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Abstract: The COllaborative Carbon Column Observing Network has become a reliable
source of high-quality ground-based remote sensing network data that provide column-
averaged dry-air mole fractions of carbon dioxide (XCO;), methane (XCHy,), and carbon
monoxide (XCO). The fiducial reference measurements of these gases from the COCCON
complement the TCCON and NDACC-IRWG data. This study shows the application of
COCCON data for the validation of existing greenhouse gas satellite products. This study
includes the validation of XCH4 and XCO products from the European Copernicus Sentinel-
5 Precursor (S5P) mission, XCO, products from the American Orbiting Carbon Observatory-
2 (OCO-2) mission, and XCO, and XCH4 products from the Japanese Greenhouse gases
Observing SATellite (GOSAT). A total of 27 datasets contributed to this study; some of
these were collected in the framework of campaign activities and covered only a short
time period. In addition, several permanent stations provided long-term observations. The
random uncertainties in the validation results, specifically for S5P with a lot of coincidences
pairs, are found to be similar to the comparison with the TCCON. The comparison results
of OCO-2 land nadir and land glint observation modes to the COCCON on a global scale,
despite limited coincidences, are very promising. The stations can, therefore, expand on
the coverage of the already existing ground-based reference remote sensing sites from the
TCCON and the NDACC network. The COCCON data can be used for future satellite and
model validation studies and carbon cycle studies.

Keywords: fiducial reference measurements; greenhouse gas; validation; COCCON;
Sentinel-5 Precursor; OCO-2; GOSAT; remote sensing; TCCON; NDACC-IRWG

1. Introduction

Satellite missions require calibration (Cal) and validation (Val) of their products post-
launch for the estimation of uncertainties and to ensure that they provide reliable infor-
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mation on the measured variables. The lack of fiducial reference measurement (FRM)
data limits the use of satellite data for any quantitative purpose as the accuracy of the
data product cannot be estimated. This paper should be considered as a direct contin-
uation of the companion paper, which gives an overview of the instruments capable of
providing FRM data for satellites measuring greenhouse gases (GHGs) [1]. These in-
struments are part of the COllaborative Carbon Column Observing Network (COCCON;
https:/ /www.imk-asf kit.edu/english/COCCON.php, accessed on 1 March 2024), which
follows the established protocol for instrument calibration, operation, maintenance, data
acquisition and processing, data quality control, and public data dissemination. A self-
assessment of the COCCON, providing dry-air column-averaged mole fractions of carbon
dioxide (XCO;), methane (XCHy4), and carbon monoxide (XCO) against the CEOS-FRM
(Committee on Earth Observation Satellites) maturity matrix (MM), has been performed.
The results show “ideal” or “excellent” grades for several categories, except for the Au-
tomation level, where the grading is “good”. The COCCON, therefore, can complement
the reference data provided by the Total Carbon Column Observing Network (TCCON;
https:/ /tccon-wiki.caltech.edu/, accessed on 1 March 2024) [2] and the InfraRed Working
Group of the Network for the Detection of Atmospheric Composition Change (NDACC-
IRWG; https:/ /www?2.acom.ucar.edu/irwg, accessed on 1 March 2024) [3]. The NDACC-
IRWG will be herewith referred to as NDACC. In this paper, we will show how such a suite
of independent, fully characterized, and traceable measurements of the COCCON help
in the evaluation of target GHGs measured by a multiple suite of satellite-borne sensors.
The satellite sensors evaluated are the European Copernicus Sentinel-5 Precursor (S5P), the
American Orbiting Carbon Observatory-2 (OCO-2), and the Japanese Greenhouse gases
Observing SATellite (GOSAT).

Space-based retrievals of greenhouse gases are capable of providing a global picture of
their distribution by quantifying the sources and sinks from top-down estimates via their
use in inverse modeling. GOSAT is the first of the series of dedicated GHG missions [4,5]
that was successfully launched in 2009. This was followed by the successful launch of
OCO-2 in 2014, the launch of the S5P in 2017, and several other missions since then. The
Thermal and Near-Infrared Sensor for carbon Observation-Fourier Transform Spectrometer
(TANSO-FTS) instrument onboard GOSAT and the OCO-2 was the first space-based sensor
designed specifically to retrieve carbon dioxide (CO;) concentrations using measurements
of reflected sunlight. The TROPOMI instrument onboard the S5P mission and TANSO-FTS
onboard GOSAT infers methane (CHy4) concentrations using similar measurements, while
carbon monoxide (CO) concentrations are inferred only from the S5P measurements. In
this paper, we will focus on the validation of these three products.

The principal challenge for satellites measuring GHGs is the need for high precision
and low bias on local to regional to global scales to resolve and quantify very small varia-
tions in GHG concentrations with surface sources and sinks on such scales. Furthermore,
the long-term monitoring of GHGs and their use in inverse models to infer surface fluxes
require precise and accurate global measurements of these gases. The validation efforts
presented here, covering several GHG missions, are an effort to fully assess the real-world
retrieval accuracies of the satellite products under various measuring conditions offered by
the increasing number of portable Fourier transform infrared (FTIR) spectrometers under
the umbrella of the COCCON, which are capable of providing FRMs of greenhouse gases.
The COCCON will help to improve spatial coverage and sampling density in data-poor
regions that are not covered by the TCCON or NDACC stations.

This paper is organized as follows: Section 2 provides an overview of the satellite
missions (S5P, OCO-2, and GOSAT) and ground-based reference remote sensing COCCON
data. Section 3 provides the detailed validation results for the three satellites using the
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COCCON as the reference. This paper ends with a discussion and outlook presented in
Section 4.

2. Materials and Methods
2.1. Sentinel-5 Precursor Mission Overview

Sentinel-5 Precursor (S5P) is the first of the series of Copernicus missions dedicated
to monitoring the Earth’s atmosphere. The TROPOMI instrument, as the unique pay-
load of S5P, is the state-of-the-art hyperspectral spectrometer covering ultraviolet—visible
(270-495 nm), near-infrared (675-775 nm), and shortwave infrared (2305-2385 nm) spectral
regions [6]. The radiometric measurements of the Earth’s radiance and solar irradiance
performed by TROPOMI are processed to retrieve the atmospheric abundances of ozone
(O3), nitrogen dioxide (NOy), formaldehyde (HCHO), sulfur dioxide (SO;), methane (CHy),
and carbon monoxide (CO), as well as cloud and aerosol properties. TROPOMI is a nadir-
viewing imaging spectrometer orbiting in a sun-synchronous polar orbit with an Equator
crossing at 13:30 local solar time. It has a swath width of 2600 km and is, therefore, able
to map the entire planet every day. CH; and CO are retrieved from the shortwave in-
frared (SWIR) bands. The spatial resolution of the CH4 and CO products was initially
7 x 7 km? and later increased to 5.5 x 7 km? on 6 August 2019. After an initial commission-
ing phase since its launch on 13 October 2017, the first operational data have been publicly
available since 30 April 2018. The latest product versions of the reprocessed (RPRO) and
offline (OFFL) data have been used in this work. The details of the version number and
corresponding file names and dates are listed in Table 1. The details on the improvements in
the latest versions with respect to the previous versions are given in the product readme file
(PRF; https:/ /sentinel.esa.int/documents /247904 /3541451 / Sentinel-5P-Methane-Product-
Readme-File & https:/ /sentinel.esa.int/documents /247904 /3541451 / Sentinel-5P-Carbon-
Monoxide-Level-2-Product-Readme-File, accessed on 1 March 2024).

Table 1. S5P operational level-2 CO and CH, reprocessed (RPRO) and offline (OFFL) data versions
used in this work.

. In Operation from In Operation Until
Product ID Stream Version (Orbit # Date) (Orbit # Date)
RPRO 02.04.00 2818, 2018-04-30 24779, 2022-07-25
L2_CO
and 02.04.00 24655, 2022-07-17 28030, 2023-03-12
12 CH OFFL 02.05.00 28031, 2023-03-12 31704, 2023-11-26
- 02.06.00 31705, 2023-11-26 35777, 2024-09-07

The RemoTeC-S5P algorithm performs the operational processing of the SWIR data to
retrieve the total column-averaged dry-air mole fraction of methane (XCH,). The details
are described in Hu et al. [7] and the algorithm theoretical baseline document (ATBD) for
S5P methane retrieval [8]. The bias and random error requirements for S5P XCH, data
are 1.5% and 1%, respectively [9]. Currently, only cloud-free observations are processed to
retrieve XCHy over land (nadir observations) and water (glint observations). The standard
XCHy product shows a bias that is dependent on the surface albedo, and, as a result, a
bias correction is applied. The bias-corrected methane product is also made available
operationally, along with the standard methane product. The details are described in the
ATBD. We will show the validation results for both products using the FRM data. All pixels
with a quality assurance value (QA) > 0.5 are used in this work, as recommended by the
PREF, to filter out pixels with surface albedo < 0.02, solar zenith angle (SZA) > 70°, viewing
zenith angle > 60°, and some other conditions mentioned in the PRF document.
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The shortwave infrared carbon monoxide retrieval (SICOR) algorithm performs the
operational processing of the SWIR data to retrieve the total column density of carbon
monoxide simultaneously with interfering trace gases and effective cloud parameters
(cloud height and optical thickness). The details are described in the ATBD for S5P CO
total column retrieval document [10]. The bias and random error requirements for S5P total
column-averaged dry-air mole fraction of carbon monoxide (XCO) data are 15% and 10%,
respectively [9]. An S5P CO near-real-time product with delivery within 3 h after sensing
is also available operationally, along with the OFFL product. The two products employ
the same algorithm, and validation results using NDACC data show similar behavior of
both products [11]. The single overpasses of SSP show stripes of erroneous CO values < 5%
in the flight direction. The striping effect is analyzed in detail [12], and a stripe-corrected
product is produced operationally. In this work, we will show the validation results of
the S5P OFFL CO standard product and the destriped product with QA values > 0.5, as
recommended by the PRF. This QA selection filters out pixels with SZA > 80° and some
other criteria, as mentioned in the PRF.

2.2. OCO-2 Mission Overview

The Orbiting Carbon Observatory-2 (OCO-2) is a National Aeronautics and Space
Administration (NASA) mission launched into space on 2 July 2014. It is part of the
afternoon satellite train (A-train) orbiting the Earth’s atmosphere at an altitude of 705 km.
OCO-2 flies in a sun-synchronous near-polar orbit with an inclination of 98.2°, with the
ascending node crossing the equator near 13:30 local time, and has a repeat cycle of 16 days.
It is designed to measure atmospheric carbon dioxide (CO,) to improve the understanding
of the terrestrial carbon cycle [13-16]. The single OCO-2 footprint with 1.3 km x 2.3 km
covers an area of just under 3 km?. It captures eight such spatially separated footprints
every 1/3 of a second [17]. OCO-2 measures CO; in two spectral bands: one band has a
spectral range of 1594-1619 nm and a spectral resolution of 0.08 nm, while the other band
has a spectral range of 2042-2082 nm with a spectral resolution of 0.10 nm. Oxygen is
measured in the A-band spectral range of 758-772 nm with a spectral resolution of 0.04 nm.
OCO-2 measures CO, with sufficient precision and accuracy to identify its sources and
sinks on regional scales and quantify its seasonal and inter-annual variability. The column-
averaged dry-air mole fraction of CO, (XCO,) is the ratio of the retrieved abundances of
CO; and dry air. XCO;, is a particularly useful quantity in the study of the carbon cycle [18].
This is due to its relative insensitivity towards vertical mixing as column integration is
performed to calculate the total column product and its utility in deducing the surface
fluxes in CO,. XCO; is measured with high precision from space by OCO-2 [19] in three
viewing modes—nadir, glint, and target modes. In nadir mode, typically used over land
surfaces, the instrument points straight down, and data are collected along the instrument’s
ground track. In glint mode, used over both land and water surfaces, the instrument
points towards the sun’s glint spot on the surface. This significantly improves the signal-
to-noise ratio, especially over water. In target mode, the instrument locks its view onto
a specific surface location (as commanded) and retains this view while flying overhead.
During its overpass, the instrument acquires several thousands of observations at a wide
range of viewing zenith angles. These observations are particularly helpful for validation
purposes and help to identify potential errors and biases in the retrieved data. Detailed
accounts of the retrieval algorithm used to retrieve atmospheric abundances of CO, and
surface pressure, among other atmospheric and surface properties, are provided by Connor
et al. [20], O’Dell et al. [21,22], and Jacobs et al. [23].
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2.3. GOSAT Mission Quverview

The Japanese Greenhouse gases Observing SATellite (GOSAT), named IBUKI, was
successfully launched on 23 January 2009 [4]. It is placed in a sun-synchronous orbit at
an altitude of 666 km with an Equator overpassing at 13:00 local time, with an inclination
angle of 98°, and has a repeat cycle of 3 days. It is designed to monitor CO, and CHy
globally from space and has been doing so for more than 15 years. It has a footprint
diameter of about 10.5 km and a single-scan time of 4 s. The Thermal and Near-Infrared
Sensor for Carbon Observation—Fourier Transform Spectrometer (TANSO-FTS) records
gas absorption spectra in the SWIR range from the reflected solar radiation on the Earth’s
surface as well as the thermal infrared radiation (TIR) from the ground and the atmosphere.
The spectrometer is capable of detecting three narrow bands (0.758-0.775 pm, 1.56-1.72 um,
and 1.92-2.08 um) in the SWIR and a wide band (5.56-14.3 pum) in the TIR [24]. The TANSO
Cloud and Aerosol Imager (TANSO-CAI) is a second instrument onboard to detect cloud
and aerosol interference and to perform correction. TIR observations are sensitive to CO,
and CHy in the middle to upper troposphere, whereas SWIR observations are also sensitive
to their abundances near the surface. As the major sources and sinks of CO, and CHy
exist near the surface, SWIR observations are more suitable for carbon flux estimation. The
National Institute for Environmental Studies (NIES) provides the level-2 (L2) products
containing XCO, and XCHy4 retrieved concentrations from the TANSO-FTS spectra [24,25].
The first data have been available since June 2009.

2.4. Ground-Based COCCON Reference Data

The COllaborative Carbon Column Observing Network (COCCON) represents a
network of low-spectral-resolution Fourier transform infrared spectrometers, primarily of
the Bruker EM27/SUN-type and recently added Bruker Vertex70/Invenio spectrometers.
These spectrometers have the benefit of being portable as compared to the traditional high-
spectral-resolution FTIRs from the TCCON and NDACC. As a result, they can be deployed
on a campaign basis around a source region of interest, as well as permanent deployment in
data-poor regions where the deployment of high-resolution FTIR spectrometers is difficult,
if not sometimes impossible. However, only a few sites have the EM27/SUN deployed in
an automated weather-proof enclosure box. The spectrometers at the other sites need to be
brought outside manually each day/time when the weather conditions are favorable for
measurements. Such manual operation procedures have their own limitations, as they are
based on the availability of personnel for performing the measurements. This can lead to
data gaps that could influence the validation results. The spectrometers record direct solar
absorption spectra in the near-infrared (NIR) spectral range. EM27/SUN spectrometers
record double-sided direct current (DC) coupled interferograms, performing an average of
10 scans in about 58 s at a spectral resolution of 0.5 cm~!. Data acquisition is performed
using a room-temperature (RT) InGaAs detector (5500-11,000 ecm 1) and a wavelength-
extended RT InGaAs detector (4000-5500 cm 1) [26]. In the extended configuration, the
EM27/SUN encompasses the spectral region observed by TROPOMI. The interferograms
were processed using the COCCON processing chain and PROFFAST v1 retrieval code to
retrieve accurate and precise column-averaged abundances of atmospheric constituents
like CO,, CHy, CO, H,O, and O, [26-28]. Very recently, PROFFAST v2.4 was released [29].
However, the re-processing of the complete set of data used from the network will take time
to complete. Therefore, in this work, we used the v1 of COCCON data to include as many
sites as possible in our analysis and obtain a network-wide overview of the characteristics
and their dependencies on the satellite products. The XCO,, XCH,, and XCO products
from various sites within the COCCON are used as FRM data for the validation studies
shown in this work. The COCCON sites (Figure 1) cover a wide latitude range, from a high-
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latitude Arctic site at Eureka (80.1°N) to an Antarctic site at Arrival Heights (—77.8°N) [30].
There are several stations between 70°N and 55°N, like Kiruna, Sodankyl4, St. Petersburg
and Sverdlovsk [31], and Fairbanks [32] stations, providing good coverage of the high
northern latitude stations, which pose a challenge for the satellite algorithms for retrievals
at high air masses, high solar zenith angles, and varying scenes with snow, ice, or snow-free
ground between the different seasons. Several of the COCCON sites are in urban areas (e.g.,
Toronto [33], Thessaloniki [34], Beijing and Xianghe [35]) or encircling cities designed to
capture city emissions (e.g., Munich [36,37], Madrid, Mexico City [38-40]) and are therefore
representative of high-pollution sites. The Gobabeb site [41] is a high-albedo station and
provides a unique changing terrain with sand desert and gravel plains; it is one of the only
two stations in the global south that provided data for this study. The Jinja [42] station close
to the equator (0.4°N) is another station on the African continent.

COCCON stations

Figure 1. Geographical distribution of the COCCON stations that provided data for this study. The
background image was created with Natural Earth.

3. Results

The coincidence criteria applied for the validation of satellite products are described
individually for each satellite and its respective products. Although the individual co-
incidence criteria applied to the different satellites are different, they are similar to the
coincidence criteria that were typically used for those satellites in previous studies. This
mostly applies to the geometrical coincidence criteria. However, because COCCON mea-
surements are performed more frequently (one every minute under clear sky conditions)
as compared to TCCON measurements (two scans every three minutes under clear sky
conditions), for some of the comparisons, we limited the time coincidence criteria to obtain
a better representativeness of the atmospheric state for the ground-based COCCON data
when compared to the satellite data.

3.1. Sentinel-5 Precursor Validation

The total column products from the TCCON and NDACC are the primary ground-
based reference validation data source for the validation of S5P CO and CHy products;
some examples are Lorente et al. [43], Sha et al. [44], and Borsdorff et al. [12]. The latest
validation results of the operational S5P products are regularly updated in the quarterly
validation report produced by the S5P Mission Performance Center [11]. In this section, we
focus on the validation results of S5P CO and CH, products using all available COCCON
data. The COCCON sites not only help to fill geographical gaps but are very useful in



Remote Sens. 2025, 17,734

8 of 27

complementing the TCCON and NDACC dataset as they cover a large range of measurand
space of influencing parameters (e.g., albedo, aerosol, humidity, clouds, surface conditions,
a priori, . ..) that often show dependence on satellite product uncertainties. Therefore, the
validation of the satellite products against this enhanced range of influencing parameters
of the measurand space will provide a sense of the bias and uncertainties in the satellite
products. It will also give confidence in using them when they are within the mission
requirements or assist in performing the necessary corrections to the satellite data to bring
them in line with the mission requirements.

We used the following coincidence criteria for comparison against the COCCON sites:
S5P observations within a 50 km radius of the site for CO and 100 km for CHy to ensure that
a sufficient number of coincidence measurements and COCCON observations within £1 h
of the S5P overpass were taken into account. The special and temporal colocation criteria
chosen here are similar to the validation of operational S5P CO and CH, products using
the TCCON [11]. The criteria gave a sufficient number of pixels for robust statistics. An
average of all S5P pixels was performed for each of the COCCON measurements co-located
within the S5P measurements. Co-located pairs were created between the COCCON and
averaged S5P only if a minimum of five pixels was found when applying the coincidence
criteria. In the comparison, an a priori alignment, i.e., aligning the a priori profile to a
common a priori, was performed to correct/compensate its contribution to the smoothing
equation [45]. The COCCON data with the S5P a priori substitute were then compared
directly to the S5P data. The S5P columns were also corrected to take into account the
altitude variability for the collocated pixels [44].

3.1.1. S5P XCHy Validation Results

The validation results of the standard and bias-corrected S5P XCH, products with
the a priori aligned ground-based reference COCCON data are shown in Table 2. A total
of 27 stations for the period between April 2018 and December 2023 are found within
the colocation criteria. The systematic difference, which is represented by the mean of all
relative differences, between the S5P and COCCON is, on average, —0.36 £ 0.54% for the
standard product and 0.09 £ 0.37% for the bias-corrected S5P XCH4 products. The random
error, which is represented by the standard deviation of the relative bias, is, on average,
0.70 & 0.34% for the standard product and 0.68 + 0.3% for the bias-corrected S5P XCH4
products. Therefore, the results show that the bias correction of the S5P XCH, data brings
the values closer to the reference data, as both the mean and standard deviation of the
comparison are reduced. The absolute difference in the mean values of the relative bias
between the standard and bias-corrected S5P XCH, product is 0.45%, which is comparable
to 0.42% for the validation results against the TCCON, as shown in Sha et al. [44]. This result
shows that the albedo-dependent bias correction for the COCCON sites is comparable to
the results of the previous studies. For most sites, the correlation coefficient between the
two datasets is 0.75 except when the dataset is less than a week and in high-latitude sites
where the bias changes between the spring, summer, and autumn periods as a function of
surface albedo and polar vortex conditions (see the next paragraph for further explanations).
Furthermore, the correlation is mostly determined by the seasonal cycle; therefore, for short
data periods, it is critical to determine which period the data belong to. The outliers in
the statistics are due to the limited datasets available for the comparison. The ratio of the
standard deviation of the ground-based data to the standard deviation of the satellite data is
given as the SD column in the table. The value of SD is below 1 for most stations, implying
that the S5P data are more variable than the ground-based reference COCCON data.
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Table 2. S5P standard and bias-corrected XCH, validation results against COCCON XCHy4 data at
27 stations for the period between April 2018 and December 2023. Colocation with a radius of 100 km
spatial and +1 h temporal around the satellite overpass was used. The COCCON stations (column
1) are sorted according to decreasing latitude (column 2). The number of co-located measurements
for each site is shown in column “No.”. The ratio of the standard deviation of the time series of the
COCCON data relative to the standard deviation of the time series of the S5P data is shown in the
column labeled “SD”. The correlation coefficient between the S5P and the COCCON data is shown
in column “Corr”. Columns “Rel diff bias (%)” and “Rel diff SD (%)” show the relative difference

(SAT—GB)/GB bias in percentage and the standard deviation of the relative bias in percentage,

respectively.
S5P be XCH,4 S5P std XCH,
Site (IJIa\It) No. Rel Diff ~Rel Diff Rel Diff  Rel Diff
SO Cor s sD@ S0 €T Bias%)  SD (%)
EUREKA PEARL 801 21,638 09 078 0.08 0.61 08 073  —065 0.76
KIRUNA 678 14566 08 068  —058 0.87 08 067 —165 0.91
SODANKYLA FM122 674 1971 08 064  —022 0.78 08 058  —127 0.86
SODANKYLA KT039 674 5580 07 017  —024 1.03 07 010  —140 1.07
FAIRBANKS.AK 649 39684 09 067 0.55 0.96 09 064  —045 1.01
ST.PETERSBURG 0 599 685 09 024 0.00 0.68 07 020  —061 0.85
ST.PETERSBURG 4 599 2706 09 033  —001 1.02 08 033 08 1.10
SVERDLOVSK 568 282 03 070 0.39 0.96 03 075  —076 0.99
KARLSRUHE 491 12463 10 085  —008 0.60 09 08  —065 0.66
MUNICH.TUM 116 483 46 01 006 0.31 0.41 03 007  —018 0.18
MUNICH.TUM 061 482 81325 09 083 0.06 0.73 09 081  —057 0.78
MUNICH.TUM 086 481 235 470 —001  —025 0.06 31 007  —0.60 0.06
MUNICH.TUM 115 481 310 183  0.14 0.30 0.57 48 094  —046 0.46
MUNICH.TUM 117 480 550 06 078 0.70 0.15 13 038  —011 0.14
MAGURELE 42 1722 07 075 0.17 0.66 07 074  —024 0.69
TORONTO.TAO 437 53837 08 086  —0.14 0.67 08 08  —070 0.71
THESSALONIKI 406 9714 10 085 0.35 0.52 10 084 000 0.54
MADRID 53 05 79 11 066 0.57 0.29 10 070 045 0.28
MADRID 85 405 667 11 058 0.12 0.42 11 067 003 0.37
MADRID 81 405 744 11 057 0.51 0.30 10 067 039 0.28
MADRID 69 404 453 32 034 —042 143 35 016  —048 151
MADRID 52 404 804 11 076 0.50 0.29 12 066 043 0.34
BOULDER.CO 400 519 09 085 0.35 0.48 08 08 013 0.50
BEIJING 399 5778 10 081 0.19 0.71 10 080  —0.09 0.70
XIANGHE 398 4595 07 082 0.36 0.49 08 084 018 0.42
SEOUL 2 375 1737 11 067 0.04 0.61 12 075  —042 0.53
SEOUL 4 375 2182 11 077 0.11 0.62 12 079  —033 0.58
TSUKUBA 3.1 3108 09 086 0.19 0.50 09 089  —027 0.46
CEDRE.GOURAUD.FOREST 334 689 06 031 0.16 0.56 06 036 033 0.56
IZANA 283 2508 08 075  —024 0.95 08 059  —084 116
TECAMAC 197 1159 11 056  —006 0.67 10 046 001 0.74
VALLEJO 195 7789 09 056  —0.18 1.04 09 054  —037 1.08
BOXO 194 1358 17 050  —0.77 1.27 16 049  —084 129
UNAM 193 10306 09 061 —0.19 1.08 09 058  —041 1.12
ALTZOMONI 19.1 52 11 043 0.49 1.00 11 040 018 1.04
JINJA 0.4 285 06 096  —0.65 0.76 06 094 117 0.90
GOBABEB ~236 9242 08 086 0.01 0.42 08 085 089 0.43
ARRIVAL HEIGHTS —778 341 09 075 0.94 0.58 10 075  —025 0.53
Mean ~ 262 061 0.09 068 112 061  —036 0.70

Figure 2 shows the bar plots for the S5P XCH}, validation results against the ground-
based COCCON data. Figure 2a shows the mean relative biases, (b) shows the difference
in the mean relative bias between the S5P bias-corrected and standard XCH,4 products,
and (c) shows the standard deviation of the relative biases at each COCCON station. The
S5P standard and bias-corrected results for (a) and (c) are shown in magenta and blue,
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respectively. The relative bias is typically below the 1.5% limit except at the Kiruna site for
the standard XCHj, validation case. The relative bias value changes from —1.65% to —0.58%
from the standard to bias-corrected XCH4 product for the Kiruna site. The bias correction
of the S5P XCH, product is a function of surface albedo; therefore, it acts according to the
surface albedo situation at the site and is different for different sites. Figure 2b shows that
for most of the high-latitude sites, the overall direction of the change in bias is positive and
negative for Gobabeb (a site with high surface albedo). The Madrid 69 instrument shows
opposite behavior (negative bias) compared to the other spectrometers deployed during
the campaign for XCHy. This spectrometer was installed at the José Echegaray School,
which is the location closest to the waste treatment plants, thereby making it more strongly
affected by XCHy plumes. The standard deviation of the relative bias for the standard and
bias-corrected S5P XCH, products are comparable. The high values at some sites are due
to the limited number of colocations, and for the rest of the locations, the values are within

the limit of 1%.
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Sites

Figure 2. S5P XCH4 validation results against the ground-based COCCON XCH4 data used in
this study for the period between April 2018 and December 2023. (a) Bar chart of relative biases
in percentage. (b) Difference in the relative bias (bias-corrected—standard case) in percentage.
(c) Standard deviation of the relative biases in percentage. The stations are sorted by decreasing
latitude. The numbers at the end of the sites represent the instrument ids when multiple instruments
are located at a single location.

The mosaic plots of the relative biases for the standard and bias-corrected S5P XCHy,
products relative to the COCCON are shown in Figure 3a,b, respectively. Each bar repre-
sents the average of the weekly relative bias values. The bias-corrected S5P XCHy4 product
shows a high positive bias during spring, which is then reduced and even shows negative
bias during summer and autumn periods. This is attributed to the correlation with the low
surface albedo in SWIR but high albedo in the NIR during the presence of snow and a low
albedo in the NIR during snow-free periods [43,44]. The bias correction of the operation S5P
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CHy4 product is performed as a function of the surface albedo in the SWIR band. However,
a strong dependence of the bias is observed w.r.t. the NIR band, which is not yet accounted
for in the bias correction. An additional effect at the high-latitude site is the influence of
the polar vortex condition, which is difficult to represent using the a priori profiles. The
difference between the a priori profile and the true atmospheric state will add to the bias.
The Gobabeb site shows all positive values (orange) in the standard XCHy validation plot
(panel a), which then change to more white values (within the +0.5% range). Furthermore,
it can be said that campaign measurements of only a week give limited information about
the satellite data quality; therefore, further extended periods of at least three to four weeks
should be pursued depending on the availability of the instruments and personnel. Longer
time periods of data are very helpful in observing seasonality effects in the data. This can
be seen easily, especially for the high-latitude stations where the seasonal dependence of
bias and its variability over different years gives important information on the dependence
of the bias on different parameters.
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Figure 3. Mosaic plots showing the relative biases between the co-located standard (a) and bias-
corrected (b) S5P XCH4 products and COCCON XCH4 data from the COCCON sites in this study
between April 2018 and December 2023. The stations are sorted by decreasing latitude.
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3.1.2. S5P XCO Validation Results

The validation results of the S5P XCO standard and destriped products with a priori
aligned ground-based reference COCCON data are shown in Table 3. A total of 27 stations
for the period between April 2018 and December 2023 are found within the colocation
criteria. The systematic difference between the S5P and COCCON XCO is, on average,
2.24 & 3.59% for the 50 km radius colocation criterion and an average of all valid pixels
taken within the colocation radius. A second test case with colocation for the closest valid
pixel (see the magenta colored bars in Figure 4a,c) gives a mean systematic difference
of 2.39 £ 3.50%. The best reduction in the standard deviation of the mean systematic
difference is for the destriped on-pixel colocation criteria, which gives a mean value of
2.71 & 3.11%. This will be discussed further when explaining Figures 4 and 5. The random
error between the S5P and COCCON XCO comparisons is, on average, 6.00 £ 3.35% for the
circle with 50 km radius settings, 7.92 & 4.86% for the closest pixel setting, and 7.65 &= 4.92%
for the destriped on-pixel setting. As expected, the latter two validation settings with single-
pixel comparisons have a larger standard deviation as compared to the averaged case, but
they are still within the mission requirements for most cases. The values are around 10% or
slightly more for the sites that are closer to the hot spots (e.g., sites near/around Mexico
City—Tecamac, Vallejo, Boxo, and Unam; Beijing). In most of these cases, the systematic
difference between the S5P and COCCON XCO values improved for the destriped on-pixel
validation case. The correlation coefficient between the two datasets is, for most sites,
around or above 0.85 except when the dataset is less than a week. Izafia is a special case
where, despite a high number of measurements, the correlation is low, and the standard
deviation is high. The ground-based reference COCCON data for this site seems to have
a higher scatter in the time series since the summer of 2021, the cause of which is under
investigation. The outliers in the statistics are due to the limited datasets available for the
comparison. The ratio of the standard deviation of the ground-based data to the standard
deviation of the satellite data is given as the SD column in the table. The value of SD is
below 1 for most sites, implying that the S5P data are more variable than the ground-based
reference COCCON data.

Table 3. S5P XCO validation results against COCCON XCO data at 27 stations for the period between
April 2018 and December 2023. Colocation with a radius of 50 km and the averaged value as spatial,
as well as destriped on station pixel and colocation of 1 h as temporal around the satellite overpass,
were used. The COCCON stations (column 1) are sorted according to decreasing latitude (column 2).
The number of co-located measurements for each site is shown in column “No.”. The ratio of the
standard deviation of the time series of the COCCON data relative to the standard deviation of the
time series of the S5P data is shown in column “SD”. The correlation coefficient between the S5P
and the COCCON data is shown in column “Corr”. Columns “Rel diff bias (%)” and “Rel diff SD
(%)” show the relative difference (SAT—GB)/GB bias in percentage and the standard deviation of the
relative bias in percentage, respectively.

Lat S5P XCO Avg S5P XCO Dstrpdon

Site o Rel Diff  Rel Diff Rel Diff  Rel Diff

(N No. SD Cor poley sp@ No SD Com polon  SD (%)
EUREKA.PEARL 801 40,789 08 097 5.86 3.9 37,845 0.8 090 5.58 7.49
KIRUNA 67.8 5165 0.9 096 0.32 5.23 3914 08 091 1.96 8.41
SODANKYLA FM122 67.4 4916 08 095 4.76 5.28 3727 07 090 4.92 8.61
SODANKYLA KT039 674 11616 08 095 —-0.76 471 8927 0.8 087 —0.01 7.61
FAIRBANKS.AK 649 86248 10 093 2.35 471 71,632 1.0 090 2.68 6.77
ST.PETERSBURG 0 59.9 761 12 077 3.39 3.14 608 08  0.80 2.10 3.20
ST.PETERSBURG 4 59.9 4371 10 088 3.70 545 3745 08  0.84 3.83 7.22
SVERDLOVSK 56.8 684 08 092 5.28 3.46 592 08  0.80 6.76 5.51
KARLSRUHE 491 17582 08 095 3.46 434 14438 08 092 3.07 5.78
MUNICH.TUM 116 483 1173 08 092 5.45 6.22 1171 08  0.88 6.82 6.93
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Table 3. Cont.
S5P XCO Avg S5P XCO Dstrpdon
. Lat
Site Rel Diff  Rel Diff Rel Diff  Rel Diff
(ON) e 1. e 1 e 1 e 1
No. SD Corr Bias (%) SD (%) No. SD Corr Bias (%) SD (%)
MUNICH.TUM 061 48.2 123,600 0.9 0.92 2.28 4.72 109,556 0.8 0.86 2.55 6.32
MUNICH.TUM 086 48.1 922 0.6 0.84 6.58 6.71 920 0.6 0.82 6.55 7.64
MUNICH.TUM 117 48.0 17 nan nan —0.94 1.03 17 nan nan —6.00 0.98
MAGURELE 44.2 2163 1.0 0.82 5.03 6.91 1876 0.9 0.78 5.33 7.99
TORONTO.TAO 437 82,213 0.9 0.94 5.57 4.69 73,012 0.8 0.86 6.10 8.04
THESSALONIKI 40.6 14,610 0.9 0.88 247 4.86 12,690 0.8 0.83 3.14 6.95
MADRID 53 40.5 847 1.3 0.58 3.73 4.02 736 0.7 0.42 4.66 6.34
MADRID 85 40.5 716 1.1 0.70 1.90 3.19 680 0.9 0.71 1.81 3.32
MADRID 81 40.5 802 1.1 0.29 2.63 3.68 682 0.7 0.10 1.68 4.93
MADRID 69 404 505 1.3 0.60 3.19 3.37 393 0.9 0.40 3.48 4.52
MADRID 52 40.4 859 1.1 0.39 3.00 3.26 801 0.8 0.40 2.83 3.92
BOULDER.CO 40.0 6937 1.0 0.95 0.33 4.86 6397 1.0 0.86 1.58 8.42
BEIJING 39.9 8778 1.0 0.92 4.00 8.78 7788 1.0 0.89 4.36 9.51
XIANGHE 39.8 6405 1.0 0.97 1.30 5.00 5286 0.9 0.96 1.09 5.58
SEOUL 2 37.5 2943 0.9 0.91 5.51 5.14 2703 0.9 0.87 6.34 6.63
SEOUL 4 37.5 3714 1.0 0.94 5.79 4.48 3528 0.9 0.91 5.39 5.62
TSUKUBA 36.1 4904 1.0 0.96 3.34 3.84 4423 0.9 0.94 3.92 4.60
CEDRE.GOURAUD.FOREST 33.4 769 0.8 0.58 —1.13 3.83 732 0.5 0.50 —4.59 6.53
IZANA 28.3 17,068 0.6 0.41 6.94 18.84 15,421 0.3 0.27 7.49 33.69
TECAMAC 19.7 1729 1.2 0.66 0.68 10.46 803 1.3 0.67 —0.86 10.09
VALLEJO 19.5 11,112 1.2 0.77 —5.31 11.71 9004 1.1 0.84 —0.53 10.91
BOXO 194 2248 1.1 0.83 —2.09 10.94 1778 1.1 0.89 0.14 9.68
UNAM 19.3 15,258 1.3 0.71 —6.59 12.04 12,368 1.0 0.81 —0.06 11.24
ALTZOMONI 19.1 63 1.1 0.45 7.48 8.02 56 0.7 0.58 2.44 7.76
JINJA 0.4 853 0.8 0.90 —6.22 9.15 702 0.8 0.91 —3.02 9.88
GOBABEB —23.6 10,345 0.9 0.98 3.23 5.19 9769 0.9 0.96 2.98 6.45
ARRIVAL.HEIGHTS —77.8 598 0.6 0.74 —3.48 6.46 515 0.7 0.45 3.74 8.16
Mean - 096 0.80 2.33 6.13 - 0.83 0.76 2.95 7.84
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Figure 4. S5P XCO validation results against the ground-based COCCON XCO data used in this
study for the period between April 2018 and December 2023. (a) Bar chart of relative biases in
percentage. (b) Difference in the relative biases for validation cases (closest pixel and destriped

on-pixel colocations) against the reference case (average) in percentage. (c) Standard deviation of the

relative biases in percentage. The stations are sorted by decreasing latitude. The numbers at the end

of the sites represent the instrument ids when multiple instruments are located at a single location.
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Figure 5. Mosaic plots showing the S5P XCO and ground-based COCCON XCO relative biases for the
validation strategy with co-located averaged (a) and destriped on-pixel (b) cases from the COCCON
sites in this study between April 2018 and December 2023. The stations are sorted by decreasing
latitude.

Figure 4 shows the bar plots for the S5P XCO validation results against the ground-
based COCCON data. Figure 4a shows the mean relative biases for the three validation
cases of the average of coincidence pixels within a 50 km radius (blue), the closest pixel
(magenta), and the destriped on-pixel (grey) coincidence cases, (b) shows the difference
in the mean relative bias of the averaged case against the closest (magenta) and destriped
on-pixels (grey) cases, and (c) shows the standard deviation of the relative biases at each
COCCON station for the three validation cases. The relative bias is typically well below the
15% limit for all sites and all validation cases. As already mentioned, for several polluted
regions (e.g., Mexico City), the validation results for the destriped on-pixel case show that
the satellite-derived XCO values are closer to the ground-based reference COCCON XCO
data. For other sites with limited datasets, the scatter increases, as shown by the higher
values of the standard deviation of the relative biases for the closest and destriped on-pixel
cases as compared to the average case.

The mosaic plots of the relative biases for the averaged over 50 km radius case and
destriped on-pixel case for validation of S5P XCO against the COCCON XCO data are
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shown in Figure 5a,b, respectively. Each bar represents the average of the weekly relative
bias values. We observe a high positive bias during periods with events of elevated CO and
a negative bias during periods with occurrences of low CO. The most prominent change
can be seen in the blue or dark blue color bars (a), which then change to more white bars
(b) for the sites around Mexico City (Tecamac, Vallejo, Boxo, Unam).

3.2. OCO-2 Validation

The ground-based TCCON [2] XCO, data are the primary reference validation data
source for the validation of OCO-2 XCO, products. Wunch et al. [46] used XCO, retrievals
from the TCCON to validate the V7 OCO-2 XCO, retrievals and demonstrate the OCO-2
validation methodology. The process of comparing OCO-2 XCO, observations to TCCON
observations has continued with each updated OCO-2 data release and continues to be
extremely important in demonstrating the quality of the satellite data record. With nearly a
decade of OCO-2 observations and continued improvement in the data quality, we now
look to expand our validation analysis to include comparisons to data from EM27/SUN
spectrometers as part of the COCCON. For this analysis, we use the V11.1 retrospective “lite”
files, in which the data are bias-corrected and quality-controlled [22]. V11.1 implements
the Copernicus digital elevation map (DEM) instead of the NASADEM+, along with a
recalculated bias correction that accounts for this change. The new DEM improves the
retrievals, particularly at high latitudes. Further, V11.1 includes modifications to the quality
control parameters (h2o_ratio and co2_ratio) to improve their accuracy. The soundings
over the ocean remain unchanged from V11 since the OCO-2 V11.1 update is only applied
to the retrievals over land [23].

Atmospheric CO, measurements are tied to the NOAA Global Monitoring Labora-
tory’s primary standards. Hall et al. [47] published revisions to the World Meteorological
Organization’s CO, scale. Thus, in situ CO, measurements have been recalibrated to
the new scale, identified as WMO-CO2-X2019 (hereafter X2019). Although the initial
OCO-2 V11.1 release was vicariously tied to the X2007 WMO CO; scale through the TC-
CON transfer standard [2], updated TCCON scaling from the previous X2007 CO, scale
to the new X2019 CO; scale has resulted in similar updates to the OCO-2 data. OCO-
2 V11.1 now includes an additional variable, “XCO2_X2019”, which is the estimate of
XCO; on the X2019 scale, where the X2019 XCO, value is roughly 0.08 ppm higher than
that of X2007. The XCO, data used in this analysis are on the X2019 scale. The data
were used when the “xco2_quality_flag” is zero, as directed by the OCO-2 Data Product
User’s Guide (https://docserver.gesdisc.eosdis.nasa.gov/public/project/ OCO/OCO2_V1
1_OCO3_V10_DUG.pdf, accessed on 1 March 2024). We used the following geographic
coincidence criteria for comparisons against the COCCON sites: a box centered on the
COCCON site that spans 2.5° in latitude and 5° in longitude, barring some exceptions. For
Beijing, Xianghe, Seoul, and Tsukuba, smaller latitude-longitude boxes (£0.25° x £0.25°)
were used to minimize the inclusion of redundant scatter and the impact of urban vs. rural
gradients. For Altzomoni, Unam, Vallejo, Tecamac, and Boxo, the coincidence boxes span
2° in latitude and 2° in longitude. The COCCON data used are within &+ 1 h of the median
OCO-2 overpass time. All data that passed the selection criteria were aggregated into
overpass means, and the median OCO-2 XCO, was compared to the COCCON XCO,
median recorded during the two-hour window. Comparing the median values reduces the
random component of the COCCON error budget and is less sensitive to outliers.

The validation results of the OCO-2 data in the land nadir and land glint observation
modes globally against the COCCON XCO, data are shown in Figure 6. Figure 6a shows the
OCO-2 one-to-one plot against the COCCON. “N” indicates the number of coincident data
points between OCO-2 and the COCCON. The coefficient of determination is represented
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by “r?”, the bias is indicated by “bias”, and the standard deviation is indicated by “std”.
The data are plotted as a “hexbin plot”, where the color of each hexbin represents the
number of points in it. The x- and y-axes indicate XCO; data values in parts per million
(ppm) for the COCCON and OCO-2, respectively. A total of 425 coincidences were found,
with a high r? value (0.95), suggesting a good correlation between OCO-2 and COCCON
data. The average bias value is 0.25 ppm, which is positive, indicating higher OCO-2 data
reported compared to the coincident COCCON data. The standard deviation is 1.05 ppm,
which indicates the spread of the bias. There are several sites where very few OCO-2
colocations are found, which is partly the cause of some of the large scatter seen in the
bias. Figure 6b shows the time series of the differences between the OCO-2 land nadir,
land glint data, and the coincident COCCON data. The x-axis represents the year, and the
y-axis indicates AXCO, (OCO-2—COCCON) in ppm. A unique marker is used to identify
a site and EM27/SUN pair. Sites with more than one EM27/SUN are identified by the
EM27/SUN ID following the site name (e.g., Sodankyld SN039 and Sodankyld SN122). For
a large fraction of sites, the markers lie above the y = 0 ppm line (indicated by the horizontal
grey line). Figure 6¢c shows the difference distribution using a histogram plot. The x-axis
indicates the XCO, difference between OCO-2 and COCCON data, and the y-axis indicates
the frequency of occurrence. The bent red line indicates the bell curve, and the vertical
red line indicates its mean. The histogram shows that, overall, OCO-2 reports slightly
higher XCO, values compared to the coincident COCCON data. The mean bias, standard
deviation, r2, and number of coincidence pairs for each site are provided in Table 4.

Land Nadir/Glint Land Nadir/Glint

Munich SNO61 (79) X Fairbanks SNO50 (14) nt oulder SNOBO (8) r
2 (52) (1) 1038 (1) N =425

bias = 0.24ppm

|std = 1.05ppm J

6

%
.
1
'

0.4
T 2
>
Q Vo3
o S
— [
1]
~ =
o T
(%] 2 0.2
X -2 £

e
-

2016 2017 2018 2019 2020 2021 2022 2023 2024 -4 -2
Year AXco2 [Ppm]

Figure 6. Validation of OCO-2 land nadir/glint observation mode using COCCON data. (a) The
one-to-one relationship between OCO-2 and COCCON for data recorded + 1 h of the OCO-2 overpass
time. The grey dashed line indicates the one-to-one line. “N” indicates the number of coincident
points, and “r?” indicates the coefficient of determination. The global average bias is indicated by
“bias”, and the standard deviation is represented by “std”. The x- and y-axes indicate the XCO,
values for the COCCON and OCO-2, respectively. The color of each hexbin indicates the number
of points in it, identified by the color bar. The time series of AXCO, (OCO-2—COCCON) is shown
in the panel plot (b). The markers indicate the COCCON sites/EM27/SUNs for which coincident
OCO-2 data are available. The numbers within the brackets next to the markers indicate the number
of coincidences (N) corresponding to each site+EM27/SUN pair. The error bars indicate the standard
deviation of AXCO;. (c) The histogram provides the distribution of AXCO,. The x-axis shows the
value of the difference, and the y-axis indicates the fraction of observations. All XCO, data values are
in parts per million (ppm).

Figure 7 shows the site-to-site differences between the OCO-2 data and the coincident
COCCON data (AXCOy) in the land nadir and land glint observation modes. The data
are plotted as “box plots”. The bottom and top edges of the box indicate the 25th and
75th percentile limits, respectively. The whiskers indicate the complete data range, barring
the outliers. The grey-shaded region encompasses the AXCO, values within 0.4 ppm,
attributed to the uncertainty in the COCCON values. The deviations beyond 4-0.4 ppm
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are more likely from the uncertainties in the OCO-2 data. The results indicate that sites
with limited coincidences, such as Xianghe and Seoul, show high bias values. Sites with
more than one EM27/SUN show better agreement when there are higher coincidences
with OCO-2. For example, the St. Petersburg SN084 data (N = 27) agree better with OCO-2
compared to the St. Petersburg SN080 data (N = 4). Considering the uncertainties and
the limited coincidences for several COCCON sites, these initial comparisons of OCO-2
to COCCON data on a global scale are very promising for the land nadir and land glint
observation modes.
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Figure 7. The site-to-site differences between the OCO-2 data and the coincident COCCON data.
The bottom and top edges of the boxes indicate the 25th and 75th percentile limits, respectively. The
whiskers indicate the full data range, excluding the outliers. The grey-shaded region represents the
+0.4 ppm uncertainty attributed to the COCCON. Values beyond this range are more likely due to
uncertainties in the OCO-2 data. The COCCON measurement locations are ordered by latitude from
north to south.

Table 4. OCO-2 V11.1 XCO, validation results against COCCON data. The mean differences (biases),
the standard deviation (SD), the coefficient of determination (R2), and the number of colocations N
are presented for each site where at least one colocation was found.

Sites Bias [ppm] SD [ppm] R? N
Altzomoni 1.54 0.23 1 2
Beijing 1.53 1.53 1
Boulder 0.74 0.46 091 8
Boxo —0.01 —0.01 1
Cedre Gouraud Forest 1.40 0.27 0.09 3
Eureka —0.06 —0.06 1
Fairbanks —0.51 0.81 0.98 14
Gobabeb 1.13 0.48 0.97 26
Izana 1.40 1.39 1
Jinja —0.56 —0.56 1
Karlsruhe 0.40 0.79 0.96 36
Kiruna 0.26 0.47 0.99 22
Magurele —0.69 0.19 0.93 6
Munich SN061 0.57 0.80 0.98 79
Seoul 2.29 0.12 0.99 3
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Table 4. Cont.

Sites Bias [ppm] SD [ppm] R? N
Sodankyla SN039 0.77 0.81 0.97 4
Sodankyla SN122 2.21 2.21 1

St.Petersburg SN080O —1.49 0.08 0.90 4
St.Petersburg SN084 0.20 0.70 0.95 27
Tecamac —0.37 0.45 0.96 5
Thessaloniki 0.83 0.70 0.96 28
Tsukuba 1.59 1.59 1
Toronto 0.21 0.82 0.98 78
Unam —1.06 1.08 0.93 52
Vallejo —0.60 1.02 0.78 19
Xianghe 3.11 0.54 1 2

3.3. GOSAT Validation

The ground-based total column products of XCO, and XCH4 from the TCCON are the
primary reference validation data source for the different versions of the GOSAT products
retrieved by NIES. NIES V01.xx XCO, and XCH4 were validated by Morino et al. [48],
followed by a validation study by Yoshida et al. [25] for the improved NIES V02.xx and
by Someya et al. [24] for NIES V03.xx of XCO, and XCH,4 data. In this study, the recently
published L2 version 03 retrieval product developed by NIES was used. This version is
discussed in detail in Someya et al. [24]. We used the bias-corrected V03.05 dataset, as
outlined in Someya et al. [24].

We used the following coincidence criteria for comparison against the COCCON
sites: GOSAT observations within £2° of the sites to ensure that a sufficient number of
coincidence data and COCCON observations within £30 min of the GOSAT overpass
were considered. If multiple GOSAT scans satisfied the spatial coincidence criterion, the
averaged value was used for the analysis. Similarly, if multiple COCCON spectrometers
performed observations during a GOSAT overpass, the averaged value from all co-located
COCCON spectrometers was used. This mainly affects the city campaign observations
(Madrid, Munich, St. Petersburg, and Seoul). GOSAT is unique as it performs observations
with different sensor gain settings. This study focused on the standard gain H setting. Gain
M is generally only used over bright surfaces, e.g., deserts [49]. For the COCCON stations,
GOSAT only performed gain M observations over Gobabeb and Cedregouraudforest. An
analysis of gain M and gain H data at the COCCON Gobabeb site is given in Frey et al. [41].
Additionally, the analysis focused on land observations, e.g., GOSAT V03.05 data with
“land” flag = 100, and disregarded data with mixed land and ocean surfaces within the
footprint.

3.3.1. GOSAT XCO, Validation Results

Table 5 shows XCO, mean differences (biases) between GOSAT and COCCON obser-
vations and the standard deviations (SDs) for all stations, together with the coefficient of
determination R? and the number of coincident observations N (sites with no coincident
measurements are not listed). The largest bias (6.01 ppm) is seen for Cedregouraudforest.
However, it should be noted that only two coincident measurements were found for this
site. The largest SD (7.13 ppm) is observed in Munich. R? is above 0.7 for 13 out of the
20 stations. For seven sites, less than 10 coincident measurements were found.

A correlation plot showing coincident measurements from all sites (N = 766) is shown
in Figure 8. Different colors depict the individual stations. The solid black line is the
best fit line through all data points, the dotted black line is the 1:1 line. Error bars denote
the 1o standard deviation of the hourly mean values for COCCON observa-tions and the
measurement error for the GOSAT soundings. The lowest absolute XCO2 values are found
for the beginning of the Sodankyla data, and the highest values are ob-served more recently
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at the city sites. We find a good overall agreement with mean R2 of 0.850 for all sites. The
mean bias is 0.65 ppm (0.16 %) and mean standard deviation of 2.01 ppm (0.49 %), which is
within the uncertainty of the comparison. Someya et al. [24] found a similar uncertainty of
2.20 ppm when comparing GOSAT V03.00 gain H land soundings to TCCON data (version
GGG2020). Someya et al. use the non bias-corrected V03.00 dataset, therefore we do not
compare the biases from the two studies.

Table 5. GOSAT V03.05 XCO, validation results against the COCCON data. The mean differences (bi-
ases), the standard deviation (SD), the coefficient of determination R2, and the number of colocations
N are presented for each site where at least one colocation was found.

Station Bias [ppm] (%) SD [ppm] (%) R? N
Altzomoni 3.39(0.83) 1.00 (0.24) 0.019 4
Beijing 1.43 (0.34) 4.52 (1.09) 0.608 44
Boulder —0.08 (—0.02) 2.86 (0.69) 0.753 6
Cedregouraudforest 6.01 (1.48) 0.37 (0.09) 1.000 2
Fairbanks —0.53 (—0.13) 6.84 (1.67) 0.723 50
Gobabeb 1.05 (0.26) 2.20 (0.54) 0.762 20
Jinja 0.55 (0.13) 1
Karlsruhe 0.85(0.21) 7.07 (1.72) 0.862 75
Kiruna —0.90 (—0.22) 5.16 (1.27) 0.691 15
Madrid —0.54 (—0.13) 0.93 (0.23) 0.967 3
Magurele —1.76 (—0.42) 2.89 (0.69) 0.873 4
Mexico City 0.35 (0.09) 5.71 (1.39) 0.832 168
Munich 0.49 (0.12) 7.34 (1.79) 0.903 178
Seoul 1.52 (0.37) 4.08 (0.98) 0.784 13
Sodankyla 1.12 (0.28) 6.18 (1.53) 0.872 22
St. Petersburg 3.08 (0.75) 4.10 (1.00) 0.359 9
Thessaloniki 0.55(0.13) 4.12 (1.00) 0.552 33
Toronto 1.21 (0.29) 7.13 (1.73) 0.901 52
Tsukuba 0.82 (0.20) 6.08 (1.48) 0.875 39
Xianghe 2.62 (0.63) 4.48 (1.08) 0.540 28
All data 0.65 (0.16) 2.01 (0.49) 0.850 766
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Figure 8. Correlation plot between co-located COCCON and GOSAT XCO, observations. Different
colors denote different COCCON sites. The solid black line is the best-fit line through all data points,
the dotted black line is the 1:1 line. Error bars denote the standard deviation of the hourly mean
values for COCCON observations and the measurement error for GOSAT soundings.



Remote Sens. 2025, 17,734

20 of 27

3.3.2. GOSAT XCH, Validation Results

Table 6 shows XCH, mean differences (biases) between the GOSAT and COCCON
observations and the standard deviations (SDs) for all stations, together with the coef-
ficient of determination R? and the number of coincident observations N (sites with no
coincidence data are not listed). The maximum positive bias (21.93 ppb) is observed at
Altzomoni. Kiruna has the maximum negative bias (—18.55 ppb). Apart from Altzomoni
and Cedregouraudforest, which have a limited number of colocations, the mean bias is
—2.32 ppb (within 1%) for all stations. Munich has the highest SD (36.56 ppb). R? is above
0.7 for 7 of the 20 stations. For Xianghe, R? is notably lower for XCH; when compared to
XCO;.

Table 6. GOSAT V03.05 XCHy validation results against the COCCON data. The mean differences (bi-
ases), the standard deviation (SD), the coefficient of determination R2, and the number of colocations
N are presented for each site where at least one colocation was found.

Station Bias [ppb] (%) SD [ppb] (%) R? N
Altzomoni 21.93 (1.18) 10.84 (0.58) 0.019 4
Beijing 0.85 (0.04) 29.55 (1.56) 0.495 44
Boulder —1.30 (—0.07) 22.26 (1.19) 0.570 6
Cedregouraudforest 20.74 (1.12) 3.34(0.18) 1.000 2
Fairbanks 12.27 (0.67) 26.86 (1.47) 0.667 50
Gobabeb —2.23(0.12) 16.08 (0.88) 0.890 20
Jinja 5.78 (0.31) 1
Karlsruhe —2.44 (—0.13) 31.17 (1.68) 0.838 75
Kiruna —18.55 (—1.00) 23.98 (1.31) 0.633 15
Madrid —8.34 (—0.45) 9.79 (0.53) 0.569 3
Magurele —8.40 (—0.44) 17.01 (0.89) 0.970 4
Mexico City —8.36 (—0.45) 32.87 (1.76) 0.603 168
Munich —1.07 (—0.06) 36.56 (1.97) 0.873 178
Seoul —0.97 (—0.05) 16.32 (0.86) 0.505 13
Sodankyla —8.08 (—0.44) 24.68 (1.35) 0.636 22
St. Petersburg 6.84 (0.37) 20.73 (1.13) 0.431 9
Thessaloniki —10.50 (—0.56) 24.60 (1.31) 0.670 33
Toronto —0.91 (—0.05) 32.99 (1.76) 0.890 52
Tsukuba 2.69 (0.14) 28.55 (1.53) 0.909 39
Xianghe 6.54 (0.34) 18.51 (0.97) 0.001 28
All data —2.32 (—0.12) 13.52 (0.73) 0.786 766

An XCHy correlation plot between the GOSAT and COCCON observations for all sites
(N =766) is shown in Figure 9. Different colors depict the individual stations. The solid
black line is the best-fit line through all data points; the dotted black line is the 1:1 line. The
error bars denote the 10 standard deviation of the hourly mean values for the COCCON
observations and the measurement error for the GOSAT soundings. The XCHy correlation
plot shows lower values for the remote sites at the beginning of the observation period,
with higher values in the recent city observations. Specifically, the values for XCH, are
low in Sodankyl4, but not as pronounced as the Sodankyla XCO, values. The mean R? is
0.786, with a mean bias of —2.32 ppb (—0.12%) and a mean standard deviation of 13.52 ppb
(0.73%). Again, we find a good level of agreement with the results of Someya et al. (2023).
They derived an uncertainty of 11.97 ppb when comparing GOSAT V03.00 and TCCON
observations.
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Figure 9. Correlation plot between co-located COCCON and GOSAT XCHjy observations. Different
colors denote different COCCON sites. The solid black line is the best-fit line through all data points;
the dotted black line is the 1:1 line. The error bars denote the standard deviation of the hourly mean
values for COCCON observations and the measurement error for GOSAT soundings.

4. Discussion and Outlook

The column-averaged dry-air mole fractions of carbon dioxide (XCO;), methane
(XCHy), and carbon monoxide (XCO) from the COCCON can provide fiducial reference
measurements and complement the TCCON and the NDACC-IRWG [1]. In this study,
we used these data from the network for the geophysical validation of multiple suites of
satellite-borne sensors (namely, the European Copernicus Sentine-5 Precursor (S5P), the
American Orbiting Carbon Observatory-2 (OCO-2), and the Japanese Greenhouse gases
Observing SATellite (GOSAT). The earliest COCCON data used in this study span from
2016 to the latest data obtained at the end of 2023, while for some of the sites, only a few
days of observations are available due to their deployment as short-term campaigns. The
COCCON data version v1 was used in this study as this version provides the largest dataset
of the COCCON stations. The 27 individual COCCON stations contributing to this study
cover a broad range of latitudinal scales from the high-latitude Arctic site at Eureka to the
Antarctic site at Arrival Heights. They cover a broad range of measurand space with high
air masses, high zenith angles, and varying albedo with snow, ice, or snow-free in high
latitudes; Gobabeb, as special high-albedo site; urban sites in cities close to high-pollution
region; multiple spectrometers encircling a source area (e.g., cities like Munich, Madrid,
Mexico City); and an equatorial station in Africa.

The coincidence criteria applied to the individual satellite validation are different from
each other, but they are similar to the coincidence criteria that were typically used for the
respective satellites in previous studies.

We found that the systematic difference between the S5P standard and bias-corrected
XCHy4 products (V02.04 and above) and a priori aligned COCCON data is, on average,
—0.36 & 0.54% and 0.09 & 0.37%, respectively. The magnitude of change in bias is similar
to that seen for the TCCON validation case in Sha et al., 2024 [44], but the 1¢ standard
deviation is smaller (by roughly 0.2%) in the COCCON validation case and well within the
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limit of 1.5%. The random error was also found to be well below the 1% limit for both the
standard (0.70 £ 0.34%) and bias-corrected (0.68 % 0.3%) XCH4 products. For most sites,
the correlation coefficient between the S5P and COCCON XCHy dataset is above 0.75 except
when a limited dataset is available for the comparison. A seasonal dependence of the bias
was seen, especially for high-latitude sites, where a high bias during the springtime at high
solar zenith angles is observed, and a decreasing bias with decreasing solar zenith angle is
observed for the remaining months. We found that the systematic difference between the
S5P and COCCON XCO is, on average, 2.24 £ 3.59% for the average of all pixels within the
50 km radius colocation criterion and 2.71 + 3.11% for the destriped on-pixel colocation
criterion. The latter colocation criterion reduces the scatter in the mean and is ideal for
sites that are closer to the source. The random error between the two validation cases is, on
average, 6.00 £ 3.35% and 7.65 £ 4.92%. Both the systematic difference and the random
error values were found to be within the limits of 15% and 10%, respectively. These results
are very promising as they show the high quality of the S5P CO product. The correlation
coefficient between the test cases is around 0.85 or above, except when the intercomparison
dataset has limited data. A seasonal dependence of relative bias was seen, with high
bias during the high-CO event and low bias during the low-CO event. In addition to the
environmental factors, the residual bias can potentially be due to other factors, like the
retrieval algorithm, cloud and aerosol effects, and lack of a calibrated reference traceable to
the world meteorological organization scale [50].

A total of 425 coincidences were found between the OCO-2 V11.1 land nadir and
land glint and COCCON XCO, data. The average bias value is 0.24 ppm, with a standard
deviation of 1.05 ppm and a coefficient of determination value of 0.95. Considering the
uncertainties and the limited coincidences for several COCCON sites, these initial compar-
isons of OCO-2 to COCCON data on a global scale are very promising for the land nadir
and land glint observation modes.

GOSAT NIES V03.05 gain H bias-corrected observations were validated against COC-
CON data. A total of 766 coincidences were found between the GOSAT and COCCON
XCO, data. The overall good agreement was confirmed with a mean R? value of 0.850 for
all sites. The mean bias is 0.65 ppm (0.16%), and the mean standard deviation is 2.01 ppm
(0.49%), which is within the uncertainty of the comparison. A total of 766 coincidences
were also found for the XCH, data between the GOSAT and COCCON data. The R? value
is 0.786, with a mean bias of —2.32 ppb (—0.12%) and a mean standard deviation of 13.52
ppb (0.73%). The uncertainties were found to be similar to the comparison with TCCON
data for both the XCO, and XCH,4 validation cases.

Detailed comparisons of S5P/OCO-2/GOSAT and COCCON data helped detect
and quantify regional-scale biases in the satellite products when a sufficient number of
colocation pairs were available at the sites. Finally, COCCON has become a reliable source
of high-quality ground-based network data that provide column-averaged dry-air mole
fractions of CO, (XCO,), CHy4 (XCHy), and CO (XCO). It complements the current efforts of
the TCCON and the NDACC network in providing high-quality reference data for satellite
and model validation studies and carbon cycle studies. Current efforts are ongoing at the
COCCON central processing facility hosted at the Karlsruhe Institute of Technology and
on the individual PI level to process the COCCON data with the latest v2.4 of PROFFAST
processing chain. Future studies should use the v2.4 of COCCON data when available for
the validation of satellite and models and carbon cycle studies.
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