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Validation of Remotely Sensed XCO5 Products With
TCCON Observations in East Asia

Meng Ji¥, Yongming Xu"”’, Yang Zhang

Isamu Morino *, Hirofumi Ohyama

Abstract—As an important greenhouse gas (GHG) in the atmo-
sphere, carbon dioxide (CO-) has a great impact on global climate
change. Accurate knowledge of the spatiotemporal variations of
COs is of great significance for understanding the carbon cycle and
evaluating the effectiveness of carbon emission reduction. In recent
years, several satellites with CO, sensors have been launched and a
series of atmospheric CO- concentration products have been devel-
oped using different retrieval algorithms. This study validated nine
satellite XCO-, products derived from Greenhouse gases Observing
SATellite (GOSAT), GOSAT-2, Orbiting Carbon Observatory-2
(0CO-2), and OCO-3: including ACOS-GOSAT, NIES-GOSAT,
BESD-GOSAT, OCFP-GOSAT, SRFP-GOSAT, EMMA, GOSAT-
2,0C0-2,and OCO-3 XCO-. The remotely sensed XCO, products
were compared with the XCO5, observations from six Total Carbon
Column Observing Network (TCCON) stations in East Asia for
validation. The results showed that the OCO-2 XCO, product
outperformed other products, with the highest R? of 0.94 and the
lowest MAE of 1.24 ppm. The ACOS-GOSAT and EMMA-GOSAT
XCO., products also showed favorable accuracies, both achieving
R? of 0.93 and corresponding MAE values of 1.29 and 1.31 ppm,
respectively. The GOSAT-2 XCO- product showed the poorest
accuracy, with an R? of 0.77 and a mean absolute error of 3.28 ppm.
There was a significant overestimation of the bias-uncorrected
GOSAT-2 XCO., product in East Asia, and it indicated that bias
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correction must be performed for this XCQO- product. The accuracy
of TCCON XCO; was not consistent with remotely sensed XCO»
at different stations. The RJ, JS, AN, and TK TCCON stations
generally showed better agreements between satellite estimates and
TCCON observations, except for the GOSAT-2 XCO-, product.

Index Terms—Greenhouse gases Observing SATellite (GOSAT),
GOSAT-2, Orbiting Carbon Observatory-2 (0OCO-2), OCO-3,
Total Carbon Column Observing Network (TCCON), validation,
XCO- product.

1. INTRODUCTION

INCE the Industrial Revolution, the combustion of fossil
S fuels and other human activities have emitted large amounts
of greenhouse gases (GHGs) into the atmosphere [1], [2]. As
the most dominant GHG, COs, has increased substantially, with
the concentration rising from 280 ppm in 1760 to 410 ppm in
2020 [3]. The increase in the concentration of CO5 and other
GHGs enhances the thermal insulating effect of the atmosphere
[4], [5], [6], which has in turn exacerbated global warming
[7], [8]. Global warming has led to a series of environmen-
tal alterations, including the rise in sea level, the decrease in
freshwater resources, the increase of extreme weather, and the
intensification of the spread of diseases [9], [10], [11], [12],
[13]. These consequences eventually impact human life, society,
and national security [14], [15]. The problem of carbon dioxide
emission has attracted the attention of various countries [16].
China announced the goal of achieving emissions by 2030 and
carbon neutrality by 2060, adhering to the path of ecological
priority, green and low-carbon development [17], [18]. Accurate
knowledge of the spatial and temporal variations of atmospheric
CO; concentrations provides important data support for for-
mulating carbon emission reduction policies, and therefore is
of great significance for promoting carbon peaking and carbon
neutrality targets.

Traditional ground-based observation has high accuracy and
reliability. However, due to the high prices and maintenance
costs of instruments at ground observation stations, the global
count of effective ground stations is limited and their spatial
distribution is uneven. The station observations cannot obtain at-
mospheric CO; concentrations over large areas. Satellite remote
sensing has the advantages of expansive coverage, continuity,
and low cost, which provides an alternative to ground obser-
vation. Recently, several remote sensing satellites that carried
specialized CO5 sensors have been launched, including SCIA-
MACHY, Greenhouse gases Observing SATellite (GOSAT),
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GOSAT-2, OCO-2, OCO-3, and TanSat, and different algo-
rithms have also been developed to retrieve the atmospheric
COs column concentration (XCOs) from remote sensing data.
To date, a lot of remotely sensed XCOs products have been
released. Due to the different sensors and algorithms, different
XCO; products have different accuracies. To verify the relia-
bility of satellite XCOs products, several scholars have carried
out relevant studies on the validation of XCO products using
ground measurements as reference. Zhang et al. [19] validated
the BESD-SCIAMACHY XCO, products, the National Insti-
tute for Environmental Studies-GOSAT (NIES-GOSAT) XCOs
products, and the Atmospheric CO5 Observations from Space-
GOSAT (ACOS-GOSAT) XCO; products using observations
from seven TCCON stations in the northern hemisphere. The
results showed that the correlation coefficients between the three
XCOg products and the TCCON site data were 0.64, 0.82, and
0.76, respectively, and the error standard deviations were 2.91,
2.27, and 2.26 ppm, respectively. Liang et al. [20] validated
the GOSAT and OCO-2 products using the global TCCON
observation network and found that the error standard deviation
between GOSAT XCOs and TCCON XCO;, was 2.22 ppm, the
error standard deviation between OCO-2 XCO5 and TCCON
XCO, was 1.56 ppm, and the XCO; values of the OCO-2
product were 1.77 ppm higher on average than those of the
GOSAT product. Zhang et al. [21] validated the OCO-2 XCO,
product from 2015 to 2018 using the global TCCON observation
network and found that the mean absolute error between the
OCO-2 derived and TCCON observed XCO, was 0.25 ppm,
and the root mean square error was 1.14 ppm. Wunch et al.
[22] validated the OCO-2 XCO- product from 2014 to 2017
using the observations of 19 TCCON stations and found that
the OCO-2 XCO; product had an absolute median bias of less
than 0.4 ppm. Meng et al. [23] validated the GOSAT XCO-
product from 2009 to 2017 using 18 TCCON stations around the
world. The results showed that the average deviations between
the GOSAT derived and TCCON observed XCO5 in the four
subregions of North America, East Asia, Europe, and Oceania
were 2.19£2.19, 2.23+2.69, 2.01£2.49, and 1.59£1.79 ppm,
respectively. The highest agreement between them was observed
in the region between 0° and 30° S, with a standard deviation
of 1.57 ppm and a correlation coefficient of 0.94. Fang et al.
[24] validated the ACOS-GOSAT, OCO-2, and Tansat XCOo
products using 26 TCCON stations around the world. They
indicated that Tansat XCO; had the highest accuracy with an
R? of 0.88 and an RMSE of 1.06 ppm, followed by OCO-2
XCO, with an R? of 0.82 and an RMSE of 1.07 ppm, and
ACOS-GOSAT XCOq had the lowest accuracy with an R? of
0.81 and an RMSE of 1.23 ppm. Zheng et al. [25] validated
the OCO-2 XCOs product from September 2014 to February
2022 and the ACOS-GOSAT XCO, product from April 2009
to May 2016 using 20 TCCON stations and found that OCO-2
and ACOS-GOSAT XCO products showed a strong correlation
with TCCON XCO, with R? of 0.91 and 0.85, respectively.
Karbasi et al. [26] validated the GOSAT XCO; product retrieved
by ACOS, NIES, and SRFP algorithms from 2009 to 2021
using eight TCCON stations. The results showed that the mean
correlation coefficients between the retrieved XCOs of these the
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three algorithms and the station observations ranged from 0.14 to
0.98,0.11t00.97,and 0.10to 0.95, respectively, and the standard
deviations ranged from 1.08 to 4.7 ppm, 1.13 to 4.3 ppm, and
1.48 to 24.6 ppm, respectively. Expect Fang and Zheng’s studies
used the new version of TCCON XCO, data (GGG2020) as
reference data, other studies used the old GGG2014 version.
These studies primarily validated the XCO, products of a
specific satellite platform. There is a lack of comprehensive
comparison and validation of the XCO; products derived from
various sensors and algorithms. Furthermore, most studies were
carried out on a global or hemispheric scale. However, due to
the differences in human activities and surface characteristics,
the reliability of XCOs products is also different in different
regions.

With a large population and rapid economic development,
East Asia plays an important role in the global carbon cycle.
This study aims to verify the nine existing XCOs products in
East Asia using the observations from six TCCON stations.
The validation results can provide comprehensive information
on the reliability of XCO, products in this area, and provide
valuable reference for the carbon reduction strategies of East
Asian countries, especially China.

II. SENSORS AND DATA

A. Satellite XCO 4 Data

Nine XCO» products derived from four platforms (GOSAT,
GOSAT-2, OCO-2, and OCO-3) were selected for validation
in this study, including ACOS-GOSAT, NIES- GOSAT, Bre-
men Optimal Estimation-DOAS-GOSAT (BESD-GOSAT), the
University of Leicester full-physics XCO2-GOSAT (OCFP-
GOSAT), the RemoTeC XCOy Full Physics-GOSAT (SRFP-
GOSAT), and the ensemble median algorithm (EMMA-GOSAT,
GOSAT-2, OCO-2, and OCO-3). Among them, five products
were derived from GOSAT data using different algorithms, three
products were derived from GOSAT-2, OCO-2, and OCO-3,
respectively, and the EMMA product was produced by assem-
bling several available XCO; products. Table I outlines the data
version and date range in this study.

GOSAT, launched by the Japan Aerospace Exploration
Agency (JAXA) in January 2009, is the world’s first satellite
for monitoring GHGs [27]. The satellite carries a Thermal and
Near-infrared Sensor for Carbon Observation (TANSO), which
consists of a Fourier transform spectrometer (FTS) and a Cloud
and Aerosol Imager (CAI). TANSO-FTS is the satellite’s main
sensor for observing GHGs, which was three short-wave infrared
bands and one broad thermal infrared band, with a spatial
resolution of 10.5 km and a revisit period of 3 days. It has a swath
width of 1000 km, with five observation points (footprints) until
July 31,2010, and three observation points since August 1,2010,
in the cross-track direction under the regular observation model.

The NIES-GOSAT XCO, product was developed by Japan’s
National Institute for Environmental Studies using the NIES
algorithm. This algorithm utilized the widely-used optimal es-
timation method that reflects the difference between the simu-
lated and observed radiation on the state variables by repeat-
ing the radiative transfer model simulated radiation as well
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TABLE I
SATELLITE XCO9 DATA USED IN THIS STUDY

Satellite Algorithm Version Temporal coverage
GOSAT NIES v03.05 2011.07.28-2022.06.30
ACOS ACOS L2 Lite FP v9r 2011.07.28-2020.06.30
BESD v01.00.02 2014.04.01-2021.12.31
OCFP v71.3 2011.07.28-2021.12.31
SRFP v2.3.8 2011.07.28-2020.06.29
GOSAT-2 NIES v02.00 2019.03.01-2022.12.31
0CO-2 ACOS OCO,_L2 Lite FPv10r  2014.09.06-2022.02.28
0CO-3 ACOS OCO3 L2 Lite FPv10.4 2019.08.06-2022.12.31
Ensemble EMMA v4.3 2011.07.28-2020.06.30

as the Levenberg—Marquardt equations to obtain the optimal
state variables [28]. The NIES product is the standard GOSAT
XCOs product. However, several instructions also developed
retrieval algorithms to generate XCOs products. The National
Aeronautics and Space Administration (NASA) proposed the
ACOS algorithm [29], [30], the University of Bremen developed
the BESD algorithm [31], [32], and the University of Leicester
developed the OCFP algorithm [33], and The Netherlands Insti-
tute for Space Research developed SRFP algorithm [26], [34],
[35]. These algorithms are also based on the optimal estima-
tion method, but employ different data screen schemes, priori
information, aerosol models, and bias correction methods [36].

GOSAT-2, launched in October 2018, is the follow-up project
of GOSAT. The TANSO-2 on board consists of FTS-2 and CAI-2
[37]. Compared with FTS, FTS-2 has higher signal-to-noise
ratios in the short-wave infrared and thermal infrared bands,
which not only improves detection accuracy but also allows
the acquisition of atmospheric concentration data at higher
latitudes in the northern hemisphere. Moreover, FTS-2 incor-
porates an Intelligent Pointing (IP) technology to collect more
useful data under cloudy weather. Compared with CAI, CAI-2
has three new bands, which can be used for both forward and
backward-looking observations, allowing cloud identification in
all directions [38]. The GOS AT-2 data have a spatial resolution of
9.7 km and a 6-day revisit period. The GOSAT-2 XCO, product
is produced by Japan’s National Institute for Environmental
Studies using the NIES retrieval algorithm. The GOSAT-2 XCO4
product of v02.00 is bias uncorrected. However, empirical bias
corrected coefficients are provided [39].

OCO-2, which was launched by NASA in July 2014, is the
world’s second satellite for tracking GHGs from space after
GOSAT. It carries a three-channel high-resolution grating spec-
trometer that measures sunlight scattered and reflected radia-
tion from the land surface or atmosphere from near-infrared to
short-wave infrared bands [40]. It has a spatial resolution of
2.25 km x 1.29 km, which is much higher than GOSAT, and
therefore, can collect many more cloud-free pixels. Its swath
width is 10 km with eight across-track measurements. The revisit
period is 16 days. The OCO-2 XCOs product is retrieved by
NASA using the ACOS algorithm.

OCO-3 was launched by NASA in March 2019. It is mounted
on the exterior of the Japanese Experiment Module-Exposure

Facility module of the International Space Station. It carries
the same three-channel high-resolution grating spectrometer on
OCO-2. However, due to the different orbit of the International
Space Station, the revisit period varies from 0 to multiple per
day. The OCO-3 XCO; product is also retrieved by NASA using
the ACOS algorithm.

In addition, there is an ensemble XCOs product that was
generated by the ensemble median algorithm (EMMA). It com-
bines ten XCO, products derived from SCTAMACHY, OCO-2,
GOSAT, and GOSAT-2 by calculating the median over a spatial
range of 10° x 10° to produce the final XCO, values. The
ensemble method is effective in reducing biases as well as
occasional outliers [41], [42].

Among the abovementioned XCO» products, ACOS-GOSAT,
OCFP-GOSAT, SRFP-GOSAT, EMMA-GOSAT, GOSAT-2,
0OCO-2, and OCO-3 XCOy products contain quality con-
trol flag information (XCO,_quality_flag). Flag value of
“xcoq_quality_flag = 0" denotes good quality. In this study, only
the pixel values with high quality were selected for validation.

B. TCCON XCO3 Data

Total Carbon Column Observing Network (TCCON) is a
global ground-based network to observe the amount of COa,
CO, N30, CHy, and other trace gases in the atmosphere. The
main measurement instrument at each TCCON station is the
Bruker IFS 125HR Fourier transform spectrometer. The spec-
trometer measures the absorption of atmospheric trace gases into
direct sunlight mainly in the near-infrared band, and accurately
retrieves the total column concentration of the gases based on
a nonlinear least-squares spectral fitting algorithm [43]. Under
clear-sky or low-cloud conditions, the spectrometer has a mea-
surement accuracy of 0.25%.

TCCON provides independent measurements to validate the
atmospheric CO5 column concentration derived from satellite
remote sensing data [44], [45], [46]. To minimize the inconsis-
tency between different TCCON stations due to differences in
retrieval methods, the same GGG and GFIT retrieval software
is employed to retrieve the data for all stations. Thirty three
TCCON stations across the world officially provide XCO,
observation data. In this study, XCO5 data from six TCCON
stations in East Asia are used: Heifei (HF), Xianghe (XH),
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TABLE II
INFORMATION OF THE S1X TCCON STATIONS IN EAST ASIA USED FOR VALIDATION

Station Abbreviation country Longitude (°) Latitude (°) Temporal coverage Reference
Hefei HF China  117.17 31.90 2015.11.02-2022.12.19 [48]
Xianghe XH China  116.96 39.75 2018.06.14-2022.05.31 [45], [49]
Rikubetsu  RIJ Japan 143.77 43.46 2014.06.24-2021.06.30 [50]
Saga JS Japan 130.29 33.24 2011.07.28-2022.10.14 [51]
Tsukuba TK Japan 140.12 36.05 2014.03.28-2021.03.31 [52]
Anmyeondo AN Korea  126.33 36.54 2015.02.02—-2018.04.18 [53]

Rikubetsu (RJ), Saga (JS), Tsukuba (TK), and Anmyeondo (AN)
(see Fig. 1). Among the six stations, HF and XH are located in
China, RJ, JS, and TK are located in Japan, and AN is located
in Korea. The observed data with the GGG2020 version were
used to validate satellite XCO, products. However, since the AN
station has not released the GGG2020 version of the data, the
GGG2014 version of this station was used [47]. Table II shows
the general information of the six stations and the temporal range
of selected data.

III. METHODS

The remotely sensed XCO5 products were compared with
the TCCON observations to validate their accuracies. The ideal
approach to match ground-based data with satellite data is to pair
the data between them at the same location and at the same time.
However, only a small subset of data pairs meet this criterion.
However, satellite sensors and ground sensors have different
observation frequencies and spatial extent of sampling, which
requires the selection of a suitable spatiotemporal matching
method.

To collect sufficient data pairs to carry out robust validation,
scholars used relatively looser spatiotemporal matching criteria.
Liang et al. [20] chose a spatial and temporal matching range
of the satellite data to the station data within a latitude of 2°,
longitude of 2.5°, and a time difference within 1 h to screen the
GOSAT XCO; and OCO-2 XCO, data. Meng et al. [23] indi-
cated that the consistency between the NIES-GOSAT XCO» and
the TCCON data rose with the smaller spatial matching range,
adopting a spatial matching of 1° x 1° and a temporal matching
range of 1 h. Zhang et al. [19] validated the NIES-GOSAT
XCO, data using observations from seven TCCON stations in
the Northern Hemisphere used spatial matching ranges from 1°
to 5° and temporal matching ranges from 1 to 3 h, and the results
showed that the consistency between the ground-based and satel-
lite data did not differ much with different spatial and temporal
matching ranges. Wunch et al. [22] validated the OCO-2 XCOq
product by TCCON data using a spatial matching range that
latitude and longitude within +5° and £10°, respectively, and
a temporal matching range of less than 30 min. However, if the
number of data pairs was too small (less than 5), the temporal
matching range was extended to 2 h.

Referring to previous studies, the following spatiotemporal
matching methods are adopted in this study to ensure that
sufficient samples are available to provide robust validation con-
clusions: spatially, the satellite XCO, data within +2° latitude
and +2.5° longitude boxes centered on the TCCON stations

were selected; temporally, TCCON observations within £2 h of
the satellite overpass time were selected. Satellite XCO2 data
and TCCON XCO. data that meet the spatial and temporal
requirements are averaged and then subsequently compared.
This means that all the remotely sensed XCO5 of a satellite
overpass time within the spatial box were averaged, and all the
TCCON observed XCO, within the +2 h window were also
averaged to generate one satellite-TCCON data pair.

Based on the generated data pairs, the mean bias (MB),
absolute error (AE), mean absolute error (MAE), and coefficient
of determination (R?) were calculated to quantify the accuracy
of the satellite XCOq products. The formulas are as follows:

S (z - X))

MB — . (1)
AE = |z; — X} 2)
N
_ X
MAE _ Z]:lﬁ] .7| (3)
Noo(X—z)?
R = Ximm) @)
Zy:l(XZ_X)

where x is the satellite XCO-, X is the TCCON XCO», X is the
average value of TCCON XCOs, and N is the number of data
pairs.

IV. RESULTS AND DISCUSSIONS
A. Overall Validation Results

The nine satellite retrieval XCO, products (ACOS-GOSAT,
NIES-GOSAT, BESD-GOSAT, OCFP-GOSAT, SRFP-GOSAT,
GOSAT-2, OCO-2, OCO-3, and EMMA) were compared with
the observations from six TCCON stations located in East Asia.
The AEs of all samples were calculated to draw the box plots
of the AE of the nine products (see Fig. 2). The red solid line
within each box represents the mean value of AE, and the black
dashed line represents the median value of AE. The absolute
errors of most satellite XCOy products were mainly less than
2 ppm, except for the GOSAT-2 XCO, product. Among all
the nine products, the OCO-2 XCO; product outperformed
others, with 50% of the AEs ranging from 0.48 to 1.71 ppm.
The ACOS-GOSAT and EMMA XCO, products also showed
commendable accuracies, with 50% of the AEs ranging from
0.51 to 1.77 ppm and from 0.47 to 1.80 ppm, respectively.
The OCO-3 XCO, product had a slightly lower stability than
previous products, with 50% of the AEs ranging from 0.57 to
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Fig. 1. Locations of six TCCON stations in East Asia (red box is the 2° x 2.5°
latitude X longitude box centered at each TCCON station).

ACOS-GOSAT{ +—{ [ }——
NIES-GOSAT{ +—{ ([ F———+
BESD-GOSAT{ +—{ 1| }F———
OCFP-GOSAT{ +—{ 1] ——
SRFP-GOSAT{ +{ [ }——i
GOSAT-2{ +—{ [  }F—————
0CO-2 i
oco-3y —{ [ F——
EMMA| —{ [ F——
0 2 4 6 8
AE (ppm)
Fig. 2. Box plots of the AE of the nine satellite XCOxz products. The red solid

line within each box represents the mean value of AE, and the black dashed line
represents the median value of AE.

2.24 ppm. The GOSAT-2 XCO4 product showed much poorer
accuracy than other products, with 50% of the AEs ranging from
1.85 to 4.49 ppm, suggesting a much lower overall accuracy and
also a much higher instability of this bias uncorrected product.
In addition, it was noted that the median AEs of all products
were lower than the mean values, indicating right-skewed dis-
tributions of all the products which generally suggests that there
are a lot of extremely high-error samples.

The ACOS-GOSAT XCO, product shows the highest accu-
racy of all XCO; products. The OCO-2 XCO5, OCO-3 XCOo,
and GOSAT-2 XCO; products are the only XCOs products for
these three satellites, respectively. The EMMA XCO, product is
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atypical ensemble XCO, product. Therefore, these five products
were selected for further validation. Fig. 3 shows the scatter plots
between the TCCON observed XCO; and the remotely sensed
XCO4 from the OCO-2, ACOS-GOSAT, OCO-3, GOSAT-2, and
EMMA products. For the OCO-2 XCO4, ACOS-GOSAT XCOo,
EMMA XCOs, and OCO-3 XCO- products, most sample points
concentrated near the 1:1 line, suggesting good agreements
with the TCCON observations. The MAE:s of these four XCO,
products were 1.24, 1.29, 1.31, and 1.50 ppm, respectively.
R? of these four XCOq products were 0.94, 0.93, 0.93, and
0.80, respectively. Moreover, the OCO-2, ACOS, and EMMA
products showed no obvious overestimation or underestimation.
The OCO-3 product showed a slight overestimation. For the
GOSAT-2 product, sample points were generally far from the 1:1
line, showing a large deviation from the TCCON observations,
since the GOSAT-2 product is not bias corrected. Moreover, most
samples were located above the 1:1 line, indicating a serious
overestimation.

The performances of the five typical satellite XCOs products
at each TCCON station were also validated. Fig. 4 shows the
scatter plots between the TCCON observed XCOs and the
remotely sensed XCO; of the OCO-2, ACOS-GOSAT XCOq,
EMMA XCO2, OCO-3, and GOSAT-2 XCO, products at the
six TCCON stations, respectively. Due to the relatively short
operation period, OCO-3 had no colocation data with the AN
station, and GOSAT-2 had no colocation data with the AN sta-
tion. Therefore, there are just five scatterplots of the OCO-3 and
GOSAT-2 XCOg products. The OCO-2 XCOs product showed
good agreement with TCCON XCO,, at the HF, RJ, JS, and TK
stations, with R of 0.94, 0.95, 0.96, and 0.95, and MAE of 1.20,
1.12, 1.08, and 0.95 ppm, respectively. It showed slightly lower
accuracy with TCCON XCO,, at the AN station, with an R? of
0.88 and an MAE of 1.03 ppm. At the XH station, it showed the
worst agreement with ground-based XCOs, with an R? of 0.76
and an MAE of 1.83 ppm. The ACOS-GOSAT XCO, product
was in high agreement with the TCCON XCO- at the RJ, JS, and
TK stations, with R? of 0.96, 0.95, and 0.92, respectively, and
MAE of 1.58, 1.22, and 1.12 ppm, respectively, but there was an
underestimation at the RJ station. The agreement between the
ACOS-GOSAT XCOg product and the TCCON XCOs at the HF,
XH, and AN stations was slightly lower than those at the RJ, JS,
and TK stations, with R? of 0.80, 0.81, 0.81 and MAE of 1.52,
1.46, and 1.26 ppm. The EMMA XCOy product had a good
agreement with TCCON XCOs, at RJ, JS, and AN stations, with
R20f0.97,0.95, and 0.93, respectively, and MAE of 1.25, 1.17,
and 1.40 ppm, respectively. It had lower agreements with the
ground-based XCO4 at HF and TK stations, with R? of 0.85
and 0.88, and MAE of 1.53 and 1.20 ppm, respectively. At the
XH station, it showed the worst agreement with ground-based
XCOs, with an R? of 0.74 and an MAE of 1.77 ppm. Moreover,
there was an overestimation problem, with an ME of 1.11 ppm.
The OCO-3 XCO, product had good agreement with TCCON
XCO, at HE, RJ, and JS stations, with R% of 0.85, 0.84, and 0.83,
and MAE of 1.35, 1.10, and 1.27 ppm, respectively. It had the
worst agreement with TCCON XCO,, at the TK station, with
an R? of 0.69 and an MAE of 1.06 ppm. At the HF, XH, JS,
and TK stations, OCO-3 XCO, showed slight overestimations
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compared with TCCON observations. The GOSAT-2 XCO,
product showed poor agreements with TCCON XCO,, at all five
stations since the GOSAT-2 XCOs, product is not bias corrected.
Most of the sample points were distributed above the 1:1 line,
indicating a significant overestimation. Among the five stations,
the highest agreement between GOSAT-2 XCO, and TCCON
XCO, was found at the AN station, with an R? of 0.89 and an
MAE of 2.47 ppm.

The accuracies of the nine satellite XCOy products were
also validated over four seasons. Fig. 5 shows the box plots
of AEs over four seasons between TCCON observed XCO,
and remotely sensed XCO,. Among all the nine products,
the ACOS-GOSAT XCOg, NIES-GOSAT XCOg, and BESD-
GOSAT XCO; products showed similar AEs over the four
seasons. OCFP-GOSAT XCO4, and EMMA XCOs were slightly
lower in accuracy in summer, with 50% of the AEs ranging
from 0.64 to 2.23 ppm and from 0.63 to 2.20 ppm, respectively.
The SRFP-GOSAT XCO2, OCO-2 XCO3, and OCO-3 XCOq
products had lower accuracy in winter, with 50% of the AEs
ranging from 0.61 to 2.32 ppm, 0.57 to 2.02 ppm, and 0.82
to 2.36 ppm, respectively. The OCO-2 XCO5 products had
higher accuracy in spring and the lowest accuracy in winter. The
GOSAT-2 XCOg product had much worse accuracy than the
other products in all four seasons, with 50% of the AEs ranging
from 2.98 to 4.89 ppm, 1.66 to 4.30 ppm, 1.36 to 3.97 ppm, and
1.72 to 3.91 ppm, respectively. In general, most of the satellite
XCO; products showed no obvious difference in accuracy across
the four seasons, indicating that the sensors and the retrieval
algorithms are less sensitive to the seasonal changes of land and
atmospheric properties.

B. Discussion

In recent years, GHG monitoring has attracted increasing
attention. Several GHG monitoring satellites have been launched
and a lot of XCO, products have been developed from these

Scatter plots between the TCCON observed XCO4 and satellite-derived XCOq from the OCO-2, ACOS-GOSAT, OCO-3, GOSAT-2, and EMMA products.

satellite data. However, most of the previous validation studies
have focused on one or two satellite XCO5 products, and there is
alack of comprehensive validation analysis of existing products.
Using the observations from six TCCON stations in East Asia,
this study proposed a comprehensive validation on nine XCO»
products retrieved from four major GHG monitoring satellites
(GOSAT, GOSAT-2, OCO-2, and OCO-3), which can provide
a valuable reference for researchers and users to select proper
satellite XCO; products, especially in East Asia.

Generally, the OCO-2 XCO; product is closer to TCCON
observations than other products, with an MAE of 1.24 ppm.
The ACOS-GOSAT XCOy and EMMA-GOSAT XCO; prod-
ucts also show good accuracies, with MAEs of 1.29 and
1.31 ppm, respectively. The NIES-GOSAT XCO,, BESD-
GOSAT XCO3, OCFP-GOSAT XCO2, SRFP-GOSAT XCOo,
and OCO-3 XCOs products show slightly lower accuracies, with
the MAEs higher than 1.5 ppm but lower than 2.0 ppm. The
GOSAT-2 XCOs, which is bias uncorrected, shows much poor
accuracy, with an MAE of 3.28 ppm. Liang et al. [20] proposed
that OCO-2 XCO4 product had higher accuracy than the NIES
GOSAT product on a global scale, and this article shows that
the accuracy of OCO-2 XCO; products in East Asia is also
higher than that of NIES-GOSAT XCOs products. Wunch et al.
[22] pointed out that the MAE between OCO-2 XCO products
and 19 TCCON globally XCOs is less than 0.4 ppm, which
is smaller than the MAE in East Asia. The GOSAT-2 XCO,
estimates are generally much higher than TCCON observations,
suggesting a significant overestimation problem. The GOSAT-2
official validation report based on global TCCON sites also
indicated that this product had a high error and positive deviation
[54], [55], [56].

The accuracy of TCCON XCO- at different stations is not
consistent with that of satellite retrieval of XCOs. The RJ, JS,
AN, and TK TCCON stations generally showed better agree-
ments between satellite estimates and TCCON observations.
Aerosols are the most important factor contributing to errors
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Fig. 4. Scatter plots between the TCCON observed XCO2 and the satellite-derived XCOz from OCO-2 XCO2, ACOS-GOSAT XCO2, EMMA XCO2, OCO-3
XCO2, and GOSAT-2 XCO2 products at six TCCON stations.

in satellite-derived XCOs. Bie et al. [57] pointed out that the main variable error is caused by the aerosol. In addition, the
uncertainty of satellite-retrieved XCO, tends to increase with TCCON observation is the point-scale measurement of XCOq
enlargements of albedo and aerosol optical depth. Connor et al. ~ but the satellite estimate is the retrieved XCO; in a footprint
[58] proposed that although the absolute size of the aerosol error ~ within the 2° x 2.5° latitude x longitude boxes centered at each
is quite small, it varies considerably from place to place, and the ~TCCON station. The land cover of the TCCON stations and
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the remote sensing footprint may differ, which may reduce the
consistency between the ground-based and satellite XCO» data.

The TCCON observation is the point-scale measurement of
XCO5. However, the satellite estimate is the retrieved XCOs in
a footprint. Moreover, the satellite estimates within a square box
were averaged to compare with TCCON observations for robust
validation. The large spatial difference between the TCCON
and satellite data will bring uncertainty to the validation. Due
to the relatively long period of the satellite data in this study, a
relatively small spatial box was able to ensure sufficient samples,
which effectively reduced the uncertainty caused by the spatial
scale difference. Considering that different TCCON sites have
different landscape patterns and spatial heterogeneities, spatial
representations of sites need to be studied by high-resolution
aircraft observations for determining proper spatial box for
collocation with TCCON observations.

In addition to accuracy, other factors need to be taken into
account, including spatial resolution, spatial coverage, and tem-
poral period. The spatial resolutions of GOSAT and GOSAT-2
are about 10 km (10.5 and 9.7 km, respectively), whereas the
spatial resolutions of OCO-2 and OCO-3 are 2.25 km x 1.29 km.
The OCO-2 and OCO-3 have a much better spatial resolution,
providing better spatial details and reducing the influence of
cloud contamination. The GOSAT and GOSAT-2 have wide
swath widths but sparse footprints (five footprints with an overall
more than 900-km swath width), whereas the OCO-2 and OCO-3

have narrow swath widths but relatively denser footprints (eight
footprints with an overall 10-km swath width). Therefore, the
GOSAT and GOSAT-2 can capture XCOq information at a
large scale with sparse observation density, and the OCO-2 and
OCO-3 can observe XCOs at a small scale in a dense manner.
In addition, GOSAT has a long temporal coverage (> 14 years),
providing support for monitoring long-term spatiotemporal vari-
ations of XCO,. Therefore, the differences in the spatial res-
olution, swath width, and temporal coverage should also be
considered when selecting satellite XCO, products. Considering
that different satellite XCO5 products showed their advantages
in different aspects, a feasible multi-product ensemble strategy is
also anintelligent choice. Multi-product integration can fully uti-
lize the advantages of different products and effectively improve
the spatial and temporal coverage, and also accuracy, especially
for the studies of long-term COs variations.

V. CONCLUSION

Satellite-based remote sensing can observe XCO, at large
scales, providing vital data support for carbon reduction tasks.
However, the accuracies of satellite XCOz products vary with
XCOq sensors and retrieval algorithms. It is important to provide
a comprehensive validation of the existing satellite XCO,
product. In this study, nine satellite retrieval XCOs products
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(ACOS-GOSAT, NIES-GOSAT, BESD-GOSAT, OCFP-
GOSAT, SRFP-GOSAT, GOSAT-2, OCO-2, OCO-3, and
EMMA) were validated by comparing with the observations
from six TCCON stations situated in East Asia. Different
products exhibited quite different performances. The OCO-2
XCO;3 product achieved the highest accuracy, followed by
the ACOS-GOSAT XCO,; and EMMA XCOs products. The
GOSAT-2 XCO- product had poor accuracy since it is bias
uncorrected and is not recommended for applications before
bias correction. However, empirical bias corrected coefficients,
which are provided by Yoshida et al. [39], should be applied
to the GOSAT-2 XCO; product (v02.00 data). This study can
serve as a valuable reference for researchers and government
agencies in selecting XCO- data, providing critical data support
for carbon emission reduction.
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