRS Optimal Estimation of CH4 from single-footprint, original (non cloud- cleared) AIRS
radiances:, page 5, "Good quality and sensitivity flagging for AIRS CH4:" 1-1) The authors should give more explanations
on the quality flags which they have applied to AIRS CH4 data. Are "radiance residual rms and mean" for all wavelength
regions used in the AIRS CH4 retrieval? What are "NESR", "|KdotdL[", and "TSUR"? These terms may be referred to in
some previous papers describing AIRS CH4 retrieval algorithm, but the authors should at least spell them out and give their
definition.

Response: A description of the quality flags was updated and a references given that defines and describes each quality flag.
Text added to the paper, "Quality flags are discussed in more detail in the Aura-TES user's guide (pp 27-30, Herman et al.,
2018). The specific flags used for AIRS CH4 are as follows, which were set by minimizing the standard deviation of small
clusters of retrievals and to standardize the sensitivity:"

Reviewer 1: 1-2) "Cloud OD < 0.3" means that clouds that partially exist in the AIRS FOVs probably affect the AIRS
retrievals and the amount of the effects would vary depending on the cloud OD itself. How did the authors evaluate the
effects in this research?

Response: A plot of error versus cloud optical depth was added to the supplement. Text added, "* Cloud optical depth < 0.3.

This ensures that the cloud is not opaque and there is fairly uniform sensitivity so that the bias correction is fairly consistent.
The bias versus cloud optical depth is shown in the supplement.”

Reviewer 1: 1-3) How did the authors define tropopause height at each CH4 measurement location and calculate its
tropospheric and stratospheric degrees of freedom? 1-4)

Response: The tropopause height was obtained from GMAO files. Text added to the paper after Eq. 2: "The degrees of
freedom, DOFs, describing the sensitivity of x to the true state, and is equal to the trace of A_xx. The degrees of freedom in
the troposphere is equal to the trace of the averaging kernel corresponding to the troposphere, and the degrees of freedom in
the stratosphere is equal to the trace of the averaging kernel corresponding to the stratosphere. The troposphere is defined
using the tropopause height parameter from version 5 of the NASA Global Modeling and Assimilation Office (GMAO)
Goddard Earth Observing System (GEOS-5) model (Molad et al., 2012)."

Reviewer 1: 1-4) What is "predicted error"? The authors discuss the "predicted error* in the later part of the text, but they
should here mention the definition.
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Response: The predicted error is the total error from the linear estimate, Eq. 4, and is a field in the output product. Text
added to the paper after Eq. 7 "The square root of 7b is the predicted observation error.”, and text added to the description of
Fig. 3, "Figure 3 shows the predicted errors for the AIRS partial column XCH4 VMR within the pressure levels measured by
the aircraft. The measurement error (light green) is 18 ppb (from the last term of Eq. 7b) , and the total error for a single
observation (including smoothing error) is 41 ppb. A component of the total error, the cross-state error, is estimated as 21
ppb (from Eq. 7b)."

Reviewer 1: 2) 3.1 Retrieval Error Characteristics, page 6, Equation (2) The authors should briefly explain the definition of
A_xy. In this case, x indicates a methane profile and y does simultaneous retrieved parameters such as temperature and there
is no relationship (cross-term) in nature between methane and temperature.

Responses: Added in new text after Eq. 2 "Axx describes the dependence of x on the true state x, and Axy describes the
dependence of x on the true state y, which is non-zero because of correlations in the Jacobians, K, for x and y."

Reviewer 1: 3) "3.2 Approach for Comparing AIRS measurements to aircraft profiles”, page 7, Equation (4) In my
understanding, A_cc is a symmetric matrix with a dimension of the number of atmospheric layers that can be observed by
aircraft, while A matrix has a dimension of the number of full atmospheric layers from the surface to the top of the
atmosphere. A_cs should be a non-square matrix, and how is it defined by the cross-terms of the A matrix? More explanation
should be needed for readers.

Response: Added in new text after Eq. 4 ""So, if for example, the aircraft measured pressures 0-9, and did not measure
pressure levels 10-65, then Acc=A[0:9,0:9] and Acs=A[0:9,10:65], where A is the full averaging kernel."

Reviewer 1 4) "3.2 Approach for Comparing AIRS measurements to aircraft profiles”, page 8, Equation (6) Sa matrix should
in principle includes random errors only. The first term A_ch Sbb_a A_cb(T) comes from radiance biases that should have
systematic characteristics. The other three terms or the second and the last terms only may be randomly distributed errors. Is
it possible to treat errors that may have different characteristics in the same manner?

Response: Equation 6, as the reviewer notes, only addressed random errors. Added Equation 6a, which is the bias
component of error, and Equation 6b, the current Equation 6, the variable component of the error. Added additional text to
describe this. "Equation 6a represents the propagation of mean biases from: (1) fixed (non-retrieved) parameters, e.g.
spectroscopy (b), (2) jointly retrieved parameters, e.g. temperature, (y), (3) "stratospheric", describing the impact of the part
of the atmosphere not covered by the aircraft on the measured part (xs), or (4) measurement errors (n) into biases of xc. The
mean bias from 6a is difficult to characterize theoretically and is characterized during validation, and assumed to be
primarily from the first term (e.g. spectroscopy). Equation 6b represents the propagation of these same error types into a
varying error. Although Eq. 6b has overall zero bias, it can produce regional and temporal biases, e.g. as seen in Connor et
al. (2016), where these biases approach zero over long enough spatial or temporal scales. The error covariances all represent
fractional errors, in log(VMR). The error in ppb is approximately the fractional error times the methane value in ppb."

Reviewer 1, 5): "3.2 Approach for Comparing AIRS measurements to aircraft profiles”, page 9, lines 259-260 It should be
more explained why "red" (mean obs. errors) minus "green" yields the cross-state error.

Response: We removed the statement in question. It now reads, "Figure 3 shows the predicted errors for the AIRS partial
column XCH4 VMR within the pressure levels measured by the aircraft. The measurement error (light green) is 18 ppb
(from the last term of Eq. 7b) , and the total error for a single observation (including smoothing error) is 41 ppb. A
component of the total error, the cross-state error, is estimated as 21 ppb (from Eq. 7b)."

Reviewer 1 6) "3.3 Estimating validation error due to aircraft not measuring the stratosphere", page 9 | agree that the
assumption in the stratosphere could significantly contribute to the differences between AIRS and aircraft data, but the
amount of the validation error attributed to the stratosphere where aircraft cannot make observations should depend on how
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accurate each of the models (a priori, LMDz, and GC) can define the tropopause height; this may be a reason why we see
relatively larger variabilities in the differences between AIRS and aircraft (simulated) in northern mid-latitudes."

Response: We agree that the stratospheric error depends on the accuracy of the model used to extend the validation data. We
estimated the error for the model that we used in our validation. Added statement on page 9 "This estimate depends on the
accuracy of the model used to extend the aircraft profile during the validation process, and was estimated for the model that
we used in validation."

Reviewer 1 7) Overall, it is better to describe a bit more clearly which of errors the authors think is a systematic or random
one. The authors have already referred to which is which for each of the error components in several parts of the text, but
there are too many error values and they sometimes resemble another one; it is an option to add a table to summarize the
characteristics of each of the error components.

Response: Added statement after Eq. 6b to indicate that the overall bias primarly results from the first term in Eq. 6a.
However, the split of errors into “random™ and "systematic" is not straightforward. Added a statement after Eq. 6b,
"Although Eq. 6b has overall zero bias, it can produce regional and temporal biases, e.g. as seen in Connor et al. (2016),
where these biases approach zero over long enough spatial or temporal scales.”

Minor comments from reviewer 1.

1) Figure 1 It is easy to see if the international dateline is centered.

Response: Referee suggests switching view on Figure 1. This was updated, as well as the colors and symbols used, as
requested elsewhere.

2) page 5, line 137 "... such as check on the " "2, residual signals, ...", a symbol before "2" is missing.

Response: Fixed. "We use similar quality flags as the TES retrievals such as checks on the radiance residual, ..."
3) page 6, line 165 The symbols in the text do not correspond to those in the equations.

Response: Fixed.

4) Figure 2 The authors should explain the color shading in more details; which pressure layers do colors indicate?
Response: The levels are listed in the figure caption with several of the pressures shown on the plot itself.

5) page 8, line 251 Which is correct, A_cn in the text or A_cs in Equation (6)? Or A_cs and A_cs are used as the same
meaning?

Response: The reviewer helpfully pointed out inconsistent notation. We did a switch from calling the non-measured part of
the atmosphere "n" to "'s" during the paper formation, so all the Acn should be Acs. Updated the text. Thank you.

6) Figure 3 The authors should give more explanations in the caption using the terms in the equations in the text.

Response: We now show the equation for the "smoothing error" in Eq. 5. Label Eq. 7 as the "observation error". The text for

Figure 3 now reads, "The total error shown is the smoothing error (Eq. 5) plus the observation error (Eq. 7b). The
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Response: | switched these two figures (was a clearer note in embedded comments in paper)
8) page 10, lines 294-295 Why did the author choose HIPPO-4 observations to estimate bias correction values?

Response: Added a sentence to describe why HIPPO-4 was chosen, "HIPPO-4 was selected as it covers a wide range of
latitudes and so that the bias correction can be set and tested with two independent datasets."

9) page 10, lines 295-296 Equation 5 is split into two: Eq. 5a and Eq. 5b. Are they combined?

Response: Yes, Eq. 5 was split into 5a and 5b, but later referred to as "Equation 5". The text was updated here and one other
place to refer to Eq. 5b.

10) Figures 6 and 7 The bias values shown in the figures do not correspond to the values in the text. The authors should
explain the values in the captions of the figures.

Response: Thank you for noticing that. New text is added for Fig. 5 and 7 (Fig 5 & 6 were swapped based on the previous
reviewer comments). The values in the paper were outdated, and updated. Here is the updated text describing the biases
shown in Fig 7, "Figure 7 shows the same comparisons as Fig. 5 after bias correction (described in Section 3.4). The mean
bias is 1 ppb, and the RMS difference is 24 ppb. The overall land bias is 12 ppb, and the overall ocean bias is -2 ppb. The
bias calculated in Fig. 7 is weighs every point equally. Table A.1 shows a slightly different result for these biases, where the
bias is calculated by campaign, then averaged over all campaigns. In Table A.1 the partial column XCH4 VMR within the
pressure levels measured by the aircraft has a bias of 16 ppb for land, and -2 ppb for ocean.”

11) page 12, line 350 Where does "24" come from?

Response: This comes from the single observation RMS, shown in Fig. 7. The text is updated to "Figure 8 shows the
predicted error, assuming that the error is random, which is calculated by dividing the single observation error (24 ppb RMS
shown in Fig. 7) by the square root of the number of observations that are averaged. The mean predicted error for the
averaged data, assuming random errors, is 6 ppb. The actual standard deviation between the averaged AIRS and HIPPO or
ATom data is ~17 ppb, which is much larger and indicates that the errors within 1 day and 50 km are correlated.”

12) page 12, line 363 It is better to add an explanation of 5.4 ppb (growth rate per year calculated at this site?).

Response: Added text "The growth rate of 5.4 ppb/year is the mean increase during the AIRS record time period (2002-
2019) estimated from the NOAA Global Monitoring Laboratory global surface measurements
(https://esrl.noaa.gov/gmd/ccgg/trends_ch4/). Since we are converting matched pairs of aircraft and AIRS to 2012, the
differences between these matched pairs is unaffected by the accuracy of the conversion to 2012."

13) page 12, lines 378-380 Does this sentence mean that there are some correlations among each of the differences between
collocated AIRS and aircraft pairs and the correlations cannot be compensated when taking averages on a daily basis?

Response: Yes. Updated the wording to say this more clearly, "The standard deviation for daily observations is 15.2 ppb.
This can be compared to the predicted error assuming randomness of 5.9 ppb (23 ppb divided by the square root of the
number of observations averaged) Since 15.2 ppb is much larger than 5.9 ppb, this indicates that there are correlated (non-
random) errors on the order of 15 ppb when averaging nearby observations within 1 day."
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Reviewer 2 major comments:

Reviewer 2: (1) During first reading | got confused at several instances because an error was introduced by number, while
the path towards derivation of this error was only explained in the next para or section. | always thought | have missed a part
of the manuscript but found out with re-reading that the explanation follows on the number. It would be easier (at least for
readers like me) to first provide the explanation and then the number.

Response: A reference to the section where each is calculated was added, or the “preview" was removed. “Figure 3 shows
the predicted errors for the AIRS partial column XCH4 VMR within the pressure levels measured by the aircraft. The
measurement error (light green) is 18 ppb (from the last term of Eq. 7b) , and the total error for a single observation
(including smoothing error) is 41 ppb. A component of the total error, the cross-state error, is estimated as 21 ppb (from Eq.
7b)." The smoothing error estimate now shown after the new Eq. 5 and the text states that this is calculated from Eq. 5.

Reviewer 2: (2) The authors use very often the term "partial column™. They need to introduce how the partial methane
column over the pressure range the aircraft had measured has been calculated, both for the aircraft and AIRS data (what
shape of the methane profile? where do pressure and temperature profiles come from?); further, the figures usually show
volume mixing ratios (in ppb) instead of partial colums. This might sound picky, but I think this accurateness in wording
should be kept.

Response: At the beginning of Section 2, 2 sentences were added to describe how partial columns are created, "The retrieval
estimates AIRS CH4 dry volume mixing ratio (VMR) profile. When a "partial column quantity" is validated, the retrieved
CH4 profile is post-processed into partial column XCH4 VMR relative to dry air, with methodology from Connor et al.
(2008) and Kulawik et al. (2017), where the VMR's at the pressure levels are weighted according to a pressure weighting
function, resulting in a partial column volume mixing ratio (VMR).". Based on reviewer 2's comments here and elsewhere,
the paper was previously not clear that the partial column quantity is XCH4 VMR. The wording was updated throughout the
paper to indicate that the validated quantity was "the AIRS partial column XCH4 VMR within the pressure levels measured
by the aircraft”

Reviewer 2 (3): | was a bit surprised that the two models that were used to assess the so-called "validation error” (i.e. the
unknown stratospheric part of the profile) provided largely different results (4.4 vs. 15.7 ppb). I think the authors should
elaborate a little more on the reasons for this large difference. This is particularly important because the averaging kernels in
Fig. 2 demonstrates that the stratospheric information is large mapped into the troposphere below 300 hPa, i.e. the AIRS
signal obviously depends a lot on the assumptions about the stratosphere. Is it possible that the use of other models leads to
even larger estimates of the validation error?

Response: Added additional text and reference on the errors from model extension of the aircraft profile: "The methane
profile has a strong, spatially varying negative vertical gradient in the stratosphere. Models in general have a positive bias in
the extratropical stratosphere (Patra et al., 2011). In GEOS-Chem 4x5, the column bias is shown in Figure 2c of Turner et al.
(2015) and further discussed in Maasakkers (2019), which resolves the bias to the stratosphere, and model stratospheric
accuracy is an active research area (Ostler et al., 2016; Maasakkers et al., 2019)."

Reviewer 2 (4) A side remark without relevance to the revision of this paper: the SPARC TUNER activity has worked on
recommendations about error reporting. A paper on this topic has just been accepted by AMT. It would be nice to look into
that paper (amt-2019-350) and possibly following these recommendations in future.

Response: Thank you for this information It is good to standardize validation. [ Formatted: Font color: Black
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1) Abstract: Define "validation error" Response: Update wording in abstract, and also change name to "validation
uncertainty" "We estimate a 16 ppb validation uncertainty because the aircraft typically did not measure methane at altitudes
where the AIRS measurements have some sensitivity, e.g. the stratosphere, and there is uncertainty in the truth that we
validate against."

Section 2: Question about how the partial column is defined and the profile shape assumptions. The text was updated in
response to this and to an earlier comment to clarify that a profile is retrieved, and then an XCH4 VMR is calculated. "The
retrieval estimates AIRS CH4 dry volume mixing ratio (VMR) profile. When a "partial column quantity" is validated, the
retrieved CH4 profile is post-processed into partial column XCH4 VMR relative to dry air, with methodology from Connor
etal. (2008) and Kulawik et al. (2017), where the VMR's at the pressure levels are weighted according to a pressure
weighting function, resulting in a partial column volume mixing ratio (VMR)."

3) cm-1 formatting. Response: Updated.
4) removed URL from citation as suggested by reviewer.

5) Request figure 1: center legend on Pacific. Update symbols. Remove gray color. Label aircraft sites. Response:
Updated as requested

6) Description of Sa is needed. Response: Updated section around the new Equation 5, "The expected total error includes
the smoothing error, which the covariance of the hcAccxc-x ac (Rodgers, 2000), where the covariance of xc-x ac is the a
priori covariance, Saxx. The smoothing error is: (Eq 5) We estimate the smoothing error for the partial column XCH4 VMR
within the pressure levels measured by the aircraft to be 30 ppb, using Eq. 5. This estimate strongly depends on Saxx, the a
priori covariance, which is the same as in Worden et al. (2012); briefly 5% diagonal variability with correlations in pressure
set from the MOZART model."

7) Description of the selection of quality flags. "The specific flags used for AIRS CH4 are as follows, which were set by
minimizing the standard deviation of small clusters of retrievals and to standardize the sensitivity:"

8) The reviewer suggests that things like "|KdotdL| < 0.23 should be given proper names. Response: Since these variables
are not referred to outside of this section, and additionally are referencing an existing data user's guide, the updates were to
the description of the equation, e.g. |[KdotdL| < 0.23 --> The absoluate value of KdotdL < 0.23.

Equation 1, question about "G" versus "Gr". Response: Removed the R. Thanks.

Question about "sum over i" in Equation 1. Response: change b to a vector and the summation is implied just like all the
other matrix multiplication.

Comment on A = dx/dx "Careful with log! Response: Yes, thank you, the equations are mixing up x and log(x). The
intention was that x=log(VMR), so A = dx/dx, and K = dradiance/dx = dradiance/d(log(VMR)). Other issues fixed in this
section from the reviewer.

Reviewer: Comment on estimate of smoothing error. Response: Addressed above, the smoothing error was estimated from
the new Eq. 5.

Reviewer at Eq. 5b, "It is necessary to mention that this step is possible because the levels of the aircraft measurement are
assumed uncorrelated.” Response: This is now Eq. 6a, and the text was updated, "Equation 6a accounts for all of the AIRS
smoothing error, whereas Equation 6b (the equation used in this work, other than Section 3.3) only accounts for the
smoothing error from the part of the atmosphere measured by the aircraft profile. [...] The difference from Eqgs. 6a and 6b is
discussed in Section 3.3. "
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Eq 6, "This step comes as surprise. Including 1-2 steps or explanation would be helpful." Response: Added new Eqg. 5,
introducing the a priori covariance, Eq. 7a, introducing the bias, and Eq. 7b, the covariance of 7a. Updated wording,
"Equation 7a is the predicted bias between x_c (the measured AIRS value) and x_aircraft_c (the aircraft value with the AIRS
Averaging kernel applied), and is the expected difference of Egs. 4 and 6b. Equation 7b is the covariance of Eq. 7a, and
estimates the predicted error."

Equation 6, "Acb is not defined". Response: change Acb to GeKb.

Line 235, "Here the explanation should be given that this is because the retrieval vector is log(VMR)." Response: updated.
"Because the retrieved quantity log(VMR), the error in ppb is approximately the fractional error times the methane value in

ppb."

Line 255, "Define validation error". Response: Now it is consistently called "validation uncertainty™ throughout the paper
rather than "validation error" and "validation uncertainty".

Line 259, "Where do these errors come from?". Response: These errors are now tied to equations.

Line 266, The reviewer notes that not only the stratosphere influences the troposphere, but the troposphere influences the
stratosphere, due to the broad sensitivity. Response: Added sentence, "Similarly, the true state in the troposphere influences
retrieved values in the stratosphere.”

Line 282. Is the 16 ppb the larger of the two errors from model propagation? Response: We updated this to set the
"validation uncertainty" to the average of the two model results, 10 ppb. This agrees with the previous result from Wunch et
al. (2010).

Reviewer comment: How does the profile extension relate to the "validation uncertainty"? Doesn't it relate more to the bias
estimate? Response: The profile extension obviously affects the bias versus validation data which affects the bias correction.
However, it is most relevant to the uncertainty that results from extending the aircraft profile using a model. Text update,
"Appendix A shows further analysis of mean differences of AIRS minus aircraft for different profile extension choices. The
bias varies by ~ 5 ppb for different profile extension choices when comparing at 700 hPa, ~10 ppb for different profile
extension choices when comparing at 500 hPa, and ~11 ppb for different profile extension choices when comparing the
column above 750 hPa."

Line 291. Reviewer requests that Worden et al., 2011 bias correction be summarized briefly. Response: Added text, "We
therefore use the bias correction approach described in Worden et al. (2011), where a bias profile (which varies by pressure)
is passed through the averaging kernel to account for the AIRS sensitivity, as seen in Eq. 8. The form of the bias profile,
delta_bias set by Eq. 9."

Eq 7. Reviewer wonders if A is a vector. Response: A is a matrix, as x-hat is a profile, as shown in Fig. 6. Text updated,
"Where x = In(VMR), because the retrieved quantity is In(VMR), delta_bias is a vector, and A is the averaging kernel matrix
for x = In(VMR)"

Eq 7. Reviewer wonders about the handling of log. Response: text and equations updated to handle log consistently.

Line 315. Reviewer wonders why there is a bias peak about 200 hPa. Response: It seems that the bias is increasing through

the stratosphere, whereas the sensitivity is decreasing above 100 hPa, and these two combine to generate a peak about 200

hPa. But this is speculation. [Formatted: Font color: Black
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Section 4 title changed from "Evaluation against aircraft data by latitude" to "Evaluation against aircraft data versus
latitude”, because as the reviewer points out, there is no fitting of bias or skill as a function of latitude.

Line 319 Reviewer suggests wording update to, “Figure 6 shows a comparison between all AIRS measurements within 50
km and 9h of an aircraft measurement over the pressure range of the partial column measured by the aircraft.". Response:
The wording was updated to, "Figure 5 [figure numbering update] shows a comparison between all AIRS measurements
within 50 km and 9h of an aircraft measurement and the aircraft. The quantity compared is the partial column XCH4 VMR
within the pressure levels measured by the aircraft.”

Figure 7 legend unreadable. Response: Add text in the figure caption with the information in the legend.

Line 334-335, reviewer questions what the legend means, e.g. 0.0 +/- 4. Response: This was not well explained in the text
previously. This is an estimate of the overall bias and uncertainty in the bias. Each campaign or station's bias is
independently calculated and then the mean and standard deviation are calculated. A new sub-section was added at the end
of Section 4.1, "4.2.6 The bias and bias uncertainty The bias is estimated by calculating the mean bias for each campaign or
station separately, then calculating the mean and standard deviation for all campaigns / stations. The bias versus HIPPO is 0
+ 4 ppb. The bias versus ATom is 3 + 4 ppb. The bias versus NOAA measurements is 9 + 7 ppb."

Reviewer wants "roughly the same location and time" defined in line 344. Response: Text added to clarify, "The bias
component is approximately the same for all AIRS methane measurements taken on the same day within 50 km, as we do
not expect large variations in temperature and water vapor errors over these scales, which we presume to be a driver of these
correlated errors.”

Reviewer says this sentence is hard to parse, "The number of AIRS observations averaged ranges from 9 to 53 and averages
20.". Response: This was updated to, "We average over 1 day, the AIRS observations matching a single HIPPO or ATom
measurement, within +-50 km and 9 hours of the measurement. We specify that there needs to be at least 9 AIRS
observations for each comparison so that the systematic error, and not the precision (or measurement error), is the dominant
term. These daily AIRS averages contain, on average, 20 AIRS observations."

In Figure 9, the reviewer noted that the figure showed VMR but was indicated as a partial column. Response: This is an
XCH4 partial column, as noted above and now explained in the paper.” The wording describing the partial column
throughout the paper, to remove this confusion, is, "The partial column XCH4 VMR within the pressure levels measured by
the aircraft".

365-375. The reviewer says that this section is hard to follow and needs explanation on the importance of the values shown.
Response: Updated this text to indicate what the numbers mean, and what the findings are. Also separate into 4 new
subsections, discussing daily, monthly, 3-month, and seasonal cycle averaging. Added a new section on the bias
characterization (in response to a previous comment.

The rewritten text is (the next 7 paragraphs):

"4.2.1 Daily average errors at TGC We look at daily averages versus aircraft data, and find a similar result as found with
comparisons to Atom and HIPPO: daily averages have much larger errors than would be predicted if random errors are
assumed. The standard deviation of (AIRS minus aircraft) at TGC is 24 ppb, the standard deviation for (daily AIRS average
minus aircraft) is 11.5 ppb, as seen in Fig. 9a, and the predicted error for daily averages, assuming randomness in the error, is
6.0 ppb. Therefore, similarly to ATom and HIPPO, errors within 1 day and 50 km contain 11.5 ppb correlated error.
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observation. This is compared to the daily error divided by the square root of the number of days averaged, 8.0 ppb.
Therefore, errors for observations ~2 weeks apart are uncorrelated.

"4.2.3 3-month average errors at TGC We average over 3-month scales, where averages must have at least 3 days. The
standard deviation of (3-month AIRS average minus aircraft) is 6.2 ppb. The predicted error, taking the 11.5 ppb daily error
and dividing by the square root of the number of days averaged, is 6.0 ppb. Therefore, errors for 3-month averages are
~uncorrelated.

"4.2.3 Seasonal cycle average errors at TGC We average matched pairs within each month from any year. (AIRS minus
aircraft) for these averages, have a standard deviation of 5.9 ppb, whereas the predicted error, from the daily average divided
by the square root of number of observations, is 4.2 ppb.

"4.2.4 Summary of average errors at TGC To summarize, averaging AIRS observations within one day reduces the error
versus aircraft, but correlated errors prevent daily averaged errors from dropping below 11.5 ppb. Averaging daily averages
over 1 or 3 months equals the daily error divided by the square root of the number of days averaged, indicating that errors are
random in this domain. However, averaging months from multiple years, does not reduce the error below 6 ppb, either due
to correlated errors, or validation uncertainty.

"4.2.5 Summary of errors at all NOAA aircraft sites Table A.3 in Appendix A shows the single-observation standard
deviation for all NOAA aircraft sites. The ocean vs. land observations show similar values, with land and ocean standard
deviations within 2 ppb. A single land observation has a standard deviation versus aircraft observations of 23 ppb for the
partial column XCH4 VMR within the pressure levels measured from the aircraft, in agreement with predicted observation
error of 23 ppb. The standard deviation for daily averages is 15.2 ppb. This can be compared to the predicted error for the
daily averages, assuming randomness, of 5.9 ppb. This indicates that there are correlated (non-random) errors on the order
of 15 ppb when averaging observations within 50 km and 1 day. The monthly standard deviation is 10.9, in reasonable
agreement with the predicted of 9.4 ppb (from the daily average standard deviation divided by the number of observations
averaged). The seasonal cycle average, which is a monthly average of all matched pairs from all years, has a standard
deviation of 7.7 ppb, which is similar to the predicted error of 6.9 ppb (from the daily average divided by the square root of
number of observations). We find that estimating the error as the daily standard deviation divided by the square root of the
number of days averaged is a reasonable estimate of the actual error.

"4.2.6 The bias and bias uncertainty The bias is estimated by calculating the mean bias for each campaign or station
separately, then calculating the mean and standard deviation for all campaigns / stations. The bias versus HIPPO is 0 + 4
ppb. The bias versus ATom is 3 = 4 ppb. The bias versus NOAA measurements is 9 + 7 ppb."”
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Abstract.
We evaluate the uncertainties of methane optimal estimation retrievals from single footprint thermal infrared observations
from the Atmospheric Infrared Sounder (AIRS). These retrievals are primarily sensitive to atmospheric methane in the mid-
troposphere through the lower stratosphere (~2 to ~17 km). We compare to in situ observations made from aircraft during the
Hiaper Pole to Pole Observations (HIPPO);-the- NASA) and Atmospheric Tomography Mission (ATom) campaigns, and from
the NOAA ESRLGML aircraft network, between the surface and 5-13 km, across a range of years, latitudes between 60 S to
80 N, and over land and ocean. After a global, pressure dependent bias correction, we find that the land and ocean have similar
biases and that the reported observation error (combined measurement and interference errors) of ~27 ppb is consistent with
the standard deviation between aircraft and individual AIRS observations. A single measurementobservation has measurement
(noise related) uncertainty of ~17 ppb, a ~20 ppb uncertainty from radiative interferences (e.g. from water, temperature, etc.),
and ~ 30 ppb due to “smoothing error”, which is partially removed when making comparisons to in situ measurements or
models in a way that account for this regularization. We estimate a 610 ppb validation erreruncertainty because the aircraft
typically did not measure methane at altitudes where the AIRS measurements have some sensitivity, e.g. the stratosphere-, and
there is uncertainty in the truth that we validate against. Daily averaged-AtRS-measurements-of-atleast-9-observations-over
i a i v a viati versus-averaging only partly reduces
the difference between aircraft and satellite observation, likely because the-ebservationof correlated errors introduced into the

retrieval from temperature and water vapor-{for. For example)-are-onty-parthy-reduced-through, averaging 9 observations only
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reduces the aircraft/model difference to ~17 ppb versus the expected ~10 ppb. Seasonal averages can reduce this ~17 ppb

uncertainty further to ~10 ppb, as determined through comparison with NOAA aircraft, likely because uncertainties related to
radiative effects of temperature and water vapor ean-beare reduced when averaged over a season.

1 Introduction

Advances in remote sensing, global transport modeling, and an increasingly dense network of surface measurements have led
to substantive advances in evaluating the components and error structure of the global methane budget and the processes
controlling this budget. For example, Frankenberg et al. (2005, 2011) showed that total column methane estimates could be
derived from near infrared (NIR) radiances at ~1.6 microns measured by the Scanning Imaging Absorption Spectrometer for
Atmospheric Cartography (SCIAMACHY). Since then, methane retrievals have also been applied to NIR radiances from the
Greenhouse Gases Observing Satellite (GOSAT) instrument (e.g. Parker et al., 2011; Schepers et al., 2012), launched in 2009
with—measurements, and the FROPOspehericTROPOspheric Monitoring Instrument (TROPOMI, e.g. Hu et al., 2018),
launched in 2017. These data have sufficient accuracy to map regional surface methane enhancements (e.g. Kort et al., 2014;
Wecht et al., 2014) and point source anomalies (Varon et al., 2019; Pandey et al., 2019). Estimates of the free-tropospheric
methane concentrations from spaceborne measurements in the thermal infrared (TIR) at ~8 microns were demonstrated using
radiances from the Aura Tropospheric Emission Spectrometer (TES, Worden et al., 2012; 2013b), the Atmospheric Infrared
Sounder (AIRS, e.g. Xiong et al., 2013), the Infrared Atmospheric Sounding Interferometers (IASI, e.g. Ravazi et al., 2009;
De Wachter et al., 2017; Siddans et al., 2017), the Cross-Track Infrared Sounders (CrlS, e.g. Smith and Barnet, 2019) and TIR
GOSAT measurements (de Lange and Landgraf, 2018). TIR methane measurements have been used to evaluate the role of
fires (e.g. Worden et al., 2013b; 2017a), Asian emissions and stratospheric intrusions (e.g. Xiong et al., 2009; 2013) on the
global methane budget.

The goal of this paper is to evaluate the uncertainties of new methane retrievals from AIRS single footprint, original (non-
cloud-cleared) radiances using aircraft measurements from the HIAPER Pole-to-Pole Observations (HIPPO) and Atmospheric
Tomography Mission (ATom) campaigns and National Oceanic and Atmospheric Administration (NOAA) Earth-System
ResearchGlobal Monitoring Laboratory (ESRLGML) aircraft network, taken between 2006 and 2017. Evaluation of these
uncertainties are needed to determine if AIRS methane data can characterize and improve errors in global chemistry transport
models. For example, a recent paper by Zhang et al. (2018) combined synthetic CrIS and TROPOMI methane retrievals and a
global inversion system to show that it would be possible to infer the north-south gradient of OH, the primary methane sink,
to within 10%, and temporal variations of OH concentrations. However, knowing the accuracy of the methane data is important
for inferring the uncertainty in the spatio-temporal variability of OH. Over decadal time scales, OH can vary by 3-5% (e.g.
Turner et al., 2018a, 2018b, 2019; Rigby et al., 2017). Therefore, to be useful for understanding OH, monthly or seasonally
averaged AIRS data should have an uncertainty that is less than 3-5% (55-99 ppb).

il
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In this paper we present an evaluation of methane retrievals derived from AIRS single footprint radiances. We follow an
optimal estimation approach (Rodgers, 2000), based on the heritage of the Aura Tropospheric Emission Spectrometer (TES)
algorithm (Bowman et al., 2006), now called the MUIti-SpEctra, MUIti-SpEcies, MUIti-Sensors (MUSES) algorithm (Worden
etal., 2006, 2013b; Fu et al., 2013, 2016, 2018, 2019). The MUSES algorithm uses radiances from one or multiple instruments
to quantify and characterize geophysical parameters derivable from those radiances. The optimal estimation method provides
the vertical sensitivity (i.e., the averaging kernel matrix) and estimates of the uncertainties due to noise and to radiative
interferences such as temperature, N20, and water vapor. We compare AIRS retrievals with corresponding aircraft data over
arange of latitudes and longitudes in order to evaluate the calculated uncertainties over ocean and land. Much of the description
of the forward model and retrieval approach is provided in Worden et al. (2012, 2019). We therefore refer the reader to these
papers for a more in—-depth description of the retrieval approach and only summarize aspects here that are relevant for
comparing the AIRS methane retrievals to aircraft data.

2 Datasets used in this paper

The quantities of interest that we validate in this paper are a) the AIRS CH4 dry volume mixing ratio (VMR) at particular
pressure values between 750 hPa and 300 hPa, or b) the AIRS CH4 dry VMR partial column XCH, covering the same pressure
range that is measured by the aircraft. We use aircraft profiles which span the pressure range that contains at least 0.20 degrees

of freedom for the AIRS CH, partial column._The retrieval estimates AIRS CH, dry volume mixing ratio (VMR) profile.

When a "partial column quantity" is validated, the retrieved CH4 profile is post-processed into partial column XCH4 VMR

relative to dry air, with methodology from Connor et al. (2008) and Kulawik et al. (2017), where the VMR's at the pressure

levels are weighted according to a pressure weighting function, resulting in a partial column volume mixing ratio (VMR).

2.1 Description of AIRS

The AIRS instrument is a nadir-viewing, scanning infrared spectrometer (Aumann et al., 2003; Pagano et al., 2003; Irion et
al., 2018; DeSouza-Machado et al., 2018) that is onboard the NASA Aqua satellite and was launched in 2002. AIRS measures
the thermal radiance between approximately 3-12 microns with a resolving power of approximately 1200. For the 8 micron
spectral range used for the HDO/H,O/CHj retrievals, the spectral resolution is ~1 wavenumber (cm;?), with a gridding of ~0.5
cm;%, and the signal-to-noise (SNR) ranges from ~400 to ~1000 over the 8 micron region for a typical tropical scene. A single
footprint has a diameter of ~15 km in the nadir; given the ~1250 km swath, the AIRS instrument can measure nearly the whole
globe in a single day. The Aqua satellite is part of the “A-Train” that consists of multiple satellites and instruments, including
TES, in a sun-synchronous orbit at 705 km with an approximately 1:30 am and 1:30 pm equator crossing-time. In this paper,

we use only daytime data to match the validation observations.
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12.2 Overview of Aircraft Data

Measurements from the HIPPO (Wofsy et al., 2012) and ATom (Wofsy et al., 2018) aircraft campaigns {\Wefsy-et-al-2012)
provide an-excellent data-setdatasets for satellite validation, due to thetheir wide latitudinal coverage, the large vertical extent
of the profiles (up to 9-12 km), and the availability of campaigns over a wide range of months. Each of the five HIPPO
campaigns flew south, then north over a period of weeks, often using a different path for the northern and southern legs, with
campaign dates in 2009 - 2011. Atmospheric methane concentrations were measured with a quantum cascade laser
spectrometer (QCLS) at 1 Hz frequency with accuracy of 1.0 ppb and precision of 0.5 ppb (Santoni et al., 2014). HIPPO
methane data are reported on the WMO X2004 scale and have been used in several other studies to evaluate satellite retrievals
of methane (e.g. Alvarado et al., 2015; Wecht et al., 2012; Crevoisier et al., 2013). Comparisons with NOAA flask data showed
a mean positive bias of 0.85 ppb for the QCLS during the HIPPO campaigns, which is consistent with the estimated QCLS
accuracy of 1.0 ppb (Santoni et al., 2014; Kort et al., 2011). We used 396 QCLS CH profiles from the HIPPO campaigns.
Using coincidence criteria of £9 hours, +50 km, 22,271 AIRS observations were processed, of which 5537 passed quality
flags. The latitude of the matches ranges from 57S to 81N.

We compare AIRS to observations from the ATom aircraft campaigns 1-4 (Wofsy et al., 2018). This comparison provides
validatatiopvalidation ~7 years after HIPPO, between 2016 and 2018. Similar to HIPPO, these observations include
observations in the Pacific Ocean, but ATom also includes observations in the Atlantic (as seen in Table A.1 and Fig. 1).
ATom methane data are reported on the WMO X2004A scale. We used 289 profiles from the ATom campaigns from the
NOAA Picarro instrument (Karion et al., 2013). For more information on the instrument, see
https://espo.nasa.gov/sites/default/files/archive_docs/NOAA-Picarro_ATom1234_readme.pdf. Using coincidence criteria of
+9 hours, £50 km, 21,225 AIRS observations were processed, of which 4913 passed quality flags. The latitude of the matches
ranges from 65S to 65N.

The NOAA ESRLGML aircraft network observations (Cooperative Global Atmospheric Data Integration Project, 2019) are
taken twice per month at fixed sites primarily in North America, and also Rarotonga (RTA) at 21S (Sweeney et al., 2015,
http:/dx-dolorg/10.1002/2014JD022591).). NOAA aircraft network methane data are reported on the WMO X2004A scale.
Although HIPPO data are not reported on the same scale as ATom and NOAA aircraft network data, differences in values of
calibration tanks used for HIPPO (Santoni et al., 2014) on the two different scales are < 1 ppb. We match AIRS and NOAA
aircraft observations between 2006 and 2017, with coincidence criteria of 50 km;_and 9 hours, finding ~43,000 matches, and
18,000 good quality matches following the retrieval, to 719 aircraft measurements, at sites ACG (67.7N, 164.6E, 401 matches),
ESP (49.4N, 126.5E, 2743 matches), NHA (43.0N, 70.6E, 2682 matches), THD (41.1N, 124.2E, 1551 matches), CMA (38.8N,
74.3E, 3269 matches), TGC (27.7N, 96.9E, 1944 matches), and RTA (21.2S, 159.8E, 810 matches).
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Figure 1 shows the locations of all the aircraft data used for the comparisons described in this paper. Most of the ocean
measurements are from the HIPPO and ATom campaigns that spans a range of latitudes, whereas most of the land

measurements are taken over North America--.

3 MUSES-AIRS Optimal Estimation of CHa4 from single-footprint, original (non-cloud-cleared) AIRS radiances

Worden et al. (2012, 2019) describe in detail the forward model and retrieval approach used for estimating methane from TES
and AIRS radiances. The radiative transfer forward model used for this work is the Optimal Spectral Sampling (OSS) fast
radiative transfer model (RTM) (Moncet et al., 2005, 2008, 2015). In particular, radiances from the thermal infrared bands at
8 and 12 microns are used to quantify profiles of atmospheric concentrations of CHa4, HDO, H,0, N0, as well as temperature,

emissivity, and cloud properties. The atmospheric parameters are retrieved as vertical profiles. Since we use optimal

estimation, or OE, -(e.g. Rodgers, 2000; Bowman et al., 2006) to estimate these quantities we can characterize the vertical
resolution and uncertainties of these retrievals, which allows us to -compare them to models and independent data sets, while
accounting for the regularization used for the retrieval. We follow the OE approach for the Aura TES instrument (e.g. Bowman
et al., 2006; Worden et al., 2006, 2012) but with some differences. First, methane retrievals using the TES radiances are
obtained using only the 8 micron band, because of slight calibration differences between the detectors that measure the 12 and
8 micron bands (e.g. Shephard et al., 2008; Connor et al., 2011). For the AIRS retrievals, we use both the 8 and 12 micron
bands in order to better constrain temperature in the troposphere and stratosphere. Secondly, the TES based retrieval uses the
ratio of a jointly-retrieved N20 profile to the CH, profile in order to help correct biases related to temperature variations in the
(UTLS) upper-troposphere lower-stratosphere (Worden et al., 2012). However, the N O correction is not used for the AIRS
retrievals because we can jointly estimate temperature in the UTLS region using the 12 micron band. We use similar quality
flags as the TES retrievals such as checks on the —2radiance residual, residual signal, and cloud optical depth as discussed in
Kulawik et al. (2006a, 2006b), except that we screen out cloudy and low-sensitivity cases, resulting in about 1/4 of the data
passing screening. Quality flags are discussed in more detail in the Aura-TES user's guide (pp 27-30, Herman et al., 2018).

The specific flags used for AIRS CHj are as follows, which were set by minimizing the standard deviation of small clusters of

retrievals and to standardize the sensitivity:

Good quality and sensitivity flagging for AIRS CHa:
o Radiance residual rms < 1.5. This sereens-offparameter is the standard-deviation-of-theradianceresidual«
{themean difference between the observed and fit radiance normalized by the NESR}.radiance measurement
error.

e |The absolute value of Radiance residual mean{ < 0.15. This_parameter screens off the mean difference of

the radiance residual.
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{The absolute value of KdotdL} < 0.23. This sereens-off-the-parameter is the mean difference of the dot

product of the Jacobians and the radiance residual and-indicatesnormalized by the radiance measurement
error, and smaller values indicate that there is little remaining information relative-to-the-neise-level-abeut
the-surface-and-atmesphere-in the retrievalsignal.

FSUR-<-The surface temperature minus the near-surface atmospheric temperature value +< 30K. This

ensures that the thermal gradient is less than 30K between the surface and lowest atmospheric temperature.

Cloudtop pressure > 90 hPa. This ensures that the retrieved cloudtop is-net-abeve-90-hPapressure is in or
near the Troposphere.

Cloud ©Boptical depth < 0.3. This ensures that the cloud is not opaque and there is fairly uniform sensitivity
below-theso that the bias correction is fairly consistent. The bias versus cloud_optical depth is shown in the
supplement.

Cloud variability versus wavenumber < 1.5 * cloud OD. This ensures that the cloud optical depth does not
vary too much with-wavenumberover the retrieval window.

Degrees of freedom > 1.1., defined following Eq. 2. This ensures a minimum sensitivity so that the bias

correction is fairly consistent.

Tropospheric degrees of freedom > 0.7:, defined following Eg. 2. This ensures a minimumconsistent

Tropospheric sensitivity-, so that the bias correction is fairly consistent.
Stratospheric degrees of freedom < 0.5, defined following Eq. 2. This ensures that there is rot-toe-mucha

consistent stratospheric sensitivity-in-the-stratosphere, so that the bias correction is fairly consistent.
Predicted error on the column above 750 hPa < 53 ppb. The predicted error is the total error from the linear

estimate, Eg. 7b, and is included in the output product. This ensures that the predicted error, which is

correlated to the actual error, is not too large.

3.1 Retrieval Error Characteristics

Detailed descriptions of the use of optimal estimation (OE) to infer trace gas profiles from remote sensing radiance

measurements retrieval is included in numerous publications (e.g. Rodgers, 2000; Worden et al., 2006; Bowman et al., 2006).

However, we present a partial description here as it is relevant for comparing the AIRS methane retrievals and aircraft profile

measurements. As discussed in Rodgers (2000), the estimate for a trace gas profile inferred (or inverted) from a radiance

spectrum is descri

bed by the following linear equation:

2 =x, +A(x=x,)+G K’berror +Gn [€)
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(Worden et al., 2004; Connor et al., 2008).
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For the AIRS (and TES) OE methane retrievals, xa comes from the MOZART atmosphere chemistry model (e.g. Brasseur et
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averaging kernel matrix is shown in Figure 2 and shows that AIRS based estimates of methane are most sensitive to methane
in the free-troposphere and lower-stratosphere as demonstrated previously for AIRS and other TIR based estimates of

tropospheric methane (e.g. Xiong et al., 2016; de Lange and Landgraf, 2018).

The degrees of freedom, DOFs, describing the sensitivity of X to the true state, and is equal to the trace of A,,. The

degrees of freedom in the troposphere is equal to the trace of the averaging kernel corresponding to the troposphere

and the degrees of freedom in the stratosphere is equal to the trace of the averaging kernel corresponding to the
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3.2 Approach for Comparing AIRS measurements to aircraft profiles

A challenge in comparing the satellite-based AIRS measurements to aircraft data is that the aircraft will typically measure only [ Formatted: Font: Times New Roman

a section of the atmosphere (e.g. the troposphere), whereas the AIRS measurements are sensitive, to varying degrees (see Fig.
2), to the entire atmosphere. To account for these differences, we divide the atmosphere into two parts x = [xc,Xs]: where xc is
the part measured by the aircraft (denoted c for airCraft), and xs is the part not measured by the aircraft (denoted s for
Stratospheric):
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Smoothing error = h A..S}* AL hl (5)

We estimate the smoothing error for the partial column XCH4 VMR within the pressure levels measured by the aircraft to be

30 ppb, using Eq. 5. This estimate strongly depends on SX*, the a priori covariance, which is the same as in Worden et al.

(2012); briefly 5% diagonal variability with correlations in pressure set from the MOZART model. In Equation 6a, we

apply the AIRS Averaging kernel to the aircraft measurement to fully account for the AIRS sensitivity:

ac _ c _wC s NS

x aircraft — hcx a + hCACC (X aircraft x a) + hEACS (X aircraft x a\ (62)

acC _ c . C

xai‘rcraft - hf—'xa +heAee (xaircraft xa) (6b)
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propagate-inte-the6b. Equation 7b is the covariance of Eqg. 7a, and estimates the predicted, error-in-thefirst 3-terms::

E(fc -x Zircraft) = thchE(berror) + hcAcyE(ﬁ - ya) + hcAcsE(fs - Xs) + thcE(nerror)—(ﬁ).
Ell] Gc—2% (7b)

acC
aircraft

MW = he(G.K"SEP K GT + Ay S2” AL, + AcgSSS AL + SEE)RL

non-retrieved parameters

Eq. 7a represents the propagation of mean biases from: (1)

and assumptions, e.g. due-te-Spectroscopy

e ebonbienduelae e ebatioe (1), (2) At Ldesertborthe Mope e st e oo ol jointly retrieved
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L i i : part (x,), or (4) measurement errors (n) into biases of X.. The mean bias

from 7a is difficult to characterize theoretically and is characterized during validation, and assumed to be primarily from the

first term (e.q. spectroscopy). Equation 7b, is the covariance of the radiance-error-in-our-ecase, a-diagonal-matrix-terms in

7a, where e.q. the covariance of b, is S2?. Equations 7b represent the "observation covariance". The square root of 7b is

the predicted observation error. Although Eq. 7b has overall zero bias, it can produce regional and temporal biases, e.g. as

seen_in_Connor et al. (2016), where these biases approach zero over long enough spatial or temporal scales., The error

covariances all represent fractional errors, in log(VMR). TheBecause the retrieved quantity log(VVMR), the, error in ppb is

approximately the fractional error times the methane value in ppb.

For the purpose of evaluating the AIRS methane measurement uncertainties and comparing the AIRS methane to aircraft in

situ measurements we refer to the four terms on the right side of Eq. 67h, as:

1) SgES5<is the systematic error due to terms that are not accounted for in the retrieval state vector, such as «

spectroscopy and calibration; these terms are estimated by comparisons with the aircraft data. A pressure-
dependent bias correction, described in Section 3.4, of approximately -60 ppb is used to correct this systematic bias.

2) AGSEALA.,S)YAL

¢y, the “cross-state”, which is included in the MUSES-AIRS methane estimate product files,

and is the propagation of temperature, water vapor, and cloud errors into AIRS. The errors in the retrieved
temperature and water vapor at nearby location are correlated over short spatio-temporal scales, as described in
Section 4, and so this error does not reduce with averaging nearby observations. However, monthly or seasonal
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averages reduces cross-state error, because systematic errors from temperature / water / cloud can be assumed to
vary pseudo-randomly over larger time scales.—We-estimate-this-erreras~21ppb-{seenextparagraph);,

3) ALSERAT A SSSATis the “validation uncertainty” due to knowledge uncertainty of the stratosphere although this
may also contain other levels that are also not measured by the aircraft. This is the smoothing error which cannot
be removed from the comparisons because the aircraft does not make measurements at the “n”{netmeasured)s”
("stratospheric™), levels. We estimate this validation erreruncertainty,as ~1610, ppb (see nextseetion}—estimated

in Section 3.3). This estimate depends on the accuracy of the model used to extend the aircraft profile during the

validation process and was estimated for the model that we used in validation,

4)  SgSSF, the “measurement” error, which is included in the AIRS methane estimate product files. The measurement
error is random and is expected to reduce as the inverse square root of the number of observations averaged. We
estimate this error as ~18 ppb (see-nextparagraphjusing the last term of Eq. 7b and shown in Fig. 3) and find it to

be a random error that reduces with averaging,

A

Figure 3 shows the predicted errors for the AIRS partial column matehingXCH,4 VMR within the pressure levels measured by,

the aircraft-measurements., The measurement error (light green) is 18 ppb;-the-eross-state-erreris 21 ppb{red-minus
green-in-quadrature}; (from the last term of Eq. 7b) ,and the total error for a single observation (including smoothing error)

is 41 ppb. The-errors-notshown-in-thispletareA component of, the validatientotal error, the cross-state, error, is gstimated
i i i vhich w vi i on i i -as 21 ppb (from Eg. 7b),

I

3.3 Estimating validation erreruncertainty due to aircraft not measuring the stratosphere

A typical aircraft profile will only measure part of the troposphere and rarely measure into the stratosphere. However, the
AIRS methane profile measurements are sensitive to methane variations over the whole atmosphere as shown by the averaging

kernel matrix in Figure 2. Similarly, the true state in the troposphere influences retrieved values in the stratosphere. Options

for dealing with this are a) extending the true with the AIRS prior or b) extending the true with a model profile value. Nete
that-models-in-general-havea-positive-bias-in-the-extratropical-stratosphere{(Patra-et-al-—2011)In GEOS-Chem4x5—the

This section estimates this uncertainty by calculating the difference of xf.mx Zl.mmft

for Eq. 5a6a minus Eq. 5b6b
when extending the aircraft using two different “true” profiles taken from two different global atmospheric chemistry models,
the Laboratoire de Météorologie Dynamique (LMDz) model (e.g. Folberth et al., 2006) model and the Goddard Earth

Observing System (GEOS-Chem) model (e.g. Maasakkers et al., 2019). So, if the model value equaled the AIRS prior in the
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i di i € c
stratosphere, this difference would be zero. The differences for - aircraft from LMDz model and GEOS-Chem

are shown in Figure 4 for all HIPPO ocean and land data; these differences show that model/model differences in the

stratosphere can contribute significantly to the differences between AIRS and aircraft validation.

These differences provide an estimate for how knowledge error in the stratosphere projects to uncertainties in our methane
retrievals. For example, this uncertainty varies with latitude, similar to the residual bias between the AIRS estimate and aircraft
(next section). Furthermore, the variability over small latitudinal ranges of 10 degrees or less suggests that the random part of
the stratospheric error is smaller than this latitudinal variability. Our 16-ppb-estimate for this error is simiarthe average of
these two errors, 10 ppb, and places an upper bound on the ability to validate AIRS CH,4. Our estimate for this error agrees

with the 10 ppb estimate for the impact of stratospheric uncertainty on column estimates from aircraft profiles (Wunch et al.,
2010). Appendix A shows further analysis of mean differences of AIRS minus aircraft for different profile extension choices.

The bias varies by ~ 5 ppb for different profile extension choices when comparing at 700 hPa, ~10 ppb for different profile

extension choices when comparing at 500 hPa, and ~11 ppb for different profile extension choices when comparing the column
above 750 hPa.

The methane profile has a strong variable negative vertical gradient in the stratosphere. Models in general have a positive bias

in the extratropical stratosphere (Patra et al., 2011). In GEOS-Chem 4x5, the column bias is shown in Figure 2c of Turner et

al. (2015) and further discussed in Maasakkers (2019), which resolves the bias to the stratosphere, and model stratospheric

accuracy is an active research area (Ostler et al., 2016; Maasakkers et al., 2019).

3.4 Bias Correction

AIRS CH, shows a persistent high bias of 25 to 90 ppb versus aircraft observations in Fig. 65. Previous studies using remotely
sensed measurements suggest that a bias correction to the AIRS methane profile measurement must account for the vertical
sensitivity (e.g. Worden et al., 2011). For example, in the limit where the AIRS measurement is perfectly sensitive to the
vertical distribution of methane, the bias correction could be a simple scaling factor. However, in the limit where the AIRS
measurement is completely insensitive (e.g. DOFS = 0.0) then the bias correction is zero. We therefore use the bias correction
approach described in Worden et al. (2011), which-passeswhere a bias eerrectionprofile (which varies by pressure) is passed

through the averaging kernel to account for the AIRS sensitivity—, as seen in Eq. 8. The form of the bias profile, §,,,is set

in Eq. 9.

We use HIPPO-4 observations to set a bias correction which we then evaluate with the other HIPPO campaigns and NOAA

aircraft network data. HIPPO-4 was selected as it covers a wide range of latitudes and so that the bias correction can be set

and tested with two independent datasets. To set the bias, we use Eq. 56b to estimate the aircraft observation as seen by AIRS,
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then compare this to AIRS observations. The result (by pressure level) is shown in Table 1. Then a bias was applied to AIRS

using Eq. 78, with the bias term §5;,¢ in the form of Eq. 89.

In(¥ N\ — In(y Y+ ALS AY (D
R =X org T Opas) \N24
Xcorrected = Xorig T Abpias (8)

Where 1r{—is-the-natural-leg;:X = In(VMR), because the retrieved quantity is IN(VMR), 6,;,sis a vector, and Ais the
averaging kernel matrix for ¥ = In(VMR). We fit a single bias function for all AIRS measurements by minimizing the

difference between the AIRS and HIPPO-4 with &-biasd,;,; constrained to have a slope with pressure, and two pressure

domains. We specify that §-—biasd,;,, cannot jJump more than 0.05 (5%) between the two domains.

Opias = € +dP (P >Py)
Spias = €+ fP (P <Py) (89)

where P is pressure in hPa. The optimized bias correction parameters were: ¢ = 0.0; d = - 6.1e-5; PeP,=400 hPa; e=-0.09;
£=0.00018. This bias correction results are shown for HIPPO-4; HIPPO-1,2,3,5; and NOAA observations in Table 1. The
remainder of the paper, unless specified, uses data bias-corrected by Eqs. 78 and 89.

Figure 56 shows the effect of bias correction on the average of all HIPPO 1,2,3,5 AIRS profiles. The bias correction improves
the mean AIRS / aircraft difference and improves the pressure-dependent skew in the bias (Table 1). The HIPPO data is
shown before and after the AIRS averaging kernel is applied (using Eq. 56b), which has the effect of bringing the HIPPO
observations towards the AIRS prior. This is to match the imperfect sensitivity of satellite-based observations, which are

similarly influenced by the prior.

4 Evaluation against aircraft data byversus latitude

4.1 Comparison of aircraft observations with and without bias correction

Figure 65 shows a comparison between all AIRS measurements within 50 km and 9h of an aircraft measurement for-and the

aircraft measurement. The quantity compared is the partial column XCH, VMR within the pressure levels measured byfrom

the aircraft. There is a mean bias of 57 ppb overall, ~5652 ppb for ocean and ~6476 ppb for the land. The RMS difference is

~2726 ppb. Furthermore, there appears to be latitudinal variations in the bias. For example, the mean difference between the

22
22

[ Formatted: Normal

[ Formatted: Font: 10 pt

[Formatted: Font color: Black

Formatted: Normal, Border: Top: (No border), Bottom:
(No border), Left: (No border), Right: (No border), Between
: (No border), Tab stops: 3.13", Centered + 6.27", Right




AIRS and aircraft over the ocean for latitudes less than 20 S is ~74 ppb and for latitudes between 20 S and 20 N this bias is ~
56 ppb.

Figure 7 shows the same comparisons as Fig. 65 after bias correction (described in Section 3.4). The mean bias is 1 ppb, and
the RMS difference is 24 ppb. The overall land bias is 13-ppb,-and-the-overall-ocean bias-is-1ppb-{shown-in-Table A1) 12

ppb, and the overall ocean bias is -2 ppb. The bias calculated in Fig. 7 is weighs every point equally. Table A.1 shows a

slightly different result for these biases, where the bias is calculated by campaign, then averaged over all campaigns. In Table

A.1 the partial column XCHs VMR within the pressure levels measured by the aircraft has a bias of 16 ppb for land, and -2

ppb for ocean. Note that the HIPPO land observations are primarily in Australia, New Zealand, and North America, whereas
the ocean comparisons are in the mid-Pacific, as seen in Fig. 1. We expect the RMS difference to be similar to the observation
error, as the terms that make up the observation error are the primary source of variability in the observations (e.g. Worden et
al., 2017b). The predicted observation error from Fig. 3, is 27 ppb, and is consistent with the RMS difference seen here, 2423
ppb. However, knowledge of the stratosphere / validation erreruncertainty is potentially a large component of the latitudinal

variability in the difference seen in the bottom panel of Fig. 7.

We also compare to NOAA aircraft network and ATom observations and find similar results as HIPPO. Figure 8, discussed
in Section 4.2, shows ATom results, and Figure 9, discussed in Section 4.2, shows comparisons to a NOAA aircraft time series.
The biases for different pressure ranges, campaigns, and surfaces is shown in Table A.1. Table A.3 shows the standard

deviation of AIRS minus validation by pressure and surface type, for single observations, daily, and seasonal averages.

4.2 Errors in averaged AIRS data

Satellite data are typically averaged in order to improve the precision of a comparison between data and model. However, as
shown in the previous figure, these data contain errors that vary with latitude. For example, knowledge error of the true profile
in the stratosphere as well as errors in the jointly retrieved AIRS temperature and water vapor retrievals have both a random
and a bias component, both of which vary with latitude. The bias component is approximately the same for all AIRS methane
measurements taken at+oughlyon the same loecation—and-timeday within 50 km, as we do not expect large variations in

temperature and water vapor errors over these scales, which we presume to be a driver of these correlated errors. To quantify

the component of the accuracy that cannot be reduced by averaging, we compare averages of AIRS measurements to HIPPO
and ATom measurements. We average the-daily-matches - which-contain-atleast 9over 1 day, the AIRS observations matching
a single HIPPO or ATom measurement, within +-50 km and 9 hours of the measurement.—Fhe-rumberef AIRS-ebservations
averaged-ranges—from-9-to-53-and-averages20-  We specify that there needs to be at least 9 AIRS observations for each
comparison so that the systematic error, and not the precision (or measurement error)-), is the dominant term. These daily

AIRS averages contain, on average, 20 AIRS observations. Figure 8 shows the average-predicted error, assuming that the
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error is random, e-g—if20-ebservations-werewhich is calculated by dividing the single observation error (24 ppb RMS shown

in Fig. 7) by the square root of the number of observations that are averaged;-this-would-equal24--¥20—ppb-or~5. The mean
predicted error for the averaged data, assuming random errors, is 6 ppb. The_ actual standard deviation between the averaged

AIRS and HIPPO or ATom data is ~17 ppb, which is much larger and indicates that the errors within 1 day and 50 km are

correlated. Note that same-colored adjacent points (i.e. adjacent observations from the same campaign) often show similar
biases. Because this RMS difference is much larger than what is expected if the errors were purely random, this shows the
presence of systematic errors, either in the AIRS data or in the validation erreruncertainty. We therefore report 17 ppb as the
limiting error when averaging AIRS data within one-degree grids and 1 day for the purpose of comparing to models or other

methane profiles.

On the other hand, averaging AIRS data seasonally can reduce the error further because geophysical errors from as temperature
and water vapor vary over longer time scales. We demonstrate this aspect of the AIRS uncertainties by comparing averaged
AIRS data to the NOAA aircraft methane profiles taken off the coast near Corpus Christi, Texas (27.7N, 96.9W, site TGC).
We screen for at least 3 observations per day, less than the 9 observations/day used for HIPPO / ATom daily averages in order
to get enough daily averages to explore how the errors reduce with monthly and seasonal averages, since the aircraft make 1-
2 measurements per month. Figure 9 shows daily, monthly, 90-day, and seasonal averages of the partial column
matehingXCH4 VMR within the pressure levels measured from the aircraft measured-column-at TGC. The seasonal averages
are created by converting all AIRS/aircraft matched pairs to 2012 by adding 5.4 ppb per year multiplied by (year minus 2012);

then-averaging-alhvalues within-each-menth—Similarly) to the-findingsaccount for HHIPRPO-and-ATem;-the mean annual growth
rate. The growth rate of 5.4 ppb/year is the mean increase during the AIRS record time period (2002-2019) estimated from

the NOAA Global Monitoring Laboratory global surface measurements (https://esrl.noaa.gov/gmd/ccgg/trends_ch4/). Since

we are converting matched pairs of aircraft and AIRS to 2012, the differences between these matched pairs is unaffected by

the accuracy of the conversion to 2012.

4.2.1 Daily average errors at TGC

We look at daily errer-is-averages versus aircraft data and find a similar result as that found with comparisons to ATom and
HIPPO: daily averages have much larger errors than would be predicted from-the-ebservation-error-with-the-assumption-of
randomness:if random errors are assumed. The standard deviation of (AIRS minus aircraft) at TGC is 24 ppb-{, the standard
deviation for single(daily AIRS ebservation;-net-shown),average minus aircraft) is 11.5 ppb-(for-daily-AlRS-average{(Figure,
as seen in Fig. 9a))—TFhe, and the predicted error with-the-assumption-thatfor daily averages, assuming randomness in the error

is-randem, is 6.0 ppb. Therefore, similarly to the-ATom and HIPPO-findings;-the, errors within small-geophysical-region-are
1 day and 50 km contain 11.5 ppb correlated and-do-neterror.

4.2.2 Monthly,average aserrors at TGC
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https://esrl.noaa.gov/gmd/ccgg/trends_ch4/

The NOAA aircraft measurements are usually taken about twice per month. The standard deviation of (monthly AIRS average

minus aircraft) is 8.2 ppb (Figure 9b) for months containing more than 1 aircraft observation. This is compared to the daily

error divided by the square root of the number of days averaged, 8.0 ppb. Therefore, errors for observations—Hewever-rext;
we-try-averaging-multiple-days-within1- ~2 weeks apart are uncorrelated.

4.2.3 3-month;-and-find-a-standard-deviation-of for-menthly average errors at TGC

We average over 3-month scales, where averages efmust have at least 23 days-of-8-2-ppb-(Figure-9b)and-the-. The standard
deviation of (3-month averages-containing-atleast-3-days;AIRS average minus aircraft) is 6.2 ppb-{Figure-9¢)—Fhese-agree
with-the. The predicted errors-0f-8.0-and-6.0-ppb,-respectivelyby-error, taking the daiby-standard-deviation(11.5 ppb) daily
error and dividing by the square root of the number of days averaged—TFhe-seasenal, is 6.0 ppb. Therefore, errors for 3-month
averages are ~uncorrelated.

4.2.3 Seasonal, cycle average-which-is-a-menthly errors at TGC

We average of-all-matched pairs within each month from any year;-has. (AIRS minus aircraft) for these averages, have a

standard deviation of 5.9 ppb, whereas the predicted error, from the daily average divided by the square root of number of
observations, is 4.2 ppb.

A

Appendix-A-4.2.4 Summary of average errors at TGC

To summarize, averaging AIRS observations within one day reduces the error versus aircraft, but correlated errors prevent

daily averaged errors from dropping below 11.5 ppb. Averaging daily averages over 1 or 3 months equals the daily error

divided by the square root of the number of days averaged, indicating that errors are random in this domain. However,

averaging months from multiple years, does not reduce the error below 6 ppb, either due to correlated errors, or validation
uncertainty.

4.2.5 Summary of errors at all NOAA aircraft sites
Table A.3 in Appendix A shows the single-observation standard deviation for all NOAA ESRL statiens,for-ocean-and-land
AlRS-observationsaircraft sites. The ocean vs. land observations show similar values, with land and ocean standard deviations

within 2 ppb. A single land observation has a standard deviation versus aircraft observations of 23 ppb for the partial column

XCH4 VMR within the pressure levels measured from the aircraft, in agreement with predicted observation error of 23 ppb.

The standard deviation for daily ebservationsaverages is 15.2 ppbwhereas. This can be compared to the predicted error-usirg

23-ppb-divided-by-the-square-root for the daily averages, assuming randomness, of the-rumber-of ebservations-averaged;-is-5.9
ppbs-indicated. This indicates that there are correlated (non-random) errors on the order of 15 ppb when averaging rearby

observations_within 50 km and 1 day. The monthly standard deviation is 10.9, in reasonable agreement with the predicted of

9.4 ppb- (from the daily average standard deviation divided by the number of observations averaged-). The seasonal cycle
25
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average, which is a monthly average of all matched pairs from all years, has a standard deviation of 7.7 ppb, which is similar
to the predicted error of 6.9 ppb.- (from the daily average divided by the square root of number of observations-). We find that
estimating the error as the daily standard deviation divided by the square root of the number of days averaged is a reasonable
estimate of the actual error.

4.2.6 The bias and bias uncertainty

The bias is estimated by calculating the mean bias for each campaign or station separately, then calculating the mean and

standard deviation for all campaigns / stations. The bias versus HIPPO is 0 + 4 ppb. The bias versus ATom is 3 + 4 ppb. The

bias versus NOAA measurements is 9 + 7 ppb.

5 Discussion and Conclusions

We validate single-footprint AIRS methane by comparing 27,000 AIRS methane retrievals to 396 aircraft profiles from the
HIPPO campaign, 719 profiles from the NOAA ESRLEGML aircraft network, and 289 aircraft profiles from the ATom
campaign, taken across a range of latitudes, longitudes, and times. The AIRS methane retrievals are derived using the MUSES
optimal estimation algorithm that has previously been applied to Aura TES radiances (e.g. Fu et al., 2013). After adjusting the
aircraft profile to account for the AIRS sensitivity (using the averaging kernel and a priori -profile), we compare the mean
methane value over the aircraft profile to the mean methane from the AIRS profile over the same altitude (or pressure) range.
We use a subset of validation data to derive a pressure-dependent bias correction on the order of -60 ppb, and test this on an
independent set of validation data. After the bias correction, we report a bias of 0 +/- 10 ppb. The bias between AIRS and

aircraft varies with pressure and location, as seen in Appendix A.

After applying the bias correction, from Eq. 78 and 89, the RMS difference between the AIRS and aircraft data of the partial
column matehingXCHs VMR within the pressure levels measured by the aircraft of ~22 ppb is consistent with the mean

observation error, composed of random error from noise and the cross-state errors from jointly retrieved temperature, water
vapor, clouds, and surface parameters that are projected onto the AIRS methane retrieval. The extent to which the aircraft
profiles used here can be utilized as “truth” for the purposes of validation is limited by knowledge of the methane profile above
the aircraft profile (referred to here as “validation erreruncertainty”). which limits our knowledge of “truth” to within about
1610 ppb. This uncertainty is consistent with the location-dependent bias in the satellite/aircraft comparisons which can vary
by ~10 ppb.

We quantify the AIRS minus validation standard deviation for single observations, daily averages (within 50 km of the
validation location), monthly averages, and seasonal averages for data bias corrected using Egs. 7 and 8. The AIRS minus

validation standard deviations are: 24 ppb (single AIRS footprint), 17 ppb (daily AIRS averages within 1 degree latitude and
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longitude), 10 ppb (“monthly” AIRS averages), 9 ppb (3-month AIRS average), and 7 ppb (seasonal cycle average). The errors
on averaged AIRS data are likely an upper bound on the AIRS error, due to the uncertainty in the validation. The single-
footprint and daily average standard deviations for different pressure ranges and surface types are shown in Appendix A. We
recommend using the standard deviations in this paragraph as the error budget for the specified averaged quantities.

These results can be compared to AIRS v6 validation by Xiong et al. (2015), which validated AIRS CH retrieved from cloud-
cleared radiances on the 9-footprint 45 km field of regard. Xiong et al. (2015) finds AIRS standard deviations versus HIPPO
of 0.9% (16 ppb) for pressures between 575 and 777 hPa, 1.2 % (18 ppb) standard deviation for pressures between 441 and
575 hPa, and 1.6% (29 ppb) between 343 and 441 hPa. Xiong et al. (2015) also found a pressure-dependent bias, with a -25
ppb bias near the top of the troposphere, and a high 5 ppb bias near the mid-Troposphere.

5 Appendix A: Biases and standard deviations for different stations, campaigns, pressures, and surface types

We characterize the bias versus validation data by station, campaign, and pressure level. Table A.1 shows biases versus
validation data, after bias correction with E¢-—7Eqs. 8 and 9. In the HIPPO comparisons, the biases are generally smaller than
about 10 ppb. There is no overall pattern in the bias by season. The land data is biased higher than ocean for HIPPO
comparisons (about +20 ppb). However, note that the land observations versus HIPPO are primarily in Australia and New

Zealand, whereas the ocean comparisons are in the mid-Pacific.

The NOAA aircraft network comparisons are sorted by site. Many NOAA aircraft locations are at land/ocean interfaces,
allowing a more direct comparison of the land/ocean biases. On average, the AIRS land observations are 0-5 ppb higher than
AIRS ocean observations at the different pressures and pressure ranges. The overall bias of AIRS versus NOAA aircraft is
+7.1 ppb, whereas AIRS versus HIPPO is 4.4 ppb for the partial column matehingXCH, VMR within the pressure levels
measured by the aircraft-ebservations.. This is consistent with AIRS land having a high bias versus ocean of 0-5 ppb.

_The standard deviation of the bias for the different campaigns is a useful quantity as it is an indication of systematic error.
The standard deviation of the bias varies from 4 ppb to 9 ppb for the different pressures-and-campaigns—vertical quantities.

Table A.2 shows the mean bias for AIRS minus NOAA ESRLGML aircraft for land and ocean AIRS observations.s The
different rows extend the aircraft using the AIRS prior, the CarbonTracker model (from
https://www.esrl.noaa.gov/gmd/ccgg/carbontracker-ch4/ or the GEOS-Chem model (both are extended through 2018 using
2.5% secular increase). The goal of this table is to approximate the influence of the profile extension on the validation accuracy.

Table A.3 shows the standard deviation for AIRS observations minus validation data for land / ocean for different pressure

ranges for both single observations and AIRS averages. The mean bias at each site is subtracted prior to calculating the
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standard deviation. This table shows the standard deviations for single observations and averaged quantities. The predicted
error for the daily average is the observation error divided by the square root of the number of observations, and is much
smaller than the actual standard deviation, indicating correlated errors. The predicted error for the monthly, 3-month, and
seasonal cycle averages is the daily standard deviation divided by the square root of the number of days averaged and ~agrees

| with the actual standard deviation for the partial column. XCH, VMR within the pressure levels measured by the aircraft. The
location-dependent biases are subtracted from AIRS prior to calculating the standard deviation in all but the last two rows.
The last two rows shows the standard deviations without subtracting the location-dependent biases, which increases the partial

‘ column-standard deviation from about 8 ppb to about 9 ppb.
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Table 1. Bias versus pressure with and without bias correction. The bias correction was developed on
HIPPO-4 and tested on HIPPO-4; HIPPO-1,2,3,5; and NOAA aircraft network.

AIRS minus After bias correction After bias

Pressure . After bias correction . < ( Formatted Table
aircraft_AK (HIPPO- (all HIPPO except  correction (all
(hPa) (HIPPO-4) (ppb)
4) (ppb) HIPPO-4) (ppb) ~ NOAA) (ppb)
1000 24 -1 -3 1
824 36 0 -4 1
681 48 1 -5 2
562 58 1 -4 2
464 60 -5 -3 3
383 67 -5 -2 2
316 81 1 4 -
261 86 1 4 -
215 89 1 3 -
161 - - 4 -
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Table A.1 Bias by campaign, station, land/ocean, and pressure.

. . . Bias Bias

) Blas Bls Blas column column

Station/campaign Location T|rr.1e 700 200 300 matching  above-«
period hPa hPa hPa .
aircraft 750 hPa
(ppb)  (ppb)  (ppb) (opb) (opb)
HIPPO 1S Pacific Jan, 2009 -6.2 2.4 11.0 4.2 6.3
HIPPO 1N Pacific Jan, 2009 -3.2 3.7 125 -0.1 48
HIPPO 2S Pacific Nov, 2009  -9.0 -04 9.8 -4.4 5.0
HIPPO 2N Pacific Nov, 2009  -4.3 -3.3 -3.1 -4.0 -4.0
HIPPO 3N Pacific Apr, 2010 -8.5 11 16.5 -2.6 2.6
HIPPO 4S Pacific Jun, 2011 -0.7 -2.0 9.5 18 10.2
HIPPO 4N Pacific Jul, 2011 8.7 11.8 0.7 8.7 7.3
HIPPO 5S Pacific Aug, 2011 1.2 7.6 133 45 9.3
HIPPO 5N Pacific Sep, 2011 -5.2 0.5 1.2 -2.0 2.2
HIPPO all land - - 10.9 18.2 17.8 16.1 14.8
HIPPO all ocean - - -5.2 -0.9 4.3 -1.7 3.1
HIPPO all (mean) - - -2.9 2.1 7.9 0.7 4.9
HIPPO all (stdev) - - 5.9 5.2 6.7 44 43
ACG 68N, 152W - 21.4 - - 18.6 26.7
ESP 49N, 126W - 9.7 - - 8.2 13.8
NHA 43N, 71W - 15.7 23.8 - 15.7 19.3
THD 41N, 124W - 13.6 21.7 - 14.0 21.2
CMA 39N, 74W - -0.2 5.7 - 0.9 3.6
TGC 28N, 97W - 1.0 7.9 - 2.3 6.5
RTA 21S, 160W - 3.7 115 - 3.9 12.8
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ESRENOAA all

- - 9.2 16.8 - 9.4 14.3
land
ESRENOAA all
- - 9.0 12.8 - 8.7 154
ocean
ESRLENOAA all
- - 9.3 14.1 - 9.1 14.8
(mean)
ESRENOAA all
- - 8.1 8.2 - 7.1 8.2
(stdev)
ATom 1S Pacific Aug, 2016 -0.2 4.5 1.7 2.0 35
ATom 1N Atlantic Aug, 2016 0.2 3.2 13.2 2.8 6.9
ATom 2S Pacific Feb, 2017 -6.8 0.7 8.4 -2.5 5.2
ATom 2N Atlantic Feb, 2017 5.7 12.3 25.3 8.3 125
ATom 3S Pacific Oct, 2017 -2.5 3.0 9.1 0.9 5.9
ATom 3N Atlantic/Pacific Oct, 2017 6.5 13.0 21.9 9.3 13.8
. April/May
ATom 4S Pacific -0.1 3.9 9.4 2.3 6.0
, 2018
ATom 4N Atlantic May, 2018 -1.4 5.9 23.4 34 13.2
ATom all land - - 16.7 23.6 26.2 17.0 18.2
ATom all ocean - - -3.2 24 13.4 0.6 6.5
ATom all (mean) - - 0.1 5.8 14.7 3.2 8.3
ATom all (stdev) - - 4.3 45 7.5 3.8 4.1
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‘ Table A.2 Change in the mean bias of the partial column matching the aireraftNOAAaircraft observation

using different aircraft profile extensions from the top aircraft measurement to the top of the atmosphere.

Bias .
Bias
Bias Bias Bias column
. . . . column
Quantity Profile extension 700 hPa 500 hPa 300 hPa matching -
(opb) (ooh) (opb) ireraft above 750
aircra
pp pp pp hPa (ppb)
(ppb)
Land
CT 6.0 10.3 - 6.1 3.8
ESRENOAA
Ocean
CT 4.5 5.7 - 43 4.0
ESRENOAA
Land
prior 9.2 16.8 - 9.4 14.3
ESRENOAA
Ocean
prior 9.0 12.8 - 8.7 154
ESRENOAA
Land
GEOS-Chem 6.4 11.7 - 6.7 6.4
ESRENOAA
Ocean
GEOS-Chem 4.4 7.7 - 4.5 6.4
ESRENOAA
| A
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Table A.3 Standard deviation of AIRS minus validation for land / ocean observations and different
pressures / pressure ranges. Rows 1-2 show the standard deviation for single observation, rows 3-4 show
the predicted observation error, rows 5-8 show the standard deviation for daily averages, rows 9-10 show
the predicted error for daily averages (assuming random error), rows 11-12 show the standard deviation
for 3-month averages, rows 13-14 show the standard deviation for seasonal cycle averages (average the
same month of all years), rows 15-16 show the predicted error for the seasonal cycle averages, and rows
17-18 show the standard deviation without bias subtraction. The site-dependent biases from Table A.1

are subtracted prior to calculating the standard deviation.

) J J uJ CJ L) L

Stdev
Stdev
Stdev Stdev Stdev column
. . column
Quantity 700 hPa 500 hPa 300 hPa matching “ ( Formatted Table
(opb) (opb) (opb) roraft above 750
aircra
pp pp pp hPa (ppb)
(ppb)
Land single 26 29 26 23 25
Ocean single 25 27 26 22 24
Land observation error 26 26 19 23 19
Ocean observation error 28 28 20 24 19
Land daily (23 obs/day) 17 21 16 15 20 ( Formatted: Font: Gungsuh
Ocean daily (23 obs/day) 18 21 21 16 20 ( Formatted: Font: Gungsuh
Land daily (29 obs/day) 16 20 16 14 20 [Formatted: Font: Gungsuh
Ocean daily (29 obs/day) 17 19 21 15 18 ( Formatted: Font: Gungsuh
Land daily (29 obs/day) pred. 9.7 9.9 5.7 85 7.0 ( Formatted: Font: Gungsuh
Ocean daily (29 obs/day) pred. 8.4 7.9 4.6 7.0 57 ( Formatted: Font: Gungsuh
Land 3—month (23 obs/day, 23 [ Formatted: Font: Gungsuh
9.5 13.3 - 8.8 12.9
days)
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Ocean 3—month (23 obs/day, 2

9.0 11.8 8.3 11.8

3 days)
Land monthly (average all years) 8.3 11.8 7.7 10.7
Ocean monthly (average all years) 8.3 10.4 7.5 10.1
Land monthly (average all years) pred. 7.7 9.9 6.9 9.3
Ocean monthly (average all years) pred. 8.0 9.8 7.2 9.5
Land monthly (average all years) without

) _y( ge all years) 9.9 13.7 9.1 12.2
bias subtraction
Ocean monthl average all years

) ) y (_ g years) 10.4 12.3 9.4 116
without bias subtraction
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JFigure 1: Location of aircraft profile measurements used for validation. The upside-down triangles show HIPPO, triangles+, show+ [ Formatted: Font: 9 pt, Bold, Font color: Black
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AIRS - Aircraft (Simulated)

JFigure 4: Simulated comparison between AIRS and Aircraft in which the LMDz model (top) and GEOS-Chem model (bottom) are [ Formatted: Font: 9 pt, Bold, Font color: Black

used for the simulation. _This represents uncertainty in the true state that we validate against
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Figure 5: Comparison of AIRS methane VMR to aircraft for all HIPPO comparisons over the partial column XCHs VMR within
the pressure levels measured by the aircraft. Blue shows AIRS ocean observations and green shows AIRS land observations.
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Figure 6; Example of the effect of bias correction on the AIRS profile from averaged HIPPO-1,2,3,5. The blue lines shows the AIRS
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methane profile before (dotted) and after (solid) bias correction. The black line shows the HIPPO measurements before (dotted)
and after averaging kernel is applied (solid).
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JFigure 8: Comparison of daily averaged AIRS to HIPPO measurements (left) and ATom measurements (right) for the partial column=<

observed by the aircraft. The different colors correspond to the campaigns shown in Fig. 1,
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JFigure 9: Comparison at TGC (27.7N, 96.9E). (Top) Comparison of AIRS and co-located NOAA aircraft flights in SE Texas for the« Formatted: Font: 9 pt, Bold

partial column XCH. VMR within the pressure levels measured by the aircraft. Data are averaged over (a) 1 day-{a}., (b) 1 month
{b);, (c),90-days-{e};,and (d) averaged everby,month from all years-{d)-, (Bottom) Difference from the aircraft. The predicted error
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