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Abstract The Orbiting Carbon Observatory 2 (OCO-2) is NASA's first Earth observation satellite mission
dedicated to studying the sources and sinks of carbon dioxide (CO,) on a global scale. The observations of
reflected sunlight are inverted in a retrieval algorithm to produce estimates of the dry air mole-fractions of CO,
(Xcoo)- The OCO-2 Level 2 data release, version 11.1 (v11.1) retrievals from the Atmospheric Carbon
Observations from Space (ACOS) algorithm, includes significant improvements in the X, data product
compared to older OCO-2 data versions. This work compares the v11.1 X, from OCO-2 against X,
estimates collected from a global ground-based network known as the Total Carbon Column Observing
Network (TCCON), OCO-2's primary validation source. The OCO-2 project provides a version of the Level 2
data product, called “lite” files that include calibrated and bias-corrected X, values, accessible together with
all OCO-2 data products through the NASA Goddard Earth Sciences Data and Information Services Center
(GES DISC). This work shows that OCO-2 X, observations made between September 2014 and December
2023, after quality filtering and the application of an averaging kernel correction, agree well with coincident
TCCON data for all OCO-2 observational modes of land (nadir, glint, target) and ocean (glint). The aggregated,
bias-corrected, and quality-filtered absolute average bias values are less than or equal to 0.20 parts per million
(ppm) globally for all OCO-2 observation modes, where the biases do not indicate a statistically significant time
dependence. The land nadir/glint mode has the lowest bias value of —0.03 £ 0.85 ppm.

Plain Language Summary Carbon dioxide (CO,) is a major greenhouse gas that contributes to
global warming, warranting the continuous monitoring of its concentration in the atmosphere to improve our
understanding of the dynamics of climate change and predict future climate scenarios. Satellites play an
important role in providing comprehensive global coverage of atmospheric CO,, particularly making CO,
observations possible over remote and inaccessible areas. The OCO-2 (OCO-2) is a NASA mission dedicated to
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studying atmospheric CO, with a high degree of precision, accuracy, and comprehension. To ensure continued
accuracy, reliability, and confidence in data usage, the new and improved version 11.1 (v11.1) column-averaged
dry-air mole fraction of CO, (Xcq,) product from OCO-2 is validated in this study against the Total Carbon
Column Observing Network (TCCON), a global network of ground-based Fourier Transform Spectrometers.
The comparisons indicate that aggregated bias-corrected and quality-filtered X, estimates from OCO-2
compare well with TCCON, with absolute average biases less than or equal to 0.20 parts per million (ppm)
globally.

1. Introduction

The Orbiting Carbon Observatory-2 (OCO-2) was launched on 2 July 2014 from the Vandenberg Air Force Base
in California, USA. It is NASA's first dedicated satellite mission to measure atmospheric carbon dioxide (CO,)
and identify its global sources and sinks (Crisp et al., 2004; Crisp & Johnson, 2005). OCO-2 was designed on the
heritage of the OCO, which was a mission lost in 2009 due to a malfunction in the launch vehicle and could not
reach orbit (Crisp et al., 2008). Its 3-channel, imaging, grating spectrometer collects high-resolution spectra of
reflected sunlight in the near-infrared (NIR) and shortwave infrared regions. The sunlight reflected from Earth's
surface is collected in three spectral regions centered at 0.765, 1.61, and 2.06 pm. The region centered at 0.765 pm
is used to retrieve molecular oxygen (O, A-band), and the 1.61 and 2.06 pm bands are the weak and strong CO,
bands, respectively. The combination of coincident measurements from the three channels is used to produce
“soundings” that are analyzed using a “full-physics” retrieval algorithm to produce atmospheric abundances of
Xcop and other atmospheric and geophysical quantities such as clouds and aerosol optical depth and distribution,
water vapor, temperature, surface pressure, and reflectance, explained in detail in the OCO-2 Data User Guide
(OCO-2 DUG, 2023).

The column-averaged dry air mole fraction of atmospheric CO, (Xq,) is the ratio of the column abundances of
CO, and dry air. The altitude-dependent CO, number density, when integrated over the atmospheric column, is
referred to as the “column abundance.” O, acts as a suitable proxy for dry air due to its essentially constant mole
fraction in dry air (0.2095). The column abundance of dry air is thus estimated using the spectra of the NIR O,
absorption band. Connor et al. (2008) and O'Dell et al. (2012, 2018) described the optimal estimation retrieval
algorithm used to retrieve column abundance of CO, from high-resolution spectra of reflected sunlight: the
Atmospheric Carbon Observations from Space (ACOS) algorithm, which has been validated extensively (O'Dell
et al., 2012, 2018).

X oz 1s of paramount importance in carbon cycle science due to its relative insensitivity to vertical mixing and its
direct utility in quantifying CO, surface fluxes (Byrne et al., 2022; Crowell et al., 2019; Keppel-Aleks et al., 2011;
Yang et al., 2007), necessitating its continuous, high-quality measurements. Furthermore, Miller et al. (2007) and
Jacobs et al. (2024) assessed that X, measurements need to be highly precise (within £1 ppm, i.e., ~0.25%) and
accurate (within 0.2 ppm, i.e., ~0.05%). This is important to distinguish variations on the order of tenths of a
part per million (ppm) well enough against a high background X, concentration of approximately 400 ppm
(Rayner & O'Brien, 2001; Chevallier et al., 2005, 2014; Miller et al., 2007; Jacobs et al., 2024). OCO-2 has been
making highly precise (within 0.3% or 1 ppm) and accurate space-based measurements of X, for more than a
decade (Eldering et al., 2017), with continuous efforts made by the OCO-2 team toward the improvement of the
data quality through the characterization and elimination of biases (Jacobs et al., 2024; Kiel et al., 2019; Mandrake
et al., 2015; Taylor et al., 2023; Wunch et al., 2017).

The Total Carbon Column Observing Network (TCCON; Toon et al., 2009; Wunch, Toon, et al., 2011) is the
primary source of reference data used to validate OCO-2. TCCON is a global ground-based network that mea-
sures X¢o, in addition to other atmospheric species and was designated and deployed as the primary validation
source for Xg, from OCO-2, the Greenhouse Gases Observing Satellite (GOSAT; Kuze et al., 2009, 2016), the
SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY (SCIAMACHY; Bovensmann
etal., 1999), and the Chinese Carbon Dioxide Observation Satellite Mission (TANSAT; Liu et al., 2018). TCCON
is a network of solar-viewing ground-based Fourier Transform Spectrometers that records direct solar spectra in
the NIR spectral region. These spectra are used to retrieve accurate and precise column-averaged abundance of
0,, CO,, methane (CH,), nitrous oxide (N,O), hydrofluoric acid (HF), carbon monoxide (CO), water vapor
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(H,0), and semi-heavy water (HDO). The TCCON instruments, although cannot measure through optically thick
clouds, are unaffected by surface properties and are minimally sensitive to aerosols and high cirrus clouds
(Keppel-Aleks et al., 2007).

A key aspect of validating X, is ensuring that it is tied to the same World Meteorological Organization (WMO)
measurement scale as in situ CO, data. For OCO-2, this is done vicariously through TCCON. TCCON X, data
are tied to in situ data through a scale factor derived from comparisons with numerous in situ profiles measured
over TCCON sites (Laughner et al., 2024; Messerschmidt et al., 2011; Wunch et al., 2010). OCO-2 data is
likewise scaled to match coincident TCCON observations, thus making all three data sets compatible.

In our analysis, the nadir and glint observation modes are combined over land (hereafter, land nadir/glint). The
land nadir/glint, ocean glint, and target mode observations from OCO-2 are compared against coincident-TCCON
measurements from September 2014 to December 2023. This paper describes the materials and methods in
Section 2, the results and discussion in Section 3, and the conclusions in Section 4.

2. Materials and Methods
2.1. Data Sets
2.1.1. OCO-2

OCO-2 flies at the head of the Earth Observing System Afternoon Constellation (EOS A-Train) and measures
using the 3-channel imaging spectrometer over the sunlit hemisphere to record high-resolution spectra of reflected
sunlight in the O, and CO, bands. OCO-2 has a ground-track repeat cycle of 16 days or 233 orbits and measures in
three observation modes: nadir, glint, and target. These modes provide data over different surface conditions. The
instrument observes pointing straight down at the Earth's surface in the nadir mode. In this mode, the observations
provide the best spatial resolution and yield more useful X, soundings in partially cloudy or topographically
rough regions. Furthermore, the nadir mode is particularly useful for measuring at high latitudes due to shorter
paths than the glint mode, which helps reduce aerosol and scattering effects. In the glint mode, the instrument
points on the surface at the sun glint spot. The observations made in this mode have higher signal-to-noise ratios
(SNR) over dark ocean surfaces. During the first year of making observations, OCO-2's strategy to observe
changed to glint-only observations over most of the Pacific and Atlantic oceans and alternating between the nadir
and glint modes on all other orbits. The target mode observations are taken primarily for use in validation against
ground-based observations from TCCON (Kiel et al., 2019; Wunch, Wennberg, et al., 2011, 2017).

Waunch et al. (2017) published the first validation analysis of OCO-2, using version 7 (v7) data and performing
systematic comparisons to TCCON. Since the v7 data product, several major algorithm and calibration changes
have been implemented to improve the OCO-2 retrievals. The changes in the OCO-2 version 8 (v8) data product
(O'Dell et al., 2018) included the updated radiometric calibration for the L1B product, updated spectrometric
parameters, the addition of stratospheric aerosols, and a more pragmatic treatment of the surface reflectance in the
L2 algorithm. OCO-2 version 9 (v9) (Kiel et al., 2019) data was released to mitigate topography-related biases in
OCO-2 v7 (Wunch et al., 2017) that were also observed in v8. These biases were attributed to relative errors in the
surface pressure estimates due to small errors in the pointing of the OCO-2 detector, propagating nearly 1:1 into
relatival errors in the bias-corrected X(,. Furthermore, the way the surface pressure a priori value was deter-
mined from the meteorological model data affected the surface pressure retrieval. Model results from the GEOS-5
Forward Processing for Instrument Teams (GEOSS5 FP-IT) model are used in the OCO-2 retrieval software. It was
discovered that a coding error led to incorrect time interpolation while sampling the GEOSS FP-IT surface
pressure results. In v9, significant improvement in how the X, data varies with altitude was observed upon
using improved geolocation (Kiel et al., 2019) for the eight OCO-2 footprints and resolving the a priori sampling
error associated with the meteorological data. The major changes in version 10 (v10) (Taylor et al., 2023)
included updates to the L1B calibration to account for radiometric degradation and bad pixel samples. Changes
were made to the trace gas spectroscopic parameters used in the retrieval algorithm, a priori information for
aerosols and CO,, treatment of surface albedo, and the solar continuum model. Key updates to version 11 (v11)
OCO-2 L2 products are the improvements made to the L1B processing, including gain degradation, noise model,
footprint dependence, dispersion trend, and instrument line shape. Additionally, issues concerning the inadvertent
flagging of most soundings over the South Atlantic Anomaly have been mitigated. V11 also includes several

DAS ET AL.

30f22

85UB01 SUOWILLIOD @A, @|qed!idde au) Aq peusenob a1e sapie O 88N JO SaInJ 1o} ARIqIT 8UIIUO AB]IM U (SUORIPUOD-PUE-SLLRIL0D" A8 IMARRIq 1 [BUIIUO//Sd1L) SUORIPUOD PUe SULR L 8} 885 *[5202/L0/TZ] Uo Aiq1T8ullUO AB]IM ‘(PePILES 2P OLBISIUIIN) UOKINOIJ [BUOEN URILR0D USIUedS AQ SE6E00V3Z0Z/620T OT/I0pL00™Aa]im ARelq1jeuljuo'sandnfe//sdiy Loy pepeojumoa ‘2 ‘Sg0z ‘y80SEEET



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth and Space Science 10.1029/2024EA003935

spectroscopy updates and improvements to the ocean surface treatment, alongside the inclusion of new CO, a
priori profiles and minor changes to the rules governing sounding selection (Jacobs et al., 2024).

The transition from v11 to version 11.1 (v11.1) implements a new Digital Elevation Map (DEM) in the L2 re-
trievals that is used in the v11.1 “Lite” processing as a post-processing correction. The new DEM improves the
retrievals at high latitudes, particularly above 60° N. Improving OCO-2 retrievals at high-latitude regions is
necessary as the largest discrepancies among DEMs lie in these regions and warrant greater attention in the DEM
quality assessment (Barlow et al., 2015; Byrne et al., 2020; Holland & Bitz, 2003; Jacobs et al., 2024; Pan
et al., 2011; Park et al., 2018; Smith et al., 2019). The DEM used in the OCO ACOS algorithm (Zong, 2008;
ODell et al., 2012) was updated for the first time since 2009 during the development of the OCO-2 ACOS
retrieval algorithm for v11. Versions 10 and earlier used the OCODEM as the DEM (Osterman et al., 2020a,
2020b; Taylor et al., 2023). The v11.1 OCO-2 uses the Copernicus GLO90 DEM (hereafter referred to as the
“Copernicus DEM”), a surface terrain model derived from the WorldDEM (Fahrland et al., 2020). Several studies
have compared the performance of the Copernicus DEM to other DEMs (Bielski et al., 2024; Carrera-
Hernandez, 2021; Guth & Geoffroy, 2021; Hachmeister et al., 2022; Karlson et al., 2021; Li et al., 2022). In a
comprehensive global comparison of available DEMs for use in the OCO-2 ACOS retrieval algorithm, Jacobs
et al. (2024) demonstrated that the Copernicus DEM is superior to other DEMs in terms of global continuity and
accuracy and this motivated the post-processing update from OCO-2 v11 Lite files to v11.1 by substituting the
NASADEM+ with the Copernicus DEM globally.

An important change in v11.1 is the modification of surface elevation, which changes the surface pressure. The
most significant changes between v11 and v11.1 are observed at high latitudes due to the improved DEM ac-
curacy. The change to the DEM, its impact on Xq,, and the bias correction of co2_ratio and h2o0_ratio are
described in detail by Jacobs et al. (2024). The v11.1 is a minor update to v11 that includes the following changes
—modifications to “dP” (the difference between the retrieved and prior surface pressure) in the bias correction
using the Copernicus DEM, the application of a bias correction to filter variables “co2_ratio” and “h20_ratio” that
are now replaced by “co2_ratio_bc” and “h20_ratio_bc”, respectively, and updates related to quality filtering and
bias corrections compared to v11.

In this analysis, we use the OCO-2 Level 2 (L2) release v11.1 “Lite” files, which are different from the L2
Standard products. The L2 Lite file data are daily files with additional post-processing data fields, including
screened and bias-corrected X, values. The data in the Lite files are filtered using the xco2_quality_flag, where
this variable, when set to “0,” indicates good quality soundings. All parameters used in the land and ocean bias
correction, along with a detailed description of the overall bias correction process implemented in v11.1, are
presented in the OCO-2 DUG (https://docserver.gesdisc.eosdis.nasa.gov/public/project/OCO/OCO2_V11.1
OCO3_V10_L2_Data_Users_Guide_v3.0_RevA.pdf).

The OCO-2 data record currently provides over a decade of X, observations. Thus, the possibility of drifts in
the retrieved X, with time, such as those related to priors or calibration, could exist. To check for such spurious
trends and account for averaging kernel effects, a linear least-square fit of the monthly mean of the Xq, dif-
ference of the OCO-2 and Truth data sets is performed. The process is described in detail in the OCO-2 DUG. The
OCO-2 errors are treated as purely empirical as the analysis does not consider the possible drift in errors in
TCCON or models. However, as the length of the OCO-2 data record grows, any spurious time trends should
become easier to identify and eliminate. The current bias correction does not include a time-dependent term.

Atmospheric CO, measurements are tied to primary standards governed by the National Oceanic and Atmo-
spheric Administration (NOAA) Global Monitoring Laboratory. Revisions to the WMO CO, calibration scale
indicated increases in the CO, mixing ratios on the order of 0.2 at 400 ppm (Hall et al., 2021; OCO-2 DUG, 2023).
Since its finalization, in situ CO, measurements are thus being recalibrated to this new scale, “WMO-CO2-
X2019” (hereafter X2019). An additional variable, “XCO2_X2019,” is included in the OCO-2 v11.1 release that
estimates the OCO-2 X, on the X2019 scale. This was obtained by re-fitting the “TCCON_ADJUST” value
from 0.9997 for the X2007 scale to 0.9995 for the X2019 scale, which resulted in an ~ 0.08 ppm increase in Xq,
values on the X2019 scale compared to the X2007 scale (OCO-2 DUG, 2023).

Table 1 provides a list of important updates to the ACOS L2FP retrieval algorithm spanning version 7 to version
11.2. Section 3 of O'Dell et al. (2018) discusses the ACOS retrieval algorithm updates that were made for v8 and
compares them to previous versions. The v9 X, product was an off-line reprocessing of the X, values
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Table 1

Key Updates to the ACOS L2 Full Physics (L2FP) Retrieval Algorithm for OCO-2 v7 Through v11.2

ACOS ACOS

ACOS v7 ACOS v8/9 ACOS v10 ACOS vl11 vll.1 vil.2
1 LiteCO, product 2015 2017/2018 2020 Aug-2022 June-2023 Oct-
release date 2024
2 Spectroscopy ABSCO v4.2 ABSCO v5.0 (Oyafuso ABSCO v5.1 (Payne ABSCO v5.2 (Payne No change No
version et al., 2017) et al., 2020) et al., 2022) change
3 Aecrosol scheme Gaussian profile for cloud- Monthly climatology from  Daily GMAO GEOSS FP- No change No change No
water, cloud-ice, and 2 GMAO MERRA-2 for two IT priors. Tightening of change
aerosol types. Cloud-ice dominant aerosol types. AOD prior variance.

4 Meteorology
prior source

5 CO, prior source

6 Solar model
7 Land surface
parameterization

8 Water surface
parameterization

9  Digital elevation
model

10 Global Bias
against
TCCON (ppm)

optical properties updated. ~ Stratospheric aerosol added  (Nelson & O'Dell, 2019)
to state vector

ECMWF GMAO GEOSS FP-IT No change No change No change GMAO
GEOS5
IT
TCCON GGG2014 prior No change TCCON GGG2020 prior  Growth rate calculated from No change No
profiles with fixed secular profiles. Growth rate NOAA prior with change
increase calculated from NOAA approximately 1 month
prior extrapolated after latency (Laughner
2018. et al., 2023)
2016 Toon solar No change TSIS-SIM solar continuum No change No change No
transmittance spectrum. change
ATLAS 3 SOLSPEC solar
continuum.
Pure Lambertian Non-Lambertian BRDF No change Corrected to use No change No
model unpolarized RPV kernel change
Cox and Munk with additive No change No change Scaled Cox and Munk Error No change No
Lambertian corrected in Stokes-U change
component.
OCODEM No change No change NASADEM+ (Jacobs GLO-90 No
et al., 2024) DEM change
(Jacobs
et al., 2024)
V7 OCO-2 V9 OCO-2 V10 OCO-2 V11 OCO-2 Vil.1 V11.2
0CO-2 0CO-2
<0.40 (absolute value across LNG: —-0.02 LNG: 0.05 LNG: —-0.08 LNG: LNG:
all modes, Wunch —0.03 0.03
et al., 2017)
OG: —0.28 0G: 0.42 0OG: 0.21 0G: 0.20 OG:
0.18
TG: 0.13 TG: 0.31 TG: 0.08 TG: —0.11 TG:
—0.05

Note. LNG, OG, and TG indicate the Land Nadir/Glint, Ocean Glint, and Target modes, respectively. ECMWF and RPV stand for European Centre for Medium-Range
Weather Forecasts, and Rahman Pinty Verstraete reflection model (Rahman et al., 1993), respectively. OCODEM is the DEM used for v10 and earlier OCO ACOS

versions.

through the empirical bias correction and did not include any actual changes to the L2FP retrieval (Kiel
et al., 2019). Section 3.1 of (Taylor et al., 2023) provides details for the v10 algorithm updates. A full discussion
of the v11.1 digital elevation model is given by Jacobs et al. (2024), which also includes brief highlights of
spectroscopy, CO, priors, and an update to the water surface parameterization in Appendix A. The most recent
ACOS v11.2 was produced while the current work was under review. The update to the meteorological prior
source was necessitated by a change in the GEOSS FP product, which includes the addition of nitrate aerosols and
adjustments to the essential meteorological parameters, for example, surface pressure and temperature profiles. A
future publication by the OCO project will discuss this in detail. Extensive off-line testing indicated that the effect
on global X, is minimal, and v11.2 OCO-2 versus TCCON bias values have been briefly discussed in Section 3.
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Figure 1. Map of all TCCON stations and OCO-2 target sites. Gray circles indicate previously operational sites, red circles indicate currently operational sites, and the
cyan squares indicate future sites. Green pentagons show the current OCO-2 target locations, and the yellow triangles indicate the inactive OCO-2 target locations.

In addition to updates in the ACOS retrieval algorithm for each successive version, improvements were made to
the L1b radiances through modifications to various calibration parameters. In addition, the empirical quality
filtering and bias correction methodology, first described by Wunch, Wennberg, et al. (2011) and O'Dell
et al. (2018), has continuously improved over time as both more training data has become available due to the
longer OCO-2 time record, and due to improvements to the training data itself, especially with regard to TCCON
updates (Laughner et al., 2024).

Although each version of the ACOS retrieval has shown decreases in Root Mean Square Error relative to truth
metrics (TCCON, models, small area analysis), for example, Figure 1 in Taylor et al. (2023), there continue to be
known sources of retrieval uncertainty, including, but not limited to, aerosols and spectroscopy (Bell et al., 2023;
McGarragh et al., 2024).

2.1.2. TCCON

TCCON began operational measurements in 2004, with its first dedicated instrument located in Park Falls, WI,
USA (Washenfelder et al., 2006; Wunch, Toon, et al., 2011, Wunch, Wennberg, et al., 2011). As of December
2023, the network has 29 sites across the globe and provides column average dry air mole fractions of CO, and
other atmospheric species (Xg,,). These observations have been used to study natural and anthropogenic carbon
fluxes (Babenhauserheide et al., 2020; Crowell et al., 2019; Dogniaux et al., 2021; Feng et al., 2017; Hedelius
et al., 2018; Sussmann & Rettinger, 2020; Villalobos et al., 2021; Yang et al., 2007; Zhang et al., 2021), carbon
transport (Keppel-Aleks et al., 2012; Polavarapu et al., 2016), to provide the ground truth values for space-based
CO, CO,, and CH, measurements (Dupuy et al., 2016; Hedelius et al., 2019; Inoue et al., 2016; Jin et al., 2022;
Kiel et al., 2019; Kulawik et al., 2016; Liang, Gong, et al., 2017, Liang, Gong, et al., 2017; Lorente et al., 2021;
Schepers et al., 2016; Schneising et al., 2019; Sha et al., 2021; Velazco et al., 2019; Wunch et al., 2017; Yang
et al., 2020), for model verification (Byrne et al., 2023), and to track long-term trends in column-average CO,
(Yuan et al., 2019). The TCCON instruments measure solar absorption spectra in the NIR wavelengths and record
an interferogram once every few minutes using solar-viewing high-resolution Fourier transform infrared spec-
trometers. The interferograms are processed using the GGG software suite to provide column average dry-air
mole fractions. Note that GGG is not an acronym but the proper name of the software. Major GGG versions
are indicated by the year of development. GGG2014 (Wunch et al., 2015) is the previous version used in the
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generation of public TCCON data. Since GGG2014, GGG2020 is the most recent and first major update applied
to public TCCON data. Detailed descriptions of the GGG2020 retrieval algorithm and the data version are
provided by Laughner et al. (2024).

GGG2020 data is publicly available through the TCCON Data Archive (tccondata.org). The publicly available
TCCON data repository can be accessed through CaltechDATA (Total Carbon Column Observing Network
(TCCON) Team, 2022). Documentation for the TCCON data product is available on the TCCON Wiki (https:/
tccon-wiki.caltech.edu/). The data use policy, and license are available at https://tccon-wiki.caltech.edu/Main/
DataUsePolicy. Figure 1 shows a map of all inactive, currently operational, and future TCCON stations, indicated
by gray circles, red circles, and cyan squares, respectively. This study uses TCCON data processed using
GGG2020. Tables 2 and Table S1 in Supporting Information S1 include geographic locations and literature ci-
tations for the TCCON data sets used in this study.

2.2. OCO-2 Observation Modes

The nominal “science observation modes” for OCO-2 are the nadir and glint observation modes, alternating
viewing by orbit except over the Atlantic and Pacific oceans. The nadir measurements are primarily useful only
over land. The “glint” mode provides useful observations over both land and ocean surfaces. Different surface
reflectance models are used in the ACOS full physics retrieval algorithm for land and ocean surfaces, and thus, the
data in the glint mode are separated into glint over land (“land glint”) and ocean (“ocean glint”’). The Lambertian
surface reflectance model is used over land (matching the surface model of the nadir observation mode), and the
Cox-Munk surface reflectance model with a Lambertian component is used over water (Wunch et al., 2017).
Figure 2 shows the measurement density of OCO-2 in all modes as a function of latitude from September 2014
through December 2023. In the glint mode over the ocean, the retrievals are performed over a finite range of
latitudes due to concerns arising from aerosol scattering-related biases over the most extensive optical path
lengths. At high latitudes, the nadir mode provides reliable X, measurements over land. Over water bodies,
such as inland lakes, data in the ocean glint mode are useful.

In the target mode, the OCO-2 satellite rotates from its nominal science mode during a target-mode maneuver to
point at a selected ground location. During this time, the spacecraft's solar panels are rotated away from the sun,
and the spacecraft “dithers” (nods or scans) across the target site. The ground is swept across several times as the
spacecraft passes overhead. During this time, several thousands of soundings are collected, a number of which are
overlapped. This mode is primarily used for validation and calibration analysis. However, recently, target mode
locations, such as Los Angeles, USA, and Befchatéw, Poland, have been added for science analyses of large cities
or in the vicinity of large power plants. The time to transition to and from the nominal science mode is ~5 min
each, and the target mode data are collected for ~4.5 min during the ground sweep.

During the target-mode maneuvers, thousands of spectra are collected within 4.5 min over a target location, that
is, a box ~0.2° longitude X 0.2° latitude for the densest measurements. Tables 2 and Table S1 in Supporting
Information S1 provide the current and past OCO-2 target locations, respectively. Note that the OCO-2 target list
is periodically re-evaluated during the progress of the mission and is subject to updating in the future. Figure 1
shows the OCO-2 target sites, where the green pentagons indicate current target locations in 2025, and the yellow
triangles indicate currently inactive target locations. The ground locations are required to be preprogrammed into
the spacecraft software; thus, a limited number of sites (currently 38, increased from 19 at launch) can be targeted.
Several OCO-2 target sites have been modified or replaced throughout the mission. The target locations are
selected to cover a broad range of latitudes, longitudes, and surface properties that help identify existing biases
that need to be corrected in the OCO-2 retrieval algorithm. The majority of these target-mode observations are
made over TCCON sites. Those target locations have TCCON listed under the ‘Validation Data' column in
Tables 2 and Table S1 in Supporting Information S1 for the current and past sites, respectively. OCO-2 can target
individual sites over specific orbits and only when the ground track is adequately close to the target site, thus
allowing OCO-2 to choose from one to seven ground target locations. During each target maneuver, the asso-
ciated power constraints thus limit the number of target observations that can be taken per day (maximum of four
over a 24-hr period). Meteorological forecasts are considered before requesting target observations to maximize
the chance of scenes without clouds. Another consideration is the number of targets selected at a specific location
since the target observations mean the loss of the nadir or glint data for that orbit. This consideration allows for
balance between target data with nadir and glint data and (for targets with a TCCON or other validation source)
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Table 2
Current OCO-2 Targets

Target location

Target name (Lat, lon) Validation data Target active dates Data/Site reference
Belchatow, Poland 51.27, 19.33 Power Plant Spring 2021-Present Nassar et al. (2022)
Boston, Massachusetts, USA 42.38, =71.10 EM27/SUN, SIF Spring 2021-Present
Boulder, Colorado, USA 3991, —104.24  AirCore, EM27/SUN Spring 2015-Present
Burgos, Philippines 18.5, 120.66 TCCON January 2017-Present Morino et al. (2022a)
Caltech, California, USA 34.12, —118.07 TCCON July 2014—Present Wennberg et al. (2022a)
Darwin, Australia —12.37, 13091 TCCON July 2014—Present Deutscher et al. (2023)
East Trout Lake, Saskatchewan, Canada 54.35, —104.98 TCCON January 2017-Present ‘Waunch et al. (2022)
Edwards (Armstrong/Dryden), 34.95, —117.88 TCCON July 2014—Present Iraci et al. (2022)
California, USA
El Reno, Oklahoma, USA 35.57, —98.06 SIF March 2020-Present
Fairbanks, Alaska, USA 64.85, —147.83 EM27/SUN January 2017-Present Jacobs et al. (2020)
Gobabeb, Namibia —23.56, 15.04 EM27/SUN Spring 2021-Present Frey et al. (2021)
Harvard Forest, Massachusetts, USA 42.52, =72.17 EM27/SUN, SIF Spring 2021-Present
Harwell, England 51.57, —1.31 TCCON Spring 2022—Present Weidmann et al. (2023)
Izaiia, Canary Islands, Spain 28.29, —16.51 TCCON July 2014—Present Garcfa et al. (2022)
Karlsruhe, Germany 49.10, 8.43 TCCON July 2014—Present Hase et al. (2023)
Lamont (ARM Southern Great Plains), 36.60, —97.48 TCCON July 2014—Present Wennberg et al. (2022b)
Oklahoma, USA
La Selva, Costa Rica 10.43, —84.03 SIF Spring 2022—Present
Lauder, New Zealand —45.00, 169.68 TCCON July 2014—Present Sherlock et al. (2022a, 2022b)
Pollard et al. (2022)

London, England 51.52, —0.03 EM27/SUN Spring 2022—Present
Los Angeles, California, USA 33.81, —118.27 Megacity/EM27/SUN January 2018-February 2019

Spring 2022—Present
Mildred Lake, Alberta, Canada 57.03, —111.55 N/A Spring 2021-Present
Mexico City, Mexico 19.36, —99.16 EM27/SUN Spring 2021-Present
Munich, Germany 48.18, 11.51 EM27/SUN March 2020-Present
Nicosia, Cyprus 35.14, 33.38 TCCON March 2020-Present Petri et al. (2022)
Old Black Spruce, Saskatchewan, Canada 53.98, —105.12  SIF February 2019—Present
Paris, France 48.84, 2.35 TCCON July 2014—Present Té et al. (2022)
Park Falls, Wisconsin, USA 45.94, —90.27 TCCON July 2014—Present Wennberg et al. (2022c)
Railroad Valley, Nevada, USA 38.49, —115.69  Calibration July 2014—Present
Réunion Island, South Indian Ocean —20.91, 55.51 TCCON July 2014—Present De Maziére et al. (2022)
Rikubetsu, Japan 43.45, 143.7 TCCON Spring 2015—Present Morino et al. (2022b)
Saga, Japan 33.24, 130.28 TCCON Spring 2015—Present Shiomi et al. (2022)
Salt Lake City, Utah, USA 40.71, —111.87  EM27/SUN Spring 2022—Present
Seoul, South Korea 37.52, 126.98 EM27/SUN Spring 2021-Present
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Table 2
Continued

Target location

Target name (Lat, lon) Validation data Target active dates Data/Site reference
Sodankyld, Finland 67.36, 26.63 TCCON, AirCore, EM27/SUN July 2014—Present Kivi et al. (2022)
Toronto, Ontario, Canada 4372, —=79.43 EM27/SUN March 2020-Present

Tsukuba, Japan 36.05, 140.12 TCCON July 2014—Present Morino et al. (2022c¢)
Wollongong, Australia —34.45, 150.85 TCCON July 2014—Present Deutscher et al. (2023)
Xianghe, China 39.80, 116.96 TCCON Spring 2022—Present Zhou et al. (2022)

Note. The target locations are stated in degrees latitude and degrees longitude. The list includes all current target locations, several of which are not TCCON sites. The
target locations that have corresponding TCCON sites may not be absolutely centered on the TCCON site location. Targets that do not have corresponding TCCON sites
are not discussed in the paper. SIF refers to Solar-Induced chlorophyll Fluorescence.

when validation data will be collected during the target. The retrieved X, is considered spatially and temporally
constant within a target location (except for urban sites such as Caltech, Tsukuba, Paris, and Xianghe), given that
most of these target sites are selected to be at a reasonable distance from large emission sources. Although X, in
the atmosphere changes in only minor amounts over small geographic regions within ~4.5 min, other parameters
such as airmass (one airmass is the optical path length of one vertical column through the atmosphere), atmo-
spheric path, albedo (surface reflectivity), and topography are subject to change in the duration of the maneuver.
The retrieval algorithm aims to account for these changes and any unexpected variability in the target-mode
measurements.

2.3. Coincidence Criteria

This section compares the bias-corrected OCO-2 land nadir/glint, ocean glint, and target mode data against the
coincident TCCON data. The v11.1 OCO-2 “lite files” are bias-corrected using the three-step bias correction
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Figure 2. OCO-2 land nadir/glint, ocean glint, and target-mode measurement density from September 2014 to December 2023, plotted in 5° bins as a function of latitude
using data from OCO-2 v11.1 “lite” files for “xco2_quality_flag” set to 0.
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Table 3
Spatial Coincidence Criteria

Site name Observation mode Latitude Longitude

All sites except those listed below All Modes 2.5° 5°
Caltech Land Nadir/Glint 0.5° 0.5°
Target 0.45° (not centered) 0.5°
Edwards All Modes 1° 5°
Orléans All Modes 1.5° (not centered) 5°
Paris Land Nadir/Glint and Ocean Glint 2.5° 5°
Target 1.7° (not centered) 5°
Tsukuba All Modes 2.5° 1°

Note. The TCCON stations are centered within the coincidence boxes with the latitude and longitude values specified below.
For some sites, over specific or all observation modes, the coincidence-box does not center on the TCCON station to
eliminate redundant measurements originating from a particular side of the TCCON station. Those locations are indicated by
“not centered.” Few sites use tighter spatial collocation in the target mode to exclude target mode observations from
neighboring sites or the surrounding topography effect.

procedure described in the OCO-2 DUG. The data are then quality filtered, where only the good quality data are
used by setting the “xco2_quality_flag” field to 0. The spatial coincidence criteria are listed in Table 3. A
2.5° x 5° latitude-longitude box centered on the TCCON site is used, where the box extends £1.25° in latitude and
+2.5° in longitude from the TCCON site. The coincidence boxes are visually represented in the maps on the far
right for each site in Figures S9 in Supporting Information S1 through Figure S34 in Supporting Information S1.
Note that the spatial coincidence criteria used in this study are tighter than those used by Wunch et al. (2017), as
the OCO-2 data are currently available for over a decade, with a high number of coincidences for each observation
mode. Additionally, the use of tighter spatial coincidence requirements eliminates the possibility of overlaps
between TCCON sites in close proximity to each other (e.g., Karlsruhe and Paris). The spatial coincidence area is
reduced for specific polluted sites such as Caltech. For Edwards, this is done to eliminate the surface-elevation-
induced biases (terrain effect). Slightly tighter spatial coincidence is also used for Orleans and Tsukuba compared
to other sites. Median TCCON data within +1 hr of the OCO-2 overpass time are considered temporally coin-
cident. As part of the coincidence criteria, a minimum of 100 good-quality OCO-2 soundings per overpass and at
least 15 good-quality TCCON soundings within the temporal coincidence window are required. Furthermore, for
all the TCCON data used in this analysis, following Wunch, Toon, et al. (2011), a correction was applied using the
OCO-2 averaging kernels to convolve the TCCON X, with the OCO-2 column averaging kernel prior to
comparing it with OCO-2 Xq,. The application of the averaging kernels is necessary to adjust the Xq, values
since the OCO-2 and TCCON X, retrievals were computed using slightly different a priori profiles. The re-
trievals must be computed about a common a priori profile, and the averaging kernel correction must account for
the smoothing effect. This has been described in detail by Connor et al. (2008), Nguyen and Hobbs (2020),
Rodgers and Connor (2003), and Wunch, Wennberg, et al. (2011).

3. Results and Discussion
3.1. Land Nadir and Glint-Mode Comparisons to TCCON

Figure 3 compares the v11.1 OCO-2 bias corrected X, (xco2_quality_flag = 0) data in the land nadir/glint
mode against the coincident TCCON data. The top left panel illustrates a one-to-one plot of the relationship
between OCO-2 X, and the median TCCON data during £1 hr of the OCO-2 overpass. “N” represents the
number of coincident overpasses between OCO-2 and TCCON, “std” indicates the standard deviation, “o
represents the coefficient of the determination, and the mean bias is represented by “bias.” The x and y axes
indicate the TCCON and OCO-2 X, values, respectively. The top right panel shows the frequency of the
AX o, distribution. The x-axis shows the AX g, (OCO-2—TCCON) value, and the y-axis shows the frequency
of occurrence. All X, and AX -, data are plotted in parts per million (ppm). In the bottom panel, the AXq,
values are plotted as a time series, where the markers indicate the different sites. The x-axis indicates the year, and
the y-axis shows the AX -, value. The sites are named in the upper portion of the panel, and the numbers within
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Figure 3. OCO-2 Land Nadir/Glint mode—(Top Left) The relation between each OCO-2 land nadir/glint mode observation's median value and the median value of the
corresponding coincident TCCON data, recorded within +1 hr of the OCO-2 overpass. The one-to-one line is indicated by the dashed gray line. The number of
coincident data points between OCO-2 and TCCON is indicated by “N”, the coefficient of determination is represented by “r*”, the bias is represented by “bias”, and the
standard deviation is indicated by “std.” The x and y axes represent the X, data values in ppm for TCCON and OCO-2, respectively. Data are plotted as a “Hexbin
plot”, where the color of each hexagonal bin indicates the number of points in it. (Top Right) The histogram provides the distribution of AX, (OCO-2 minus
TCCON). The x-axis shows the value of the difference and the y-axis indicates the fraction of observations. (Bottom) The time-series of AX(,. The markers indicate
the different TCCON sites for which coincident OCO-2 data are available. The numbers within the parentheses indicate the N value for the corresponding TCCON
station. The error bars indicate the standard deviation of AX,. The solid red line indicates the time trend in ppm/year.

the parentheses next to a site indicate the number of coincidences between OCO-2 and TCCON for the corre-
sponding site.

In the land nadir/glint modes, there are 1,183 coincident overpasses between OCO-2 and TCCON. The globally
averaged bias is —0.03 £ 0.85 ppm. The small error observed is expected as the OCO-2 bias correction includes
a term to minimize the difference. Using the updated DEM in the L2 retrievals primarily affected the retrievals
above 60°N latitude. As the bottom panel indicates, the time series of AXq, values show a time trend of
—0.02 £ [0.01] ppm/year, calculated using a linear fit. This trend is statistically significant, and much of this
trend is driven by a few sites (e.g., Darwin and Saga). Note that all reported time trends in this study are in the
A + B ppm/year format, where A indicates the time trend, and B indicates the statistical uncertainty (standard
error) in the time trend. In the top right panel, the distribution is centered very close to zero, and a comparable
number of AXiqo, values lies on either side of the distribution. All bias-corrected and quality-filtered
(xco2_quality_flag = 0) OCO-2 X, data compare better with coincident TCCON data at global scales in
the land nadir/glint mode than earlier OCO-2 data versions. This indicates an improvement in the v11.1 land
results as compared to a mean bias of 0.05 = 0.84 ppm for the v10 results (Figure S37 in Supporting Infor-
mation S1). The latest v11.2 OCO-2 data, for a period comparable to v11.1 OCO-2 (September 2014 to March
2024), provides a similar comparison against TCCON, with a bias value of 0.03 + 0.84 ppm for N = 1,239 in
the land nadir/glint mode. The time trend of —0.01 = [0.01] ppm/year is not statistically significant.

3.2. Ocean Glint-Mode Comparisons to TCCON

Figure 4 compares the v11.1 OCO-2 data in the ocean glint mode against the coincident TCCON data and is plotted
similarly to Figure 3. There are 328 coincidences between OCO-2 and TCCON for ocean glint, less than in the land
nadir/glint and target modes, which is expected due to the limited number of TCCON sites near coastlines. The
globally averaged bias in this mode is 0.20 =+ 0.72 ppm, with OCO-2 biased higher than the TCCON data. This is a
factor of 10 higher bias than was seen for land nadir/glint collocations. However, compared to v10 results, there is a
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Figure 4. Same as Figure 3, but for the Ocean Glint mode of observation.

decrease in bias (Figure 9d in Taylor et al., 2023, and the middle panels in Figure S37 in Supporting Information S1)
between OCO-2 and TCCON for ocean-glint due to the choice for v11 to determine the OCO-2 global scaling to
match TCCON and not to the models (O'Dell et al., 2018; Section 3.3.1 in Taylor et al., 2023). Note that the standard
deviation values for the ocean glint observations are lower than for the land nadir/glint and target mode obser-
vations. The v10 scaling against models introduced a bias of ~0.3 ppm in the OCO-2 X ;. In v11, the ocean glint
data are scaled using coastline crossings after scaling measurements over land to TCCON, which reduced the bias
over the ocean in v11. This has reduced the bias and scatter over sites such as Bremen (with glint soundings in the
North Sea), Ny Alesund (with glint soundings in the Arctic Ocean), and Park Falls (with glint soundings in the Great
Lakes), for which higher bias values were reported in the earlier OCO-2 data versions (middle panels of Figure S35,
S37, and S39 in Supporting Information S1 for v11, v10, and v9 OCO-2 vs. TCCON, respectively). The AX g,
values show a time trend of 0.05 + [0.02] ppm/year, which is statistically significant. The distribution in the top
right panel indicates a higher number of positive than negative AX -, values. The aggregated bias-corrected OCO-
2 X0 data, quality filtered with xco2_quality_flag = O compared to coincident TCCON data, show a slightly
higher global bias due to fewer coincidences and uncertainties than other observation modes. Furthermore, the
collocation error is probably larger compared to land, and there is only a limited number of coastline crossings that
can be used to derive the global scaling. The latest v11.2 OCO-2 data provides a similar comparison against
TCCON, with a bias value of 0.18 = 0.72 ppm for N = 338 in the ocean glint mode. The time trend of 0.04 £ [0.02]
ppm/year is statistically significant.

3.3. Target-Mode Comparisons to TCCON

As discussed earlier, the measurements made in the target mode are used primarily for the bias correction of the
0OCO-2 X0, data, as they provide the most direct comparison, numerous collocations, and smaller collocation
error relative to observations made in the nadir or glint mode. Figure 5 compares the v11.1 OCO-2 data in the
target mode against the coincident TCCON data and is plotted akin to Figure 3. There is a total of 498 coincident
target measurements between OCO-2 and TCCON. The globally averaged OCO-2 bias is —0.11 £ 0.79 ppm.
There is a 0.01 + [0.01] ppm/year trend in the AX -, data, which is not statistically significant. In the top right
panel, although the distribution is centered close to zero, a higher number of AX -, values lies on the left side of
the distribution. All bias-corrected and quality-filtered (xco2_quality_flag = 0) OCO-2 X, data compare well
with coincident TCCON data in the target mode globally. The latest v11.2 OCO-2 data provides a similar
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Figure 5. Same as Figure 3, but for the Target mode of observation.

comparison against TCCON, with a bias value of —0.05 = 0.81 ppm for N = 516 in the target mode. The time

trend of 0.00 = [0.01] ppm/year is not statistically significant.

Systematic biases are present in all current space-based measurements of CO, due to the uncertainties in the

spectroscopy and oversimplification of atmosphere- and surface-related optical

properties such as low-lying

clouds, aerosols, and haze. Other biases can be introduced by the limited information content of measurements

and issues related to instrument calibration (Crisp et al., 2017; Guerlet et al., 2

013; Jacobs et al., 2024; Kiel

etal., 2019; Schneising et al., 2012; Wunch, Toon, et al., 2011). To investigate further, we look at the target mode
measurements in the one-to-one comparison in Figure 6 to identify TCCON sites and days with outlier points.

Figure 6 shows the one-to-one relationship between the median value from each OCO-2 target mode observation
and the median value of coincident TCCON data recorded within =1 hr of the OCO-2 overpass. The solid black

line is the one-to-one line, and the dashed blue line indicates the best fit. This is
Figure 5 but shows individual collocations rather than hex-bin plots to identify

the same data as presented in
outlier points and their corre-

sponding TCCON sites. The numbers within the parentheses indicate the number of coincident measurements
between OCO-2 and TCCON. A unique marker is used to indicate each TCCON site. While the v11.1 OCO-2
target mode data indicate excellent globally averaged bias against coincident TCCON data, there are specific
outlier points for which the OCO-2 bias values are high (~>2 ppm). In Figure 6, most sites line up well on the one-
to-one line. In Figure 7, in the top panel, we plot the magnitude of the sum in quadrature of the standard deviations
of the OCO-2 target data (Wunch et al., 2017) and the coincident TCCON data. In the bottom panel, we plot those
values as error bars, where the y-axis represents the OCO-2 X~q,—Best Fit (from Figure 6) in ppm. Figures 6 and

7 indicate that the OCO-2 bias values are high over specific TCCON sites (e.g.,

Caltech, Lauder, and Wollon-

gong). Since the v11.1 OCO-2 data are corrected for parameter-dependent and scaling biases, the residual biases
over specific sites are possibly attributed to the surface properties and other uncertainties such as collocation error,

spectroscopy, aerosol loading, and CO, enhancements or uptakes. Similar results have been seen in simulation

studies specific to OCO-3 snapshot area mapping mode observations (Bell et

al., 2023), which are directly

applicable to OCO-2 target mode observations. In Section 3.5, we further investigate this by selecting sites with a

significant number of coincident measurements between OCO-2 and TCCON.
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3.4. Site-To-Site Differences

The site-to-site differences are shown in Figure 8. The sites are ordered by latitude from degrees South (far left) to
degrees North (far right). The gray-shaded region represents the +0.4 ppm uncertainty in the TCCON Xq,
values. The deviations beyond this range are attributable to the uncertainties in the OCO-2 X, data (Wunch
etal., 2017). The largest changes in the land nadir/glint mode of observation compared to OCO-2 v9, v10, and v11
(Figures S36, S38, and S40 in Supporting Information S1 for v11, v10, and v9 OCO-2 vs. TCCON, respectively)
are seen in the high northern latitudes due to the change in the DEM. TCCON stations located in regions with
large topographic variability (such as Lauder and Caltech) indicate AXq, values comparable to earlier OCO-2
data versions. In the ocean glint observation mode, there has been an overall decrease in the bias values compared
to previous OCO-2 data versions due to the scaling against TCCON. Furthermore, there has been a reduction in
the scatter due to the improved ocean surface treatment in v11.1. For the target mode observations, the most
significant improvements have been at high-latitude sites such as Sodankylé due to the new DEM. There has been
adecrease in the overall bias due to the updated global scaling factor. The seasonal variability in the AXq, data is
shown in Figure S1 in Supporting Information S1.

3.5. OCO-2 Surface Properties Related Biases

In this section, we discuss the biases in the target mode associated with surface properties. The globally averaged
target-mode OCO-2 biases against coincident TCCON data, shown in Figure 5, indicate good agreement.
However, site-to-site differences exist between OCO-2 and TCCON, several of which are attributed to significant
location-dependent biases. Wunch et al. (2017) suggest that differences with magnitudes within £0.4 ppm might
be attributable to the TCCON station site-to-site biases, and this is consistent with the GGG2020 TCCON error
budget (Laughner et al., 2024).

In this study, we investigate the differences between OCO-2 target mode observations and TCCON during
specific days for the following sites - Edwards, Wollongong, Lauder, Nicosia, and Caltech, where site-specific
biases are addressed. Several TCCON sites exist in regions with considerable spatial variability in ground
cover or topography. Due to the impact of the local surface variability, target-mode observations over such re-
gions are challenging for spaceborne X, retrievals. Earlier, GOSAT identified land surface property-related
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Figure 9. Target-mode measurements over Edwards. An ArcGIS image of the Edwards region is used as the background. The
location of the Edwards TCCON station is indicated by the blue star. The top left panel indicates the surface elevation and the
top right panel indicates the AXq, values in ppm (OCO-2 minus corresponding coincident TCCON X, measurements)
on 19 April 2015. In this target-mode measurement, a surface brightness-related spatial bias is present. The bottom left and
right panels indicate the OCO-2 albedo profiles for the strong and weak CO, bands, respectively.

biases at the Edwards TCCON station, which is located in the bright California desert adjacent to a very bright
playa with high NIR albedos and low topographic variability. Wunch et al. (2017) used OCO-2 v7 data to
compare against coincident TCCON GGG2014 for the Edwards TCCON station and found that the OCO-2 X,
appeared to include a spurious dependence on surface brightness. Thus, higher OCO-2 X, values were
retrieved over brighter surfaces. Furthermore, they reported that the OCO-2 X, data at Edwards is biased lower
than the coincident TCCON X, for all target-mode observations averaged. Figure 7 from Wunch et al. (2017)
for a target-mode observation over Edwards taken on 19 April 2015 indicates that AX, values lie be-
tween £5 ppm. This figure has been recreated using the v11.1 OCO-2 X, data and is shown in Figure 9. Note
that we use different coincidence criteria than Wunch et al. (2017), as listed in Table 3, to evaluate the differences
in Xq, data for this and all other sites. The spatial coincidence criteria are the same as those listed in Table 3.
Median TCCON X, data within +1 hr of the OCO-2 overpass time are considered temporally coincident. In
Figure 9, the top left panel indicates the elevation of the surface model, and the top right panel indicates the
distribution of AXcg,. The recreated plot indicates that for the same target-mode observation as Wunch
et al. (2017), there has been a significant reduction in the magnitude of the bias, where AX -, values typically lie
within £2 ppm. However, OCO-2 continues to report a low bias compared to coincident data, and for all mean
target-mode X, at Edwards, OCO-2 is biased lower than the coincident TCCON X(,, with a bias value of
—0.62 + 0.41 ppm. The bottom left and right panels indicate the albedo profiles of the strong and weak CO,
bands, respectively. High albedo is observed in both the strong and weak CO, bands, with values typically >0.4
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Table 4
Land Nadir/Glint, Ocean Glint, and Target Mode Statistics for Data Filtered Using the xco2_quality_flag = 0
Land nadir/glint Ocean glint Target

TCCON site Bias Stddev R’ N  Bias Stddev R* N  Bias Stddev R* N
Bremen —0.10 0.66 0.99 8 —0.12 - - 1 - - - -
Burgos 0.75 0.74 0.99 6 0.09 0.58 0.98 38 0.07 0.44 0.98 11
Caltech 0.51 0.79 0.99 5 - - - - 0.23 0.99 0.98 40
Darwin —0.67 0.72 0.99 58 —0.66 0.60 0.99 42 —-0.69 0.62 0.99 30
East Trout Lake —0.26 0.75 0.98 49 - - - - =0.05 0.61 0.99 21
Edwards -0.13 0.62 0.99 210 - - - - —0.62 0.41 1.00 37
Eureka 1.39 0.85 0.10 3 - - - - 0.68 1.04 0.69 4
Garmisch 0.64 0.91 0.98 52 - - - - - - - -
Harwell —0.39 0.77 0.96 7 - - - - =097 0.23 1.00 2
Hefei 0.39 1.03 0.98 30 - - - - - - - -
Izana - - - - 0.31 0.59 0.99 29 -0.21 0.89 0.97 17
Karlsruhe -0.20 0.95 0.98 80 - - - - 0.04 0.81 0.99 13
Lamont 0.15 0.70 0.99 234 - - - - —0.02 0.52 0.99 73
Lauder -0.08 054 099 65 0.05 036 100 46 -0.05 077 099 52
Nicosia -0.06 054 098 16 0.63 056 099 32 012 068 097 11
NyAlesund - - - - 0.16 0.30 1.00 4 - - - -
Orleans 0.05 0.70 0.97 41 - - - - =024 0.86 0.98 10
Paris -0.17 1.14 0.98 39 0.54 0.46 1.00 2 =033 1.10 0.97 24
Park Falls -0.13 0.89 0.99 78 —0.05 0.74 0.98 4 -0.38 0.82 0.99 47
Reunion Island - - - - 0.16 0.57 0.98 23 0.46 0.93 0.99 4
Rikubetsu 0.38 0.77 0.99 31 0.56 0.61 0.99 20 -043 0.93 0.98 7
Saga -0.04 119 097 32 038 096 098 52 015 078 099 22
Sodankyla -0.57  0.60  0.99 22 - - - - —036 048 100 11
Tsukuba -0.19 0.85 0.97 11 -0.29 1.15 0.97 5 -0.34 0.70 0.98 17
Wollongong —0.37 0.61 0.99 53 0.18 0.63 0.99 26 0.23 0.61 0.99 44
Xianghe 0.64 1.28 0.90 54 0.96 0.63 0.99 4 0.63 - - 1
Total —0.03 0.85 098 1,183 0.20 0.72 099 328 -—0.11 0.79 0.99 498
Note. The bias (OCO-2 — TCCON), Standard deviation (Std Dev), R?, and the number of coincidences () are listed below
for each TCCON station. The results are marked in bold font for sites for which N > 10. All the coincidences in the table are
considered independently to calculate the “Total” row.

(Bell et al., 2023). While the magnitudes of the bias values have reduced in v11.1 OCO-2 data, the results shown

appear broadly consistent with the tendencies of those shown by Wunch et al. (2017). The results for Wollongong,

Lauder, Nicosia, and Caltech are discussed in Supporting Information S1.

Table 4 compares the OCO-2 and coincident data in the land nadir/glint, ocean glint, and target modes. The

aggregated bias-corrected and quality-filtered OCO-2 data, when compared to coincident TCCON data, indicate

bias values of —0.03 £ 0.85, 0.20 = 0.72, and —0.11 £ 0.79 ppm in the land nadir/glint, ocean glint, and target

mode, respectively. For all comparisons for which N > 10, the mean-bias values range from —0.67 + 0.72 ppm

(Darwin) to 0.64 £ 1.28 ppm (Xianghe) in the land nadir/glint mode, —0.66 = 0.60 ppm (Darwin) to

0.63 = 0.56 ppm (Nicosia) in the ocean glint mode, and —0.69 = 0.62 ppm (Darwin) to 0.23 £ 0.99 ppm (Caltech)

in the target mode. The correlation is identical for the ocean glint and target modes (R* = 0.99) and comparable to

the land nadir/glint mode (R* = 0.98).
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4. Conclusions

The aggregated bias-corrected and quality-filtered (xco2_quality_flag = 0) OCO-2 Xq, retrievals indicate
improved agreement with the corresponding coincident TCCON data over all modes at global scales for the OCO-2
data version 11.1, compared to previous versions. In the land nadir/glint observation mode, the mean bias is
—0.03 + 0.85 ppm, and R? is 0.98. In the ocean glint observation mode, the mean bias is 0.20 + 0.72 ppm, and the R
value is 0.99. The mean bias in the target observation mode is —0.11 = 0.79 ppm, and the R* value is 0.99. The
biases do not show a statistically significant time-dependent trend. Wunch et al. (2017) reported that latitude-
dependent biases exist in the v7 OCO-2 X, data version, with the highest biases apparent at latitudes pole-
ward of 45°N. The implementation of the Copernicus DEM in v11.1 has partially remedied the bias at high lati-
tudes, particularly those above 60° N, due to the improved accuracy in the DEM. The bias correction has
significantly improved the relationship between the OCO-2 and TCCON globally, compared to older OCO-2 data
versions. Furthermore, spurious X, variability attributed to the topography and surface brightness, evident in the
target mode observations over Edwards (albedo), Wollongong (dark surface bias), and Lauder (surface elevation),
reported previously by Wunch et al. (2017) for v7 has been significantly mitigated. While the nature of the current
biases seen over these sites appears broadly consistent with the tendencies shown by Wunch et al. (2017), their
overall magnitudes have significantly reduced in the v11.1 data version. The v11.1 OCO-2 data show improved
agreement with TCCON over all modes and are better than the previous OCO-2 data versions. This study suggests
that the new and improved v11.1 OCO-2 X, data version is robust for use within the scientific community, but
some precision and accuracy elements remain in the satellite X, estimates, which are likely attributable to
retrieval errors driven by geometry, surface, and aerosol effects. The continued comparison of X, measurements
from OCO-2 with TCCON over the land nadir/glint, ocean glint, and target modes of observation are crucial for
monitoring and assessing the quality of the OCO-2 X, data product.

Data Availability Statement

OCO-2 Lite files are produced by the NASA OCO-2 project at the Jet Propulsion Laboratory, California Institute
of Technology. The version 11.1 (v11.1) OCO-2 Lite files are available from NASA Goddard Earth Science Data
and Information Services Center (GES-DISC; https://daac.gsfc.nasa.gov/, last access: 20 January 2025; DAAC,
2025). See OCO-2/0CO-3 Team/Vivienne Payne, Abhishek Chatterjee (2022) for v11.1 OCO-2 Lite files.
TCCON data are available from the TCCON data archive, hosted by CaltechDATA (https://tccondata.org/, last
access: 9 October 2024; TCCON Team, 2022). The references to data from individual TCCON sites are listed in
Tables 2 and Table S1 in Supporting Information S1. All analyses were performed using Python 3.9.
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