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Figure 4.1: FOCAL v10.1 monthly mean XCOz gridded to 5°x5°. From top/left to
bottom/right: Feb., Apr., Jun., Aug., Oct., and Dec. 2015.
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Figure 4.3: Heat
map of FOCAL vs.
CAMS XCO2 data
on the basis of
monthly mean 5°x5°
grid boxes including
more than 100 data
points.
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5 Comparison with NASA’s operational OCO-2 XCO2 L2
product

In this section we compare the same months of post-filtered and bias corrected
FOCAL v10.1 XCO:2 results with NASA’s operational OCO-2 L2 product v11.0
(/O’Dell et al., 2018/, /Kiel et al., 2019/). Our comparison method is similar to what
has been done in Section 4. However, as FOCAL and the NASA product feature
different samplings, we first gridded the NASA product and compared FOCAL with
corresponding grid box averages. In order to improve the comparability, both data
products have been adjusted for a common a priori as explained in Section 5 of
ESA’s GHG CCI+ product user guide version 4.1 (PUGv4.1) for the FOCAL XCOz2
OCO-2 data product CO2_0OC2_FOCA /PUGv4.1, 2023/.

Comparing Figure 4.1 with Figure 5.1 shows similar large scale temporal and spatial
patterns and also the enhancements due to the anthropogenic source regions of
East Asia in April are somewhat similar, even though less pronounced. Additionally,
the total number of soundings used to compute the shown maps are very similar.

The most obvious differences between the gridded FOCAL and the gridded NASA
product are the somewhat larger variability of FOCAL and the larger values in the
Sub-Saharan biomass burning region seen by FOCAL in some months. In this
context it shall be noted that the FOCAL L2 and the NASA L2 product are sampled
differently.

Similarly, as done for the model comparison, we concentrate only on grid boxes with
more than 100 FOCAL and NASA soundings so that the standard error of the mean
becomes negligible (~0.1ppm). Therefore, the difference between FOCAL and NASA
in such grid boxes can be interpreted as systematic temporal and regional mismatch
or bias. The heat map shown in Figure 5.2 bases on these grid boxes. The standard
deviation of the systematic mismatch (including also representation errors) amounts
to 0.59ppm and the correlation between FOCAL and NASA is 0.96.

FOCAL scatters within the grid boxes with a standard deviation of 1.29ppm which is
somewhat smaller than the average reported uncertainty of 1.77ppm. The overall
average offset (FOCAL — NASA) is 0.01ppm.
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Figure 5.1: NASA’s operational OCO-2 v11.0 XCO2 L2 product gridded to 5°x5°
monthly means. From top/left to bottom/right: Feb., Apr., Jun., Aug., Oct., and Dec.

2015.
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Figure 5.2: Heat
map of FOCAL vs.
NASA OCO-2 v11.0
XCOz2 data on the
basis of monthly
mean 5°x5° grid
boxes including
more than 100 data
points.




ESA Climate Change Initiative “Plus” (CCI+) Page 34
oy ghg | End-to-End ECV Uncertainty Budget | —
‘ Version 4.1 (E3UBv4.1) for the Data ersion 4. 1-rina

Product CO2_0OC2_FOCA (v10.1) 21. Apr. 2023

_ ; for the Essential Climate Variable (ECV)
GHG-CCI+ pI‘OJeCt Greenhouse Gases (GHG)

6 Acknowledgements

The FOCAL OCO-2 XCO:z2 retrieval development, data processing and analysis has
received co-funding from ESA’s Climate Change Initiative (CCl+) via project GHG-
CClI+ (contract 4000126450/19/I-NB, https://climate.esa.int/en/projects/ghgs),
EUMETSAT via the FOCAL-CO2M study (contract EUM/CO/19/4600002372/RL),
the European Union via the Horizon 2020 (H2020) projects VERIFY (Grant
Agreement No. 776810, http://verify.lsce.ipsl.fr) and CHE (Grant Agreement No.
776186, https://www.che-project.eu), and by the State and the University of Bremen.

The following data sets have been used for the FOCAL OCO-2 XCO: retrieval
development, data processing and analysis. The OCO-2 data were produced by the
OCO-2 project at the Jet Propulsion Laboratory, California Institute of Technology,
and obtained from the OCO-2 data archive maintained at the NASA Goddard Earth
Science Data and Information Services Center. NASA provided the MODIS L2
collection 6 MYD35 cloud mask data. ABSCO cross sections were provided by
NASA and the ACOS/OCO-2 team. ECMWEF provided the used meteorological
profiles. The used solar spectra were made available by R. L.Kurucz and G.C. Toon.
The used chlorophyll fluorescence spectrum has been published by U.Rascher.
TCCON data were obtained from the TCCON Data Archive, hosted by the Carbon
Dioxide Information Analysis Center (CDIAC)


https://climate.esa.int/en/projects/ghgs
http://verify.lsce.ipsl.fr/
https://www.che-project.eu/

ESA Climate Change Initiative “Plus” (CCI+) Page 35
oy ghg | End-to-End ECV Uncertainty Budget | —
‘ Version 4.1 (E3UBv4.1) for the Data ersion 4. 1-rina

Product CO2_0OC2_FOCA (v10.1) 21. Apr. 2023

_ ; for the Essential Climate Variable (ECV)
GHG-CCI+ pI‘OJeCt Greenhouse Gases (GHG)

7 References

IATBDv4.1, 2023/ M. Reuter, M. Hilker, S. Noél, M. Buchwitz, O. Schneising,

H. Bovensmann, and J. P. Burrows: Algorithm Theoretical Basis Document Version
4.1 (ATBDv4.1) for the FOCAL XCO2 OCO-2 Data Product CO2_0OC2_FOCA
(v10.1), ESA Climate Change Initiative "Plus" (CCI+) for the Essential Climate
Variable (ECV) Greenhouse Gases (GHG), ESA GHG CCI+, 2023

/Bovensmann et al., 2010/ Bovensmann, H., Buchwitz, M., Burrows, J. P., Reuter,
M., Krings, T., Gerilowski, K., Schneising, O., Heymann, J., Tretner, A., and
Erzinger, J.: A remote sensing technique for global monitoring of power plant CO2
emissions from space and related applications, Atmospheric Measurement
Techniques, 3, 781-811, doi:10.5194/amt-3-781-2010, URL http: //www.atmos-
meas-tech.net/3/781/2010/, 2010.

ICECRVvV3, 2017/ M. Reuter, O. Schneising, M. Buchwitz, J. Heymann:
Comprehensive Error Characterisation Report: BESD full-physics retrieval algorithm
for XCO2 for the Essential Climate Variable (ECV) Greenhouse Gases (GHG), ESA
GHG-CCI project, 2017

IKiel et al., 2019/ Kiel, M., O’Dell, C. W., Fisher, B., Eldering, A., Nassar, R.,
MacDonald, C. G., and Wennberg, P. O.: How bias correction goes wrong:
measurement of XCO2 affected by erroneous surface pressure estimates, Atmos.
Meas. Tech., 12, 2241-2259, https://doi.org/10.5194/amt-12-2241-2019, 2019

[Laughner et al., 2022/ J. L. Laughner, G. C. Toon, D. Wunch, S. Roche, J.
Mendonca, M. Kiel, C. M. Roehl, C. Petri, and P. O. Wennberg (2022). “The Total
Carbon Column Observing Network’s GGG2020 Data Version”. Earth Sys. Sci. Data

(in prep)

/0’Dell et al., 2018/ O’Dell, C. W., Eldering, A., Wennberg, P. O., Crisp, D., Gunson,
M. R., Fisher, B., Frankenberg, C., Kiel, M., Lindqvist, H., Mandrake, L., Merrelli, A.,
Natraj, V., Nelson, R. R., Osterman, G. B., Payne, V. H., Taylor, T. E., Wunch, D.,
Drouin, B. J., Oyafuso, F., Chang, A., McDuffie, J., Smyth, M., Baker, D. F., Basu,
S., Chevallier, F., Crowell, S. M. R., Feng, L., Palmer, P. |., Dubey, M., Garcia, O. E.,
Griffith, D. W. T., Hase, F., Iraci, L. T., Kivi, R., Morino, I., Notholt, J., Ohyama, H.,
Petri, C., Roehl, C. M., Sha, M. K., Strong, K., Sussmann, R., Te, Y., Uchino, O., and



ESA Climate Change Initiative “Plus” (CCI+) Page 36
oy ghg | End-to-End ECV Uncertainty Budget | —
‘ Version 4.1 (E3UBv4.1) for the Data ersion 4. 1-rina

Product CO2_0OC2_FOCA (v10.1) 21. Apr. 2023

_ ; for the Essential Climate Variable (ECV)
GHG-CCI+ pI‘OJeCt Greenhouse Gases (GHG)

Velazco, V. A.: Improved retrievals of carbon dioxide from Orbiting Carbon
Observatory-2 with the version 8 ACOS algorithm, Atmos. Meas. Tech., 11, 6539—
6576, https://doi.org/10.5194/amt-11-6539-2018, 2018

IPUGv4.1, 2023/ M.Reuter, M.Hilker, and M.Buchwitz: Product User Guide Version
4.1 (PUGV4.1) for the FOCAL XCO2 OCO-2 Data Product CO2_0OC2_FOCA (v10.1)
for the Essential Climate Variable (ECV) Greenhouse Gases (GHG) ESA Climate
Change Initiative “Plus” (CCl+), 2023

IPVIRvVS, 2017/ Buchwitz et al., Product Validation and Intercomparison Report
(PVIR), version 5, ESA GHG-CCI project, 2017

IReuter et al., 2017a/ Reuter, M., M. Buchwitz, O. Schneising, S. Noél, V. Rozanov,
H. Bovensmann, J. P. Burrows, A Fast Atmospheric Trace Gas Retrieval for
Hyperspectral Instruments Approximating Multiple Scattering - Part 1: Radiative
Transfer and a Potential OCO-2 XCO:2 Retrieval Setup, Remote Sens., 9, 1159,
doi:10.3390/rs9111159, 2017.

IReuter et al., 2017b/ Reuter, M., M. Buchwitz, O. Schneising, S. Noél, H.
Bovensmann, J. P. Burrows, A Fast Atmospheric Trace Gas Retrieval for
Hyperspectral Instruments Approximating Multiple Scattering - Part 2: Application to
XCO:2 Retrievals from OCO-2, Remote Sens., 9, 1102, doi:10.3390/rs9111102,
2017.

/IReuter et al., 2020/ M. Reuter, M. Buchwitz, O. Schneising, S. Noél, H.
Bovensmann, J.P. Burrows, H. Boesch, A. Di Noia, J. Anand, R.J. Parker, P.
Somkuti, L. Wu, O.P. Hasekamp, |. Aben, A. Kuze, H. Suto, K. Shiomi, Y. Yoshida, I.
Morino, D. Crisp, C.W. O'Dell, J. Notholt, C. Petri, T. Warneke, V.A. Velazco, N.M.
Deutscher, D.W.T. Griffith, R. Kivi, D.F. Pollard, F. Hase, R. Sussmann, Y.V. T¢, K.
Strong, S. Roche, M.K. Sha, M. De Maziere, D.G. Feist, L.T. Iraci, C.M. Roehl, C.
Retscher, and D. Schepers: Ensemble-based satellite-derived carbon dioxide and
methane column-averaged dry-air mole fraction data sets (2003-2018) for carbon
and climate applications, Atmos. Meas. Tech., https://www.atmos-meas-
tech.net/13/789/2020, 2020

IRozanov et al., 2014/ Rozanov, V., Rozanov, A., Kokhanovsky, A., and Burrows, J.:
Radiative transfer through terrestrial atmosphere and ocean: Software package
SCIATRAN, Journal of Quantitative Spectroscopy and Radiative Transfer, 133, 13 —
71, doi:https://doi.org/10.1016/j.jqsrt.2013.07.004,

URL http://www. sciencedirect.com/science/article/pii/S0022407313002872, 2014



ESA Climate Change Initiative “Plus” (CCI+) Page 37

= ah End-to-End ECV Uncertainty Budget
‘ gang Version 4.1 (E3UBv4.1) for the Data | version 4.1-Final
Product CO2_0C2_FOCA (v10.1) 21. Apr. 2023
GHG-CCI+ project for the Essential Climate Variable (ECV)

Greenhouse Gases (GHG)

ITCCON GGG2020/ Total Carbon Column Observing Network (TCCON) Team.
(2022). 2020 TCCON Data Release (Version GGG2020) [Data set]. CaltechDATA.
https://doi.org/10.14291/TCCON.GGG2020

/URDv3.0, 2020/ Chevallier et al., GHG-CCI: User Requirements Document for the
GHG-CCI+ project of ESA’s Climate Change Initiative, pp. 42, version 3.0, 17
February, 2020. Link: https://www.iup.uni-bremen.de/carbon_ghg/docs/GHG-
CClplus/URD/URDv3.0_GHG-CClp_Final.pdf

/Wunch et al., 2010/ Wunch, D., Toon, G. C., Wennberg, P. O., Wofsy, S. C.,
Stephens, B. B., Fischer, M. L., Uchino, O., Abshire, J. B., Bernath, P., Biraud, S. C.,
Blavier, J.-F. L., Boone, C., Bowman, K. P., Browell, E. V., Campos, T., Connor, B.
J., Daube, B. C., Deutscher, N. M., Diao, M., Elkins, J. W., Gerbig, C., Gottlieb, E.,
Griffith, D. W. T., Hurst, D. F., Jiménez, R., Keppel-Aleks, G., Kort, E. A.,
Macatangay, R., Machida, T., Matsueda, H., Moore, F., Morino, I., Park, S.,
Robinson, J., Roehl, C. M., Sawa, Y., Sherlock, V., Sweeney, C., Tanaka, T., and
Zondlo, M. A.: Calibration of the Total Carbon Column Observing Network using
aircraft profile data, Atmospheric Measurement Techniques, 3, 1351-1362,
doi:10.5194/amt-3-1351-2010, URL http://www.atmos-meas-tech.net/3/1351/2010/,
2010.

/Wunch et al., 2011/ Wunch, D., Toon, G. C., Blavier, J.-F. L., Washenfelder, R. A.,
Notholt, J., Connor, B. J., Griffith, D. W. T., Sherlock, V., and Wennberg, P. O.: The
Total Carbon Column Observing Network (TCCON), Philosophical Transactions of
the Royal Society of London, Series A: Mathematical, Physical and Engineering
Sciences, 369, 2087-2112, doi:10.1098/rsta.2010.0240, 2011.

*** end of document



