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WFM-DOAS (or WFMD) = Weighting Function Modified DOAS

UoL University of Leicester, United Kingdom

URD User Requirements Document

WMO World Meteorological Organization

XGHG Column-averaged GHG products (here: XCO, and XCHy)

General definitions

Essential climate variable (ECV): An ECV is a physical, chemical, or biological variable or a group of linked variables that critically contributes to the characterization of Earth's climate (Bojinski et al.,
2014).

Climate data record (CDR): The US National Research Council (NRC) defines a CDR as a time series of measurements of sufficient length, consistency, and continuity to determine climate variability
and change (National Research Council, 2004).

Fundamental climate data record (FCDR): A fundamental climate data record (FCDR) is a CDR of calibrated and quality-controlled data designed to allow the generation of homogeneous products
that are accurate and stable enough for climate monitoring.

Thematic climate data record (TCDR): A thematic climate data record (TCDR) is a long time series of an essential climate variable (ECV) (Werscheck, 2015).

Intermediate climate data record (ICDR): An intermediate climate data record (ICDR) is a TCDR which undergoes regular and consistent updates (Werscheck, 2015), for example because it is
being generated by a satellite sensor in operation.

Satellite data processing levels: The NASA Earth Observing System (EOS) distinguishes six processing levels of satellite data, ranging from Level 0 (LO) to Level 4 (L4) as follows (Parkinson et al.,
2006).

LO Unprocessed instrument data
L1A  Unprocessed instrument data alongside ancillary information
L1B  Data processed to sensor units (geo-located calibrated spectral radiance and solar irradiance)

L2 Derived geophysical variables (e.g., XCO,) over one orbit

L3 Geophysical variables averaged in time and mapped on a global longitude/latitude horizontal grid

L4 Model output derived by assimilation of observations, or variables derived from multiple measurements (or both)
Absolute systematic error or systematic error: Component of measurement error that in replicate measurements remains constant or varies in a predictable manner. Note that "systematic error"
refers to the absolute systematic error (in contrast to "relative systematic error" defined below). For satellite GHG ECV products especially the relative systematic error is important.

Relative systematic error, relative accuracy or relative bias: Identical with "Systematic error" but after bias correction and without considering a possible global offset (overall mean bias). Reflects
the importance of spatially and temporally correlated errors (spatio-temporal biases). Computed from standard deviations of spatial and temporal biases.

Bias: Estimate of a systematic measurement error.

Precision: Measure of reproducibility or repeatability of the measurement without reference to an international standard so that precision is a measure of the random and not the systematic error.
Suitable averaging of the random error can improve the precision of the measurement but does not establish the systematic error of the observation (CMUG-RBD, 2012).
Note: Precision is quantified with the standard deviation (1-sigma) of the error distribution.

Stability: Term often invoked with respect to long-term records when no absolute standard is available to quantitatively establish the systematic error - the bias defining the time-dependent (or
instrument-dependent) difference between the observed quantity and the true value (CMUG-RBD, 2012).

Note: Stability requirements cover inter-annual error changes. If the change in the average bias from one year to another is larger than the defined values, the corresponding product does not meet the
stability requirement.

Representativity: Extent to which an average of a set of measured values corresponds to the true average, e.g., over a grid cell. It is important when comparing with or assimilating in models.
Measurements are typically averaged over different horizontal and vertical scales compared to model fields. If the measurements are smaller scale than the model it is important. The sampling
strategy can also affect this term (CMUG-RBD, 2012).

Threshold requirement: The threshold is the limit at which the observation becomes ineffectual and is not of use for climate-related applications (CMUG-RBD, 2012).
Goal requirement: The goal is an ideal requirement above which further improvements are not necessary (CMUG-RBD, 2012).

Breakthrough requirement: The breakthrough is an intermediate level between the "threshold" and "goal" requirements, which - if achieved - would result in a significant improvement for the targeted
application. The breakthrough level may be considered as an optimum, from a cost-benefit point of view when planning or designing observing systems (CMUG-RBD, 2012).

Horizontal resolution: Area over which one value of the variable is representative of (CMUG-RBD, 2012).
Vertical resolution: Height over which one value of the variable is representative of. Only used for profile data (CMUG-RBD, 2012).
Observing Cycle (or Revisit Time): Temporal frequency at which the measurements are required (CMUG-RBD, 2012).

XCO; (column-averaged dry-air mole fraction of atmospheric carbon dioxide): amount of CO,, expressed in moles, in the vertical column divided by the amount of dry air, also expressed in
moles, in that vertical column.

XCH, (column-averaged dry-air mole fraction of atmospheric methane): amount of CH,, expressed in moles, in the vertical column divided by the amount of dry air, also expressed in moles, in
that vertical column.

Column averaging kernel: The column averaging kernel vertical profile represents the sensitivity of the retrieved XCO, or XCHy to the true mole fraction depending on altitude. Values near one are
ideal and indicate that the influence of the a priori is minimal.

A priori profile: The CO, or CH, a priori profile represents the knowledge of the vertical profile of the dry-air mole fraction of CO, or CH,4 before the measurement. See Rodgers, 2000 for a more
detailed explanation.
Observations for Model Intercomparison Project (Obs4MIPs, here also OBS4MIPS): is an effort to make observational data more accessible for climate model evaluation, development and

research. An Obs4MIPs (or OBS4MIPS) dataset is a dataset technically aligned with climate model data, and following data specifications consistent with the CMIP (Coupled Model Intercomparison
Project) standard output. See https://pcmdi.github.io/obs4MIPs/ for more detailed information.

Glint observation mode: Viewing geometry used by some satellite instruments where the detector points toward the direction of the specularly reflected sunlight, i.e. the viewing zenith angle and
solar zenith angle are approximately equal. This mode is used for measuring CO, and CH, over water surfaces (such as the ocean), which have low reflectivity in the spectral region used for the
retrieval of these gases. By observing in glint mode, the instrument measures a higher reflected radiance compared to other viewing geometries, enhancing the signal for the gas retrievals.

Inter-algorithm spread (IAS): Algorithm-to-algorithm standard deviation of the grid box averages (for a set of L3 algorithms). It informs about potential regional or temporal systematic uncertainties.

Mean Local Time (MLT): Expression of time given by the hour angle of the mean position of the Sun, plus an offset of 12 hours.

Executive summary

This document is a Product Quality Assessment Report (PQAR) generated in the framework of the Copernicus Climate Change Service (C3S, https://climate.copernicus.eu/). For C3S a large number
of satellite-derived Essential Climate Variable (ECV) data products are generated and made available via the Copernicus Climate Data Store (CDS, https://cds.climate.copernicus.eu/).

This document describes how the quality of two satellite-derived atmospheric carbon dioxide (CO,) and methane (CHy,) data products has been assessed. The two products are column-averaged dry-
air mole fractions of CO, and CH,4 denoted as XCO, (in parts per million, ppm) and XCHy (in parts per billion, ppb), respectively. These two "XGHG" products are generated by the Institute of
Environmental Physics (IUP), University of Bremen on behalf of the C3S. In the following this project is referred to as C3S/GHG project. Within this project also mid-tropospheric CO, and CH,
products are generated. These mid-tropospheric CO, and CHy products are not described in this document but in dedicated separate documents (ATBD MTGHG, 2024, PQAR MTGHG, 2024 and
PUGS MTGHG, 2024).
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The two data products assessed in this document (XCO2_OBS4MIPS and XCH4_OBS4MIPS), are merged multi-sensor XCO, and XCH, Level 3 (L3) products with monthly time and 5°x5° spatial
resolution, which are generated using an ensemble of individual satellite sensor Level 2 (L2) products. The algorithm that produced these products has been developed at the University of Bremen,
Germany, and has also been used in the past to generate previous versions of these products. The main changes of the current products with respect to past versions are the updated input data and
extended time period. See PUGS XGHG, 2024 for more details on the history of changes in previously generated datasets.

Specifically, this Product Quality Assessment Report (PQAR) at hand describes how version 4.6 of XGHG products XCO2_OBS4MIPS and XCH4_OBS4MIPS has been validated using XCO, and
XCHy, retrievals from the Total Carbon Column Observing Network (TCCON, https://tccon.caltech.edu/).

Summary product quality XCO2_OBS4MIPS v4.6:

The TCCON-validation of the XCO2_OBS4MIPS v4.6 product can be summarized as follows. There is only a small overall average bias of 0.34 ppm. Regional biases estimated from the site-to-site
bias variability amount to 0.30 ppm. The average seasonal and spatiotemporal bias amounts to 0.26 ppm and 0.40 ppm, respectively. The overall linear drift of 0.02 ppm/year is much smaller than its
site-to-site variability of 0.12 ppm/year and, therefore it is not significant. The uncertainty ratio, i.e. the ratio between the reported uncertainty and the standard deviation, o, and the single grid cell

precision, o, is 1.16.

The probability that the 0.5 ppm accuracy requirement is met is 77%. The probability that the 0.5 ppm/year stability requirement is met is 97%. Overall, this product has therefore reasonable accuracy
and high stability.

Summary product quality XCH4_OBS4MIPS v4.6:

The TCCON-validation of the XCH4_OBS4MIPS v4.6 product can be summarized as follows. There is only a small overall average bias of -6.29 ppb. Regional biases estimated from the site-to-site
bias variability amount to 5.86 ppb. The average seasonal and spatiotemporal bias amounts to 2.18 ppb and 6.25 ppb, respectively. The overall linear drift of 0.32 ppb/year is much smaller than its
site-to-site variability of 0.87 ppb/year. The uncertainty ratio, i.e. the ratio between the reported uncertainty and the standard deviation, o, and the single grid cell precision, o, is 1.29.

The probability that the 10 ppb accuracy requirement is met is 84%. The probability that the 3 ppb/year stability requirement is met is 97%. Overall, this product has therefore very good accuracy and
high stability.

1. Product validation methodology

The validation method as used for version 4.6 products XCO2_OBS4MIPS and XCH4_OBS4MIPS is based on comparisons of the XCO2 and XCH4 satellite-derived data products with corresponding
XCO2 and XCH, retrieval from the Total Carbon Column Observing Network (TCCON, http://www.tccon.caltech.edu/) (Wunch et al., 2010, 2011, 2015, Laughner et al., 2024 ).

Stochastic and (quasi-)systematic errors influence the usefulness of our data very differently. Stochastic errors average out quickly in global surface flux inversions, but large-scale (spatial and
temporal) systematic errors, such as false inter-hemispheric gradients of a few tenths of a ppm, can significantly degrade the results. The opposite is true for smaller-scale applications. Due to the
smaller scale, fewer data points are involved, making stochastic errors more important. However, an application using only data within Europe is not influenced by biased results in Australia. Therefore,
we always aim at separating stochastic error components from systematic components. From the stochastic part we infer the precision or uncertainty. The systematic part is analysed in order to
conclude on the accuracy. However, we split this term into four: the overall bias or offset, a regionally varying component, a seasonally varying component, and a linear drift. The first term is practically
irrelevant, because, basically all applications only analyse gradients. However, the regionally or temporally varying parts of the systematic error are critical as mentioned above. As a measure for the
variability of such biases, we compute the standard deviation of the regional and temporal part of the systematic error. In order to address its regional or spatial character, we call the corresponding
accuracy measure “relative systematic error” or “spatio-temporal bias”.

1.1. Description of reference data used for validation

1.1.1. TCCON network

For validation of satellite XCO, and XCH, retrievals the Total Carbon Column Observing Network (TCCON, http://www.tccon.caltech.edu/) has been established (e.g., Wunch et al., 2010, 2011, 2015,
Laughner et al., 2024). This network is the core network used for validation of the satellite XCO, and XCHy, retrievals. Nevertheless, there are also some limitations as explained in Section 1.4.

TCCON provides XCO, and XCH, data products as retrieved from ground-based Fourier Transform Infrared (FTIR) observations based on direct sun observations. The TCCON data products can
essentially be directly compared with the satellite-derived XCO, and XCH, data products have been used for this purpose extensively in the past as shown in many studies and publications (e.g.,
Reuter et al., 2020, and references given therein).
The uncertainty of the TCCON reference data (see Wunch et al., 2010, but also the discussions of this uncertainty related to the use of TCCON data for the validation of satellite retrievals in Buchwitz
et al., 2015, 2016, and Dils et al., 2014) is:

« TCCON uncertainty XCO,: 0.4 ppm (1-sigma)

* TCCON uncertainty XCHy: 4 ppb (1-sigma)

1.1.2. Traceability to standard

As explained in this document, the satellite-derived XCO, and XCH, data products have been validated by comparison with TCCON XCO, and XCH, data products, which in turn have been calibrated
against the World Meteorological Organization (WMO) in situ trace gas measurement scales (see Wunch et al., 2010). This approach ensures that the satellite XCO, and XCHj retrievals are linked to
the WMO standards for atmospheric CO, and CH, measurements.

1.2. Description of product validation methodology

In this section, we describe the method used to validate the gridded OBS4MIPS XCO, and XCH, L3 products. It is based on the validation method applied to precursor C3S L2 XCO, and XCH, data
sets, but there are some important differences. The method has been adapted to validate L3 products instead of L2 products.

The OBS4MIPS XCO, and XCH, data products are validated with TCCON (Wunch et al., 2011) version GGG2020 (Laughner et al., 2024) measurements in a similar way (Reuter et al. 2011). For all
comparisons, averaging kernels have been applied and the influence of the smoothing error reduced (Wunch et al., 2011). The TCCON data was gridded to the OBS4MIPS spatio-temporal grid. To
ensure that the TCCON measurements used for averaging are representative for the monthly mean, only grid cells with more than 100 TCCON measurements performed on 10 or more different days
are taken into account. Co-locations refer to grid cells having both OBS4MIPS and TCCON data. The validation period ranges from 01/2009 to 12/2023 for CO, and 04/2010 to 12/2023 for CH4. We
only consider, for individual stations, time series that cover more than 12 months so that the time series are long enough to ensure robust results. Additionally, it shall be noted that Figure 5 and Figure
8 show that all time series cover at least a period of about 3.5 years resulting in robust results.

For each data product several quality-related quantities have been determined as described in the following.

1.2.1. Per station statistics

For each TCCON station in the gridded TCCON data, the following performance statistics are calculated: number of co- locations, station bias (also known as regional bias), seasonal bias, linear drift,
and single grid cell precision.

The main validation results are computed by fitting the following bias model to the difference between the satellite retrievals and the TCCON measurements at each TCCON site.
AX =ag +ait+aszsin(2rt +a3) + €. (1)

Here, AX represents the difference (satellite minus TCCON), ¢ the time, in units of years, of the collocation between TCCON and the satellite measurements, € the residual, and a_j3 the free fit
parameters. Specifically, a represents an offset, a1 the linear drift and a2 the amplitude of the seasonal bias at a TCCON site.

The station or regional bias, A is computed from the average over time of the fit model:

reg

Areg = ag + a1t + a2 sin(27t + a3), (2)

where the overline represents the mean.

The seasonal bias, A s, , is computed from the standard deviation (denoted as std) of the seasonal term:

Aeq = std(ay sin(2nt + a3)). (3)

The spatiotemporal bias is computed from the regional and seasonal biases as

https://confluence.ecmwf.int/pages/viewpage.action?pageld=567160620 4/15


https://confluence.ecmwf.int/x/HS-OIQ
https://tccon.caltech.edu/
http://www.tccon.caltech.edu/
http://www.tccon.caltech.edu/

05.11.25, 13:27 C3S Greenhouse Gas (GHG: CO2 & CH4) v4.6: Product Quality Assessment Report (PQAR) - Copernicus Knowledge Base - E...

A A2+ A% (4)

spt = reg

The linear drift, A gr; corresponds to the fit parameter a1, ,i.e. Agy = ai.

The single grid cell precision, o , is computed from the standard deviation of the residual:

o = std(e) = std(AX —ag — a1t — a2 sin(2nt + a3)) (5)

The OBS4MIPS products contain an uncertainty estimate for each grid cell (see ATBD XGHG, 2024). This uncertainty is meant to be the statistical uncertainty (1-sigma) associated with that grid cell
value. We compute an average reported uncertainty, 0., , per station, as the quadratic average over time of the OBS4MIPS reported uncertainty, U/rep , for each grid cell.

Trep = U'Tepz (6)

1.2.2. Summarizing statistics
Based on the per station statistics, the following summarizing statistics are calculated.

The average station bias and the station-to-station bias variability (which we consider a measure for the regional biases), are computed as the mean and standard deviation of the individual station
biases: A g £ std(A eg).

The average seasonal bias is computed as the mean of the seasonal biases of all TCCON sites: A ;.
The overall spatio-temporal bias, A , is computed as:

JRE— . —3
Bt = /st (Areg) + Do )

The average linear drift and the drift uncertainty is computed by: A g,; =+ std(A gr;). As the linear drift can be assumed to be globally constant, the station-to-station standard deviation of the linear
drift can be considered a measure of its uncertainty.

The overall single grid cell precision is computed by:

s =y/o, ®)
o = /T ©)

To assess the quality of the OBS4MIPS uncertainty estimates, the overall single grid cell precision, & , is compared to the average reported uncertainty, o, . For that purpose, we computed the
uncertainty ratio, defined as:

and the average reported uncertainty is given by:

o
r=

(10)

Orep

If the reported uncertainty is realistic, it should approximately agree with the average precision estimated from the comparison with TCCON. In this case the uncertainty ratio r should be approximately
unity. Therefore, the uncertainty ratio r can be used to estimate if the reported uncertainty is realistic.

1.3. Methods for comparison of the achieved performance with the user requirements

The results obtained with the quantitative assessment methods described in Section 1.2.1 and Section 1.2.2 are compared with the Target Requirements (TRs) as given in the Target Requirement
and Gap Analysis Document (TR-GAD) (TR-GAD GHG, 2024).

The user requirements are listed in the Target Requirement and Gap Analysis Document (TR-GAD GHG, 2024). They are based on requirements as formulated in documents GCOS-154, GCOS-195,
GCO0S-200, GCOS-245 and CMUG-RBD, 2012.

The TR-GAD GHG, 2024, document contains explicit requirements for random errors, systematic errors and stability of the Level 2 XCO, and XCH, data products in terms of goal (G), breakthrough
(B)and threshold (T) requirements. Explicit requirements for Level 3 products are not formulated in TR-GAD GHG, 2024. Instead, it is assumed that the accuracy and stability requirements are also
valid for Level 3 (i.e., spatio-temporally averaged) data products.

As explained in Section 2 of TR-GAD GHG, 2024, the GCOS requirements as formulated in GCOS-245 are not applicable for the data products as presented in this document as these new GCOS
requirements are formulated for future missions (e.g., CO2M) and are not appropriate for existing satellite sensors that are used for this project. The following is written in TR-GAD GHG, 2024:
“Because these new requirements are for future missions, we use in this document (wherever possible) the requirements as have been formulated by the Climate Research Group (CRG) of the GHG-
CCl project of ESA's Climate Change Initiative. We use the latest version, which is the User Requirements Document (URD) referred to as ESA-CCI-GHG-URD, 2024.

To obtain a statement if a certain TR is met or not - or if it is "partially met" - several uncertainties are considered:

« The uncertainty of the estimated parameter (e.g., the uncertainties of the obtained values for "accuracy" and "stability").

* The uncertainty of the reference data (here: TCCON) (if not already included in the uncertainty of the obtained values for "accuracy" and "stability").

« The uncertainty of the comparison method (e.g., considering imperfect collocation of the satellite data and the reference data) (if not already included in the uncertainty of the obtained values for
"accuracy" and "stability").

The following discussion is limited to "accuracy" and "stability" as these are the most critical / important data quality figures of merit (FoM) and because the TRs have been defined for them.
The TRs are the following (see also TR-GAD GHG, 2024):

* (Relative) Accuracy XCO,: < 0.5 ppm (1-sigma)
« Stability XCO,: < 0.5 ppm/year

* (Relative) Accuracy XCHy: < 10 ppb (1-sigma)
« Stability XCH,4: < 3 ppb/year

1.3.1. (Relative) Accuracy

The term "accuracy" as used here means "relative accuracy" or "relative bias". For many applications (e.g., trend assessments or studies related to regional enhancements) a possible global offset is
not critical but spatio-temporal biases are highly relevant. For example, for trend assessments the relative accuracy between different time periods is important (i.e., temporal biases would be critical)
and for studies related to regional enhancements the spatial difference is important (i.e., spatial biases would be critical). Therefore, we focus in our performance assessments on “relative accuracy”
rather than “absolute accuracy” (see also TRD-GAD GHG, 2024). Nevertheless, the global offset (a single number per product) has been determined and is reported in this document (and can be
considered by the users if needed).

The relative accuracy is estimated from mean biases as obtained at the various TCCON validation sites as explained in detail in Section 1.2. The estimated achieved accuracy is in the following
referred to as “ACC”. To compare this estimated achieved accuracy ACC with the TR requirement, one cannot simply compare the 2 numbers (by computing achieved minus required accuracy) but
has to consider the uncertainty of the accuracy estimate. This uncertainty comes from the uncertainty of the reference data (here TCCON) and the uncertainty of the comparison method (e.g.,
colocation method and its representativity error). In the following the uncertainty of the accuracy estimate is referred to as “UNC_ACC” and we explain how it is computed and how it is used to
estimate the probability that the accuracy target requirement is met.

The uncertainty of the TCCON reference data (see Wunch et al. (2010), but also the discussions of this uncertainty related to the use of TCCON data for the validation of satellite retrievals in Buchwitz
et al., 2015, 2016, and Dils et al., 2014) is:
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+ TCCON uncertainty XCO,: 0.4 ppm (1-sigma)

« TCCON uncertainty XCH,: 4 ppb (1-sigma)
These uncertainties are increased by 50% to also consider other error sources, especially error of the comparison method such as the representativity error. The assumed uncertainty ("UNC_ACC") of
the estimated accuracy value ("ACC") are therefore:

+ UNC_ACC XCO,: 0.6 ppm (1-sigma)

* UNC_ACC XCHy: 6 ppb (1-sigma)
In summary, we now have ACC +/- UNC_ACC (1-sigma) for the estimated relative accuracy or spatio-temporal bias and its uncertainty. These values are interpreted as the mean and the standard
deviation of an underlying probability density function (pdf).

ACC is a non-negative number and the Target Requirement (TR) for accuracy defines an “acceptable range” or interval of “acceptable” accuracy values as [0, TR, i.e., in order to meet the
requirements ACC shall be smaller than TR but will be larger than (or equal to) zero. Because of this non-negativity, ACC cannot be distributed according to a Gaussian (“normal”) probability density
function (pdf) (esp. if the mean is much smaller than the standard deviation) but it may be reasonable to assume that the overall distribution is a lognormal distribution (last accessed 15/11/2023), with
parameters selected such that the lognormal pdf is very similar to a Gaussian pdf if the mean is on the order or larger than the standard deviation.

The probability density function (pdf) of the lognormal distribution is:

y= f(z|p,0) = — exp

1 B (logz — p)*
zoy/2m

57 >, forz > 0. (11)

The lognormal distribution has parameters p and o, which are related to parameters mean m = ACC and variance v = UNC_AC(32 as follows:

m2
p= log<\/ﬁ>, (12)
o= log(# +1). (13)

The cumulative distribution function (cdf) of the lognormal distribution is:

1 1 (logt — p)*
P=Flalpo)= —— [ = 228 W )4t forz > 0. 14
o) = — | texp< - orz (14)

This function is used to compute the probability, that the accuracy requirement is met, see Figure 1 for XCO, and Figure 2 for XCHy.

100 XCO, accuracy: P(achieved < required) (ACC_UNC=0.6ppm)
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Figure 1: Probability that the XCO, accuracy TR is met as a function of the achieved accuracy.

XCH, accuracy: P(achieved < required) (ACC_UNC=6ppb)
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Figure 2: Probability that the XCH, accuracy TR is met as a function of the achieved accuracy.

1.3.2. Stability
For the TR assessment, the stability assessment is limited to the linear bias trend / drift.

As for the accuracy assessment, it is assumed that the value for stability has been obtained assuming error free TCCON observations and an error free comparison method. In contrast to the accuracy
assessment approach, it is assumed that the uncertainty of the stability value is known (it corresponds to the (1-sigma) slope (SLO) error of the linear fit). The result of the stability assessment is: STA
+/- UNC_SLO.

To consider the uncertainty of the reference data we assume that the TCCON data approximately meet the following stability requirements:

* XCO, stability: 0.2 ppm/year
* XCHy stability: 1 ppb/year

These uncertainties need to be added quadratically (via Root-Sum-Square (RSS)) to UNC_SLO to obtain the overall uncertainty UNC_STA.

As shown in Table S-1 for XCO, and Table S-2 for XCHy in column "Long-term drift" in document PVIRv5 (Buchwitz et al., 2017) typical values for STA +/- UNC_SLO are (if the uncertainty is converted
to 1-sigma):

* XCOy: +0.1 +/- 0.07 (1-sigma) ppm/year
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¢ XCHy: -0.8 +/- 0.4 (1-sigma) ppb/year
These values are listed here only for illustration (the exact value depends on product and assessment method).
Quadratically adding the assumed TCCON uncertainty gives for this example for STA +/- UNC_STA:
* XCOy: +0.1 +/- 0.21 (1-sigma) ppm/year
¢ XCHy: -0.8 +/- 1.08 (1-sigma) ppb/year

In contrast to ACC, STA can also be negative and we use a Gaussian probability density function N(x, mean=STA, sigma=UNC_STA) to compute the probability that the stability TR is met. This
probability is the integral of N over the interval as defined by the stability TR requirement, i.e., interval [-TR, +TR], or simply the difference between two different values of the cumulative distribution
function Nc(x, mean=STA, sigma=UNC_STA) (namely at x=TR and x=-TR). The probability P that the stability TR is met for XCO,, for a given value of STA is therefore for this example: P(STA) = Nc
(+0.5, mean=+0.1, sigma=0.2) — N¢(-0.5, mean=+0.1, sigma=0.2) = 97%. This means that in these cases it is almost certain that the stability TR is met.

Figure 3 shows typical probability functions.

100 XCO, stability: P(achieved < required) (STA_UNC=0.2ppm)
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Figure 3: Probability functior{vs‘ uswed'tb gb't‘a‘in‘ the”[‘)”rc;bability that the stability requirement is met. Top: for XCO2. Bottom: for XCH4.

1.4. Known limitations

The TCCON network (see also the TCCON wiki pages for the TCCON Sites and for the Sites Pages) consists of the sites as shown in Figure 4. As can be seen, it is relatively dense in the USA, in
Europe and in Japan but overall, the TCCON network is relatively sparse (e.g., no or only very few sites in Russia, South America and Africa) and does not cover all conditions, which affect or can
affect the quality of the satellite XCO, and XCHjy retrievals (e.g., deserts due to their high surface albedo combined with potentially high amounts of specific aerosol types such as desert dust storm

mineral aerosols). Typically, the TCCON network underrepresents desert-like surfaces, open oceans, the tropics and the southern hemisphere in general.

Due to the large grid boxes of the OBS4MIPS XCO, and XCH, products, the TCCON data might sometimes not be representative for the real average XGHG in that grid box, specially in cases where
the TCCON station is close to the boundaries of the grid box. One could speculate that this contributes to the relatively large XCH, bias seen in the validation results (see Section 2.2) at the TCCON
site Nicosia, which is located in Cypress at the latitude 35.141°N. As the OBS4MIPS XCH, L3 product is gridded 5°x5°, the TCCON site nearly lies on a grid box boundary which is the worst case
because it becomes less representative for the grid box average.

It should also be noted that some bias correction methods of the individual L2 products contributing to EMMA use TCCON data, which can reduce the independence between the satellite product and
the validation data set to some degree.

The TCCON project started in 2004 and the number of operational sites has increased over time. The TCCON Network provides temporally dense observations but sometimes significantly after
acquisition.
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Figure 4: Location of TCCON sites. Source: https://tccondata.org/.

The TCCON network is the core network for the validation of the satellite XCO, and XCHj retrievals and is therefore essential for this part of the C3S service.

It would therefore be highly beneficial for this service:

« if the TCCON network were expanded to better cover all geophysical conditions relevant for the quality assessment of the satellite retrievals.
« ifthe TCCON XCO, and XCH, retrievals were available faster.

As a minimum, it needs to be guaranteed that the existing network remains in place, but unfortunately even this is currently not guaranteed.

2. Validation results

In this section, detailed validation results are shown. The validation results for the Level 3 XCO, product are presented in Section 2.1 and the XCH, validation results are shown in Section 2.2. For
each data product a set of well defined FoMs is computed to summarize the validation results.

https://confluence.ecmwf.int/pages/viewpage.action?pageld=567160620 7115


https://tccondata.org/
https://tccon-wiki.caltech.edu/Main/TCCONSites
https://tccon-wiki.caltech.edu/Main/SitesPages
https://tccondata.org/

05.11.25, 13:27 C3S Greenhouse Gas (GHG: CO2 & CH4) v4.6: Product Quality Assessment Report (PQAR) - Copernicus Knowledge Base - E...

The validation is based on comparisons with Total Carbon Column Observing Network (TCCON) XCO, and XCH, retrievals. For the results presented in this document, the TCCON station IDs as
shown in Table 1 have been used to name each corresponding TCCON station.

Table 1: Station IDs corresponding to each TCCON Station name.

Station ID
SO

et

bi

pa
gm
or+pr
ka

1

xh

oc

ni

ci+df+jc+jf
iz

bu

db

ra

wg

Ih+l+Ir

2.1. Validation results for Level 3 OBS4MIPS XCO, product

Figure 5 shows all 1387 co-located OBS4MIPS and TCCON XCO, gridded results used for the validation study. One can see that the temporal sampling differs from site to site and that the L3

Station name
Sodankyla

East Trout Lake
Bialystok

Park Falls
Garmisch-Partenkirchen
Orleans + Paris
Karlsruhe
Rikubetsu
Xianghe
Lamont

Nicosia
Tsukuba_tk
Saga

Hefei
Pasadena_ci + Edwards + Pasadena_jc + Pasadena_jf
Izana

Burgos

Darwin
Reunion Island
Wollongong

Lauder_lh + Lauder_lh + Lauder_Ir

OBS4MIPS XCO, product captures the year-to-year increase and the seasonal features well

The overall agreement of the OBS4MIPS data with TCCON data at all sites is illustrated in Figure 6. The histogram of the difference OBS4MIPS — TCCON (Figure 6, top) shows a near Gaussian
distribution with a center at 0.31 ppm and a standard deviation of 1.03 ppm. The OBS4MIPS vs. TCCON plot (Figure 6, bottom) shows a pronounced clustering along the one-to-one line. This is
supported by a good agreement of the orthogonal distance regression with the one to-one line and high Pearson correlation coefficient of 0.994. These results provide a first rough overview of

OBS4MIPS 's agreement with TCCON.

The results of all site performance statistics as well as the summarizing performance statistics are illustrated in Figure 7 and listed in Table 2. The Product Quality Summary Table for the OBS4MIPS

XCO, product is shown as Table 3.

https://confluence.ecmwf.int/pages/viewpage.action?pageld=567160620
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EMMA Obs4MIPs v4.6 XCO2 ® TCCON GGG2020 XCO2
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Figure 5: Co-located OBS4MIPS and TCCON XCO, results used for the validation study.
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Figure 6: Overall overview on the agreement of the OBS4MIPS data with TCCON data at all sites. Top: Normalized histograms of the difference OBS4MIPs minus TCCON. Bottom: OBS4MIPS vs.
TCCON including one-to-one line, orthogonal distance regression (ODR), and Pearson correlation coefficient .
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Figure 7: Validation results for XCO, OBS4MIPS monthly averages. From left to right, the figure shows the per site performance statistics (Section 1.2.1) regional. (A ¢¢), seasonal (A seq), and

spatiotemporal bias (A gp¢), the linear drift (A 4, ), the actual (o) and reported precision (orep) and the number of soundings ( # ). TCCON sites are ordered from top to bottom by average latitude of
the co-located satellite soundings. The last row includes the summarizing performance statistics as defined in Section 1.2.2.

Table 2: Validation results for XCO, OBS4MIPS. From left to right, the table shows the per site performance statistics (Section 1.2.1) regional. (A,eg), seasonal (A ., ), and spatiotemporal bias
(A 4), the linear drift (A 4,;), the actual () and reported precision (o,) and the number of soundings ( # ). TCCON sites are order from top to bottom by average latitude of the co-located satellite
soundings. The last row includes the summarizing performance statistics as defined in Section 1.2.2.

Station Areg [PPM] Ageq [PPM] Agpt [Ppm]
so 0.1 0.07 0.13
et 0.68 0.25 0.72
bi 0.29 0.41 0.50
pa 0.26 0.44 0.51
gm 0.66 0.22 0.70
or+pr 0.22 0.35 0.42
ka 0.17 0.39 0.42
rj 0.59 0.03 0.59
xh 1.18 0.10 1.18
oc 0.1 0.26 0.28
ni 0.1 0.13 0.17
tk 0.26 0.39 0.47
js 0.75 0.11 0.76
hf 0.36 0.77 0.85
ci+df+jc+jf 0.25 0.21 0.33
iz 0.10 0.39 0.40
bu 0.05 0.14 0.15
db -0.21 0.26 0.33
ra 0.41 0.16 0.44
wg 0.36 0.08 0.37
Th+l1+Ir 0.34 0.38 0.51
Summary 0.34 £0.30 0.26 0.40

Ay, [ppmlyear]
0.00
-0.10
-0.07
-0.03

0.05

0.10
-0.02

0.1

0.24
0.10

0.01
0.06
0.04
0.23
-0.16
-0.22
-0.06
-0.17

0.02+0.12

o [ppm] Orep [PPM] | #
0.90 1.18 36
1.32 1.40 41
0.96 0.98 50
1.17 1.05 125
0.85 1.09 79
0.92 0.92 88
1.02 0.96 45
0.58 1.30 20
1.08 1.23 54
0.55 0.77 145
0.89 0.92 38
0.87 1.1 49
1.05 1.26 75
1.33 1.27 25
0.82 0.97 157
0.71 1.1 42
0.82 0.92 35
0.65 0.81 86
0.38 0.55 23
0.75 0.96 107
0.91 1.17 67
0.91 1.06 1387

The validation results show that there is only a small overall average station bias of 0.34 ppm. Regional biases estimated from the site-to-site bias variability amount to 0.30 ppm and are strongly
influenced by the relatively large bias of 1.18 ppm at the TCCON site Xianghe (xh). The average seasonal and spatiotemporal bias amounts to 0.26 ppm and 0.40 ppm, respectively. The overall linear
drift of 0.02 ppm/year is much smaller than its site-to-site variability of 0.12 ppm/year and, therefore, considered not significant. The uncertainty ratio, i.e. the ratio between the single grid cell
precision, o, and the reported uncertainty, 0, is 1.16, which is close to unity, indicating good agreement between the OBS4MIPS reported uncertainty and the overall precision.

Table 3: Product Quality Summary Table for product XCO2_OBS4MIPS.

Product Quality Summary Table for Product: XCO2_OBS4MIPS
Level: 3, Version: 4.6, Time period covered: 01.2003 — 12.2023

Parameter [unit] Achieved performance Requirement
Overall uncertainty [ppm] 0.91 -
Mean bias [ppm] 0.34 -

https://confluence.ecmwf.int/pages/viewpage.action?pageld=567160620

TR

Comments

No requirement but small value expected for a high quality data
product.

No requirement but value close to zero expected for a high quality data
product.
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Product Quality Summary Table for Product: XCO2_OBS4MIPS
Level: 3, Version: 4.6, Time period covered: 01.2003 — 12.2023

Probability that
<05 accuracy

TR is met: 77%

Accuracy: Relative systematic error Spatio-temporal bias: 0.4 (1-
[ppm] sigma)

Probability that
Stability: Linear bias trend [ppm/year] 0.02 +/- 0.12 (1-sigma) <05 stability -
TR is met: 97%

The probability that the 0.5 ppm accuracy requirement is met is 77%.
The probability that the 0.5 ppm/year stability requirement is met is 97%.

Overall, this product has therefore reasonable accuracy and high stability.

2.2. Validation results for Level 3 OBS4MIPS XCH,4 product
Figure 8 shows all 1495 co-located OBS4MIPS and TCCON XCH, gridded results used for the validation study. One can see that the temporal sampling differs from site to site and that the L3

OBS4MIPS XCH, product captures the year-to-year increase and the seasonal features well.

The overall agreement of the OBS4MIPS data with TCCON data at all sites is illustrated in Figure 9. The histogram of the difference OBS4MIPS — TCCON (Figure 9, top) shows a near Gaussian
distribution with a center at -6.70 ppm and a standard deviation of 8.16 ppm. The OBS4MIPS vs. TCCON plot (Figure 9, bottom) shows a pronounced clustering along the one-to-one line. This is
supported by a good agreement of the orthogonal distance regression with the one to-one line and high Pearson correlation coefficient of 0.985. These results provide a first rough overview of
OBS4MIPS 's agreement with TCCON.

The results of all site performance statistics as well as the summarizing performance statistics are illustrated in Figure 10 and listed in Table 4.

The Product Quality Summary Table for the OBS4MIPS XCH, product is shown as Table 5.
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Figure 8: Co-located OBS4MIPS and TCCON XCHy, results used for the validation study.
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Figure 9: Overall overview on the agreement of the XCH, OBS4MIPS data with TCCON data at all sites. Top: Normalized histograms of the difference OBS4MIPS minus TCCON. Bottom: OBS4MIPS
vs TCCON including one-to-one line, orthogonal distance regression (ODR), and Pearson correlation coefficient &.
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Figure 10: Validation results for OBS4MIPS monthly averages. From left to right, the figure shows the per site performance statistics (Section 1.2.1) regional.
(A eg), seasonal (A ), and spatiotemporal bias (A ¢ ), the linear drift (A 4r;), the actual (o) and reported precision (o rep) and the number of soundings ( # ). TCCON sites are ordered from top
to bottom by average latitude of the co-located satellite soundings. The last row includes the summarizing performance statistics as defined in Section 1.2.2.
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Table 4: Validation results for XCH, OBS4MIPS. From left to right, the table shows the per site performance statistics (Section 1.2.1) regional. (Areg), seasonal (A ., ), and spatiotemporal bias
(A 4pt), the linear drift (A 4,;), the actual () and reported precision (o,) and the number of soundings ( # ). TCCON sites are order from top to bottom by average latitude of the co-located satellite
soundings. The last row includes the summarizing performance statistics as defined in Section 1.2.2.

Station Breg[PPb] | Agealppb] | Agpi[ppb] | Ay [ppblyear] | o [ppb] | Oreplppb]l  #

so -4.79 1.44 5.00 0.20 8.07 9.29 55
et 3.4 3.40 4.62 0.07 4.90 9.63 51
bi -5.30 1.48 5.50 0.41 5.84 6.1 54
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pa -3.75 2.39 4.45 -0.01 6.85 8.30 136
gm -0.40 2.35 2.39 0.16 5.91 6.92 78
or+pr -6.15 1.10 6.24 0.07 5.41 6.84 102
ka -9.38 0.49 9.39 -0.25 523 6.86 48
rj 1.83 3.70 4.13 -0.25 9.33 10.08 26
xh -5.54 5.09 7.52 2.63 6.61 8.46 54
oc 7.1 1.05 7.19 0.04 3.82 5.03 145
ni -17.32 3.12 17.60 2.00 542 8.56 35
tk -9.45 1.43 9.55 0.69 6.00 7.28 50
js -7.70 0.88 7.75 0.81 6.36 7.66 7
hf -7.65 6.04 9.75 0.95 7.68 8.48 21
ci+df+jc+jf -10.73 1.50 10.83 1.12 525 9.34 157
iz 12.45 1.96 12.61 1.08 4.93 7.88 43
bu -7.35 2.64 7.81 -0.86 6.17 6.86 38
db -13.32 1.71 13.43 -0.51 3.79 5.33 86
ra -11.44 1.20 11.50 -0.98 3.81 5.37 28
wg -8.34 2.34 8.66 0.50 5.54 7.44 108
lh+ll+Ir -7.57 0.44 7.58 -0.10 6.97 9.44 103
Summary -6.29+586 218 6.25 0.32+0.87 6.06 7.81 1495

The validation results show that there is only a small overall average station bias of -6.29 ppb. Regional biases estimated from the site-to-site bias variability amount to 5.86 ppb. The average seasonal
and spatio-temporal bias amounts to 2.18 ppb and 6.25 ppb, respectively. The overall linear drift of 0.32 ppb/year is much smaller than its site-to-site variability of 0.87 ppb/year and, therefore,
considered not significant.

A drift in the satellite data product would most likely affect all sites. Therefore, we consider the station-to-station drift variability a measure of drift uncertainty. For example, it is unclear what causes the
drift at Pasadena+Edwards (ci+df+jc+jf), especially because we do not observe a comparable drift at the nearby TCCON site Lamont (oc).

The uncertainty ratio, the ratio between the single grid cell precision, o,

and the reported uncertainty, o ep, is 1.29, which is close to unity, indicating good agreement between the OBS4MIPS reported uncertainty and the overall precision.

Table 5: Product Quality Summary Table for product XCH4_OBS4MIPS.

Product Quality Summary Table for Product: XCH4_OBS4MIPS
Level: 3, Version: 4.6, Time period covered: 01.2003 — 12.2023

Parameter [unit] Achieved performance Requirement TR Comments

Overall uncertainty [ppb] 6.1 - - No requirement but small value expected for a high quality data
product.

Mean bias [ppb] -6.3 - - No requirement but value close to zero expected for a high

quality data product.

Accuracy: Relative systematic Spatio-temporal bias: 6.25 (1- <10 Probability that accuracy TR is -
error [ppb] sigma) met: 84%

Stability: Linear bias trend 0.32 +/- 0.87 (1-sigma) <3 Probability that stability TR is met: = -
[ppbl/year] 97%

The probability that the 10 ppb accuracy requirement is met is 84%.
The probability that the 3 ppb/year stability requirement is met is 97%.

Overall, this product has therefore very good accuracy and high stability.

3. Climate Change Assessment

The OBS4MIPS products analysed in this PQAR are merged products that were generated using various retrieval algorithms and satellite instruments (see Figures 6 and 7 in ATBD XGHG, 2024).
Although the data were homogenized (ATBD XGHG, 2024), there may still be differences between the data products used, e.g. in sampling and data quality. This can lead to temporal or spatial
changes in the characteristics of the OBS4MIPS products, which are, however, reflected in the estimated uncertainties.

In climate applications, it is important that the time series of a parameter studied are significantly longer than the changes caused by its natural variability. For this reason, climate scientists usually
analyse at least several decades. The data analysed in this PQAR span more than two decades and the user requirements for stability are also met.

The OBS4MIPS data were thoroughly validated with co-located TCCON data in this PQAR. However, due to the spatially sparse sampling of TCCON sites (Figure 4), some geophysical conditions are
underrepresented in the validation. These include, for example, deserts, some tropical regions and the southern hemisphere in general. Figure 2 and Figure 3 of PUGS XGHG, 2024 shows that the
uncertainty (mainly due to the scatter between algorithms) is the highest in some of these regions.

In the past, predecessor versions of the OBS4MIPS data have already been used for climate applications such as the annual Copernicus ESTOC (European State of the Climate) Greenhouse Gas
Concentrations report (ESTOC GHG, 2023). These data products were used to compute global average annual atmospheric concentrations and their year-to-year increase for both CO, and CHy.

4. Application(s) specific assessments

Previous versions of the OBS4MIPS XCO, and products has also been used in the peer-reviewed publications of Lauer et al. (2017) and Gier et al. (2020). In these publications, the OBS4MIPS XCO,

products were used to evaluate the performance of CMIP (Coupled Model Intercomparison Project) models in its Phase 5 (CMIP5) in Lauer et al. (2017), and both its Phases 5 and 6 (CMIP5 and
CMIPS) in Gier et al. (2020).

5. Compliance with user requirements concerning data quality

This section summarizes the achieved data quality including comparisons with the required data quality.
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The development of satellite-derived gridded ECV products in OBS4MIPS format started in the framework of ESA’s Climate Change Initiative (CCl) via the GHG-CCI project (last access: 3-Mar-2025)
(see also Reuter et al., 2020). The envisaged main application is comparison with climate models. The GHG-CCI project team therefore proposed already several years ago to generate XCO, and
XCH, products in OBS4MIPS format at the described spatio-temporal resolution. That spatio-temporal resolution was assumed to be appropriate for climate model comparisons considering also the
characteristics of existing satellites. It was later confirmed by scientific studies (e.g., Lauer et al., 2017, and Gier et al., 2020) that the generated products were in fact very useful for the envisaged
application.

Table 6 compares the required and the achieved performance for random error (precision), required accuracy (in terms of spatio-temporal biases) and stability (in terms of linear bias drift). The data
quality level is also summarized in Section 5.1 for XCO, and Section 5.2 for XCH, (see Section 1.3 for a more detailed explanation on the reported probabilities).

Table 6: Compliance with User Requirements. XCO2 and XCH4 random (“precision”), systematic error and stability requirements (from TR-GAD GHG, 2024). Abbreviations: G=Goal, B=Breakthrough,
T=Threshold requirement. 8 Required systematic error after an empirical bias correction that does not use the verification data. #) Required systematic error and stability after bias correction, where
bias correction is not limited to the application of a constant offset / scaling factor.

Requirement - -
Par: t Requi t type Reported value ::::’ab““y that TR is
G B T
Rand isi
anclom ervor (precision) <03 <10 <13 0.91 (<= 1.0, within Breakthrough) = -
(1000° km“ monthly) (ppm)
co, Accuracy: Relative < 0.2 (absolute) < 0.3 (relative®) < 0.5 (relative®) 0.4 (<= 0.5, within Threshold) 7%
systematic error (ppm)
Stability: Linear bias trend - §) ) _ L o
(ppmlyear) < 0.2 (absolute) < 0.3 (relative®) < 0.5 (relative™) 0.02 (<= 0.2, within Goal) 97%
o eror (pr ) <3 <5 <11 6.1 (<= 11, within Threshold) .
(1000“ km“ monthly) (ppb)
CH, Accuracy: Relative <1 (absolute) < 5 (relative®) <10 (relative®) 6.25 (<= 10, within Threshold) 84%
systematic error (ppb)
Stability: Linear bias trend <1 (absolute) <2 (relative§)) <3 (relative#)) 0.32 (<=1, within Goal) 97%

(ppblyear)

5.1. Summary data quality Level 3 XCO, product

The validation of Level 3 product XCO2_OBS4MIPS can be summarized as follows:

« The overall monthly mean uncertainty is 0.91 ppm and the mean bias is 0.34 ppm. Relative systematic error, i.e., the spatio-temporal bias, is 0.4 ppm (1-sigma). The computed linear drift of
0.02+0.12 ppm/year (1-sigma) is small and not significant.

The probability that the 0.5 ppm accuracy requirement is met is 77%.

The probability that the 0.5 ppm/year stability requirement is met is 97%.

Overall, this product has therefore reasonable accuracy and high stability.

5.2. Summary data quality Level 3 XCH, product

The validation of Level 3 product XCH4_OBS4MIPS can be summarized as follows:

« The overall monthly mean uncertainty is 6.1 ppb and the mean bias is -0.63 ppb. Relative systematic error, i.e., the spatio-temporal bias, is 6.25 ppb (1-sigma). The computed linear drift of
0.32+0.87 ppb/year (1-sigma) is small and not significant.

The probability that the 10 ppb accuracy requirement is met is 84%.

The probability that the 3 ppb/year stability requirement is met is 97%.

Overall, this product has therefore very good accuracy and high stability.
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