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Abstract.

Satellite observations of the column-averaged dry-air mole fractions of carbon dioxide (XCQ3) and methane (XCHy) are
essential for monitoring their global atmospheric distribution and variability, as well as for related climate applications. To
generate long-term, consistent Climate Data Records (CDR), ensemble merging approaches such as the ensemble median
algorithm (EMMA) have been used.

Here, we introduce a new version of the EMMA algorithm, v5.1, and the four merged datasets that were created with it,
namely merged Level 2 (L2) and corresponding gridded Level 3 (L3) products for both XCO4 and XCH4. EMMA v5.1 keeps
the core idea from previous EMMA versions of the ensemble median being a good choice for merging multiple satellite data
products, while taking a new approach: for each gas and time period, one of the L2 input products is used as a reference, and
the ensemble is used to compute an empirical spatio-temporal adjustment for this input dataset. This new design eliminates
conceptual limitations of former EMMA versions, making the L2 dataset eligible for hotspots emission estimations in periods
in which the reference product has sufficient spatial coverage. Additionally, new and updated input L2 products were included
in the ensemble, and the L3 datasets have higher spatial resolution, i.e. monthly 1°x1°, compared to the previous monthly 5°x
5° resolution. The four merged datasets cover the time period from 2003 to 2024.

All four merged datasets were validated against ground-based Total Carbon Column Observing Network (TCCON) re-
trievals, showing good agreement. The XCO» L2 (L3) merged datasets have a spatio-temporal bias of 0.47 ppm (0.48 ppm).
The estimated single-sounding (single-cell) random error is 1.51 ppm (1.82 ppm), very close to the average reported uncertainty
of 1.66 ppm (1.65 ppm). The estimated linear drift is 0.00 + 0.12 ppm y~* (0.00 £ 0.11 ppm y~1).

The XCH,4 L2 (L3) merged datasets have a spatio-temporal bias of 7.37 ppb (4.31 ppb). The estimated single-sounding
(single-cell) random error is 20.87 ppb (9.01 ppb), very close to the average reported uncertainty of 21.11 ppb (11.05 ppb).
The estimated linear drift is 0.42 + 1.14 ppb y=! (0.11 4+ 0.62 ppb y™1).
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1 Introduction

Carbon dioxide (CQO5) and methane (CH,) are the most important anthropogenic greenhouse gases, whose cumulative emis-
sions significantly contribute to global warming (e.g., Gulev et al., 2021). Due to their importance for the Earth’s radiative
balance, the atmospheric concentrations of CO» and CH, are considered as Essential Climate Variables (ECV) by the Global
Climate Observing System (GCOS) (e.g., GCOS-154, 2011; GCOS-200, 2016). Monitoring atmospheric concentrations of
these two greenhouse gases both long term and globally is essential to determine their trends over time, as well as their sources
and sinks. For the global monitoring of these two ECVs, ground-based measuring networks and satellite observations are
used. Ground-based networks provide high-precision measurements at specific locations, having sparse spatial coverage, while
satellite measurements offer potentially global coverage.

Column-averaged dry-air mole fractions of CO, and CH,4, denoted as XCQO, and XCH,, respectively, and hereafter col-
lectively referred to as XGHG, from space-borne instruments were first retrieved using measurements of the SCTAMACHY
(SCanning Imaging Absorption spectroMeter for Atmospheric ChartographY; Burrows et al. (1995), Bovensmann et al. (1999))
on ESA’s ENVISAT satellite (2002-2012). Since 2002, multiple space-borne sensors have become operational (as shown in Fig.
1). These sensors have different lifetimes and spatio-temporal sampling patterns. Additionally, there are several independently
developed algorithms to retrieve XCQO4 and XCH, from the radiance spectra of reflected solar radiation measured by these
sensors, leading to several Level 2 (L2) products. Climate Data Records (CDRs) are long-term, consistent, and high-quality
datasets suitable for the evaluation of trends and variability of the ECVs. To produce CDRs with the largest temporal coverage
from existing L2 products, they need to be combined into a consistent merged multi-sensor and/or multi-algorithm product.

A multi-sensor CH, dataset was developed by Balasus et al. (2023) with the aim to correct systematic biases in TROPO-
spheric Monitoring Instrument (TROPOMI) L2 data using Greenhouse gases Observing SATellite (GOSAT) XCH,4 observa-
tions. The blended TROPOMI+GOSAT product, generated using a machine learning model that predicts TROPOMI-GOSAT
differences based on a set of predictor variables from the TROPOMI product, benefits from the high observation density of
TROPOMI and the high accuracy of GOSAT, while being bound to the availability of observations from two sensors and the
used retrieval algorithms.

The individual L2 input products are typically validated against Total Carbon Column Observing Network (TCCON) re-
trievals and show good agreement with the TCCON measurements (Wunch et al., 2010, 2011, 2015; Laughner et al., 2024).
Further away from the TCCON stations, the deviation among the XCQ4 and XCH, values retrieved with the different algo-
rithms tends to be higher (Reuter et al., 2013, 2020). To create a merged product that is robust against such deviations and
potentially reduces bias patterns from individual input products, Reuter et al. (2013) developed the ensemble median algo-
rithm (EMMA), a merging algorithm based on the assumption that the ensemble median from the Level 3 (L3) data is a good
representative of the true atmospheric state. This approach has been used since 2016 to operationally generate merged XCO,
and XCH,4 datasets within the Copernicus Climate Change Service (C3S). The corresponding products are available through

the Copernicus Climate Data Store (CDS, https://cds.climate.copernicus.eu/). The merged datasets generated with the EMMA
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algorithm have been used for comparison with climate models (Lauer et al., 2017; Gier et al., 2020) as well as for estimation
of annual mean growth rates (e.g., Buchwitz et al., 2018; Reuter et al., 2020; C3S and WMO, 2025).

The EMMA versions up to v4.6, used to create the merged XCQO, and XCH4 multi-sensor and multi-algorithm datasets as
described by Reuter et al. (2013, 2020), use the following procedure. First, all L2 products are averaged onto a monthly 10°x
10° latitude-longitude grid. For each grid cell, the EMMA algorithm identifies the L2 product whose gridded value corresponds
to the ensemble median of all available input products. The merged L2 product is created by transferring, for each grid cell,
all individual L2 soundings corresponding to the product selected as the ensemble median. Finally, the merged L2 product
is aggregated to create L3 XCQO» and XCH, products, formatted according to the Observations for Model Intercomparisons
Project (Obs4MIPs; e.g., Waliser et al., 2020) conventions, with monthly 5°x 5° resolution.

The L2 data sets generated using EMMA up to its 4.6 version were not suitable or optimized for applications that require
dense spatial sampling without jumps, such as obtaining emission information on hot spots. Due to the design of the algorithm,
especially in terms of sampling, the L2 product may have discontinuities at the monthly 10°x 10° boundaries, leading to
possible cut-offs or inconsistencies at these boundaries. Additionally, regions with dense spatial sampling are not prioritized
by the merging algorithm, leading to the potential override of L2 data that would be suitable for emission estimation by sparser
data from another sensor.

In EMMA v5.1, we have taken a new approach that also assumes that the ensemble median is a good choice, analogous
to previous EMMA versions. However, the new approach, in contrast to former EMMA versions, is to select a reference
L2 product per time period, while the ensemble of input L2 products is used for the computation of an empirical spatio-
temporal adjustment for the reference product. With this new design, the potential jumps at the monthly 10°x 10° boundaries
are climinated, and the new merged L2 product has the spatial resolution and sampling density of the selected reference
products. The merged L2 product is again gridded to create L3 Obs4MIPs products at higher resolution, i.e. monthly 1°x 1°,
compared to the previous monthly 5°x 5° resolution. Additional improvements of the EMMA v5.1 products with respect to its
predecessors is the inclusion in the ensemble of data from more sensors, as well as updated versions of the input datasets.

The input datasets used for the generation of the merged XGHG L2 and L3 datasets is described in Sect. 2. Section 3
describes the merging algorithm (Sect. 3.1) and the validation method (Sect. 3.2). The resulting XGHG L2 and L3 are described

in Sect. 4 and the conclusions are presented in Sect. 5.

2 Datasets
2.1 Satellite data

To generate the merged XCO» and XCHy, we used data from six instruments, as illustrated in Fig. 1. These instruments are
SCIAMACHY (SCanning Imaging Absorption spectroMeter of Atmospheric CHartographY; Burrows et al., 1995; Bovens-
mann et al., 1999) on ENVISAT, TANSO-FTS on GOSAT (Kuze et al., 2009, 2016; Yokota et al., 2009) and TANSO-FTS-2
on GOSAT-2 (Greenhouse gases Observing SATellite 2, Suto et al., 2021; Imasu et al., 2023), which permit retrieval of both
XCO32 and XCHy4; OCO-2 (Orbiting Carbon Observatory-2, Crisp et al., 2017), and OCO-3 (Orbiting Carbon Observatory-3,
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Eldering et al., 2019) on the International Space Station (ISS), which permit retrieval of XCQs; and TROPOMI (Veefkind
et al., 2012) on Sentinel-5 Precursor (S5P), which permits retrieval of XCHy. All these instruments measure radiance spectra
of backscattered solar radiation containing absorption bands of CO» and CH,, which the retrievals interpret to estimate atmo-
spheric XCO, and XCH, values. There are several independently developed algorithms to retrieve XCQO, and XCH, from
the spectra measured by these sensors. An overview of the L2 input products used to generate the merged datasets is given in
Table 1 for XCO5 and 2 for XCH4.

TROPOMI on S5P 1 Measured XGHG: E
0CO-3onlss4{ [ XCO, I
oco-2 A XCHs -

TANSO-2 on GOSAT-2 A IAT I

TANSO on GOSAT -

LA A LI I SIS LY

SCIAMACHY on ENVISAT (s
T T T T T T T T T T T
PR S S W S R S S W 9
N LR TR R gy},
A A AR AR AR AR AR AR AR AR
Date

Figure 1. Overview of the satellite sensors used to generate the merged XGHG products, together with the time coverage and XGHG (i.e.
XCO2 and/or XCH,) retrieval that each sensor permilts.

Table 1. Satellite-derived L2 input data products used to generate the merged XCO3 product. The table lists the satellite instrument, the

name and version of the L2 algorithm, the institution and related references.

Satellite instrument ~ Algorithm and version number  Institution Reference
SCIAMACHY BESD v02.01.02 Iup Reuter et al. (2010, 2011, 2016)

GOSAT NIES v03.05bc NIES Yoshida et al. (2013, 2023); Someya et al. (2023)
GOSAT RemoTeC v2.3.8 SRON Butz et al. (2011); Detmers (2017a); Wu (2021)
GOSAT UoL-FP v7.3 UoL Cogan et al. (2012); Boesch and Di Noia (2021)
GOSAT ACOS vor NASA O’Dell et al. (2012); Taylor et al. (2022)
GOSAT FOCAL v4.0 Iup Noél et al. (2022); Appendix B*
0CO-2 ACOS vll1.2 NASA Crisp et al. (2021); Taylor et al. (2023)
0CO-2 FOCAL v12 1UP Reuter et al. (2017b, a, 2021)

GOSAT-2 NIES v02.20 & v02.21 NIES Yoshida et al. (2023); Yoshida and Oshio (2025)

GOSAT-2 RemoTeC v2.1.0 SRON Barr et al. (2025)

GOSAT-2 FOCAL v4.0 Iup Noél et al. (2022); Appendix B*
0CO0-3 ACOS vllr NASA Crisp et al. (2021); Taylor et al. (2023)

2 Appendix B contains the changes of GOSAT and GOSAT-2 FOCAL v4.0 with respect to Noél et al. (2022).
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Table 2. Satellite-derived L2 input data products used to generate the merged XCH4 product. The table lists the satellite instrument, the

name and version of the L2 algorithm, the institution and related references.

Satellite instrument ~ Algorithm and version number  Institution Reference
SCIAMACHY WFEMD v4.0 1UP Schneising et al. (2011); ESA CCI GHG project team (2018)

GOSAT FOCAL-FP v4.0 up Noél et al. (2022); Appendix B *
GOSAT FOCAL-PR v4.0 1Up Noél et al. (2022); Appendix B*
GOSAT NIES v03.05bc NIES Yoshida et al. (2013, 2023); Someya et al. (2023)
GOSAT RemoTeC-FP v2.3.8 SRON Butz et al. (2011); Detmers (2017a); Wu (2021)
GOSAT RemoTeC-PR v2.3.9 SRON Butz et al. (2011); Detmers (2017b)
GOSAT UoL-FP v7.3 UoL Cogan et al. (2012); Boesch and Di Noia (2021)
GOSAT UoL-PR v9.0 UoL Parker et al. (2011, 2020)

GOSAT-2 FOCAL-FP v4.0 1Up Noél et al. (2022), Appendix B*

GOSAT-2 FOCAL-PR v4.0 1Up Noél et al. (2022), Appendix B*

GOSAT-2 RemoTeC-FP v2.1.0 SRON Barr et al. (2025)

GOSAT-2 RemoTeC-PR v2.1.1 SRON Barr et al. (2025)

GOSAT-2 NIES v02.20 & v02.21 NIES Yoshida et al. (2023); Yoshida and Oshio (2025)

GOSAT-2 UoL PR v1.0 UoL Parker et al. (2011, 2025)

TROPOMI WFEMD v2.0 1UP Schneising et al. (2026)

2 Appendix B contains the changes of GOSAT and GOSAT-2 FOCAL v4.0 with respect to Noél et al. (2022).

2.2 SLIM data

We use the Simple cLImatological Model (SLIM) for atmospheric CO4 and CH4 (Noél et al., 2022) in its 2025 version as
common a priori for harmonizing the different L2 input data sets (described in Sect. 3.1.1).

SLIM CO» and CHy4 use model-based climatologies to estimate the spatial distribution and annual cycle of CO2 and CHy,
respectively. SLIM2025 CO- uses CO2 mole fraction information from CAMS global CO, atmospheric inversion v22rl
(CAMS, 2020; Chevallier et al., 2005, 2010; Chevallier, 2013). SLIM2025 CHy4 has been derived from CAMS global CHy4
atmospheric inversion v22r2 (CAMS, 2020; Segers, 2022). Additionally, SLIM adjusts the used climatologies for the annual
growth using growth rates from NOAA (https://gml.noaa.gov/ccgg/trends/gr.htm, last accessed: 12/08/2025). If the used NOAA
annual increases had not yet stabilised at the time of extraction, subsequent revisions reveal a corresponding bias in the SLIM
dataset as originally constructed. Such revisions of the annual increases mainly affect CH, and, if they occur, are most likely
towards the end of the time series. Both SLIM2025 CO, and SLIM2025 CH, use 20 height layers, defined in such a way that
cach layer contains the same number of dry-air molecules. SLIM CQO- and CH,4 empirically extrapolate from a climatology of

past averaged modeled CO- and CH4 fields, so new or changing phenomena are not reflected in SLIM CO2 and CHy4.
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2.3 Validation data

Column-averaged dry-air mole fractions of CO, and CH, from the Total Carbon Column Observing Network (TCCON,
http://www.tccon.caltech.edu/) in its GGG2020 version (Laughner et al., 2024) were used for calibration of the uncertainties of
the different L2 input products and the validation of the final merged product (described in Sects. 3.1.2 and 3.2, respectively).

TCCON is a network of ground-based Fourier transform spectrometers that measure solar spectra in the infrared region,
and report column-average mole fractions of CQ,y, CH, and other atmospheric species. The TCCON project started in 2004
and the number of operational sites has increased over time. TCCON is the core network used for validation of the satellite
XCO32 and XCH4 retrieval (e.g., Wunch et al., 2011, 2017). The TCCON Network provides temporally dense observations,
but spatially sparse.

An overview of the used TCCON sites is shown in Table A1.

3 Methods

In this section, the EMMA algorithm in its v5.1, used to generate the XCO, and XCH, multi-sensor and multi-algorithm

datasets, is described (Sect. 3.1), together with the validation procedure (Sect. 3.2).
3.1 Merging algorithm

The merging approach of EMMA v5.1. is based on the same idea as previous EMMA versions (Reuter et al., 2013, 2020) that
the ensemble median is a good choice to represent the true atmospheric state, but it has a new design. EMMA v5.1. selects a
reference L2 product per time period, and uses the ensemble of input L2 products for an empirical spatio-temporal adjustment
of the reference products. The input datasets, along with their respective temporal availability, are shown in Fig. 2 and Fig.
3, where the algorithms used as a reference are also illustrated. For the merged XCOs datasets, the reference products are
SCIAMACHY BESD from the beginning of the dataset on the 1 January 2003 until the 31 March 2009; GOSAT FOCAL from
the 1 April 2009 until the 31 July 2014 and OCO-2 FOCAL from the 1 September 2014 until the end of the dataset, on 31
December 2024. For the merged XCH, datasets, the reference products are SCCAMACHY WFMD from the beginning of the
dataset on the 1 January 2003 until the 31 March 2009; GOSAT FOCAL PR from the 1 April 2009 until the 30 April 2018; and
TROPOMI WEFMD from the 1 May 2018 until the end of the dataset, on 31 December 2024. We would expect other choice of
high-quality reference products with similar coverage, sampling density and precision to lead to comparable results.

The generation of the merged products with EMMA v5.1 is conceptually similar to previous versions of the EMMA algo-
rithm (Reuter et al., 2013, 2020, 2025a). The steps of the algorithm are illustrated in the flowchart in Fig. 4 and explained
in Sects. 3.1.1 to 3.1.7. The first four steps (see Sects. 3.1.1 to 3.1.4) follow the same approach as Reuter et al. (2013, 2020)
and therefore are only outlined here for completion. The input datasets are the L2 products (described in Sect. 2.1), TCCON
GGG2020 data (see Sect. 2.3) and SLIM2025 (see Sect. 2.2).
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Figure 2. EMMA v5.1 input nominal data availability for XCO.. Panel (a) shows the nominal temporal availability for the L2 input products
The hatched bars illustrate the time periods that each of the selected L2 products is used as the reference product. Panel (b) shows the nominal
total number of products (light gray) and the minimum number of algorithms required (dark gray) for the median calculation.
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Figure 3. EMMA v5.1. input nominal data availability for XCH,. Panel (a) shows the nominal temporal availability for the L2 input products
The hatched bars illustrate the time periods that each of the selected L2 products is used as the reference product. Panel (b) shows the nominal
total number of products (light gray) and the minimum number of algorithms required (dark gray) for the median calculation.
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Figure 4. Flowchart showing the main steps of the EMMA v5.1 algorithm used to generate the merged L2 EMMA product from the
individual satellite-sensor L2 data products. The input datasets are shown in green ovals; the light-brown boxes indicate each step the

datasets go through. The resulting merged L2 product is then gridded to generate the L3 Obs4MIPs format data product.

3.1.1 Adjustment for common a priori

To account for different column a priori profiles, all satellite L2 input data sets, as well as the TCCON data, are adjusted to
a common a priori, for which SLIM2025 CO5 and CH,4 was used. We do this as proposed by Wunch et al. (2011) and as
described in Rodgers (2008) or Reuter et al. (2024). The resulting adjustment is typically very small, especially for CO5, with
adjustments on the order of a few tenths of a ppm.

Additionally, we interpolate the column averaging kernels and a priori profiles of the L2 input data sets so that the atmo-
spheric column is split into ten layers defined by an equidistant pressure grid starting at the surface pressure and ending at

Zero.
3.1.2 Uncertainty calibration

The uncertainty of the individual L2 soundings is calibrated by a scaling factor obtained from their validation against TCCON.
This scaling factor is such that the average reported uncertainty is consistent with the standard deviation of satellite minus
TCCON ground-based validation data differences. The used scaling factors are listed in the last column of Table 3 for XCO,

and 4 for XCH,. The details on how this validation was performed are explained in Sect. 3.2
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3.1.3 Initial gridding to monthly 10°x 10°

The different L2 input products have different samplings, since they come from different satellites, different algorithms have
different filtering approaches, etc. Therefore, the product inter-comparison in the EMMA algorithm is based on aggregated
data (i.e. L3), namely monthly averages on a 10°x 10° grid.

For each monthly 10°x 10° grid cell, we compute the standard error of the mean (SEM) as:

SEM = 1
n

(D

where o; is the scaled (according to Sect. 3.1.2) XCO2 or XCH,4 uncertainty of the ¢-th sounding, and 7 is the total number of
soundings in the grid cell. To get statistically robust results, we only use, for each L2 product, those grid boxes with more than
five soundings and for which the standard error of the mean (SEM) is estimated to be less than 1 ppm for XCO» and 12 ppb
for XCH,.

3.1.4 Global offset correction

We correct for potential offsets between the individual data products by adding a constant global offset for each L2 product.
The global offset applied to each product is computed using SLIM as a reference. SLIM reproduces basic features well as it
is constructed from state-of-the-art models and the NOAA annual growth rates. However, other models would also work as
reference.

The global offset for each product with respect to SLIM is computed by least squares minimization of pairwise differences,
i.e. the difference based on all overlapping L3 data is optimized. Only grid boxes with L3 data for multiple products are taken
into account. More specifically, we used grid boxes with L3 data for at least as many products as shown by the dark gray areas
in panel b of Fig. 2 (for XCQO,) and Fig. 3 (for XCH,), and with L3 data for more than one product. This minimum number
of required products used as a threshold is computed by rounding half the nominal total number of available products at each
time (light gray areas of Fig. 2 and 3, panel b) up to the next integer.

The overall effect of the global offset correction is illustrated in the figures shown in Appendix C.
3.1.5 Computation of the L3 basis for the empirical spatio-temporal adjustment

From the previous steps, we obtain a field of a-priori-adjusted uncertainty-calibrated gridded and offset-corrected XGHG data
from each of the input L2 products. Let us refer to this set of L3 XGHG fields as X,;;z, where the p index indicates the input
L2 product and i, j, k each grid cell (latitude, longitude, time).

Following the same conceptual approach as Reuter et al. (2013, 2020), we use X ;. to compute a median field, M;;y, as
the median of X along the p dimension. The median is computed only for those L3 grid boxes with valid data (according to
the filtering described in Sect. 3.1.3) from at least the minimum number of data products shown in Figs. 2 and 3 (panel b, dark
gray areas). For those grid cells with an even number of input products with valid L3 data, we define the median as the mean

of the two central values. For the sake of simplicity, from now on we will drop the indices %, 7, k that refer to each grid box.



185

190

195

200

205

210

https://doi.org/10.5194/egusphere-2026-3216
Preprint. Discussion started: 9 November 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Examples of the gridded input products and the computed median are shown in Appendix D.

Previous EMMA versions (< v4.6) selected, for each month and each 10°x 10° grid cell, exactly one product (the product
corresponding to the median) of the available individual L2 input products and then transferred all relevant information, e.g.
needed for surface flux inverse modelling, from the selected harmonized and uncertainty calibrated L2 data into the corre-
sponding EMMA L2 files. In the new approach taken for EMMA v5.1, one reference product per time period is selected (see
hatched bars in panel a of Figs. 2 and 3). The median of the gridded monthly 10°x 10° data is used to compute an empirical
spatio-temporal adjustment which is then applied to the L2 data of each of the reference products.

The empirical spatio-temporal adjustment is computed as follows. For each reference product, a basis for the empirical
spatio-temporal adjustment, BB, is computed as the difference between the L3 XGHG in each grid cell and the corresponding
median value, i.e., B = X — M, where X,.r contains the L3 XGHG field for the corresponding reference products based on
the defined periods. The resulting B field, has some gaps due to a) the absence of L2 observations from the reference products
that meet the L3 criteria, which leads to an absence of L3 data at some latitudes, longitudes and times, and b) gaps in the
median field resulting from the absence of valid L3 data from enough input products. These gaps could lead to unadjusted L2
observations, so they need to be filled to minimize the amount of unadjusted L2 observations. To fill the gaps in the B field,
we applied a normalized convolution using a Gaussian kernel whose weights are modified by thresholding.

A common approach for normalized convolution is to normalize by the smoothed validity mask, v,. This approach gives
reliable interpolated values if the underlying field is smooth and the local data density around each gap is sufficiently high.
However, due to the spatial variability of the XGHG fields, large regions with gaps can produce extrapolation artefacts that
would lead to unrealistic adjustments. To avoid such artefacts, we defined a new mask for the normalized convolution that treats
gaps in the B field surrounded by very low data density and previously filled with zeros, as if they contained valid data. The
resulting gap-filled B field contains therefore values of zero in regions with low data density, which will lead to zero-valued
spatio-temporal adjustments, i.e. they would leave the reference product unadjusted. The details on this modified normalization
for the convolution are explained in Appendix E.

The gap filling is applied to each reference product independently. Examples of the B fields before and after gap filling are
shown in Figs. 5 and 6, for XCQO» and XCHj4 respectively, together with the L3 data and the median they were computed from.

From the ensemble of L3 data at monthly 10°x 10° resolution, the following quantities are computed together with the B
field. As for the computation of the B field, only grid boxes with data for more than half the total number number of available

products for that time period (see dark gray area in Figs. 2 and 3) were considered.

— The data density mask, which is a boolean mask that flags the gaps in B that were treated by the smoothing procedure

as if they contained data.

— The Inter-algorithm spread (IAS) field, which informs about potential regional or temporal systematic uncertainties, and

is computed from the median absolute deviation (MAD) as:

. MAD
JAS = ———— 2
>-1(0.75)’ @
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Figure 5. Panel (a) shows the gridded XCO; reference product OCO-2 FOCAL at monthly 10°x10° resolution. Panel (b) shows the median,
used for the computation of the B field (i.e. the basis for the empirical spatio-temporal adjustment). Panel (c) shows the B field. Panel (d)
shows the B field after gap filling. All four panels show global maps for August 2018.

(b) L3 Median

1900

1850
o

a
1800 &
1750 %

1700

- ' ' : 1650
180" 120°W B0°W o® B60°E 120°E 180° 180" 120°W &0*W [V B60°E 120°E 180"
(¢) B field before gap filling

e - -

(d) B field after gap filling

e - =

60°N &, 60°N
20
30°N | 30°N
3
o0 0 0o &
b m
3p°5 L& B R | 30°s
! -20

60°5 | -{ 60°S

180" 120°W 60°W 0* 60°E  120°E 180° 180" 120°W 60°W 0 60°E  120°E 180°

Figure 6. Analogous to Fig. 5, for the gridded XCH, reference product TROPOMI WEFMD and for the month of September 2019.

where @71(0.75) is the 75%-percentile of the standard normal probability distribution (Huber and Ronchetti, 2009). The

215 MAD provides a robust estimation of the spread, less influenced by outliers than the standard deviation.
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— The uncertainty of the B field, oz, which was computed, for each grid cell, as the combined uncertainty of the SEM and
the TAS:

op =\ SEM?+TAS?. 3)

Therefore, analogously to the field B, its uncertainty, o g, also has gaps. These gaps were filled applying a normalized
convolution with a Gaussian kernel on 0. Unlike for the gap filling of B, the (unmodified) smoothed validity mask is
used for weighting in the gap filling of o . For this reason, the filled o will still have gaps if there is no data in the

region of the size of the Gaussian kernel around them.
3.1.6 Adjustment of L2 products and estimation of the corresponding uncertainty

For each L2 sounding of the reference products, the corresponding empirical spatio-temporal adjustment is computed as a
trilinear interpolation (in time, latitude and longitude) of the gap-filled B field, and subtracted from the L2 XGHG values.

To obtain the adjustment uncertainty for each XGHG value, the squared gap-filled B-field uncertainty is also interpolated.
The outcome of this interpolation contains some gaps (derived from the B field uncertainty; see Sect. 3.1.5), which are filled
with the corresponding spatio-temporal bias obtained from the L2 validation and shown in Tables 3 and 4. Additionally, to
avoid unrealistically low values of the uncertainty, we set the lower uncertainty bound to be the TCCON accuracy (Wunch
et al., 2010), i.e. 0.4 ppm for XCO- and 4 ppb for XCH4. The TCCON data is highly accurate and used as the validation
standard for satellite-derived observations, so we do not expect satellite-based estimates to me more accurate.

The L2 merged products contain therefore two components of the XGHG uncertainties: the calibrated 1o uncertainty of
the retrieved values by the corresponding reference product, and the adjustment uncertainty. These two uncertainties should
be combined as the root sum of squares to obtain a realistic uncertainty of the adjusted XGHG. It is worth noting that the
adjustment uncertainty can be interpreted as an estimate of the accuracy of the XGHG values for the used ensemble, and
therefore does not decrease by averaging XGHG soundings.

The data density mask is also tri-linearly interpolated, leading to an estimate of the data density used to compute the empirical
spatio-temporal adjustment. The B field gaps surrounded by low or no data density had been filled with zeros (see Sect. 3.1.5),
therefore, the empirical spatio-temporal adjustment will be also (close to) zero for L2 soundings in such regions, resulting in
(nearly) uncorrected soundings of the reference product. Such soundings are identified by the data density, whose value is 0
if the computed adjustment for a given sounding was zero, and 1 if the computed adjustment was not affected by smoothing
with zeros due to missing data in the computed B field. The closer the data density to 0, the fewer grid cells with an ensemble
median were used to estimate the corresponding adjustment, so the closer the computed adjustment will be to zero. The data

density mask is therefore especially useful in order to ensure that the XGHG values were adjusted by the ensemble.
3.1.7 Gridding to monthly 1°x 1°

To obtain the merged L3 datasets in Obs4MIPs format, the merged L2 EMMA products obtained from the previous step are

gridded to spatial 1°x 1° and temporal monthly resolution, in contrast with previous product versions (up to v4.6) with monthly
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5°x 5° spatial resolution. The gridding is analogous to that in Sect. 3.1.3 and is based on arithmetic unweighted averaging of
all soundings falling in a grid box for the adjusted XGHG values, the interpolated data density mask, the column averaging
kernel and the a priori profile.

The number of soundings used for averaging, the number of days with L2 data and the standard deviation of the averaged
XGHG values is also included in the final L3 product.

For each grid box, we computed the standard error of the mean (SEM) using Eq. 1. In this case, however, due to the high
spatial resolution of the L3 product and the fact that many of the L2 observations within one grid cell were taken within a short
period of time, we considered the L2 soundings within one day on a 1°x 1° as strongly correlated. Therefore, to compute the
SEM, the number of days with XGHG data within a spatial grid cell was used as the effective number of observations within
that given grid cell. To reduce noise within the level 3 product and to be consistent with previous versions, we filter out grid
boxes whose SEM is larger than 5 ppm for XCO4 or larger than 60 ppb for XCHj,. Individual measurements have typically
lower uncertainties than these thresholds, so this filter only affects regions with low data density and high uncertainty, and is
specially relevant in the SCIAMACHY WFMD XCH, time period.

Additionally, the total uncertainty is estimated as:

&=+/SEM? + o2, @)

where o, represents the gridded tri-linearly interpolated adjustment uncertainty, computed as the root mean squared of all
soundings falling in a grid box.

The ensemble availability is a boolean mask defined from the data density. The ensemble availability has a value of 1 in the
grid cells where the interpolated data density mask is lower than a given threshold, which we chose to be 0.3, and 0 elsewhere
(where there is XGHG data). This means that where the ensemble availability is 1, the XGHG values were not (significantly)

adjusted by the ensemble, i.e. the adjustment is (close to) zero in these cases.
3.2 Validation

The merged L2 and L3 XGHG EMMA v5.1 products were validated against TCCON GGG2020 observations following the
same approach as e.g. Noél et al. (2022); Reuter et al. (2025b). Both the L2 and L3 validation strategies are based on finding
collocations for each individual XGHG sounding (L2) or each grid cell (L3) with TCCON data.

The ground-based TCCON retrieved XGHG was adjusted to the same common a priori used for the satellite data, i.e.
SLIM2025, as explained in Sect. 3.1.1. For the L3 validation, this adjusted TCCON data was gridded to the same spatial
resolution as the L3 merged XGHG product, namely monthly 1°x 1°. Therefore, if several stations lie within the same grid
cell, their data is combined.

The collocations for the L2 validation (based on L2 satellite and TCCON GGG2020 XGHG data) are defined, for each L2
sounding, as the pairs satellite L2-TCCON observations taken less than 2 hours apart from each other, over locations separated

by less than 250 km and whose altitude difference is less than 250 m. The satellite L2 altitude is obtained from the GLO-90
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digital elevation model (DEM) (ESA, 2024), interpolated at the longitude and latitude of the ground pixel center. To ensure
robust results for the validation, only TCCON stations with 12 or more months with collocations are considered.

Analogously, the collocations for the L3 validation (based on gridded L3 satellite and TCCON GGG2020 XGHG data) are
defined, for each merged L3 grid cell, as the pairs satellite L3-TCCON that correspond to the same month, whose cell centers
are separated by less than 250 km and whose altitude difference is less than 250 m. The altitude for the L3 validation is as well
obtained from the GLO90 DEM, in this case re-gridded to the L3 spatial resolution. To ensure robust results for the validation,
only TCCON stations with 30 or more months with collocations are considered.

The validation method is based on a fit of the differences between the satellite and the TCCON XGHG values to a trend
model. This trend model consists of a constant to account for an offset, a linear drift with time, and a sinusoidal part to model
the seasonal fluctuations. The fit is performed independently for the collocations of each TCCON station, from which per-
station statistics are derived. In short, the per-station statistics consist of a regional bias, A, defined as the mean over time
of the fit model; a seasonal bias, A, defined as as the standard deviation of the seasonal term of the fit. The spatio-temporal
bias, Ay, is defined as the root sum of squares (RSS) of the regional and seasonal biases. The linear drift, Ay, corresponds
to the slope of the linear term of the trend model. The single-sounding precision, (L2) or single-grid-cell precision (L3), o, is
computed as the standard deviation of the residual. Finally, the reported uncertainty, oy, is computed as the root mean square
(RMS) over time of the reported XGHG uncertainty of each sounding (L2) or grid cell (L3).

From these per-station statistics, the overall statistics are derived as follow. From the regional per-station biases, Are,, We
compute the average station bias (or global offset), E, as the mean and the station-to-station variability, oy, as the standard

deviation of A,,. The average seasonal bias, A, is computed as the mean of the per-station seasonal biases, A.,. The overall

spatio-temporal bias, Ay is the RSS of the station-to-station variability and the average seasonal bias. Both the overall single-
sounding (L2) or single-cell (L3) precision, o, and the overall reported uncertainty, G, as computed as the RMS from their

per-station counterparts. The details of the validation method are explained in Reuter et al. (2025b).

4 Results and discussion
4.1 Merged XCO3 products

Both a L2 and a L3 XCOQO- product were generated with the EMMA v5.1 algorithm. The L2 XCQ, dataset generated with
EMMA v5.1 is the result of merging the L2 input products listed in Table 1 as described in Sects. 3.1.1 to 3.1.6. By design,
the merged L2 datasets inherit their sampling and ground pixel size from the underlying L2 input used as a reference (depicted
as hatched bars in Fig. 2 and enumerated in Sect. 3.1). The same applies to the L3 merged dataset, illustrated in Figs. 7 and 8,
showing each of these figures three examples of the monthly merged L3 XCO,, dataset for three different years, corresponding
to different reference products.

Figure 7 shows global maps of the monthly L3 XCO-, dataset for the month of May and for three different years (panels a to

c). Despite the different samplings shown in panels a to ¢, arising from the different reference products, there are also visible
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similarities among the three maps. The north-south gradient is specially noticeable, with elevated XCO» values in the northern
hemisphere and lower values in the southern hemisphere.

Figure 8 is analogous to Fig. 7, but showing three plots for the month of July. The difference in the sampling among the
three panels is very similar to that in Fig. 7. The spatial pattern is also similar across the three panels a to ¢, in this case with

lower values in the northern hemisphere compared to the southern hemisphere.
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(a) May 2005, Median = 378.12 ppm
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Figure 7. Global maps of the merged L3 XCQO, dataset for May in three different years corresponding to different reference products. Panel
a shows a global map for May 2005, when BESD is the reference algorithm. Panel b depicts May 2012, when GOSAT FOCAL is used as
a reference. In panel ¢, May 2021 is shown, when OCO-2 FOCAL is the reference product. The color map shows the difference between
the monthly XCO3 and the median of the corresponding year, shown in the title of each panel. The illustration of the monthly XCO2 with
respect to the annual median allows us to visualize the XCOQO. regifga] patterns with the same color scale despite the continuous global

annual increase. Gray areas indicate the absence of data.
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Figure 8. Same as Fig. 7 for the month of July.
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Figure 9. XCO; time series for the northern (NH, red) and southern (SH, blue) hemispheres, as well as global (black). Only data for latitudes
between 60°S and 60°N and land fraction larger than 0.8 are shown. The shaded areas show the root-mean-squared uncertainty (not to be
confused with the uncertainty of the mean) consisting of calibrated measurement noise and the adjustment uncertainty, computed from the

inter-algorithm-spread.

The spatial patterns shown in Figs. 7 and 8 illustrate the inter-annual cycle of XCOQ32, mainly driven by vegetation, and
more pronounced in the northern hemisphere (e.g., Keeling and Graven, 2021; Liu et al., 2024). This seasonal variability is
also evident in Fig. 9, which shows the XCQ4 time series computed from the L3 merged dataset for latitudes between 60°S
and 60°N and land fraction larger than 0.8. The time series also show the well-known long-term increase in XCO, (e.g.,
Friedlingstein et al., 2025).

During the time in which the SCIAMACHY BESD data is used as the reference product (from the beginning of the dataset
until the end of March 2009), there is no other L2 input products, i.e. there is no ensemble to compute an adjustment, so the
SCIAMACHY BESD is included in the merged L2 (and L3) using an adjustment of zero almost everywhere. Only the months
of February and March contain a partial adjustment by the smoothed B field computed from the ensemble after the 1 April
2009. During the time period in which SCTAMACHY is the reference product, it only measured over land.

In August 2017 there is a gap in both L2 and L3 XCQ. datasets. This gap arises from the corresponding OCO-2 input
product used as a reference, and is originated due to a reboot of the sensor.

The overall validation results for both the L2 and L3 XCO-, datasets are shown in Table 3, together with the validation results
of the individual input L2 products. The table shows the overall statistics described in Sect. 3.2. An inter-comparison among the
validation results for the different products is however not straightforward. The criteria for the L2 and L3 validations, though
very similar, are inherently different. Among the L2 products, which use the same criteria for the collocations, the different
samplings and temporal availability lead to different stations with collocations for the different products. Additionally, the
EMMA L2 product itself contains different samplings for different time periods. Therefore, for the TCCON stations with

collocations across the different periods, the validation is typically dominated by the period in which the reference product has
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a higher data volume. For this reason, the EMMA L2 data set was also independently validated for the time periods determined
by the different reference products, whose outcome is also shown in Table 3.

The EMMA L2 XCO- data set has an overall station bias (global offset) of 0.35 ppm, and a station-to-station variability
(regional bias) of 0.40 ppm. These regional bias is smaller than that of all other input L2 products, with the exception of
SCIAMACHY BESD. However, the SCTIAMACHY validation is derived from only five TCCON stations, in contrast to the
more than 18 stations used for all the other products, so the statistics for the SCCAMACHY BESD validation are expected to
be less robust. The seasonal bias of the EMMA L2 XCQ- dataset is 0.26 ppm, and the spatio-temporal bias is 0.47 ppm, the
latter being lower than that of all other input products. The linear drift of 0.00 + 0.12 ppm y ! suggest high stability, similarly
to the input products. The single sounding precision is 1.51 ppm, only higher than that of the OCO-2 and OCO-3 products,
and close to the mean reported uncertainty. These results show an overall good performance of the EMMA L2 XCQ>, dataset,
analogously to all the other input products.

The most straightforward comparison is between the EMMA L2 (OCO-2) and OCO-2 FOCAL, since both products have
the same sampling and the same period was used for the validation. EMMA L2 (OCO-2) slightly improved the regional and
therefore the spatio-temporal bias, as well as the linear drift, at the expense of a higher global offset. Additionally, the similarity
between the validation results of EMMA L2 (OCO-2) and EMMA L2 show the strong influence in the EMMA L2 validation
results of the period in which OCO-2 FOCAL is used as a reference.

The validation results of the L3 dataset are similar to those of the L2 validation, with a slightly larger station-to-station bias
of 0.42 ppm and a higher value of the single-cell precision, due to possible representation errors. Appendix F1 contains more
detailed information on the validation results.

Figures 10 and 11 show the overall agreement between the merged XCO2 EMMA v5.1 L2 and L3 products, respectively,
with TCCON data.
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Figure 11. Same as Fig. 10 for XCO2; EMMA v5.1 Obs4MIPs (L3) product vs TCCON data.
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Table 3. Overview of the validation results for each L2 XCOQ- input product and for the merged L2 and L3 EMMA v5.1 XCOQ» datasets. For

each product (first column) the overall validation statistics described in Sect. 3.2 are shown, namely the average station bias, Ay, together

with the station-to-station variability, oreg, the average seasonal bias, A, the overall spatio-temporal bias, Agy, the overall single-sounding
(L2) and single-cell (L3) precision, &, and the ratio between the latter and the overall reported uncertainty, &rep. The latter corresponds to
the scaling factor used for the uncertainty calibration of the input L2 products (see Sect. 3.1.2). The scaling factor was only applied to the
uncertainties of the input L2 products; for the EMMA products it gives a measure of agreement between the reported and the single-sounding

(L2) or single-cell (L3) precision.

Product A + 0w (ppm)  Aea (ppm) A (ppm)  Aai (ppmy ') T (ppm) T/Gmp
SCIAMACHY BESD 0254023 0.62 0.66 0.18 + 0.18 188 096
GOSAT FOCAL 0.45 + 0.82 0.51 0.96 0084015 271 099
GOSAT-2 FOCAL 032+ 081 0.53 0.97 0124022 278 1.09
0CO-2 FOCAL 0.02 + 0.4 0.25 0.51 0.02+0.11 150 093
GOSAT ACOS -0.10 + 0.49 0.28 0.56 0.07 + 0.25 168 135
0C0-2 ACOS 0.11 + 047 0.23 0.53 003+£012 122 231
GOSAT RemoTeC 0.39 + 0.98 0.51 111 0.18 + 0.33 238 113
GOSAT-2 RemoTeC -0.06 + 0.47 047 0.67 0.07 +0.21 202 094
GOSAT UoL FP 0.17 + 0.59 0.61 0.85 0.06 + 0.14 185 096
GOSAT NIES 0.68 + 0.70 034 0.78 0.01 + 0.15 201 173
GOSAT-2 NIES 3.39 + 0.83 0.55 1.00 0.06 + 0.18 229 379
0C0-3 ACOS 0.12 + 0.48 0.28 0.55 0.08 +0.17 142 221
EMMA L2 0.35 + 0.39 0.26 0.47 0.00 + 0.12 151 091
EMMA (SCIAMACHY)*  -0.04 + n.a. 0.84 na. 0.18 + n.a. 183 091
EMMA L2 (GOSAT) 0.4 + 0.66 0.50 0.83 0.24 + 0.44 222 084
EMMA L2 (0CO-2) 0.34 + 0.40 0.25 0.48 0.00 + 0.12 150 091
EMMA L3 0.29 + 0.42 0.24 0.48 0.00 + 0.1 182 110

*Results computed from only one station, therefore some fields are not applicable (n.a.).

4.2 Merged XCH4 products

The EMMA v5.1 algorithm was also used to generate both a L2 and a L3 XCH, product.

Analogous to the XCOs, dataset, the EMMA v5.1 L2 XCH, dataset is the result of merging the L2 input products listed in
Table 2 as described in Sects. 3.1.1 to 3.1.6. The L2 input products used as a reference are marked as hatched bars in Fig. 3 and
described in Sect. 3.1. Figures 12 and 13 show examples of the L3 dataset for the months of April and October, respectively,
cach of them showing three global maps (panels a to ¢) of the XCH, dataset, corresponding to three different years with three

different reference products.
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Despite the different samplings shown in panels a to c, the spatial pattern in the XCH,4 maps also shows seasonal similarities,
arising from the seasonality of its sources (like wetlands or biomass burning) and sinks (mainly reaction with hydroxyl radicals),
and driven by meteorological conditions (e.g., Dowd et al., 2023; Kirschke et al., 2013). This seasonal cycle is again visible
in the time series shown in Fig. 14, showing, as for XCQO,, the XCH, time series computed from the L3 merged dataset for
latitudes between 60°S and 60°N and land fraction larger than 0.8. In Fig. 14 also the overall increase of atmospheric CHy
over time is visible (e.g., Saunois et al., 2025). The time series shows also the higher XCH, values in the northern hemisphere,
resulting from higher emissions compared to the southern hemisphere.

In Fig. 14 we can observe a large uncertainty until 2009, corresponding to the time period in which SCIAMACHY is the
reference (and only) product. The uncertainty is specially high after November 2005, due to the loss of some methane-sensitive
spectral detector pixels (Schneising et al., 2012).

As is the case for the merged XCO», datasets, during the time in which the SCIAMACHY product, SCCAMACHY WFMD,
is used as the reference (from the beginning of the dataset until the end of March 2009), there is no ensemble to compute an
empirical spatio-temporal adjustment, so the SCIAMACHY WFMD is included in the merged datasets using an adjustment
of zero almost everywhere (with the exception of the result of smoothing the B field computed from the ensemble between
the 1 April 2009 and the end of the SCTAMACHY WEFMD dataset). As for the XCOQ, datasets, the lower quality of the
SCIAMACHY measurements compared to other products is as well reflected in the merged XCHy datasets. Additionally, after

November 2005, SCTAMACHY measured only over land.

22



https://doi.org/10.5194/egusphere-2026-3216
Preprint. Discussion started: 9 November 2026
(© Author(s) 2026. CC BY 4.0 License.

(a) April 2005, Median = 1739.29 ppb

EGUsphere®

30°5

60°5

120°wW 60°W o°

60°E

120°E 180°

T

60°N [
30°N
o G ETE
30°5

60°S |-

(b) April 2012, Median = 1769.46 ppb

120°W 60°W 0°

60°E
(c) April 2021, Median = 1854.99 ppb

180°

Tm——

180°

120°W

60°W 0° 60°E

120°E 180°

-60 -40 =20 0 20
XCH; - Median (ppb)

40 60

Figure 12. Global maps of the merged L3 XCH, dataset for April in three different years, corresponding to different reference products.
Panel a shows a global map for April 2005, when SCIAMACHY WFMD is the reference product. Panel b depicts April 2012, when GOSAT
FOCAL PR is used as a reference. In panel c, April 2021 is shown, when TROPOMI WEMD is the reference product. The color map shows

the difference between the monthly XCH, and the median of the corresponding year, represented as A and shown in the title of each panel.

The illustration of the monthly XCH4 with respect to A allows us 102(§§ua]ize the XCH4 regional patterns with the same color scale despite

the continuous global annual increase. Gray areas indicate the absence of data.
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Figure 14. Analogous to Fig. 9 for the XCH4 dataset.

In January 2015 there is a gap in both L2 and L3 XCH, datasets, arising from a GOSAT instrument adjustment that affected
all GOSAT XGHG products. This gap resulted in a gap in the merged XCH, datasets, since a GOSAT product was used as a
reference for this period.

The overall statistics resulting from the validation of the L2 and L3 XCH, datasets with the ground-based TCCON retrievals
(see Sect. 3.2) are shown in Table 4, together with the validation results of the individual input L2 products. The EMMA L2
(L3) XCH,4 dataset has an overall offset, A, of -6.09 ppb (-6.39 ppb) and a regional variability, oy, 0f 6.63 ppb (3.37 ppb).
The scasonal bias, Ay, is 3.21 ppb (2.68 ppb) and the total spatio-temporal bias, Tqm, is 7.37 ppm (4.31 ppb). The linear drift,
A, was estimated to be 0.42 + 1.14 ppb y—! (0.11 & 0.62 ppb y—1). The single-sounding precision, Oreg» 18 20.87 ppb (9.01
ppb), very similar to the average reported precision, Grep, of 21.11 ppb (11.05 ppb), leading to a ratio between the former and
the latter of 0.99 (0.82). More detailed information on the validation results is shown in Appendix F2.

As mentioned in Sect. 4.1, a comparison among the validation results for the different products should be done carefully. In
this case, the inclusion of different stations for the validation of the different products leads to higher differences among the
results.

The EMMA L2 validation is strongly influenced by the stations of Izafia (iz) and Lauder (lh), as shown in Table F3. The
number of collocations found for these two stations is much smaller (only about 0.002% of the total amount of collocations)
than for all other sites. For the site of Lauder (lh), there are only collocations during the time in which SCTAMACHY was used
as a reference, which causes a significant increase of the single-sounding error. For the site of Izana (iz) there are collocations
during the time in which TROPOMI WEFMD is the reference product. However, due to the high altitude of the station compared
to its surroundings, there are much less collocations than for the other stations, while having the same weight in the overall
validation results.

Figures 15 and 16 show the merged XCH4 EMMA v5.1 L2 and L3 datasets, respectively, plotted against their corresponding
TCCON collocated data.
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Table 4. Overview of the validation results for each L2 XCH, input product and for the merged L2 and L3 EMMA v5.1 XCH, datasets.

The table is

EGUsphere\

analogous to Table 3.
Product Areg + 0w (ppb)  Aea (ppb) A (ppb)  Aua (ppby ') T (ppb)  T/5wp
SCIAMACHY WEMD -2.35+6.21 14.42 15.70 0.71 £9.55 98.33 1.17
GOSAT FOCAL -7.55 +4.33 3.00 5.27 -0.42 +1.39 16.90 0.86
GOSAT FOCAL PR -6.22 +4.79 2.01 5.20 0.14 £ 0.71 13.63 0.90
GOSAT-2 FOCAL -6.05 +4.29 2.71 5.08 0.33 £ 1.39 13.98 0.83
GOSAT-2 FOCAL PR -6.31 £+ 3.80 1.73 4.18 0.15 £ 093 12.09 0.83
GOSAT RemoTeC 8.89 + 3.84 1.93 4.30 0.79 £ 1.32 13.44 0.98
GOSAT RemoTeC PR 5.63 +3.59 2.63 4.45 -0.75 + 1.38 14.28 1.07
GOSAT-2 RemoTeC -0.51 £+ 3.00 2.23 3.74 1.69 + 1.23 12.12 0.91
GOSAT-2 RemoTeC PR 4.43 +3.53 1.81 3.96 1.254+0.72 13.88 0.99
GOSAT UoL FP 3.61 £3.10 248 3.97 -0.15+£0.72 12.15 0.85
GOSAT UoL PR 7.40 +4.22 2.29 4.80 0.74 £ 1.01 13.54 1.18
GOSAT NIES -1.79 £ 3.25 1.79 3.71 0.04 £0.72 12.04 1.53
GOSAT-2 NIES -4.04 +4.42 3.01 5.35 0.39 + 1.21 11.32 4.69
GOSAT-2 UoL PR 10.21 +4.84 3.71 6.10 2.10 £ 0.55 11.77 0.68
TROPOMI WFMD -0.01 £7.16 2.93 7.73 -0.22 + 1.16 14.79 1.05
EMMA L2 -6.09 £+ 6.63 3.21 7.37 042+ 1.14 20.87 0.99
EMMA L2 (SCIAMACHY) -19.53 + 0.30 13.19 13.19 -6.06 £ 2.25 80.15 0.99
EMMA L2 (GOSAT) -8.22 4+ 3.66 1.88 4.12 -0.15+0.93 12.73 0.90
EMMA L2 (TROPOMI) -4.81 +6.34 3.04 7.03 0.57 £ 1.08 14.67 0.91
EMMA L3 -6.39 £ 3.37 2.68 4.31 0.11 £ 0.62 9.01 0.82
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Figure 16. Same as Fig. 10 for XCH4 EMMA v5.1 Obs4MIPs (L3) product vs TCCON data.
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5 Conclusions

Improved and updated ensemble-based L2 and L3 satellite-derived XCQO, and XCH, data sets were generated using the
new EMMA v5.1 algorithm. The four merged datasets cover the time period from 2003 to 2024. The XCQO» L2 dataset
is available at https://doi.org/10.5281/zenodo.18610669 (Fuentes Andrade et al., 2026b). The XCH,4 dataset is available at
https://doi.org/10.5281/zenodo.18608583 (Fuentes Andrade et al., 2026a). The L3 datasets will be available at the CDS (https:
/fcds.climate.copernicus.eu/).

The new EMMA v5.1 approach is conceptually similar to earlier EMMA versions. It is based on the same assumption that the
ensemble median is a good representative of the true atmospheric state over a region, while adopting a different modus operandi.
By selecting a reference L2 product for each time period and applying the empirical spatio-temporal adjustment derived from
the ensemble of input products, EMMA v5.1 eliminates potential discontinuities (at monthly 10°x 10° boundaries) inherent to
previous EMMA implementations. As a result, the merged L2 data preserve the spatial resolution and sampling of the reference
products. Therefore, the chosen reference products lead to an increased sampling density and spatial coverage, mainly in the
time period in which OCQO-2 FOCAL for XCQO» and TROPOMI WFMD for XCH,4 were the reference products.

The presented datasets also include data retrieved from a larger number of sensors, as well as new and updated L2 input
products. Additionally, the L3 products have higher spatial resolution (1°x 1) compared to previous versions of these datasets.

From the validation against TCCON data we conclude that the products present long-term stability and no significant biases,
constituting therefore long-term and consistent data records of XCQO4 and XCH,.

Some applications of the XCQOy and XCH4 L2 and L3 products presented here are flux inversions and trend analysis.
Previous versions of these datasets have been used for comparison with climate models (Laughner et al., 2024; Gier et al., 2020),
and estimation of mean annual growth rates (Buchwitz et al., 2018; Reuter et al., 2020; C3S and WMO, 2025). Additionally, the
spatial consistency and increased sampling density, which is inherited from the corresponding L2 reference products, makes the
new resulting L2 datasets suitable for all the applications of their underlying L2 reference products, such as hotspot emission

estimation, which is possible using e.g. TROPOMI WFMD or OCO-2 FOCAL.

Data availability. The EMMA v5.1 merged L2 datasets are available at https://doi.org/10.5281/zenodo.18610669 (Fuentes Andrade et al.,
2026b) for XCO2 and at https://doi.org/10.5281/zenodo. 18608583 (Fuentes Andrade et al., 2026a) for XCHy4. The corresponding EMMA
v5.1 merged L3 XCO» and XCH, datasets will be made available at https://cds.climate.copernicus.eu/.

The input L2 products are available at the following addresses. The SCIAMACHY BESD data is available at https://www.iup.uni-bremen.de/
~mreuter/besd.php, SCIAMACHY WFMD data at https://www.iup.uni-bremen.de/sciamachy/NIR_NADIR_WFM_DOAS/products/, OCO-
2 FOCAL at https://www.iup.uni-bremen.de/~mreuter/focal.php, and TROPOMI WEMD at https://www.iup.uni-bremen.de/carbon_ghg/
products/tropomi_wfmd/. The ACOS products for GOSAT, OCO-2 and OCO-3 are available at https://oco2.gesdisc.eosdis.nasa.gov/data/.
The GOSAT NIES data can be found at https://data2.gosat.nies.go.jp and GOSAT-2 NIES at https://prdct.gosat-2.nies.go.jp. The GOSAT and
GOSAT-2 FOCAL products are available on request from the authors. The GOSAT UoL-FP products can be downloaded from https://cds.
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435 climate.copernicus.eu/. The GOSAT and GOSAT-2 UoL-PR products, as well as GOSAT RemoTeC data are available at https://catalogue.
ceda.ac.uk/. The GOSAT-2 RemoTeC data can be found at https://zenodo.org/records/12180512.

Appendix A: List of TCCON sites

Table A1 shows a list with the TCCON sites used for the validation, sorted from north to south. Their location name, longitude,

latitude, altitude and corresponding references are shown along.
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Table Al. TCCON sites, sorted by descending latitude (i.e. north to south) used for the validation of the merged EMMA v5.1 XGHG

EGUsphere\

products.
Site ID Location Longitude (°) Latitude (°)  Altitude (km) Reference

eu Eureka, Canada -86.44 80.02 0.61 Strong et al. (2022)
ny Ny-Alesund, Svalbard, Norway 11.91 78.98 0.02 Buschmann et al. (2022)
S0 Sodankyld, Finland 26.64 67.24 0.19 Kivi et al. (2022)

et East Trout Lake, Canada -104.47 54.18 0.50 Waunch et al. (2022)
bi Bialystok, Poland 23.00 53.13 0.19 Petri et al. (2024a)
br Bremen, Germany 8.85 53.11 0.03 Notholt et al. (2022)
hw Harwell, UK -1.32 51.55 0.14 Weidmann et al. (2023)
ka Karlsruhe, Germany 8.44 49.07 0.11 Hase et al. (2024)

pr Sorbonne Université, Paris, FR 2.36 48.87 0.06 Té et al. (2022)

or Orleans, France 2.11 47.99 0.13 Warneke et al. (2024)
gm Garmisch, Germany 11.04 47.50 0.74 Sussmann et al. (2025)
pa Park Falls, Wisconsin, USA -90.36 46.00 0.47 Wennberg et al. (2022c)
1j Rikubetsu, Hokkaido, Japan 143.89 43.48 0.38 Morino et al. (2022a)
if Indianapolis, Indiana, USA -86.00 39.87 0.27 Iraci et al. (2022a)
xh Xianghe, China 117.00 39.77 0.04 Zhou et al. (2022)
oc Lamont, Oklahoma, USA -97.10 36.68 0.32 Wennberg et al. (2025)
tk Tsukuba, Ibaraki, Japan, 125HR 140.02 36.02 0.03 Morino et al. (2022b)
ni Nicosia, Cyprus 33.39 35.14 0.18 Petri et al. (2024b)
df AFRC, Edwards, CA, USA -117.40 34.72 0.70 Iraci et al. (2022b)

jc JPL, Pasadena, California, USA -118.08 34.23 0.39 Wennberg et al. (2022d)
it JPL, Pasadena, California, USA -118.04 34.18 0.39 Wennberg et al. (2022b)
ci Pasadena, California, USA -119.02 34.04 0.24 Wennberg et al. (2022a)
js Saga, Japan 130.14 33.18 0.01 Shiomi et al. (2022)
hf Hefei, China 117.12 31.89 0.04 Liu et al. (2023)

iz Izana, Tenerife, Spain -16.50 28.27 2.37 Garcia et al. (2022)
bu Burgos, Philippines 120.72 18.51 0.04 Morino et al. (2022¢)
ma Manaus, Brazil -60.60 -3.21 0.05 Dubey et al. (2022)
db Darwin, Australia 130.61 -12.48 0.04 Deutscher et al. (2023b)
ra Reunion Island, France 55.50 -20.90 0.08 De Maziére et al. (2022)
wg Wollongong, Australia 150.53 -34.47 0.03 Deutscher et al. (2023a)
11 Lauder, New Zealand 169.21 -45.00 0.37 Sherlock et al. (2022b)
Ir Lauder, New Zealand 169.27 -45.00 0.37 Pollard et al. (2022)
lh Lauder, New Zealand 169.68 -45.02 0.37 Sherlock et al. (2022a)
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440 Appendix B: GOSAT and GOSAT-2 FOCAL v4.0 products

The GOSAT and GOSAT-2 FOCAL products v4.0 used in this work are essentially based on the algorithm described in Noél
et al. (2022). The main difference is an updated post-processing (filtering and bias correction) which in general results in
a larger number of finally valid data, especially over ocean. Furthermore, the temporal coverage of both data sets has been
extended until the end of 2024.

445 The following main changes apply for both GOSAT and GOSAT-2:

Use of more recent Level 1 product versions as input (v300.300 for GOSAT, v220.221 for GOSAT-2).

Use of an updated SLIM2024 climatology for a-priori data.

Use of updated a-priori covariances; especially, use of specific covariances for CHy instead of scaled CO4 values.

Use of an updated reference data base (also involving SLIM2024) in the post-processing.

450 — No manually adjusted filtering in post-processing for scattering parameters. All filter parameters and limits are now
determined by the variance reduction method (see Noél et al. (2022)).
Specifically for GOSAT-2, the following modifications apply in addition:
— Radiance noise is calculated from the signal-to-noise values given in the Level 1 files.
— The XN»O retrieval now uses also SLIM2024 a-priori data (instead of a fixed profile). Furthermore, XN5O is now
455 derived from profile retrieval, not by profile scaling as before.

Appendix C: Global offset correction on the individual gridded input products

Figures C1 and C2 show the influence of the global offset correction.
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Figure C1. Global monthly average bias for XCQ» relative to SLIM CO» before (panel a) and after (panel b) global offset adjustment. The
global offset applied to each L2 product is shown in the legend.
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Figure C2. Global monthly average bias for XCH, relative to SLIM C
global offset applied to each L2 product is shown in the legend.
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Appendix D: Examples of monthly gridded input products and their median

Figures D1 and D2 show examples of the calculated monthly 10°x 10° XCO, and XCH, averages, respectively, for the
available input products in the corresponding months, together with the corresponding SLIM averages, the median field and
the IAS (defined in Sect. 3.1.5). The different XGHG and SLIM averages and the median field show large-scale similarities,
such as the north/south gradient, but also variations among the different L3 averages (see panels a to 1 in Fig. D1 and a to o in
D2). The IAS is a measure of these variations among the different L3 averages. Examples of the computed IAS are shown in

Fig. D1 (panel p) for XCO4 and Fig. D2 (panel r) for XCHy.

(a) SCIAMACHY BESD v02.01.02 b} GOSAT FOCAL v4.0 (¢) GOSAT-2 FOCAL v4.0

Yt

{f] DCO-2 ACDS w11.21

(1) GOSAT Unl FP w3

{j) GOSAT NIES v3.05

[k} GOSAT-2 NIES w220 & w02.21

. R,

o T —

60°N
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] ]
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Figure D1. Monthly gridded XCO- averages for the L2 input satellite products after adjustment for a common a priori and offset correction
(panels a to 1), XCO» SLIM2025 (panel n), L3 median (panel 0) and inter-algorithm spread (defined in Sect. 3.1.5, panel p) for the example
of August 2019 for EMMA X CO-. Gray areas indicate that there is no valid gridded L3 data in the corresponding grid cell. The red markers
in panel (p) indicate the locations of TCCON stations.
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Figure D2. Monthly gridded XCH, averages for the L2 input satellite products after adjustment for a common a priori and offset correction

(panels a to o), XCH4 SLIM2025 (panel p), L3 median (panel q) and inter-algorithm spread (defined in Sect. 3.1.5, panel r) for EMMA

XCHy4 v5.1 in September 2019. Gray areas indicate that there is no valid gridded L3 data in the corresponding grid cell. The red markers in

panel (1) indicate the locations of TCCON stations.

35



465

470

475

480

485

https://doi.org/10.5194/egusphere-2026-3216
Preprint. Discussion started: 9 November 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Appendix E: Modified normalized convolution

Let us define the validity mask, v, of the B field as a boolean mask that contains zeros where the B field has gaps and ones
elsewhere, i.c.
1 B;isvalid
v = (E1)
0 B;isgap
for each element 7 of B. A synthetic example of a B field with gaps is illustrated in panel (a) of Fig. E1, and its corresponding
validity mask in panel (e).

Let us denote with the subscript s the result of applying the smoothing kernel to a given field. Therefore, the smoothed
validity mask, vy, is the result of applying the smoothing kernel to v. A common approach for normalized convolution is to
normalize by the smoothed validity mask, v,. Panel (c) in Fig. E1 shows an example of gap-filling using such a convolution.
However, large regions with gaps can lead to extrapolation artefacts, noticeable for example in the large region with low values
at the center top of the same panel.

We defined a new mask, denoted u, for the normalized convolution. The new mask, u, results from smoothing a modified
validity mask, u. This modified validity mask, u, is derived from modifying v based on the values of v,, so that u is set to one
where the values of v, are less than or equal to a given threshold, £, (i.e. in regions of low data density) and it keeps the values

of v elsewhere:
u; = ot =70 (E2)

The corresponding examples of u and 1, are shown in panels (g) and (h) of Fig. E1, respectively.

The mask u effectively treats gaps with low data density as valid for the interpolation. These gaps in the B field are filled
with zeros, and the result is convolved with a Gaussian kernel and normalized by u,, as illustrated in panel (d). The resulting
gap-filled B field will contain zero values in regions with low data density, which will lead to zero-valued spatio-temporal
adjustments, i.e. they would leave the reference product unadjusted.

The Gaussian filters applied in all these steps have a sigma of half the grid-cell size and the convolution kernels are truncated

at twice the grid-cell size. The ¢ used as a threshold to define u is 0.001.
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Figure El. Illustration of the modified normalized convolution using synthetic data. Both the x and y axes in all panels show pixel indices.
The top colour bar is expressed in arbitrary units (a.u.). Panel (a) represents the original B field with gaps. Panel (b) illustrates the B field
after gap-filling with B.. Panel (c) and (d) show the B field after gap filling with B, normalized by v, and by u, respectively. Panels (e)
to (h) show the masks used for normalization: (e) illustrates the validity mask, and (f) its smoothed counterpart; (g) illustrates the modified

validity mask, and (h) its smoothed version.
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Appendix F: Extended validation results

In this section, the validation results of the EMMA v5.1 XGHG (XCO, and XCH,) L2 and L3 datasets are presented in more
490 detail.

F1 Merged XCO, products
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Table F1. Per station statistics (as explained in Sect. 3.2) obtained for the EMMA v5.1 XCQ, L2 dataset. The columns indicate, from
left to right, the TCCON station id (see Table Al), regional bias (A,), seasonal bias (A,), spatio-temporal bias (Agy), linear drift (Agg),
single-sounding precision (o), average reported uncertainty (o) and number of collocations (No. coll.). The last column contains the overall

statistics, derived from their corresponding per-station values as indicated in Sect. 3.2.

Station  Arg (ppm)  Asea (ppm) Ay (ppm)  Agi (ppmy ') o (ppm)  owp (ppm)  No. coll.

ny -0.53 0.35 0.63 -0.17 1.75 1.88 297
S0 -0.23 0.14 0.27 -0.08 1.62 1.74 34631
et 0.46 0.22 0.51 -0.08 1.54 1.75 43052
bi 0.25 0.10 0.27 0.14 1.28 1.60 16110
br 0.68 0.33 0.76 -0.07 1.24 1.74 6971
hw 0.08 0.54 0.55 0.28 1.40 1.70 11234
ka 0.50 0.43 0.67 -0.02 1.44 1.64 29200
pr 0.44 0.36 0.57 0.09 1.44 1.65 63688
or 0.64 0.12 0.66 0.07 1.40 1.65 59052
gm 1.18 0.41 1.25 0.10 1.38 1.64 21862
pa 0.07 0.39 0.39 0.02 1.58 1.65 96764
Ij 0.48 0.21 0.52 0.02 1.71 1.72 14557
xh 0.58 0.38 0.69 0.06 1.96 1.73 27536
oc 0.50 0.20 0.53 -0.04 1.38 1.59 273239
tk 0.79 0.35 0.86 0.14 1.59 1.74 42218
ni 0.51 0.11 0.52 -0.01 1.44 1.61 136005
df 0.20 0.09 0.22 0.00 1.31 1.56 301007
it 0.63 0.45 0.77 -0.05 1.84 1.62 10230
ci 0.06 0.25 0.26 0.05 1.66 1.59 282564
Js 0.68 0.24 0.72 0.29 1.41 1.69 92087
hf 1.22 0.52 1.33 -0.12 1.80 1.71 26092
iz 0.03 0.23 0.23 -0.04 1.66 1.68 7497
bu 0.19 0.07 0.20 -0.07 1.47 1.64 37062
db -0.20 0.19 0.27 -0.23 1.50 1.55 130005
ra 0.48 0.10 0.49 -0.18 1.33 1.58 35279
wg 0.17 0.14 0.22 -0.15 1.26 1.60 52083
Ir -0.21 0.19 0.29 -0.09 1.31 1.63 30809
1l 0.29 0.29 0.41 0.11 1.38 1.54 25612
Overall 0.35 +0.39 0.26 0.47 0.00 +0.12 1.51 1.66 1906743
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Table F2. Analogous to Table F1 for the validation results of the EMMA v5.1 XCQ. L3 dataset. The station IDs that appear aggregated lie

within the same grid box are were considered as one station.

Station A (ppm)  Asea (ppm) A (ppm)  Agi (ppmy ') o (ppm) owp  No. coll.

ny -0.42 0.36 0.56 -0.11 2.07 1.91 166
S0 -0.25 0.07 0.26 0.02 2.26 1.93 730
et 0.58 0.14 0.60 -0.08 2.18 1.64 689
bi 0.24 0.24 0.34 0.18 2.28 1.71 289
ka 0.30 0.30 0.42 -0.00 2.00 1.60 273
pr 0.54 0.39 0.66 -0.06 2.08 1.57 347
gm 0.75 0.36 0.83 0.11 1.57 1.75 173
or 0.76 0.24 0.80 0.03 2.05 1.65 630
pa 0.18 0.45 0.48 -0.03 2.15 1.74 1034
xh 1.15 0.23 1.18 0.03 2.76 1.71 255
oc 0.36 0.14 0.38 0.07 1.67 1.54 1583
tk 0.54 0.35 0.64 0.16 1.80 1.74 261
ni 0.16 0.12 0.20 -0.03 1.17 1.52 571
df 0.72 0.12 0.73 0.02 1.35 1.39 732
jetci+f -0.66 0.46 0.80 -0.06 1.91 1.57 656
s 0.69 0.14 0.71 0.24 1.67 1.73 587
bu 0.10 0.36 0.38 0.05 1.08 1.58 343
db 0.01 0.06 0.06 -0.16 1.38 1.54 764
ra 0.19 0.22 0.29 -0.19 0.98 1.55 400
wg 0.12 0.05 0.13 -0.09 1.24 1.65 559
Ih-+Ir+ll 0.09 0.25 0.27 -0.10 1.40 1.54 296
Overall  0.29 + 0.42 0.24 0.48 0.00 + 0.11 1.82 1.65 11338
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Figure F1. Bar plot of the XCO» L2 EMMA validation results shown in Table F1.
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Figure F2. Bar plot of the XCO» L3 EMMA validation results shown in Table F2.
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Figure F3. Co-located XCQO2 L2 EMMA and TCCON observations. Each plot shows the collocations for a different station.
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Figure F4. Co-located XCO; L3 EMMA and TCCON observations. Each plot shows the collocations for a different station.
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Table F3. Analogous to F1 for the validation results of the EMMA v5.1 XCH,4 L2 dataset.

Station A (PPD)  Asea (PPb)  Agpi (ppb)  Aai (ppby ') o (ppb)  owp (ppb)  No. coll.

eu 8.30 9.06 12.28 4.03 17.08 16.25 68921
ny -4.71 3.81 6.06 -1.43 2042 20.20 90264
SO -5.72 3.49 6.70 -0.11 17.87 19.99 310707
et -0.87 6.18 6.24 -0.80 18.57 17.81 623345
bi -8.42 3.01 8.95 0.50 13.24 14.12 35725
br -9.31 0.82 9.35 0.33 12.92 14.51 113924
hw -3.25 279 4.28 0.68 13.66 16.99 110165
ka -10.58 1.54 10.69 1.28 12.71 15.49 332768
pr -10.39 1.46 10.49 1.45 12.84 15.14 511688
or -1.38 0.86 7.43 1.35 12.24 14.86 495324
gm -1.68 3.00 3.44 0.36 14.68 17.33 128842
pa -6.14 4.43 7.57 -0.05 16.83 17.12 707961
1 -1.25 3.05 3.30 1.03 15.07 17.45 21377
xh 1.65 7.17 7.36 0.26 18.12 14.45 679932
oc -10.03 091 10.07 0.08 12.62 13.93 1601270
tk -6.46 2.95 7.10 1.78 11.66 14.92 23363
ni -4.73 0.60 477 0.96 12.52 15.07 230657
df -4.04 3.81 5.55 0.39 12.46 13.70 1030927
it -14.91 1.17 14.95 0.37 12.76 13.03 3519
ci -8.84 4.56 9.95 0.54 15.58 13.98 691213
js -5.19 247 5.74 1.24 13.34 1592 59376
hf -5.52 1.52 5.73 0.86 15.13 15.55 317486
iz 17.02 1.53 17.09 1.42 12.12 14.38 145
bu -8.09 2.13 8.36 -0.66 11.68 16.97 61447
db -11.65 1.72 11.78 -0.90 12.94 14.42 323450
ra -14.58 4.94 15.40 -2.45 11.23 16.95 12227
wg -10.36 2.62 10.69 0.68 16.52 17.47 103876
Ir -11.56 3.11 11.97 -0.19 12.47 16.30 90301
1l -6.92 3.55 7.77 -0.91 11.60 16.71 5327
lh -16.95 7.97 18.74 0.51 84.11 77.16 192
Overall -6.09 + 6.63 3.21 737 042+ 1.14 20.87 21.11 8785719

F2 Merged XCH, products
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Table F4. Analogous to F1 for the validation results of the EMMA v5.1 XCH,4 L3 dataset.

Station Arg (ppb) Aswa (ppb)  Agqu(ppb)  Aai (ppby ') o (ppb)  owp (ppb)  No. coll.

ny -4.70 3.52 5.87 -1.30 13.34 14.03 1149
S0 -7.13 2.18 7.46 -0.09 11.42 12.50 1844
et -1.26 3.30 3.53 -0.86 8.52 10.74 1845
bi -6.44 1.82 6.70 -0.64 1043 10.77 666
ka -11.68 2.60 11.97 0.20 7.24 9.01 475
pr -9.09 2.28 9.37 0.60 7.52 8.48 638
gm -0.98 3.73 3.86 0.29 8.61 11.08 492
or -6.14 1.41 6.30 0.12 7.67 9.80 1517
pa -8.00 4.26 9.06 -0.08 12.34 14.04 2186
Ij -1.23 1.22 1.74 0.86 8.21 10.70 187
xh 0.74 9.12 9.15 0.73 8.15 8.23 448
oc -8.77 0.53 8.78 -0.19 6.74 7.94 2085
tk -11.44 4.26 12.21 0.92 8.59 10.66 269
ni -4.54 0.79 4.61 0.61 6.73 8.56 668
df -3.88 3.40 5.16 0.66 4.05 8.03 710
jetci+if -10.29 299 10.71 0.55 9.50 12.53 871
Js -6.58 1.71 6.79 1.21 10.42 11.89 833
bu -5.48 0.93 5.56 -0.45 8.17 12.74 432
db -1.53 0.93 7.59 0.20 7.74 9.90 828
ra -8.37 2.83 8.83 -0.68 8.59 11.48 138
wg -9.25 2.67 9.63 -0.22 11.15 12.05 579
lh+lr+1l -8.65 247 8.99 -0.08 8.02 14.09 386
Overall -6.39 + 3.37 2.68 4.31 0.11 £ 0.62 9.01 11.05 19246
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Figure F5. Bar plot of the XCH4 L2 EMMA validation results shown in Table F3.
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Figure F7. Co-located XCH4 L2 EMMA and TCCON observations. Each plot shows the collocations for a different station.
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Figure F8. Co-located XCH4 L3 EMMA and TCCON observations. Each plot shows the collocations for a different station.
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Appendix G: Comparison to EMMA version 4.6

This section presents a comparison between the L3 datasets generated with the current EMMA v5.1 and the previous EMMA
v4.6, for both XCO5 (Sect. G1) and XCH,4 (Sect. G2).

G1 Comparison between L3 EMMA v5.1 and v4.6 XCO products

Figures G1 and G2 show examples of global maps of the months of May 2020 and July 2020, respectively, for the L3 EMMA
v5.1 product in its original spatial resolution, re-gridded to match the EMMA v4.6 spatial resolution, and the L3 v4.6 product.
The plots for both versions of the datasets present similar features, such as the pronounced north-south gradient, with high
XCOg values in the northern hemisphere at the beginning of the growing season in Fig. G1 and the inversion of this gradient

shown in Fig. G2. Overall, both figures show higher coverage of the (re-gridded) v5.1 product compared to its v4.6 counterpart.

v5.1 (re-gridded to v4.6 resolution)
[

-, - = - - a8

a
5
wea2 {pam)

= 400.9

Figure G1. L3 XCO3 global map for May 2020 showing (a) v5.1 in its original 1°x1° spatial resolution, (b) v5.1 re-gridded to match the

v4.6 5°x5° resolution, and (c) v4.6 in its original 5°x5° spatial resolution.
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Figure G2. Analogous to G1 for July 2020.
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Figure G3 shows the re-gridded L3 EMMA v5.1 product against the v4.6 analogous. In the plot we can observe that the
data concentrates around the one-to-one line. Both the slope and the coefficient of determination resulting from the fit are very
close to one, showing good agreement between both datasets. Both datasets agree almost perfectly for the lowest XCOs values,

505 i.e. below approximately 380 ppm. These values correspond to the period in which SCTIAMACHY BESD is the reference and
the only available product, so both datasets are almost identical in this period because there is no ensemble to compute the

empirical spatio-temporal adjustment from.
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Figure G3. Scatter plot of L3 v4.6 XCO» against L3 v5.1 XCO3 (re-gridded to the v4.6 resolution). Each point represents a grid box (5°x5°)
containing data in both datasets. The data was fitted to a straight line, yielding both a slope and a coefficient of determination (r*) very close
to one. Marker colors indicate the number of counts (note the logarithmic scale of the colorbar) in a 2-D histogram, showing that the data

concentrates near the one-to-one line (black).

Figure G4 shows the time series for three latitude bands for both the L3 EMMA v5.1 and v4.6 products. For each month
and latitude band, the mean XCO3 values are shown. Only grid boxes with XCO4 data from both v4.6 and the re-gridded v5.1

510 products were used for the plot. Both datasets exhibit very similar behaviours in the time series.
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Figure G4. Time series for L3 XCO» v5.1 (blue) and superposed L3 XCO3 v4.6 (orange). The dashed gray vertical lines mark the changes

in the reference product, i.e. from the beginning of the dataset until the end of March 2009, SCIAMACHY BESD was used as the reference;

from April 2009 until the end of August 2014, GOSAT FOCAL was the reference; and from September 2014 until the end of the dataset

period, the reference product was OCO-2 FOCAL. Three latitude bands were used, shown in the corresponding panels: panel (a) shows the
latitude band from 20° N - 60° N, panel (b) shows 20° S to 20° N, and panel (c) shows 60° S to 20° S.
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G2 Comparison between L3 EMMA v5.1 and v4.6 XCH 4 products

Figures G5 and G6, which are analogous to Figs. G1 and G2, show examples of global maps of the months of April 2020 and

October 2020 for the comparison between the (re-gridded) L3 XCH4 EMMA v5.1 product and the v4.6 version. Again, the

figures illustrate similar features from both dataset versions, such as the spatial latitudinal gradients or regionally enhanced
515 values, as well as an improved spatial coverage of the re-gridded v5.1 dataset with respect to v4.6.

Figure G7 shows the re-gridded XCH,4 L3 EMMA v5.1 against the v4.6 product. Analogous to Fig. G3, most data lie near
the one-to-one line, and the linear fit yields both a slope and correlation coefficient very close to one. Also in this case, the
lowest XCHy values (below approximately 1630 ppb) in both datasets agree almost perfectly due to the lack of ensemble
products for the empirical spatio-temporal adjustment during the period in which SCTAMACHY WFMD is the reference.

520 Finally, the time series for three latitude bands for both the L3 EMMA v5.1 and v4.6 products are illustrated in Fig. G8,

analogous to Fig. G4, showing again similar behaviours in both versions.
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Figure G6. Analogous to G1 for L3 XCH, and October 2020.
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