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Abstract: Satellite observation is one of the main methods used to monitor the global distribution
and variation of atmospheric carbon dioxide (CO2). Several CO2 monitoring satellites have been
successfully launched, including Japan’s Greenhouse Gases Observing SATellite (GOSAT), the USA’s
Orbiting Carbon Observatory-2 (OCO-2), and China’s Carbon Dioxide Observation Satellite Mission
(TanSat). Satellite observation targeting the ground-based Fourier transform spectrometer (FTS)
station is the most effective technique for validating satellite CO2 measurement precision. In this study,
the coincident observations from TanSat and ground-based FTS were performed numerous times
in Beijing under a clear sky. The column-averaged dry-air mole fraction of carbon dioxide (XCO2)
obtained from TanSat was retrieved by the Department for Eco-Environmental Informatics (DEEI) of
China’s State Key Laboratory of Resources and Environmental Information System based on a full
physical model. The comparison and validation of the TanSat target mode observations revealed
that the average of the XCO2 bias between TanSat retrievals and ground-based FTS measurements
was 2.62 ppm, with a standard deviation (SD) of the mean difference of 1.41 ppm, which met the
accuracy standard of 1% required by the mission tasks. With bias correction, the mean absolute error
(MAE) improved to 1.11 ppm and the SD of the mean difference fell to 1.35 ppm. We compared
simultaneous observations from GOSAT and OCO-2 Level 2 (L2) bias-corrected products within
a ±1◦ latitude and longitude box centered at the ground-based FTS station in Beijing. The results
indicated that measurements from GOSAT and OCO-2 were 1.8 ppm and 1.76 ppm higher than
the FTS measurements on 20 June 2018, on which the daily observation bias of the TanSat XOC2

results was 1.87 ppm. These validation efforts have proven that TanSat can measure XCO2 effectively.
In addition, the DEEI-retrieved XCO2 results agreed well with measurements from GOSAT, OCO-2,
and the Beijing ground-based FTS.
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1. Introduction

Carbon dioxide (CO2) is the dominant anthropogenic greenhouse gas in the atmosphere and plays
an important role in global climate change [1]. Affected by human activities such as the burning of
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fossil fuels and changes in land use, CO2 concentration has risen sharply from 280 parts per million
(ppm) in pre-industrial times to 410 ppm in 2018; the annual growth reached 3 ppm in 2015. Current
knowledge regarding the temporal and spatial variability of CO2 is however still limited by data
uncertainty caused by observation conditions and model simulation capability [2,3]. These limitations
generate large gaps in our understanding of natural and anthropogenic surface carbon sources and
sinks. In recent years, several CO2 monitoring techniques have been developed to deal with these
issues [4–6]. Large-scale observations of the column-averaged dry-air mole fraction of CO2 (XCO2) can
now be obtained by satellite remote sensing.

XCO2 can be retrieved from different types of spectral coverage, of which three near-infrared
bands (the O2 A-band at 0.76 µm and two CO2 bands at 1.61 µm and 2.06 µm) are widely used due to
their sensitivity to variations in surface CO2. The global XCO2 distribution was first obtained from
the SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) on
board the European Environmental Satellite (Envisat) as satellite measurements [7] with a spectral
detection range of 240–2380 nm, covering the O2-A and CO2 bands. Subsequently, CO2 remote sensing
satellites have been designed and launched with higher spectral and spatiotemporal resolutions.

China’s global carbon dioxide observation satellite (TanSat), Japan’s Greenhouse Gases Observing
Satellite (GOSAT), and the USA’s Orbiting Carbon Observatory-2 (OCO-2) are three representative
CO2 remote sensing satellites currently in orbit, which were launched in 2016, 2009, and 2014,
respectively [8–10]. TanSat is China’s first atmospheric CO2 observation satellite [11–13] and carries
the Atmospheric Carbon-dioxide Grating Spectroradiometer (ACGS) to measure the near-infrared
absorption of CO2, along with the Cloud and Aerosol Polarimetry Imager (CAPI) to compensate
for CO2 measurement errors by performing high-resolution cloud and aerosol measurements [14].
A comparison of TanSat, OCO-2, and GOSAT is provided in Table 1.

Table 1. Parameters of the Carbon Dioxide Observation Satellite (TanSat), Orbiting Carbon Observatory-2
(OCO-2), and Greenhouse Gases Observing SATellite (GOSAT).

Satellite TanSat OCO-2 GOSAT

Country China USA Japan

Launch year 2016 2014 2009

Gas detected O2, CO2 O2, CO2 CO2, CH4, O2, O3, H2O

Onboard instruments ACGS, CAPI Three parallel high-resolution
near-infrared spectrometers

TANSO-FTS,
TANSO-CAI

Spectrometers Grating Grating Interferometry

Spectrum for CO2 (µm)
0.758–0.778
1.59–1.62
2.04–2.08

0.757–0.772
1.59–1.62
2.04–2.08

0.758–0.775
1.56–1.72
1.92–2.08

Swath (km) 20 10 790

Signal-to-noise ratio of
CO2 sounder

Band1: >360
Band2: >250
Band3: >180

Band2: >300
Band3: >240 >300

Observation mode Nadir, glint,
target

Nadir, glint,
target

Nadir, glint,
target

Orbit altitude (km) 705 705 666

Repeating period (days) 16 16 3

Spatial resolution for
nadir mode (km) 2 × 2 1.29 × 2.25 10.5

Note: ACGS represents the Atmospheric Carbon-dioxide Grating Spectroradiometer; CAPI represents the Cloud
and Aerosol Polarimetry Imager; TANSO-FTS represents the Thermal And Near infrared Sensor for carbon
Observation–Fourier Transform Spectrometer; TANSO-CAI represents the Cloud and Aerosol Imager.
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Many approaches have been devised for XCO2 retrieval using different models [15–21].
The atmospheric radiative transfer model simulates the physical process of sunlight transmission
through the atmosphere. XCO2 can be retrieved by fitting the satellite measurements with the physical
model simulation results. The most widely utilized inverse method is the optimal estimation method
(OEM), which has been used to retrieve XCO2 for Level 2 (L2) satellite products. In order to determine
the accuracy of the retrieved XCO2 and to correct the bias with the true values, space-based observations
must be compared with measurements from other sources, including ground-based instruments [22].

Several research studies have been carried out to validate the accuracy of the XCO2 retrieval
algorithm with different satellites. Buchwitz et al. validated the SCIAMACHY data products retrieved
using the weighting function modified differential optical absorption spectroscopy (WFM-DOAS)
algorithm [23]. Reuter et al. validated the Bremen Optimal Estimation DOAS (BESD) algorithm
retrieval of SCIAMACHY data based on Fourier transform spectrometer (FTS) measurements [24].
O’Dell et al. described and validated the Atmospheric CO2 Observations from Space (ACOS) retrieval
algorithm with GOSAT data [18]; and Oshchepkov et al. performed GOSAT data retrieval using the
photon path-length probability density function (PPDF) algorithm validated by the Total Carbon
Column Observing Network (TCCON) sites [25]. Yoshida et al. validated the official GOSAT product
retrieved using the National Institute for Environmental Studies (NIES) algorithm using TCCON
data [26]. Wunch et al. compared the OCO-2 official XCO2 product from the ACOS algorithm with
TCCON data, completing the first validation of the OCO-2 target mode that provided a bias correction
for nadir mode and glint mode XCO2 retrieval [27]. Bi et al. validated OCO-2 observations with the
Beijing ground-based FTS site, which provided a reliable method for TanSat validation [28]. For TanSat,
Liu et al. retrieved XCO2 with the Institute of Atmospheric Physics, Chinese Academy of Sciences
(IAPCAS) algorithm using nadir mode and validated the results with TCCON sites [29].

It is worth mentioning that the TanSat target mode has yet to be validated with ground-based
measurements, which is needed to correct the bias of satellite observations. Herein, the Department for
Eco-Environmental Informatics (DEEI) of the State Key Laboratory of Resources and Environmental
Information System retrieved XCO2 measured from TanSat by coupling the SCIATRAN model and the
OEM method. For the first time, TanSat target mode observations were retrieved and validated with
measurements from GOSAT, OCO-2, and the Beijing ground-based FTS site in this study.

2. Data

TanSat target mode data and ground-based FTS XCO2 data are indispensable factors needed to
perform validation. In this study, these data were provided by the National Satellite Meteorological
Center (NSMC) of the China Meteorological Administration. The TanSat data consisted of calibrated
and geolocated spectra information from space observations, and the format was the Hierarchical Data
Format version 5 (HDF5) format, whereas the ground-based FTS data were the XCO2 results measured
and retrieved using the TCCON observation standards [28,30].

2.1. Beijing Ground-Based FTS Measurement Data

The ground-based FTS observation station is located at 40.057◦N, 116.275◦E in Beijing, China and
has been operated by the NSMC since 2015 [31]. The measurements were acquired using a Bruker
125HR FTS (Ettlingen, Germany), and the data collection was performed in accordance with the
standards of TCCON. XCO2 was retrieved using the GGG software package (GGG2014, Jet Propulsion
Laboratory, Pasadena, CA 91109, USA) provided by TCCON (https://tccon-wiki.caltech.edu/GGG).
The Beijing FTS was utilized to validate OCO-2, and the comparison method used in the previous
study [28] provided a good approach for TanSat validation.

2.2. TanSat Target Mode Observation Data

In target mode observation, which is different from other observation modes, a point on the
ground is scanned as the satellite passes overhead, an approach that is designed to obtain coincident
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data with ground-based measurements in order to correct the bias of XCO2 measurements from the
satellite. The Beijing ground-based FTS site has been observed as a target by TanSat several times
since stable orbit was achieved. There were 10 days when TanSat scanned Beijing as a target in 2018,
and the resulting observation data were then filtered for clouds and data quality, as shown in Table 2.
TanSat data with an observation view angle >50◦ were removed in order to reduce the uncertainty
of the retrieved XCO2. The observations of TanSat under cloudy conditions were filtered by cloud
detection data from the FY-4A (http://satellite.nsmc.org.cn/), which is a new generation of China’s
geostationary meteorological satellites and provides cloud images every five minutes. The cloud flag
product (CLM) used in this study was obtained from the Advanced Geostationary Radiation Imager
(AGRI) on board the FY-4A. Figure 1 presents the view angle variation during TanSat target mode
scanning, with the colors indicating measurement time. The insets in Figure 1. show the locations of
the TanSat observation footprints and the ground-based FTS site in degrees latitude and longitude.Remote Sens. 2020, 12, x FOR PEER REVIEW 5 of 18 
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used to simulate the top of atmosphere (TOA) given a set of input parameters; OEM was the inverse 
method, which was used to solve the atmospheric CO2 profile by fitting the simulated TOA spectrum 
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Figure 1. View angles and spatial distribution of TanSat target mode observations over Beijing in 2018.
The x-axis is the observation time and the y-axis is the observation view angle. The left bottom inset in
each panel depicts the locations of the Beijing Fourier transform spectrometer (FTS) site and TanSat
footprints in degrees latitude and longitude. The red push pin represents the Beijing FTS site location.
The colors indicate the measurement time in Coordinated Universal Time (UTC) of each observation.
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Table 2. Statistics of TanSat target mode observations with FY-4A cloud detection.

Observation
Date

Start Time
(UTC)

End Time
(UTC)

Observation View Angle (◦) FY-4A Cloud
ConditionMinimum Mean

2018/03/08 04:50:48 04:54:42 38.4 43.24 Clear
2018/04/09 05:09:31 05:14:17 8.07 29.56 Clear
2018/04/16 05:19:47 05:24:31 9.79 30.15 Clear
2018/05/04 05:18:06 05:22:47 6.98 29.61 Clear
2018/05/24 05:05:14 05:09:45 16.04 31.17 Clear
2018/05/31 05:15:17 05:19:54 1.86 28.20 Clear
2018/06/20 05:02:12 05:06:45 20.91 34.22 Clear
2018/08/20 05:05:36 05:10:22 14.29 31.54 Clear
2018/11/21 05:24:39 05:29:27 18.68 33.22 Clear
2018/12/04 05:00:56 05:05:38 22.33 34.86 Clear

Note: UTC represents Coordinated Universal Time.

3. Methods

In this study, the algorithm applied by the DEEI to retrieve XCO2 from the TanSat observations
was a full physical method based on the SCIATRAN [32] software package (SCIATRAN 3.1, Bremen,
Germany) and the OEM [33]. As shown in Figure 2, SCIATRAN was the forward model, which was
used to simulate the top of atmosphere (TOA) given a set of input parameters; OEM was the inverse
method, which was used to solve the atmospheric CO2 profile by fitting the simulated TOA spectrum
with the instrument measurements. The major components of the DEEI algorithm, comprising the
forward model, inverse method, input data, and XCO2 calculation, are described below.
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3.1. Forward Model

The forward model is responsible for a numerical simulation of the satellite observation process.
The input parameters needed by the simulation comprise the solar spectrum; atmospheric, physical,
and chemical characteristics; surface features; and satellite instrument properties, with which the model
can then complete the forward simulation of the observation process. The radiative transfer model is
the core of the forward model and is designed to model the atmospheric radiative process; it simulates
optical transmission, reflection, refraction, scattering, and radiation. Theoretically, the intensity of
radiation observed by satellites from the TOA can be determined by these parameters and boundary
conditions. Solving the radiative transfer equation is a very complex process, however, and is usually
implemented through digital simulation using a radiative transfer model.

In this study, the forward simulation was performed based on the SCIATRAN model,
which was developed by Bremen University to simulate the radiative transfer process within the
ultraviolet–visible–infrared spectrum (175–4000 nm). The SCIATRAN model is capable of simulating
spectral and angular distributions of the intensity or the Stokes vector of the transmitted, scattered,
reflected, and emitted radiation by assuming either a plane-parallel or a spherical atmosphere [34,35].
It is an open-source program and provides a very rich parameterized input interface. Users can modify
and improve it to complete a wide variety of local tasks based on their own needs.

3.2. Inverse Method

The goal of satellite remote sensing is to analyze and calculate the physical and chemical properties
of the atmosphere from the spectra observed by satellite instruments. The inversion process consists
of searching a set of parameters in order to produce the “optimal” simulation of the observations.
For atmospheric remote sensing retrieval, the iteration method is widely used to solve the inversion
problem by minimizing the differences between the observed and synthetic spectra from each sounding.
There are many methods used to perform the iteration process; of these, the Gauss–Newton and/or
Levenberg–Marquardt (LM) algorithms are popular for remote sensing retrieval.

In this study, the inverse method used for retrieval was the Rodger’s OEM [33]. Generally,
the inversion problem can be conceptualized as building and solving a series of linear or nonlinear
equations. The atmospheric state to be retrieved can be represented by the form of the following vector:

X = (X1, X2, . . . , Xn) (1)

Y = (Y1, Y2, . . . , Ym) (2)

where X is the state vector to be retrieved, in which the subscript n represents the number of different
atmospheric state parameters, and Y is the measurement vector, in which the subscript m represents
the number of discrete measurements.

The radiance measured by satellites can be expressed as follows:

Y = F(X, b) + ε, (3)

where F is the forward model describing the atmospheric radiative transfer process of the measurement;
b is the set of parameters needed by the forward model, such as the profiles of temperature, humidity,
pressure, surface albedo, and instrument line shape (ILS); and ε is the measurement noise and error
from observation and simulation.

The cost function represents the cost generated by the iterations, which is defined as the difference
between the forward model simulation and satellite observations. The optimal estimation can be
obtained by minimizing the cost function in the following form:

J(x) = [y− F(x, b)]TSε−1[y− F(x, b)] + (x− xa)
TSae

−1(x− xa), (4)
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where Sε is the error covariance matrix corresponding to the measurement vector, xa is the vector of
the prior state, and Sae is the prior error variance matrix.

To solve the iteration problem, the LM method was selected in this study, as expressed by the
following equation [36]:

xi+1 = xi + S̃
[
KT

i S−1
ε (y− F(xi − b)) − S−1

ae (xi − xa)
]

(5)

S̃ =
(
KT

i S−1
ε Ki + (1 + γ)S−1

ae

)−1
, (6)

where xi+1 and xi represent the state vector at the iterations of i + 1 and i, Ki is the weighting function
matrix at iteration i, S̃ is the corresponding covariance matrix consisting of the variances of the retrieval
state vector elements and their correlations, and γ is the damping factor.

3.3. XCO2 Calculation Process for the DEEI Method

3.3.1. Information Extraction from TanSat L1B

TanSat L1B v2.0 data were used to retrieve the XCO2 values in this study. Satellite observation
information such as soundingID, latitude, longitude, height, angles, signal-to-noise ratio, and data
quality flags can be extracted directly from TanSat L1B data based on the corresponding fields.
In addition, the other TanSat L1B parameters needed by the retrievals are detailed below.

(a) Polarization conversion processing
TanSat measures one direction of polarized light instead of the total intensity, whereas the

simulation in the forward model is the Stokes vector I {I, Q, U, V}. Therefore, the simulated spectrum
that is computed from the forward model needs to be converted into measurements using Stokes
coefficients. The radiance measured from the TanSat ACGS can be expressed as follows [29]:

IACGS = I + cos(2θ)·Q + sin(2θ)·U, (7)

where I, Q, and U represent the first three Stokes parameters; θ is the polarization angle, defined as the
angle between the local meridian plane and the principal plane; and IACGS is the polarization-converted
radiance measured by the ACGS.

(b) ILS parameter information
TanSat measures the radiation spectra emitted from the top of the atmosphere. The measurement

results are modulated by the linear function of the instrument. In the forward model, an ILS function is
needed to convolve the simulated spectrum. For details regarding the radiometric calibration of TanSat,
please refer to [37,38]. For XCO2 retrieval, the ILS information for each footprint can be obtained
individually from the corresponding fields of the TanSat L1B data.

3.3.2. Input Data and Databases

As depicted in Figure 2, a series of data and databases drives the radiative transfer model to simulate
the process through the atmosphere. In addition to observational information from satellites, cloud
condition and atmospheric profile data, the solar spectrum database, and the molecular atmospheric
absorption lines are indispensable to the XCO2 retrieval algorithm. The cloud detection data were from
the coincident FY-4A CLM product and were used to filter the processable observation data, while the
aerosol data were set as the model default parameters from the LOWTRAN database of SCIATRAN
(http://www.iup.uni-bremen.de/sciatran/). The Kurucz solar irradiance database (http://kurucz.harvard.
edu/sun/irradiance2008/) was selected as the solar spectrum data input. HITRAN 2012 has proven
to be more accurate than its earlier version and was thus selected as the absorption database for the
molecular spectral lines. For the atmospheric profiles, the temperature, humidity, surface pressure,
and geopotential information were extracted from the ERA5-Interim database of the European Centre for
Medium-Range Weather Forecasts (ECMWF) profiles (http://apps.ecmwf.int/datasets/). The database

http://www.iup.uni-bremen.de/sciatran/
http://kurucz.harvard.edu/sun/irradiance2008/
http://kurucz.harvard.edu/sun/irradiance2008/
http://apps.ecmwf.int/datasets/
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of atmospheric trace gas profiles was obtained from the Bremen 2D (B2D) chemical transport model,
although the CO2 profile was modified using the GEOS-Chem (http://acmg.seas.harvard.edu/geos/)
simulation result as a prior value. Based on values from the prior CO2 profile, a prior covariance matrix
Sa was generated using Equation (8). The measurement covariance matrix could also be generated
from the measurement values using Equation (8) as follows:

Sa(i, j) = σ2exp

−
∣∣∣Zi −Z j

∣∣∣
rc

, (8)

where Zi and Z j are the height values corresponding to the elements i and j of the prior covariance
matrix Sa, respectively, σ is the relative deviation, σ2 is the diagonal element of Sa, and rc is the
correlation radius (km). In this study, σ2 and rc were set as 0.01% and 10 km, respectively.

3.3.3. XCO2 Calculation from Retrieval Results

Based on the collocated satellite data and the databases described in Sections 3.3.1 and 3.3.2, the
total amounts of the CO2 and O2 columns could be retrieved simultaneously using the weak CO2 and
O2-A bands (1.61 µm and 0.76 µm) with SCIATRAN. In this study, XCO2 was obtained by normalizing
the CO2 column with the O2 column. Since the O2 molecular changes in air are very small, O2 is
widely recognized as a gas that can accurately calculate the content of the air column. XCO2 was then
calculated as follows [39]:

XCO2 =
COcol

2

Ocol
2 /Om f

2

, (9)

where COcol
2 and Ocol

2 are the retrieved absolute values of the CO2 column and O2 column, respectively

(in molecules/cm2); Om f
2 is the mole fraction of O2 (assumed value, 0.2095); and Ocol

2 /Om f
2 converts the

O2 column into a corresponding dry air column.

4. Results and Comparison

As the first retrieval of the TanSat target mode observations by the DEEI, the XCO2 results were
validated with measurements from the Beijing ground-based FTS station. Furthermore, a preliminary
bias correction was performed based on TanSat footprints, observation parameters, and ground-based
FTS measurements. In addition, the near-simultaneous GOSAT and OCO-2 XCO2 products were
filtered for comparison with the TanSat bias-corrected XCO2 results.

4.1. XCO2 Retrieval Results

In 2018, TanSat orbited in target mode several times over Beijing, making observations on 8 March;
9 and 16 April; 4, 24, and 31 May; 20 June; 20 August; 21 November; and 4 December. XCO2 was
retrieved on each of these days, all of which had clear sky conditions. The data with the observation
view angle >50◦ were removed before retrieving. For the retrievals in each observation, the soundings
where the differences between the XCO2 values and mean values were higher than three times the
standard deviation (SD) values were also removed as abnormal values. As shown by the retrieval
result statistics in Table 3, most of the sounding numbers of the single-day observations were >6000.
The average XCO2 value was 413.78 ppm in April, but by August it had decreased to 403.98 ppm,
matching the XCO2 seasonal variations in the Northern Hemisphere. The relatively large SD statistical
values of 1.03 ppm and 1.19 ppm occurred in the measurements on 9 April and 24 May, respectively,
while the minimum value of 0.17 ppm was found on 31 May. The mean value of 10 days’ XCO2

retrievals was 0.48 ppm, which met the high precision requirements of measurements and data
quality filtering.

http://acmg.seas.harvard.edu/geos/
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Table 3. TanSat XCO2 statistics of target mode observation retrieval results.

Observation
Date

Sounding
Number

Minimum
(ppm)

Maximum
(ppm)

Mean
(ppm)

SD
(ppm)

2018/03/08 4449 409.52 411.79 411.31 0.43
2018/04/09 6304 410.24 417.27 413.78 1.03
2018/04/16 6303 410.19 412.54 411.76 0.51
2018/05/04 6052 409.95 411 410.49 0.25
2018/05/24 5377 409.54 414.33 412.03 1.19
2018/05/31 6141 409.74 410.59 410.19 0.17
2018/06/20 5865 406.64 408.48 407.2 0.33
2018/08/20 6269 402.05 404.54 403.98 0.29
2018/11/21 6053 410.31 411.5 410.92 0.27
2018/12/04 6028 411.2 413.33 412.87 0.3

Note: SD represents the standard deviation.

The XCO2 SD statistics retrieved from each footprint are shown in Figure 3, from which the
footprints’ differences can be defined. The SD values of footprints 1–9 are close to the total SD values
in coincident measurements, proving that the high SD values were not due to the measurement error
of one footprint. The SD values >1 ppm could have resulted from optical path misestimates caused
by different view angles and aerosol optical depths. The preliminary retrieval statistics from the
ACGS measurements proved that TanSat was orbiting stably and each footprint measured XCO2 with
high-quality precision.
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Figure 3. XCO2 standard deviation (SD) statistics for the different footprints of each TanSat target mode
measurement. The bars are color-coded to represent the SD values for the individual footprint of each
day, and the numbers are the total statistical SD values for each single-day observation.

4.2. Validation against Beijing Ground-Based FTS Measurements

The Beijing FTS station is the point on the ground used in the TanSat target mode scanning,
and provides the coincident ground-based measurement data. Different from the comparison with
space-based observations, the validation of target mode observations against the ground-based
FTS measurements has a large data volume capacity for spatiotemporal matching. In addition,
the ground-based FTS in Beijing has been utilized to validate OCO-2 observations in previous
studies [28], indicating the stable operation of the Beijing FTS measurements. In order to obtain
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rigorous matching results for validation, the ground-based FTS matching rule was set as ±0.5 h. As for
TanSat, it only takes five minutes to pass the target observation area. As shown in Figure 4, all of the
filtered TanSat soundings for XCO2 retrieval were in the black rectangle near the Beijing ground-based
FTS station. There were nine footprints around the Beijing FTS station, as depicted by the different
colors in Figure 4a. The TanSat swung towards the target on the ground in order to take measurements
during the target mode observations, causing the footprints to be curves, as opposed to straight lines.
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Figure 4. XCO2 spatial distribution of TanSat target mode observations: (a) FTS location in Beijing and
the nine footprints of the TanSat measurements; (b–k) XCO2 spatial distribution retrieved from each
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blue to red represents different XCO2 values from low to high. The red push pin represents the Beijing
FTS site.

The selected statistical data results for validation and bias analysis are listed in Table 4.
A comparison of the space-based XCO2 with the ground-based XCO2 measurements for Beijing
in 2018 revealed that the maximum XCO2 measurement bias between TanSat and the FTS ground
station occurred on 4 December, when it reached 4.85 ppm, while the minimum bias of 0.31 ppm
occurred on 4 May. The total SD values in the last row of Table 4 were calculated by averaging the SD
values for each day. The total SD values of the TanSat retrieval results and FTS measurements were
0.48 ppm and 0.29 ppm, respectively. The XCO2 mean absolute error (MAE) between TanSat and the
ground-based FTS was 2.62 ppm, and the SD of the mean difference in XCO2 between TanSat and the
ground-based FTS was 1.41 ppm. The comparison results indicated that the TanSat XCO2 retrievals
satisfied the requirement that the error be limited to 4 ppm (1%).
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Table 4. XCO2 (ppm) comparison between TanSat retrievals and ground-based FTS measurements.

Observation Date
TanSat Retrievals FTS Measurements

Bias
Mean SD Mean SD

2018/03/08 411.31 0.43 408.43 0.25 2.88
2018/04/09 413.78 1.03 412.30 0.52 1.48
2018/04/16 411.76 0.51 410.57 0.29 1.19
2018/05/04 410.49 0.25 410.18 0.48 0.31
2018/05/24 412.03 1.19 408.06 0.32 3.97
2018/05/31 410.19 0.17 407.12 0.35 3.07
2018/06/20 407.2 0.33 403.30 0.11 3.9
2018/08/20 403.98 0.29 402.15 0.13 1.83
2018/11/21 410.92 0.27 408.24 0.17 2.68
2018/12/04 412.87 0.3 408.02 0.26 4.85

Total - 0.48 - 0.29 2.62

4.3. Bias Correction

The comparison between the XCO2 measurements from TanSat and the ground-based FTS
measurements revealed that systematic biases arose in the XCO2 retrievals. Bias correction is
an indispensable procedure in data processing for GOSAT and OCO-2 [27,40–42]. Generally, this consists
of three main steps—parametric, footprint-level, and scaling bias correction. In this study, the bias
correction was based on Equation (10). Parametric biases are functionally related to a given parameter
associated with a given sounding; examples of this could be surface pressure, airmass, or retrieved
aerosol quantities. In the DEEI method, since the surface pressure and aerosol parameters were not
retrieved, the airmass factor was selected for parametric bias correction in this step. Footprint-level
bias correction is to ensure that the same XCO2 value of each footprint is obtained when observing
similar scenes. Here, TanSat XCO2 data were selected for analysis when all nine footprints converged
in one sounding frame. The median XCO2 was computed as the “true” value, and was subtracted
from the observed XCO2 in order to calculate the bias for each footprint. After the parametric and
footprint-level bias corrections, the scaling bias was corrected in order to remove any global mean bias.
The scaling coefficient was calculated by linear regression between the XCO2 from TanSat and that
from the ground-based FTS, with the intercept forced to zero, as follows:

Xcorrected
CO2

=
Xretrieved

CO2
−C1

(
airmass− airmass

)
− Bias f ootprint(i)

C0
, (10)

where Xretrieved
CO2

represents the TanSat XCO2 retrievals and Xcorrected
CO2

denotes the corrected XCO2 data.
Bias f ootprint(i) is the footprint bias for footprints i = 1 . . . 9; the adopted footprint biases for footprints
1–9 are 0.21, 0.26, 0.20, 0.10, 0.04, −0.03, −0.08, −0.15, and −0.06 ppm, respectively. C0 is the scaling
coefficient of TanSat and the ground-based FTS (calculated value, 1.0064), C1 is the regression coefficient
for the airmass (2.00 ppm/air mass was used in this study), and the overbar denotes the averages of all
retrievals used for the regression analysis. Airmass is a simple function of the solar zenith angle θZ

and the satellite viewing angle θV, and can be approximated as Equation (11) [40]:

airmass =
1

cosθZ
+

1
cosθV

, (11)

The XCO2 statistics for each step are listed in Table 5. As shown in Table 5, the bias of XCO2

between TanSat and the ground-based FTS was improved by each step of the bias correction. The MAE
of XCO2 improved from 2.62 ppm to 2.60 ppm, 2.55 ppm, and 1.11 ppm following the step 1, step 2,
and step 3 corrections, respectively. In addition, the SD of the mean difference in XCO2 between TanSat
and the ground-based FTS maintained the same value of 1.35 ppm in each step, which was 0.06 ppm
lower than the 1.41 ppm value before correction. Figure 5 shows the comparison between the XCO2
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retrieved by TanSat and that retrieved by the ground-based FTS. As shown in Figure 5, the systematic
errors in the TanSat retrieval results were present before bias correction (left panel), and decreased
noticeably after bias correction (right panel).

Table 5. TanSat XCO2 (ppm) statistics for the bias correction procedure.

Observation Date

Step 1: Airmass
Bias-Corrected Result

Step 2: Footprint
Bias-Corrected Result

Step 3: Scaling
Bias-Corrected Result

Mean Bias Mean Bias Mean Bias

2018/03/08 410.92 2.49 410.87 2.44 408.25 −0.18
2018/04/09 414.16 1.87 414.11 1.81 411.48 −0.82
2018/04/16 412.17 1.60 412.11 1.54 409.49 −1.08
2018/05/04 411.03 0.85 410.97 0.79 408.36 −1.82
2018/05/24 412.67 4.61 412.62 4.55 409.99 1.93
2018/05/31 410.85 3.73 410.80 3.68 408.19 1.06
2018/06/20 407.82 4.52 407.77 4.46 405.17 1.87
2018/08/20 404.47 2.31 404.41 2.26 401.84 −0.31
2018/11/21 409.23 1.00 409.18 0.94 406.58 −1.66
2018/12/04 411.08 3.06 411.02 3.00 408.41 0.39

MAE - 2.60 - 2.55 - 1.11
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validation results. However, the XCO2 MAE improved 1.11 ppm after bias correction, i.e., 
approximately half the average bias from the IAP-CAS. 

As for the other CO2 remote sensing satellites, GOSAT and OCO-2 were in orbit before TanSat 
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Figure 5. Comparison of XCO2 retrieved from TanSat in target observation mode with the Beijing
ground-based FTS measurements. The XCO2 values of each observation date are represented by
different shapes and colors; the error bars show the 1σ precision of the TanSat XCO2 retrievals and the
ground-based FTS measurements. The one-to-one line is solid, and the best fit line is dashed.

4.4. Comparison with Other XCO2 Products

To date, the official TanSat L2 products have yet to be published. The Institute of Atmospheric
Physics, Chinese Academy of Sciences (IAP-CAS) retrieved XCO2 in the first half of 2017 from TanSat
nadir mode observations and validated these measurements against those of the TCCON sites, finding
an average bias of 2.11 ppm. In addition, the MAE of the DEEI-retrieved XCO2 from the TanSat target
mode observations was 2.62 ppm, which was 0.49 ppm higher than the IAP-CAS validation results.
However, the XCO2 MAE improved 1.11 ppm after bias correction, i.e., approximately half the average
bias from the IAP-CAS.

As for the other CO2 remote sensing satellites, GOSAT and OCO-2 were in orbit before TanSat
was launched. Numerous types of products for XCO2 have been created for GOSAT and OCO-2.
In order to compare XCO2 measured by TanSat with near-simultaneous observations from GOSAT
and OCO-2, spatial matching was necessary. Regarding the GOSAT XCO2 data, the SWIR L2 V02.81
product (https://data2.gosat.nies.go.jp/), which provides optimal XCO2 retrieval results using fewer
observation points, was employed for comparison in this study. For the OCO-2 XCO2 data, the L2

https://data2.gosat.nies.go.jp/


Remote Sens. 2020, 12, 3063 13 of 17

V9r bias-corrected product (http://disc.sci.gsfc.nasa.gov/OCO-2) was selected for comparison with
TanSat. In this study, all of the GOSAT and OCO-2 products were filtered with quality attributes prior
to matching in order to obtain optimal measurements from space-based observations.

In terms of the comparison criteria, the matching method used in this study was the same as
that used in previous studies [28]. Using the matching criteria of spatial and temporal separations
within ±1◦ and ±2 h, respectively, some near-simultaneous XCO2 data observed by GOSAT and OCO-2
were selected for comparison. Figure 6 presents the spatial distributions of the GOSAT and OCO-2
footprints. Due to the different footprint geolocations of the satellites, there was only a single-day
observation of XCO2 data on 20 June that matched the criteria for GOSAT and OCO-2. The data within
the red square were selected for comparison. Table 6 lists the statistics of the comparison results for the
GOSAT, OCO-2, and TanSat measurements. The TanSat had more than 5000 soundings for comparison
since it observed in target mode, and the lower standard deviation of the measurements was due to
the retrieval-based data filtering and bias correction. For GOSAT and OCO-2, the total numbers of
matched soundings were 15 and 187, respectively, and the corresponding mean values of XCO2 were
405.10 ppm and 405.06 ppm. The biases of the comparison results between GOSAT, OCO-2, and TanSat
and the Beijing ground-based FTS were 1.8 ppm, 1.76 ppm, and 1.87 ppm, respectively, indicating
that the accuracy of the TanSat DEEI-retrieved and bias-corrected XCO2 data was consistent with the
accuracy of the GOSAT and OCO-2 L2 products, i.e., within a range of 1%.
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Figure 6. Spatial distribution of matched GOSAT, OCO-2, and TanSat soundings around the Beijing
FTS site. Push pin: Beijing FTS site position; triangles: GOSAT soundings; hollow points with crosses:
OCO-2 soundings; diamonds: TanSat soundings. The color range from blue to red represents different
XCO2 values from low to high; red rectangle: criterion range of ±1◦ latitude and longitude and ±2 h
measuring time.
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Table 6. Comparison of XCO2 from TanSat with GOSAT and OCO-2 products.

Data Statistic GOSAT L2
Products

OCO-2 L2
Products

TanSat XCO2
(Bias-Corrected)

Matched sounding
number 15 187 5866

XCO2 min (ppm) 402.35 401.19 404.19
XCO2 max (ppm) 407.85 408.77 406.20

XCO2 mean (ppm) 405.10 405.06 405.17
SD (ppm) 1.63 1.09 0.36

Mean bias (ppm) 1.8 1.76 1.87

5. Conclusions and Outlook

This study performed the first validation of XCO2 from the TanSat target mode observations
retrieved by the DEEI algorithm using measurements from the Beijing FTS site. The retrieval results
revealed that each instrument on board TanSat obtained XCO2 measurements that did not exhibit
any indication of abnormalities and had an SD range of 0.17–1.19 ppm. For the ground observation
validation, the measured biases of the uncorrected retrievals ranged from 0.31 to 4.85 ppm, with an MAE
of 2.62 ppm. Using preliminary bias correction, the TanSat XCO2 MAE improved to 1.11 ppm, and the
SD value of the mean difference between TanSat and ground-based FTS measurements improved
to 1.35 ppm, from an initial value of 1.41 ppm. For other satellites, the comparison results showed
that the simultaneous XCO2 observations from GOSAT, OCO-2, and TanSat were 1.8 ppm, 1.76 ppm,
1.87 ppm higher than ground-based FTS measurements on 20 June 2018, respectively, proving that
TanSat measurements were consistent with those of the GOSAT and OCO-2 products.

In future research, the DEEI algorithm will be improved with additional retrieval parameters.
The satellite observation angle, surface attributes, and atmospheric parameters led to varying amounts
of uncertainty, which should also be rectified in order to correct the retrieval results. Furthermore,
since the retrieved data were filtered in order to retain only data collected under clear sky conditions
and shallow aerosol optimal depths, aerosol rectification remains an important issue on which to focus.
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