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Response to Reviewer #1

An eleven year record of XCO; estimates derived from GOSAT
measurements using the NASA ACOS version 9 retrieval algorithm
T.E. Taylor et al.

Thank you to the reviewer for the suggestions and comments. We appreciate your time and concern. We have addressed each
enumerated point below. The original reviewer comment is given in black. Our reply is given in blue. Modifications to the

manuscript text are given in red.

1. Figure 5: It would be interesting to add a column c) ACOSv9- ACOSv7 to also see the spatial and temporal differences

of the retrieval versions.

This was an interesting and engaging suggestion. To do this we first “sounding matched” the v7.3 and v9 data sets
and screened both for good QF. This truncates the record to span April 2009 to June 2016, and removes Land M-gain
observations as these were not present in v7.3. The matching procedure resulted in a total of 311k and 398 k soundings
for Land and Ocean-Glint observations, respectively. We then calculated AXCO5 on a sounding-by-sounding basis and
produced histograms, spatially gridded maps, and Hovmoller-like plots (AXCO, versus time and latitude) by observation
mode. This information is presented in what is now Figure 7. The most prominent feature is a drift of the AXCO, signal
in time. This feature can be partially accounted for with the time dependent bias correction parameter implemented in

v9 of 0.05 ppm/yr (Land) and 0.1 ppm/yr (Ocean-Glint), although the remainder of the feature has unknown source.

This direct analysis between v9 and v7.3 is interesting and fits well with the scope of the research. We have therefore
elected to add this substantial new material to the paper, including the new figure. We note however, that this direct
comparison does not allow for determination as to which product is closer to truth. But, the analysis of both v9 and
v7.3 against truth metrics (TCCON and models) indicates that the v9 product is an improvement over v7.3, as already

described in the original manuscript.
The following discussion and figure have been added to Section 4.2.

A quantification of differences in the bias corrected ACOS GOSAT v9 XCOs data product relative to the v7.3 product is
given in Figure 1 [actually will be Figure 7 in the manuscript] for the overlapping period. The top row (panels A through
C) show results for the Land H-gain observations, while the lower row (panels D through F) show results for the Ocean-
Glint observations. Only soundings that were present in both data sets and assigned a good quality L2FP flag were used
in this comparison. This restricts the analysis to April 2009 through June 2016, and also eliminates the v9 Land M-gain

data, as no M-gain data exists in the v7.3 product. The mean and standard deviation of the AXCO for the approximately



30

35

40

45

50

55

60

311 k Land soundings at the single sounding level are -0.18 ppm and 0.72 ppm, respectively, as shown in Panel (A). When
gridded and mapped at 2.5° latitude by 5° longitude resolution, as shown in Panel (B), the majority of the negative signal
(v9 XCOy lower than v7.3) occurs at latitudes greater than approximately 45°. Most of the land mass at latitudes less than
45° have AXCO,, values closer to zero, with the largest positive signals appearing over equatorial forests. Furthermore,
when the data is gridded and viewed versus time and latitude in 30d by 15° increments, respectively, as in Panel (C),
we see that the AXCO- signal has an increasing tendency in time, i.e., the v9 XCO, increases more rapidly in time than
v7.3. The cause of this effect is currently unknown, but is partially due to the implementation in v9 of a time dependent
bias correction term of +0.05 ppm/yr for Land observations. This translates into an expected change of about 0.35 ppm

in the v9 record over the 2009 to 2016 time span.

For the Ocean-Glint observations at the single sounding level (Panel D), the mean and standard deviation of the AXCO9
are +0.28 ppm and 0.79 ppm, respectively. When gridded and mapped at 2.5° latitude by 5° longitude resolution (Panel
E), the spatial distribution is fairly smooth, i.e., low variation in both latitude and longitude. Finally, when the data is
gridded versus time and latitude (Panel F), the modest variation in latitude is confirmed, but a substantial time depen-
dence is observed, with the AXCO- signal beginning negative in 2009 (v9 XCO; lower than v7.3), and switching to a
positive AXCO» signal by 2016 (v9 XCO- higher than v7.3). The time dependent bias correction term for Ocean-Glint
observations was +0.1 ppm/yr. This translates into an expected change of about 0.7 ppm over the 2009 to 2016 time span

in the v9 record, accounting for some, but not all of this time dependent difference between v9 and v7.3.

This direct comparison between the v9 and v7.3 XCO, product only allows for statements as to their differences. It
does not allow one to deduce which is closer to truth. Therefore, an analysis of the v9 XCOs data product against truth
metrics follows. Furthermore, it is difficult to accurately determine the effect that the new v9 XCO; product will have

on atmospheric inversion system results relative to v7.3 without further detailed study.

. Fig 10: You explain the filter criteria of the MMM (L239f). As the models will deviate from each other more where

prior uncertainties are high and assimilating data coverage is low, the models will deviate more in remote regions. Thus,
data in remote regions will be rejected for quality assessment. Therefore, a map showing the data density of co-located
samples would be useful to the reader. If filtered data coverage of MMM in remote regions is small, also a discussion of

how this might influence/limit the quality assessment should be given.

As the native model fields are continuous in time and space, the data density of the collocated samples is driven by the
spatial distribution of the Good QF GOSAT soundings, which is shown in Figure 1D in the manuscript. The question
becomes, what fraction (and spatial distribution) of the good QF GOSAT soundings do not have valid MMM, and for
what reason. Here, we present maps showing the spatial distribution of the rejected soundings, shown in Figures 2 and
3. We see that approximately 17% of the GOSAT soundings with a Good QF do not have a valid MMM for comparison
due to rejection by one or more of the model criteria, and that the rejections are in fact spatially coherent. Although this
additional material on the models could be tidied up a bit and made into an appendix (at the reviewers discretion), we

suggest that it should not be added directly into the manuscript to avoid lengthening the main document.
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Figure 1. Analysis of the ACOS GOSAT calculated AXCO2 (v9 minus v7.3) for the quality filtered and bias corrected soundings for the
overlapping period spanning April 2009 through May 2016. Panels (A) through (C) show results for the Land H-gain observations, while
Panels (D) through (F) show results for Ocean-Glint observations. Panels (A) and (D) shows the single sounding frequency distribution of
AXCOz in 0.1 ppm bins. Panels (B) and (E) show the spatially gridded AXCO- at 2.5° latitude by 5° longitude resolution. Panels (C) and
(F) show the AXCOx as a function of time and latitude in 30d by 15° increments, respectively. The statistics in Panels (A) and (D) were

calculated at the single sounding level, while those reported in Panels (B) and (E) were calculated on the grid box means.
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Based on the above findings we modified and added to the discussion as follows: Approximately 85% of the GOSAT
v9 soundings with a good L2FP quality flag had a valid MMM XCO, value for analysis. The regions with the highest
fraction of rejections occur along the southern ocean (latitude -60°), the Amazon and Congo rain forests, and a broad

region across northern Asia.
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Figure 2. Gridded maps of the sounding density of good quality flagged data and valid model data (top), sounding density of the good QF

data that violated one of more model criteria (middle), and fraction of model violations relative to the good QF data.

During this exercise, a minor bug in the GOSAT vs MMM code was found and corrected. Specifically, the threshold for
rejecting collocations with less than 3 valid models was incorrectly coded, meaning that approximately 175 k collocations
were erroneously being included in the analysis, most of which occurred in year 2018 (because only 2 of the 4 models
were present in our archived data set past the end of 2017). This affected Figures 10 and 11 (as numbered in the reviewed
manuscript), which have since been updated and are presented here as Figure 4 and Figure 5. The data in the spatial plots
are nearly indistinguishable from the originals, but the reported statistics are slightly different. The v9 Ocean-Glint data
in the Hovmoller plot now terminates at the end of 2017, instead of 2018. Generally, the agreement of v9 XCO, with

models is now slightly better due to this correction.
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Figure 3. Gridded maps of the sounding density (left column) and fraction (right column) for each model selection criteria, relative to the

good QF data.

3. L482f: In the manuscript you explain why you use OCO2-v10 and GOSATV9. You make the decision to compare results
across satellites AND retrieval versions. However, you then decide to account for parts of the differences in retrieval
algorithm (only for different CO2 priors) to compare the products. This is not consistent. I think you should not correct
for the different priors used in the comparison as it is not a valid comparison to OCO-2 in any version otherwise. If

possible, a short discussion of the effect of the different updates of the retrieval versions would be interesting instead.

We agree that on the surface our adjustment to account for the prior but not account for any other algorithm differences
seems inconsistent. However, as discussed in Section 2.5.7 of the DUG, it is recommended that atmospheric inversion
modelers always apply an averaging kernel correction. To make this point explicit, the following discussion has been

added to Section 3.3 of the data paper:

For each GOSAT sounding, a multi-model median (MMM) XCO, was calculated from the models having a valid XCO,

estimate for that location and time. Unless otherwise noted, the model XCOx is taken to be that which a perfect OCO-2
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Figure 4. Seasonal maps of the mean AXCOYMM (GOSAT - MMM) spanning 2009 through 2018 for DJF (A), MAM (B), JJA (C), and

SON (D) at 2.5° latitude by 5° longitude resolution. Grid boxes containing less than 10 collocations are colored white.
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Figure 5. Time series of AXCOYMM (ACOS GOSAT v9 - MMM) versus latitude at 30 day by 15° resolution for Ocean-Glint observations

for v7.3 (A) and v9 (B). Grid cells containing less than 10 collocations are colored white.
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would have observed, XCOs ,; that is, an averaging kernel correction is applied to account for differences between the

model profile of CO4 and the ACOS prior in the unmeasured part of the profile:

20
XCOQ,ak - Z hi{aium,i + (1 - ai)ua,i}a (1)

i=1
where h; is the pressure weighting function on the 7 = 1...20 ACOS model levels, a is the normalized ACOS averaging

kernel for COq, u,, is the model profile of CO,, and u,, is the ACOS prior profile of COs.
Then, in Section 4.5, the discussion has been adjusted as follows:

One complexity in comparing ACOS GOSAT v9 and OCO-2 v10 is the fact that the two versions of the algorithm used
different CO4 priors. Typically, models which assimilate satellite CO, data take into account the unmeasured part of
the prior CO4 profile (specified via the retrieval’s averaging kernel) via an averaging kernel correction, as given in Eq.
1. Therefore, in order to fairly compare these two data sets as models would assimilate them, we need to remove their

difference due to the unmeasured part of the CO4 profile, as follows:

XCO), = XCO3 + f: hi(1—a;)- (uf” — Ugi)s 2)
i=1

where h is the XCO pressure weighting function, a is the normalized XCO, averaging kernel, u, is the ACOS v9 COo

prior profile used for GOSAT, and u/, is the ACOS v10 CO prior profile used for OCO-2. The summation takes place

over the 20 vertical levels defined in the ACOS code. In summary, the total adjustment to the ACOS GOSAT XCO,, value

is calculated as the contribution of the difference in the vertical COs priors at each level weighted by the one minus the

averaging kernel at that level. The global mean adjustment due to the COs prior correction was approximately 0.2 ppm,

with 95% of corrections between -0.1 and +0.5 ppm.

. L7: Explicitly state here that no satellite data has been used in the assimilation system here.

Done.

. L17: wording “Similarly,” does not fit. Do you mean “Further, “?

Modified the sentence to read; Global mean biases against TCCON and models are less than approximately 0.2 ppm.

. L71: Why is XCH4 out of the scope of the manuscript? Can you refer the reader to further literature?

The ACOS algorithm, which was originally developed for retrievals on OCO-2 measurements, has never had the capa-
bility to retrieve methane (because OCO does not measure in the methane absorption bands). Based on your comment,
and the comment of Reviewer #2, we have decided to remove all instances of methane from the paper in the name of

brevity and clarity.
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L133: L2FP is used, but abbreviation is only introduced in line 139

The L2FP is defined in the abstact and again at the first use in the Introduction, per the journal guidelines. I also decided to

define it again a third time in the opening of Section 3: The ACOS v9 L2FP XCOs retrieval algorithm for completeness.

Table 2: For clarity, you could add superscripts of the respective figures in Fig. 1?

An additional column was added to the table to identify the corresponding panel in the figure.

L204: see above: in-situ assimilating models?

The sentence now reads: The development of ACOS GOSAT v9 used XCO, truth metrics derived from both TCCON
measurements, and the median COs, distributions determined from a suite of four atmospheric inversion systems, which

do not assimilate satellite COo measurements.

L214f: What is the reason for the spatial collocation criteria of +/- 2.5 ° lat and +/-5! Lon? Have you performed, or can

you reference a footprint analysis here?

To collocate GOSAT with TCCON, we followed the spatial criteria laid out in Section 4 of [Wunch, AMT, 2017,
https://doi.org/10.5194/amt-10-2209-2017]. The sentence now reads: Following the criteria defined in (Wunch, 2017),
the spatial collocation criteria for GOSAT soundings were those falling within 4 2.5° latitude and + 5° longitude of a
TCCON station for most sites. It is worth keeping in mind that GOSAT samples on any given orbit are order several
hundred kilometers apart, i.e., it is quite spatially sparse. Therefore the spatial collocation criteria cannot be too strict.

Also, by selecting similar criteria as in earlier work, the validation results are more directly comparable to earlier results.

L259: You refer the reader to O’Dell et al. 2020 for details about the bias correction. At least some details on the

correction (maybe equation 6 in O’Dell et al., 2018?) would help the understanding and flow of the paper.
Agreed. The discussion has been modified to read:

Spurious correlations in the estimates of XCO2 with other retrieval variables due to inadequacies in the modeled physics
motivate the application of a bias correction (Wunch, 2011; O’Dell, 2018). Generally such spurious correlations are
found with state vector elements such as retrieved surface pressure, various aerosol parameters, and d Vco,. For each
sensor there are also typically offsets by viewing mode, e.g., land versus ocean-glint, which are accounted for via the bias
correction. A general discussion of the ACOS XCOs bias correction methodology is provided in Section 4 of (O’Dell,

2018), where the fundamental equation is defined as:

XCOz raw — Cp(mode) — Cg(j)
XCO = : )
2,bc Cp(mode)

3)

where Cp is the mode-dependent parametric bias, C is a footprint-dependent bias for footprints 1...8, and C(y represents

a mode-dependent global scaling factor. Note that for GOSAT there is no footprint-dependent bias correction term, as is



145

150

155

160

165

170

12.

13.

14.

15.

necessary for OCO due to low level calibration errors across the detector frame. Further, to be consistent with previous
ACOS GOSAT data versions, the global divisor is replaced by an additive offset, which is effectively the same because
the range of XCOx, variability (~ 20 ppm) is small relative to the mean XCO; (~ 400 ppm).

The explicit formula for application of the ACOS GOSAT v9 correction is provided in Section 2.5.6 of the DUG. For
both land H-gain and M-gain, a set of five BC variables are used, while Ocean-Glint uses only 3 variables. The difference
between the H- and M-gain bias correction over land is minor. New for ACOS GOSAT v9 is the use of a correction against
time, which is made possible with an eleven year data record; the corrections are 0.05 ppm/yr over land and 0.10 ppm/yr
over water. The source of this spurious drift in the bias-corrected XCOs is currently unclear and is the subject of further
study. Although there is some commonality in the quality filtering and bias correction variables used for ACOS GOSAT

v9 (compare Tables 5 and 6), they do differ somewhat, as is typically the case with each sensor and data version.

L282: The mean bias should be nearly zero after the bias correction. Why does a median bias persist? Can you add a

sentence here?

I think what you’re suggesting is that the mean bias against a truth metric (TCCON or models) should be zero after
application of the bias correction. That should be approximately true, and is demonstrated in the XCO5 analysis section.
However, what we are showing here in Figure 2 is the actual relative bias correction magnitude as grid box average values.
There is no reason why the actual global gridded bias correction should have a mean (or median) of zero, as it represents
the adjustment of the XCO5 values to the truth metrics, which could in theory be a large positive or negative number (if
the L2FP was performing very poorly). The figure demonstrates that the bias correction is very mode dependent with
some minor latitudinal dependence. Further, given that the strongest signal is by mode, and there are unequal numbers
of Land H-gain, Land M-gain, and Ocean-Glint observations, we again have no reason to suspect a mean/median near

ZEr0.

L.293: delete “of”

Done.

Figure 7: In the figure caption add where to find the statistics of individual stations.

I see your point here. While it might make sense to refer the reader to the summary statistics per site given in Table 9,
the hangup is that Table 9 is derived from the seasonal cycle analysis, which was performed distinct from the one-to-one
all-site-combined analysis. So for example there are a couple of sites presented in Figure 7 that do not appear in Table 9
because there was insufficient data to characterize the seasonal cycle. So we feel like it is best to not make any changes

related to this.

L382: Any ideas why MAE is a function of latitude?

Augmented the discussion slightly as follows:
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In the v9 Land H-gain data, the MAE is roughly a function of latitude, with the highest values (~ 1.0 ppm) seen between
60°N — 90°N, and the lowest values (~ 0.7 ppm) seen from 30°S — 60°S. This stands to reason as lower variability of

XCOq in the SH tends to yield better agreement between satellite and ground based observations.

L395: Why do you use a more restrictive collocation criteria then the one presented before? This seems inconsistent to
me.

For the main analysis we wanted to retain as many soundings as possible. However, in the extended analysis, the addi-
tional criteria are necessary to enable sufficient data for the seasonal cycle fits, e.g. a contiguous year of sampling.
L421: delete “time”

Done.

L444: Add a remark what Miiller et al. (2021) suggest as it is of high importance for this work as well.

I have to admit that the citation of Miiller et al. (2021) was added quite late in the writing stage. It is an excellent
resource and we hope to have the luxury of obtaining that evaluation data for future ACOS development. The discussion

was slightly reworded as follows:

It is unclear why the satellite and models disagree over such large spatial and temporal scales, but recent work by (Miiller,
2021) suggests that the ACOS v7.3 (and to a lesser extent v9) XCOs, are in fact biased low by approximately 1 to 1.5 ppm,
as compared to a new independent evaluation data set generated from combined ship and aircraft measurements over the
open oceans. Further investigation into the source of the ACOS GOSAT biases against models is warranted.

L474-479 are repetitive to Section 3.1 and could be deleted.

Indeed. We have deleted those repetitive sentences.

L539: Add sth like ““ but further investigation is required to explain the remaining disagreement over large spatial and
temporal scales.”

Done.

L543: What do you mean with “uncounted for hemispheric and time differences”?

Removed that phrase for clarity, and modified the parenthetical summary statistics for both land and ocean-glint to
read: ... for land observations (©=0.06 ppm, o=1.0 ppm, when averaged across seasons)....However, for Ocean-Glint
observations, although the XCOs scatter is lower than that for land as expected (0=0.7 ppm), the global mean bias is

relatively high (1=-0.4 ppm, when averaged across seasons).
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