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Seamless mapping of long-term (2010-2020) daily global XCO: and
XCH4 from GOSAT, OCO-2, and CAMS-EGG4 with a

spatiotemporally self-supervised fusion method

Dear Editors and Referees,

We would like to sincerely express our gratitude to you for your careful reading and constructive

comments.

According to the comments, we have tried our best to improve the manuscript, and an item-by-item

response follows. The modified parts have been highlighted in yellow color in the revised manuscript.

Once again, we are particularly grateful for your careful reading and constructive comments. Thanks

very much for your time.

Best regards,

Qianggiang Yuan



Response to Comments of Referee #1:

General comments:

The manuscript designed a self-supervised fusion method based on spatiotemporal Discrete
Cosine Transform to fuse sparse satellite data and global full-coverage GHGs reanalysis data
for the seamless estimation of long-term daily global XCO:2 and XCHau. It is an interesting study,
especially for providing long-term XCO: and XCH4 datasets that don’t need any auxiliary
variables and analyzing the global pattern of XCO:2 and XCHj4 trends. I think the paper needs

minor revision before acceptance for publication.

Response: We would like to take this opportunity to gratefully thank the referee for his/her comments
and recommendations for improving the paper. An item-by-item response to the constructive

comments follows. Thanks for your time.

Specific comments:

Q1.1: The assessments of spatial distribution on a daily temporal scale may be necessary for a

daily dataset.

Response: Thank the referee for his/her valuable comment. The assessments of spatial distribution on

a daily temporal scale have been appended in the manuscript.
The main revision is as follows:

Figure 12 illustrates the examples of daily fused XCO, and XCH,4 over the globe, consisting of three days in three years.
As shown, the fused results display detailed information on atmospheric CO, and CH4, which clearly indicate their regional
and global spatial patterns. In addition, incoherent or factitious spatial distribution is not observed in the fused XCO, and
XCHas. Next, Fig. 13 provides the corresponding daily XCO, and XCHs from GOSAT and OCO-2 over the globe. It is
worth noting that the daily satellite XCO, and XCH4 are mapped via footprints due to their significant sparse coverage,
which are nearly invisible at grids of 0.25°. As expected, the fused results present identical spatial distribution compared

to XCO; and XCH4 from GOSAT and OCO-2. This suggests the robustness and reliability of the proposed fusion method.
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Figure 12. Daily fused (a-f) XCOz and (g-i) XCHa4 over the globe. Color ramps stand for the values of XCO2 and XCHa.
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Figure 13. Daily (a-c) GOSAT, (d-f) OCO-2 XCOz, and (g-i) GOSAT XCH4 over the globe. Color ramps stand for the values of XCO2
and XCHa.



Q1.2: Satellite XCO2 of 2010-2014 and 2015-2020 come from two datasets. It is crucial for users
who rely on the long-term dataset to assess the sensitivity difference between various data. Did
the authors compare the difference between the two datasets, and was this difference either

ignored or corrected for?

Response: Thank the referee for his/her important comment. Concerning the CAMS-EGG4 product,
a total of 7 satellite XCO, datasets are considered in the assimilation during different overlapped
periods (Agusti-Panareda et al., 2022), such as CO2 TAS NLIS (IASI), CO2_GOS_SRFP (GOSAT),
and CO2_GOS_BESD (GOSAT). In our study, the XCO> from GOSAT and OCO-2 are adopted for
the fusion from 2010 to 2020. Table r1 lists the specific information of XCO> from GOSAT and OCO-
2. To compare their fusion performance, Figure rl depicts the in-situ validation results of the fused
results with GOSAT and OCO-2 XCO> during 2015-2019. As can be seen, the fusion with GOSAT
XCO, will lead to a negative bias of -0.415 ppm and higher RMSE/o compared to OCO-2. This
suggests the usage of OCO-2 XCO; for the fusion after 2015 is more appropriate, which is likely
attributed to its better accuracy and larger coverage. Hence, the proposed fusion method utilizes the
XCO; from GOSAT and OCO-2 during 2010-2014 and 2015-2020, respectively. Eventually, the fused
results present similar performance during two periods (see Figure r2), indicating the consistency of

our long-term XCO; dataset.

Table r1. Specific information of XCO: from GOSAT and OCO-2.

Source Scientific data record Spatial resolution Temporal resolution Available period
GOSAT “XC02” 10.5 km (diameter) Daily (~ 13:00 local time) 2010-2019
0CO-2 “XCO2” 1.29x2.25 km? Daily (~ 13:36 local time) 2015-2020
After fusion with GOSAT (2015-2019) 3 After fusion with OCO-2 (2015-2019) 3
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Figure r1. Density scatter-plots of the in-situ validation results for fused XCO2 with (left) GOSAT and (right) OCO-2 from 2015 to
2019. Black dotted and red full lines stand for the 1:1 and fitted lines, respectively. Color ramps show the normalized densities of data
points. X: TCCON data; Y: fused data. Unit: ppm for RMSE, u, and o.
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Figure r2. Density scatter-plots of the in-situ validation results for (upper) CAMS-EGG4 and (lower) fused XCOx. Black dotted and red
full lines stand for the 1:1 and fitted lines, respectively. Color ramps show the normalized densities of data points. X: TCCON data; Y:
CAMS-EGG4/fused data. Unit: ppm for RMSE, y, and o.

Reference:

Agusti-Panareda, A., Barré, J., Massart, S., Inness, A., Aben, 1., Ades, M., Baier, B. C., Balsamo, G., Borsdorff, T.,
Bousserez, N., Boussetta, S., Buchwitz, M., Cantarello, L., Crevoisier, C., Engelen, R., Eskes, H., Flemming, J.,
Garrigues, S., Hasekamp, O., Huijnen, V., Jones, L., Kipling, Z., Langerock, B., McNorton, J., Meilhac, N., Noel, S.,
Parrington, M., Peuch, V.-H., Ramonet, M., Ratzinger, M., Reuter, M., Ribas, R., Suttie, M., Sweeney, C., Tarniewicz,
J., and Wu, L.: Technical note: The CAMS greenhouse gas reanalysis from 2003 to 2020, EGUsphere, 1-51,
https://doi.org/10.5194/egusphere-2022-283, 2022.

Q1.3: I have some questions that are not addressed in the Methodology section. What are the

range and meaning of M, N, and P in line 175? while u, v and w have the same range as i, j and



t. what’s the difference and relationship between them?

Response: Thank the referee for his/her careful comment. In our study, M, N, and P represent the
counts of rows (latitude), columns (longitude), and temporal sequences (days), which equal 721 (0.25°,
global grids), 1441 (0.25°, global grids), and days of a year (365 or 366), respectively. Besides, i, J,
and ¢ stand for the row, column, and temporal sequence, respectively. By contrast, u, v, and w denote
the transformed coordinates in frequency domain. Although u, v, and w share the same ranges with i,
J, and ¢, their meanings are different. An example is provided in Figure 13 to show the difference and

relationship between them. More related descriptions have been appended in the manuscript.
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Figure r3. Comparison between CAMS-EGG4 XCO: and its transformed three-dimensional tensor after STDCT in 2015.
The main revision is as follows:

M, N, and P stand for the counts of rows (latitude), columns (longitude), and temporal sequences (days), which equal 721

(0.25°, global grids), 1441 (0.25°, global grids), and days of a year (365 or 366), respectively.

Q1.4: In the Equation 4, § represents a series of values or a three-dimensional tensor. Based on
Equations 5 and 6, it appears that § is a tensor. How are positions without values in § handled

and does it affect the final iteration process?

Response: Thank the referee for his/her comment. § is defined as a three-dimensional tensor, of
which the values are only available when satellite XCO»/XCH4 products are valid. In our study, the
proposed fusion method can reconstruct the missing information in § using its available values.
Specific procedures are as follows:

(1) Initialize missing values in § through the spatiotemporal nearest neighbor interpolation.



(2) Update 6 by iterations with Eq. (6) based on the spatiotemporal knowledge of self-correlation.
Retain the original available values of § after each iteration.

(3) Repeat procedure (2) until the number of total iterations or error reaches a predetermined threshold.
A schematic diagram to demonstrate the iteration process of § (fusion with OCO-2 XCO,) in 2017-

04-10 is depicted in Figure r4.
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Figure r4. Schematic diagram to show the iteration process of § (fusion with OCO-2 XCOy) in 2017-04-10.

Q1.5: I am curious that the configuration of the parameters in line 208. How do these parameters

affect the results, especially for £?

Response: Thank the referee for his/her comment. The number of total iterations affects the
performance of fused results. The fusion performance firstly increases as the number of total iterations
rises and then tends to be relatively stable. y is a relaxation factor to accelerate convergence. The
convergence will be faster as y grows up. However, a large y may magnify the error of convergence.
€ represents a smoothing factor. A large y value could result in the loss of high-frequency
components (Garcia, 2010). This parameter generally needs to be smaller and smaller to reduce the

influence of smoothing during the iterations.

Reference:
Garcia, D.: Robust smoothing of gridded data in one and higher dimensions with missing values, Computational
Statistics & Data Analysis, 54, 1167—1178, https://doi.org/10.1016/j.csda.2009.09.020, 2010.



Technical corrections:

Q1.6: L21: The full name of o and R2.

Response: Thank the referee for his/her comment. The full name of o and R? have been appended in
Line 21.

The main revision is as follows:

Validation results show that the proposed method achieves a satisfactory accuracy, with the Standard-Deviation of Bias (o)
of ~ 1.18 ppm for XCO; and 11.3 ppb for XCH4 against TCCON measurements from 2010 to 2020. Meanwhile, the
Determination-Coefficient (R?) of XCO; and XCH4 reach 0.91/0.95 (2010-2014/2015-2020) and 0.9 (2010-2020) after

fusion, respectively.

Q1.7: L21-22: Why the R? of XCO: against TCCON measurements is given as a range, while the

R? of XCHa is a single number? They should be consistent.

Response: Thank the referee for his/her comment. The R? of XCO, against TCCON measurements
has been revised in the manuscript.

The main revision is as follows:

Validation results show that the proposed method achieves a satisfactory accuracy, with the Standard-Deviation of Bias (o)
of ~ 1.18 ppm for XCO; and 11.3 ppb for XCH4 against TCCON measurements from 2010 to 2020. Meanwhile, the
Determination-Coefficient (R?) of XCO, and XCH,4 reach 0.91/0.95 (2010-2014/2015-2020) and 0.9 (2010-2020) after

fusion, respectively.

Q1.8: L117: The full name of QA. It is the first mention in this text.

Response: Thank the referee for his/her comment. The full name of QA was given in Line 127 by
mistake and has been moved to Line 117.

The main revision is as follows:

Furthermore, the quality assurance (QA) records of “XCO2 Quality Flag” and “XCH4 Quality Flag” are exploited to filter



bad data.

Q1.9: L349: R%: 0.91 or 0.95 means the results of GOSAT and OCO-2? This sentence can be
expressed more clearly.

Response: Thank the referee for his/her comment. This sentence has been reworded to be more clearly.
The main revision is as follows:

Validation results show that the S-STDCT fusion method performs well over the globe, with the ¢ of ~ 1.18 ppm for
XCO; and 11.3 ppb for XCH4 against TCCON measurements during 2010-2020. Meanwhile, the R? of fused XCO, and

XCHg4 reach 0.91/0.95 (2010-2014/2015-2020) and 0.9 (2010-2020), respectively.

Q1.10: Figures: Modify the superscript of R? and subscript of XCO2 and XCHys in all Figures.
Response: Thank the referee for his/her careful comment. The superscript of R? and subscript of XCO,
and XCHg4 have been modified in all figures.

The main revision is as follows:
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Figure 3. Density scatter-plots of the in-situ validation results for (a, d, and g) CAMS-EGG4, (b and h) GOSAT, (e) OCO-2, and (c, f,
and 1) fused results. Black dotted and red full lines stand for the 1:1 and fitted lines, respectively. Color ramps show the normalized
densities of data points. X: TCCON data; Y: CAMS-EGG4/GOSAT/OCO-2/fused data. Unit: ppm/ppb to XCO2/XCH4 for RMSE, p,

and o.
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Figure 4. Scatter-plots of the in-situ validation results for (a, d, and g) CAMS-EGG4, (b and h) GOSAT, (e) OCO-2, and (c, f, and 1)
fused results on edwards01. Black dotted and red full lines stand for the 1:1 and fitted lines, respectively. X: TCCON data; Y: CAMS-
EGG4/GOSAT/OCO-2/fused data. Unit: ppm/ppb to XCO2/XCHs for RMSE, p, and o.
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Figure 8. Heat maps of the biases between daily (a) CAMS-EGG4/(b) fused/(c) GOSAT and TCCON XCO:z over time and latitude.

Color ramps stand for the biases of XCO». Background colors (grey) indicate the missing data.
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Figure 9. Heat maps of the biases between daily (a) CAMS-EGG4/(b) fused/(c) OCO-2 and TCCON XCO: over time and latitude. Color

ramps stand for the biases of XCO». Background colors (grey) indicate the missing data.
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Figure 10. Heat maps of the biases between daily (a) CAMS-EGG4/(b) fused/(c) GOSAT and TCCON XCH4 over time and latitude.

Color ramps stand for the biases of XCO». Background colors (grey) indicate the missing data.
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its trend. ppm/yr: ppm per year.
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