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Retrieval of Global Carbon Dioxide From TanSat
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TCCON Measurements and Satellite Observations
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Abstract— To cope with global climate change and monitor
global CO2 concentration distribution, the first Chinese carbon
dioxide satellite (TanSat) has been successfully launched in
December 2016. In this study, we implemented a CO2 retrieval
scheme by calibrating the TanSat sun-glint (GL) mode spectra
and adapting the Iterative Maximum A Posteriori Differen-
tial Optical Absorption Spectroscopy (IMAP-DOAS) algorithm
for CO2 spectral retrieval. The global terrestrial CO2 total
vertical column density (VCD) and column-averaged dry-air
mole fractions of CO2 (XCO2) were simultaneously retrieved
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from TanSat GL spectral observations. Then, a comprehensive
verification was performed between TanSat CO2 retrieval and
other measurements including Total Carbon Column Observing
Network (TCCON), the Japanese Greenhouse gases Observing
SATellite (GOSAT), and the US Orbiting Carbon Observatory-2
(OCO-2). Further comparisons between our TanSat CO2 retrieval
and ground-based FTIR measurements from TCCON indicated a
good correlation with the mean bias of −0.78 ppm, the standard
deviation at 1.75 ppm, and the Pearson correlation coefficient
of 0.81. In addition, cross-satellite CO2 validations of TanSat
with GOSAT and OCO-2 showed consistently spatiotemporal
trends for both CO2 VCD and XCO2. In summary, we can
conclude that the presented CO2 retrieval scheme has achieved
global CO2 retrieval from TanSat GL mode spectra with high
precision and accuracy, as suggested by the results of independent
ground-based and satellite validations.

Index Terms— CO2, Iterative Maximum A Posteriori Differ-
ential Optical Absorption Spectroscopy (IMAP-DOAS), remote
sensing, satellites, spectral analysis, TanSat, XCO2.

I. INTRODUCTION

THE Intergovernmental Panel of Climate Change (IPCC)
assessment reports have concluded that global warming

is already an unquestionable fact. Combined with the global
average of land and ocean surface temperature data, the mean
temperature has increased at approximately 0.85◦ from 1880 to
2012 [1], [2]. The main reason for global warming is the green-
house effect caused by the increasing emissions of greenhouse
gases [3]. Among six key greenhouse gases regulated in the
Kyoto Protocol, carbon dioxide (CO2) emissions accounted
for 55.46% of the enhanced radiative forcing [2].

Our current knowledge of the carbon cycle is still insuffi-
cient given that the existing observation of CO2 is spatially
and temporally limited on the globe. Satellite measurement is
an effective approach to monitoring the global distribution of
CO2 at high spatiotemporal resolution [4]. In December 2016,
the TanSat satellite was successfully launched by China
National Space Administration to better understand the spatial
and temporal patterns of sources and sinks of CO2; it was dedi-
cated to global atmospheric carbon dioxide monitoring [5], [6],
similar to its predecessors and successors such as Greenhouse
gases Observing SATellite (GOSAT), GOSAT-2 and Orbiting
Carbon Observatory (OCO)-2, OCO-3 satellites. The TanSat
satellite carried two sensors, i.e., Atmospheric Carbon dioxide
Grating Spectroradiometer (ACGS) and Cloud and Aerosol
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Polarimetry Imager (CAPI). ACGS can monitor atmospheric
oxygen (O2) and CO2 concentrations by measuring absorption
spectra in three bands, including the molecular O2 A-band
(approximately 758–778 nm, Visible), a weak CO2 band
(approximately 1594–1624 nm, short-wave IR [SWIR]-1), and
a strong CO2 band (approximately 2.042–2.082 nm, SWIR-2)
under a spatial resolution of 2 km × 2 km and a spectral
resolution of ∼0.044, ∼0.12, and ∼0.16 nm, respectively.
CAPI is designed to obtain cloud and aerosol optical char-
acteristics for eliminating cloudy soundings of the ACGS.
However, the degradation and instability of the instrument
performance have led to the fact that the quality of the TanSat
spectra is not as good as its counterparts, such as GOSAT and
OCO-2. In previous research (e.g., [6]–[8]), the systematic
biases on the instrumental and spectral calibration, as well
as their on-orbit degradation were not explicitly considered
during TanSat CO2 retrieval. For example, Wang et al. [9]
ignored the calibration issue and resulted in a relatively poorer
retrieval accuracy of ∼4.16 ppm for TanSat CO2 before
corrected. Recently, the problems were brought to the attention
of Yang et al. [10]. Then a spectrum correction method was
developed by the online fitting of an eighth order Fourier
series to solve the spectral problem under the nadir (ND)
mode. TanSat sun-glint (GL) mode CO2 retrievals can provide
a great meaningful reference for the aforementioned TanSat
products. Meanwhile, complemented on the global scale, the
CO2 retrievals from two measurement modes will be of great
significance for understanding and helpful to the application
of TanSat products. In fact, the TanSat GL mode spectra
seem in a relatively poorer quality than the ND mode spectra
(Section III-B). In this study, we recalibrated the TanSat
GL spectra to address some unanticipated issues, such as
changes in spectral calibration parameters on orbit, low signal-
to-noise ratio (SNR) for certain spectral bands, etc., which
possibly caused by the instrumental performance changes in
the complex space environment after launch. The configura-
tion and parameters of the Iterative Maximum A Posteriori
(MAP) Differential Optical Absorption Spectroscopy (IMAP-
DOAS) algorithm [11] were also adapted for TanSat CO2

retrieval.
The DOAS technique is an effective approach to determine

the total column abundances of trace gases from ground-
based [12], satellite [13], [14], and airborne [15] spectroscopy
measurements. The classical DOAS approach relies on the
linearization of the Lambert–Beer law, where the vertical
column density (VCD) to be retrieved is directly proportional
to the measured differential optical density [12]. This approach
is based on the premise that the absorption cross section of
the target gas is independent of temperature and pressure.
However, different from in the UV/Vis band, the absorption
lines are rather narrow and strongly dependent on temperature
and pressure in the near-infrared (NIR) because absorption
is only occurred by rotational and vibrational transitions.
Therefore, the IMAP-DOAS algorithm has overcome the
drawbacks of the DOAS technique in the NIR range. The
IMAP-DOAS algorithms have been widely used for satellite
CO [16] and CH4 [17]–[19] retrieval from the SCanning Imag-
ing Absorption spectroMeter for Atmospheric CHartographY

(SCIAMACHY), and for verification of other greenhouse gas
retrieval algorithms, see [20]–[22].

In this article, we present a CO2 retrieval scheme and
retrieved global CO2 products from the TanSat sun-GL mode
observation. A comprehensive verification was also performed
between TanSat CO2 retrieval and other measurements includ-
ing TCCON, GOSAT, and OCO-2. This article is organized
as follows. Section II presents a brief introduction to the
materials. The IMAP-DOAS algorithm, the description of
spectral recalibration, and the optimization of the CO2 retrieval
setting to adapt TanSat are described in Section III. Our inde-
pendent ground-based and satellite validations are presented
in Section IV. Section V gives a discussion for the assessment
of the optical fit and the limitations of the current retrieval.
Finally, Section VI provides a summary.

II. MATERIALS

A. TanSat Data

1) TanSat Level 1B GL Spectra: TanSat was launched on
December 21, 2016 with a designed lifetime of three years.
Its sun-synchronous orbit height is approximately 700 km.
Its revisit period is 16 days with a 13:30 ascending local
time. However, the quality of subsequent measurements could
not be guaranteed due to the failure of the refrigerant on
the satellite since October 2018. Therefore, the available
data coverage for strong CO2 band is the same with that
for weak CO2, i.e., February 2017 to October 2018, and
O2-A band is from February 2017 to present. We used
the data from the weak CO2 band of the GL mode level
1B spectra from March 2017 to September 2018 (avail-
able at http://satellite.nsmc.org.cn/portalsite/default.aspx. last
accessed on May 22, 2020). Some specific parameters of
TanSat-ACGS are shown in Table I [23].

The wavelength associated with each instantaneous field
of view (IFOV) footprint per frame in three bands can be
described by a six-order polynomial, as follows [24], [25]:

λ =
∑5

i=0
C5 · Pi (1)

where λ is the wavelength (nm), P denotes the pixel number,
and Ci represents the dispersion coefficient of the i th order.

According to the prelaunch laboratory radiometric calibra-
tion of the TanSat-ACGS by the instrument manufacturer,
a similar mathematical relation exists between the SNR and
radiance in all channels of the three bands, as follows:

SNR(i, j) = Radiance(i, j)√
Radiance(i, j) · C2

1(i, j) + C2
2(i, j)

(2)

where Radiance (i,j) is the apparent radiance of the j th field
of view of the i th channel of a certain band. The correspond-
ing SNR curve fitting coefficients are represented by C1(i, j)

and C2(i, j).
2) TanSat Cloud Mask Product: The TanSat-CAPI cloud

products by Wang et al. [26] were used directly for the
filtering of satellite ground pixels (the pixels with the cloud
mask equaling to 3 were selected). The TanSat-CAPI cloud
mask product is reasonably accurate when comparing against
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TABLE I

TECHNICAL CHARACTERISTICS OF TANSAT–ACGS

the MODIS cloud-screening product [27], with the Hit
Radio (HR) scores > 80% and the Kuiper’s skill (KSS) score
at ∼0.7 [28].

B. Other Data

1) Solar Irradiance: Due to the degradation and stability
of instrument performance, the TanSat mean normalized
solar measurement shows change and never gets a
radiometric correction. Therefore, we use the high-resolution
solar irradiance database provided by R. Kurucz
(http://kurucz.harvard.edu/sun/irradiance2008/) to replace
TanSat solar measurement as the irradiance. This solar
spectrum is measured by high-resolution Fourier Transform
Spectrometer (FTS) at the Kitt Peak National Observatory; its
wavelength range covers 1560–1740 nm, and the resolution
reaches approximately 0.001 nm [4], [29]. We convolve
this high-resolution solar spectrum with the recalibrated slit
function of TanSat-ACGS SWIR-1 channel to gain I0, which
is mentioned in (3).

2) Profiles and Reference Spectra: Goddard Earth Observ-
ing System (GEOS)-Chem model [30] is a global 3-D
chemical transport model driven by GEOS-assimilated meteo-
rological fields from the NASA Global Modeling and Assimi-
lation Office [31]. The GEOS-Chem model has many extensive
applications in a wide range of research topics on atmospheric
composition [32]–[35]. We simulated CO2, CH4, H2O, and
dry-air concentrations at the 2◦ latitude × 2.5◦ longitude
horizontal resolution and 47, 47, 72, and 72 vertical pressure
levels. The profiles described mainly involve three atmospheric
components with strong absorption at SWIR-1 including CO2,
CH4, and H2O. These profiles were interpolated into 10 sub-
layers, then we used the HIgh-resolution TRANsmission mole-
cular absorption database (HITRAN, Version 2016) [36], [37]
and a classical Voigt spectral line shape to calculate CH4,
H2O, and CO2 vertical optical densities. In addition, the dry-air
profiles were used to calculate the dry-air total VCD.

3) TCCON Data: NIR solar absorption atmospheric mea-
surements by the ground-based FTS of TCCON usually have
a very high temporal resolution (∼90 s) and a fine spectral
resolution (∼0.02 cm−1) [38], [39]. The retrieval results
from TCCON sites are distributed over urban, suburban,
rural, and terrain sites worldwide. TCCON has provided an
important and independent means of verifying and calibrating
satellite measurements. Therefore, the measurements of many
appropriate TCCON sites were used to compare with the
TanSat XCO2 retrievals (available from https://tccondata.org/,
last accessed on May 27, 2020).

4) OCO-2 and GOSAT Products: We compared simi-
lar products from other satellites to verify the reliability
of TanSat CO2 retrievals including OCO-2 and GOSAT,
which are available at https://disc.gsfc.nasa.gov/datasets/and
http://data2.gosat.nies.go.jp/, respectively. For the OCO-2
Level 2 standard geo-located CO2 retrieval results, the ver-
sion 8r is a previous version of the OCO-2 data set in
NASA GES DISK (currently, the latest version is version 10,
but its starting date is April 2020) and atmospheric carbon
observations from space XCO2 retrieval algorithm established
and improved by [40] and [41]. The GOSAT Level 2 XCO2

products are v02.72 version released by the National Institute
for Environmental Studies of Japan. The GOSAT v02.72 ver-
sion XCO2 products are retrieved from the MAP retrieval
algorithm improved by [42]. Compared with v01.xx version
(bias = −8.85 ppm, standard deviation (SD) = 4.75 ppm) [4],
the bias and SD of this version are only −1.48 and 2.09 ppm,
respectively, for the validation using TCCON data.

III. RETRIEVAL METHOD

A. IMAP-DOAS Algorithm

The classical DOAS established by [43] can be described
as follows:

I (ν) = I0(ν) exp

(
−
∫

σ(ν)c(s)ds

)

≈ I0(ν) exp

(
−σ(ν) ·

∫
c(s)ds

)
, (3)

τ = ln

(
I0(ν)

I (ν)

)
≈ σ(ν)

∫
c(s)ds = σ(ν) · S, (4)

D(ν) = S ·
∑n

i=0
σi (ν) · ci (5)

where I(ν) represents the radiance received by satellite at the
wavelength ν; I0(ν) is the irradiance, which is the intensity of
solar radiation at wavelength ν. σ(ν) is the absorption cross
section of the target gas to be retrieved at wavelength ν. c(s)
is the target gas concentration at the optical path s. D(ν) is
the total optical density of n gases at wavelength ν. S denotes
the slant column density (SCD), which is defined as the path
integral of the concentration of the respective absorber along
the actual light path.

In fact, in the NIR wavelength region, the gas absorption
cross section has strong temperature- and pressure-dependent
properties and varies greatly with wavelength. This finding has
been perceived and analyzed by some scientists at the twenti-
eth century to the beginning of this century [44]–[46]. Thus,
the drawback of the classical DOAS algorithm under certain
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conditions began to be noticed. Then, Buchwitz et al. [47]
and Rodgers et al. [48] made important contributions to
solve this problem. The CO2 retrieval algorithm, namely,
the IMAP-DOAS algorithm, is also an improvement on the
classical DOAS algorithm. The IMAP-DOAS algorithm has
been described in detail by [11] and utilized successfully
by [18], [22], [49]–[51], and so on. The sensitivity of
atmospheric temperature and pressure profile changes and
nonlinear absorption are all considered by this algorithm.
In the iterative procedure, the vertical optical densities of the
target component are directly simulated and finally achieve
the fitting of the differential optical density and the observed
spectra. In the classical DOAS approach, some interference
between different absorbers or with the Fraunhofer spectrum
may occur, but though using convolutions with the instrumen-
tal slit function in every iteration, these interferences can be
resolved. In addition, simultaneously, the strong absorption
effect of the interference component is greatly weakened.

A forward radiative transfer model at high spectral resolu-
tion is used to calculate modeled radiance at each wavelength
using the following equation:

F(xi) = I0 · exp
(
−

∑
An · τ ref

n · xn,i

)
·

k∑
i=0

ak ·λk (6)

where F(xi) = the forward modeled radiance at the i -th
iteration of the state vector,

I0 = the incident intensity (solar transmission spectrum),
An = the air mass factor (AMF) for each n number of

atmospheric state vector elements,
τ ref

n = the reference total optical density for each n number
of atmospheric state vector elements,

xn,i = the trace gas-related state vector at the i -th iteration
in each n layers,

ak = polynomial coefficients to account for low-frequency
spectral variations.

According to this equation, optimal estimation is applied
with a state vector x, which comprises the scaling factors for
the prior optical densities of the target trace gases in each
vertical atmosphere layer. At each iteration i , a Jacobian matrix
K i is calculated, where each column represents the derivative
vector of the observed radiance with respect to each element
of the state vector xi and Ki = (∂F(x)/∂x)|xi .

The forward model and the Jacobian matrix can be used to
optimize the state vector at the i -th iteration as follows [49]:

xi+1 = xa + (KT
i S−1

ε Ki + S−1
a )

−1
KT

i S−1
ε

·[y − F(xi) + Ki(xi − xa)
]

(7)

where xa is a priori state vector, xi is the atmospheric state
vector at the i -th iteration, y is the atmospheric optical density
actually measured by the satellite, F(xi) is the forward model
evaluated at xi, Sε is the error covariance matrix, and Sa is a
priori covariance matrix.

B. Issues and Improvements

1) Evaluation of the GL Spectra of TanSat: Typically,
atmospheric CO2 abundances vary slightly with respect

to the background concentration at ∼400 ppm. Therefore,
the retrieval of CO2 for space-based measurement should
have a high precision, indicating that good retrieval con-
ditions are desired. However, many unpredictable issues
were exposed and needed to be addressed after TanSat
was launched for on-orbit measurements, i.e., low SNR and
uncorrected irradiance measurement. Otherwise, the precision
accuracy of CO2 retrieval would be greatly compromised.
Furthermore, in the complex space environment (e.g., cosmic
radiation exposure and possible instrument changes since
launch [52]–[54]), the prelaunch calibration parameters mea-
sured in the on-ground laboratory seem unavailable for the
TanSat retrieval account for the stability degradation of the
instrument.

Unfortunately, we found that these problems are more
serious in glint mode than in nadir mode. Two neighbor
satellite orbits from the GL and ND, respectively, were used to
evaluate the radiance measurement error. As shown in Fig. 1,
we have selected three 0.5◦× 0.5◦ regions under a clear sky
from the center of Sahara Desert (21◦ N–26◦ N, 22◦ E–27◦ E).
The optical properties atmosphere and land surface could be
approximately considered as the same. Thus, the SDs of all
spectra at each wavelength inside each box can reflect the
measurement error to some extent, i.e., the measured spectra
with less error have a smaller SD. The Fig. 1(b)–(d) shows
that the GL spectra have an approximately 16% (Area III) to
56% (Area II) higher SDs than ND spectra.

To further illustrate that the TanSat GL spectra are in a
relatively poorer quality, TanSat CO2 retrievals were also
performed for ND and GL spectra, respectively, for ground
pixels within the terrain region of 30◦ N–60◦ N, 45◦ E–120◦ E
between April 10, 2017 and April 19, 2017 (mostly cloudless
overland pixels). In Fig. 2, the left and middle columns show
the CO2 total column from the ND and GL spectra without
precalibration, while the results of right column were from the
GL spectra with precalibration. The retrieved CO2 VCDs, root
mean square (rms) of fitting residual and retrieval uncertainties
are given in panels (a)–(c), panels (d)–(f), and panels (g)–(i),
respectively. By comparing Fig. 2(d) and (e), (g) and (h),
respectively, both the rms and CO2 uncertainty from the GL
mode were significantly higher than those from the ND mode
(rms: 0.075 versus 0.060, Uncertainty: 0.21% versus 0.13%).
This result suggested the GL measurement contains much
more spectral noise than ND, leading to a challenge for CO2

retrieval from GL spectra.
2) Spectral Precalibration: In previous trace greenhouse

gas retrieval works, such as [18], the high spatial and moderate
spectral resolutions were used directly to retrieve target gas
concentrations on the basis of the same algorithm, but the
TanSat CO2 retrieval setting should be further optimized.
We have conducted a series of targeted tests to improve
these conditions, including filtering out poor signal quality,
replacing the solar spectrum, fitting wavelength range to avoid
low SNR region, and the most important procedure, spectral
precalibration.

As shown in Fig. 2(e) and (h), when the GL spectra are not
recalibrated, the retrieved rms and uncertainties are in a very
high level. To address these issues, we performed an on-orbit
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Fig. 1. Comparison of the spectral quality from two neighbor orbits of different observation modes (i.e., GL and ND). (a) Red band represents the orbit
01685 (ND, April 16, 2017) and a blue band represents the orbit 01714 (GL, April 18, 2017). The three selected regions are also shown by the rectangles.
(b–d) SDs of the spectra at each wavelength in Area I, II, and III, respectively. The black curves represent the SD form the glint mode, while the red represents
the SD from the nadir mode.

Fig. 2. Comparisons of CO2 VCD retrieval results from all orbits that passed the region of 30◦ N–60◦ N and 45◦ E–120◦ E from April 10, 2017 to April 19,
2017. The left and middle columns show the retrieved results from the original [(a), (d), and (g)] ND and [(b), (e), and (h)] GL spectra without precalibration,
while the [(c), (f), and (i)] results of right column are from the GL spectra with precalibration. The (a)–(c) retrieved result, (d)–(f) rms of fitting residual, and
(g)–(i) uncertainty are placed in the upper, middle, and bottom panels, respectively.

recalibration of the GL spectra. Prior to optical density fitting,
some spectral parameters, such as the instrument slit function,
spectral shift, and squeeze, were calibrated through cross
correlation with a high-resolution solar spectrum. Then the
spectral correction factors divided from the retrieval exper-
iment were applied to the linear correction of GL spec-
tra [55]–[58]. The method is described in detail in Appendix A.
Fig. 2(c), (f), and (i) represent the retrievals using the current
retrieval setting with a spectral precalibration. Compared by
Fig. 2(e) and (f), and (h)–(i), evidently, preprocessing the
spectra can improve the rms, which is reduced by ∼15%.

In addition, the recalibrated measurement spectra lead to a
∼30% decrease in the uncertainty of retrieved total VCD.
After recalibrated the spectra, the inversion performance
achieved almost close to that in nadir mode.

3) Updates of Configurations and Parameters: Compared to
the retrieval of other gases such as CO, CH4, and HDO based
on the IMAP-DOAS algorithm [18], [22], [49]–[51], CO2

retrieval with the necessary of a 1% (∼4 ppm) precision has
more demanding requirements on the related parameters and
configurations. The applications of the newer version HITRAN
(Version 2016) [37], the corrections of geometrical AMF [59],
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Fig. 3. Sensitivity test about prior profiles on a 2◦ × 2◦ grid averaged over April 2017. (a)–(d) Global maps with the CO2 total VCD of GOSAT, OCO-2, and
TanSat products. The products from GOSAT and OCO-2 data sets are placed at (a) and (b), while the retrievals from TanSat using the GEOS-Chem profiles
and the USS76 profile are placed at (c) and (d). (e) and (f) Difference between the retrievals of TanSat using the different profiles and GOSAT products.
(g) and (h) Same as (e) and (f), but the difference is between TanSat and OCO-2.

and the daily GEOS-Chem priori profiles with a higher spa-
tiotemporal resolution et al. have also improved our retrieval
accuracy. Table II lists our updated CO2 retrieval setting, and
some configurations and parameters used in [18] are also listed
for reference. Take the updating the priori profiles for example,
in the previous gas retrieval on the basis of the IMAP-DOAS
theory, only a single US standard profile proposed in 1976
(USS76) [60] for target gas a priori information at any
location all over the world. However, for CO2 retrieval, the
USS76 profile is outdated and not precise enough. Although
we have required the degrees of freedom for signal (DFS)
for CO2/XCO2 retrieval to be greater than or equal to 1 when
filtering, the influence of the priori profiles on the CO2 retrieval
still cannot be ignored. Fig. 3 shows the comparisons of the
average CO2 total VCD on global maps with a 2◦× 2◦ spatial
resolution over April 2017 retrieved using different prior
profile. Fig. 3(a)–(d) shows the CO2 retrieval from the GOSAT,

OCO-2, and TanSat (with GEOS-Chem and USS76 pro-
files), respectively. The difference between TanSat retrieval
using different prior profiles and the other two satellite data
sets is shown in Fig. 3(e)–(h). Apparently, the use of the
USS76 priori profile causes a large deference of approximately
−3.6×1020−6×1020 molecules/cm2, while the application of
the GEOS-Chem profiles effectively reduced these differences
to within ±8 × 1019 molecules/cm2.

C. Filters

The TanSat data retrieved cover the period from March 10,
2017 to September 30, 2018; 3.164 orbits are available. To
improve the accuracy of the retrievals and eliminate the errors
caused by cloud, aerosol, large zenith angle, and low SNR in
the oceanic region, we have established the following basic
screening rules.
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TABLE II

UPDATES OF CONFIGURATION AND PARAMETERS

1) Only Clear-Sky Scenes: The entire light path is from
the incident point of sunlight entering the atmosphere
to the ground footprint corresponding to the measured
pixel and then to the satellite receiver. Therefore, we cal-
culate the SCD of CO2 along this light path in the
atmosphere. SCD is related to VCD, the integral of
the concentration along the vertical from the surface to
the top of the atmosphere, by way of the AMF, where
AMF = SCD/VCD. Since scattering in the SWIR is
generally low [47], [62], for our applications, if the
sky is clear enough, then the impact of scattering is
much lower than the retrieval precision error [63]. Thus,
scattering in the atmosphere can be neglected, and
AMF = 1/cos (SZA) + 1/cos (LZA) (SZA = solar
zenith angle, LZA = line-of-sight zenith angle). Then,
this geometrical calculation was corrected for sphericity
adapted from [59]. However, because clouds are not
considered in the IMAP-DOAS algorithm, scattering
could become nonnegligible in some scenes, such as
heavy aerosol loading, relatively large cloud fraction,
or dark surfaces. Similar to [18], considering that the
deviation of the AMF may be large under the cloudy or
high aerosol weather conditions, we have selected clear
scenes to ensure that our retrievals are accurate enough.
As for the TanSat-CAPI cloud mask value, specifically,
0 for full cloud, 1 for many clouds, 2 for possible clear
sky, and 3 for clear sky. Therefore, to pick out clear-sky
scenes, we selected data, where the TanSat-CAPI instru-
ment measured the local cloud mask value equal to 3.

2) Only Global Land Area: Relative to the land, due to the
ocean surface has low surface reflectance, the SNR is
low. Fig. 4 shows one orbit as an example of the mea-
sured average SNR and radiance at the weak CO2 band
of every footprint. As shown in Fig. 4, the difference
in radiance and SNR between land and ocean areas is
very evident. In ocean areas, the average radiance and
SNR are only approximately 1/3 of the land area. Fur-
thermore, under a clean cloud-free scene, low radiance
and low SNR hinder the accuracy of spectral fitting in
ocean areas. On the contrary, under cloudy weather, due
to the influence of scattering, a certain inaccuracy is
brought to the AMF calculation. Thus, the retrievals
in the ocean area still have a large deviation. In view
of these reasons, we only selected the global land

Fig. 4. Scatterplots of the measured SNR and radiance from the whole
NO.01262 orbit (date: March 18, 2017) at the weak CO2 band. The red dots
represent land pixels and the black dots represent ocean pixels. The averages
of the measured SNR and radiance are included, which of the land and ocean
pixels are indicated by a green symbol and a blue symbol, respectively.

area as the research object to maximize the retrieval’s
accuracy.

3) SZA: The solar zenith angle ≤ 80◦.
4) DFS: DFS for CO2 ≥ 1.

IV. RESULTS AND VALIDATIONS

A. Validation Using TCCON Measurements

We used the data from the global TCCON sites for this
comparison to validate the TanSat measurements. On the basis
of the filter rules described in Section III-C, three additional
matching conditions have been added as the spatiotemporal
co-location criteria for calculations of the regression analyses
as follows [6], [64]–[66].

1) Spatial Criteria: All retrievals within 800 km around
the site. A relatively wide spatial collocation criteria
should be set to obtain sufficient co-incidences due to the
narrow swath (∼20 km) and the discrete nature of the
observations. Furthermore, this distance is reasonable
and feasible because the atmospheric CO2 abundance
is relatively stable.

2) Temporal Criteria: Data measured by the TCCON sites
within 2 h of the TanSat overpass. We have used the
arithmetic mean corresponding to each overpass.

3) Station Criteria: We excluded the stations located within
areas with significant topography and an active volcano
such as Reunion Island or close to source region such as
Caltech. Due to Sodankyla and Eureka are at very high
latitude, they will also not be used for validation.
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TABLE III

SUMMARY OF THE COMPARISON BETWEEN TANSAT RETRIEVALS AND TCCON MEASUREMENTS FOR XCO2

Fig. 5. Correlation analysis of XCO2 retrieved from TanSat measurements with collocated TCCON data. Different color and shape symbols indicate different
sites in Table III, and the matchups are presented with error bars. Two red dotted lines are used to indicate ±1% deviation and one red line is used to indicate
a linear regression fit to the data. The number of matchups (N), the Pearson correlation coefficient (cor), averaged bias, SD, and a black one-to-one line are
included.

Under the constraints of these conditions, we compared all
the TanSat XCO2 retrievals with the global TCCON sites. The
average bias and SD between TanSat and TCCON for each
site are listed in Table III [67]–[76]. We found that we have
maintained good accuracy in comparison with the 10 TCCON
sites that satisfied the matching conditions globally. Against
most TCCON sites, the SD of TanSat retrievals over land is
0.44 (Lamont) ∼1.59 (Anmyeondo) ppm, and the mean bias
derived from the TCCON sites is −0.95 ppm (Park Fall) to
+2.66 (Izana) ppm. Most stations have a similar accuracy,
which the SD is generally less than 2 ppm, and the mean bias
is less than 1 ppm. The correlation analysis corresponding to
Table III is shown in Fig. 5. The figure shows, in general, that
TanSat retrievals are in good agreement with global TCCON
site data. In the overpass averaged results, the bias and SD
are 0.78 and 1.75 ppm, respectively. Moreover, the Pearson
correlation coefficient is 0.81, and most co-incidences fell in
the 1% error region.

B. Validation Using Satellite Observations

Since the launch of the GOSAT and OCO-2, many opera-
tional or scientific global CO2 data sets have been developed
from satellite instruments. We performed comparisons with
similar products from GOSAT and OCO-2. However, compar-
ing the original retrieved results of individual satellites with
each other is especially difficult due to the rare of overlap in
spatiotemporal co-locations. Therefore, three satellite products
were binned in 2◦ by 2◦ grid elements for contrasts and
averaged by season.

Fig. 6 shows the global quarterly average CO2 VCD dis-
tribution of TanSat retrievals, GOSAT, and OCO-2 products
in the same representative season from September 2017 to
August 2018. The distribution of GOSAT retrievals is slightly
sparser than the two other satellites but still provides sufficient
data for comparison. The content of CO2 in the atmosphere is
very stable. Thus, the CO2 distribution obtained by the three
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Fig. 6. CO2 total columns of TanSat, GOSAT, and OCO-2 products are on a 2◦× 2◦ grid averaged by season. The left column is the quarterly average of
TanSat retrievals, the middle column belongs to GOSAT, and the OCO-2’s products are placed in the right. From top to bottom, the CO2 total columns are
averaged over September 2017 to November 2017, December 2017 to February 2018, March 2018 to May 2018, and June 2018 to August 2018, respectively.

products did not change significantly during the period of one
and a half years under study. Evidently, the global CO2 density
has a significant relationship with elevation, and elevation may
become the most important influencing factor. Meanwhile,
some “hotspots” of CO2 density are evident, such as around
the coastal cities of continents, Europe, Southeast Asia, India,
and Southern North America. Large CO2 emissions are caused
by industries and residences due to the intensive and frequent
human gathering activities in these regions. Fig. 6 shows that
TanSat CO2 retrieval is highly consistent with the distribution
of the two other satellites, particularly in several of the most
representative low-value areas, such as the Rocky Mountains
in the western North American continent, the Andes in the
western South American continent, the South African Plateau,
the Himalayas, and most of the Arctic (the Arctic is only
compared with OCO-2). For some high-value areas, such as
the southeastern continent of North America, northern Latin
America, parts of northern Africa, and western Eurasia, TanSat
CO2 total column retrievals are still in good agreements with
these satellite products.

Similar to the total column density, global quarterly XCO2

composites of TanSat, GOSAT, and OCO-2 are illustrated
in Fig. 7 from September 2017 to August 2018. Different from
the distribution of total columns, the variation characteristics
of global scale XCO2 distribution are prominent on time
and spatial scales. A fairly high degree of spatiotemporal
agreement between the XCO2 patterns of three products is
found. As shown in Fig. 7, the seasonal variation of XCO2

in the southern hemisphere is not as dramatic as the Northern

Hemisphere over time. Except for the local winter and spring
(from March to August, relative to the southern hemisphere),
the other seasons are generally maintained at ∼402 ppm
over land in the southern hemisphere. However, Fig. 7(g)
shows that the TanSat XCO2 retrievals are lower than the
two other products by approximately ∼2 ppm to ∼4 ppm
in the South African plateau, South America, and Australia.
When the southern hemisphere enters its winter [Fig. 7(j)–(l)],
to a certain extent, the XCO2 values in various regions of the
southern hemisphere increase. Relative to its fall, the extent
of uplift in the southern hemisphere after entering the winter
ranged from TanSat to approximately ∼4 ppm to ∼8 ppm, and
GOSAT and OCO-2 showed values between ∼2 and ∼6 ppm
and ∼1 and ∼8 ppm, respectively. Fig. 7(j) and (g) showed
that this increase is particularly significant in a small num-
ber of parts of South Africa and Australia for TanSat
data sets.

In fact, whether in the southern hemisphere or the northern
hemisphere, XCO2 increases in most areas after entering the
local winter. This situation in the southern hemisphere has
been described in previous paragraph. For the northern hemi-
sphere, in most regions, the values of XCO2 have also risen
to varying degrees compared with the local autumn. Some
studies reported that respiration suppression due to a reduction
in snow cover in winter may account for as much as ∼25% of
the increase in the annual CO2 sink of northern forests [77].
A decrease in respiration in response to warming during
the release period could decrease the amplitude of seasonal
CO2-cycle (SCA) exchange [78].
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Fig. 7. Same as Fig. 6, but for XCO2.

The land area in the northern hemisphere is more extensive
than that of the southern hemisphere, accounting for 67.5%
of the total land area of the world. Thus, XCO2 distribu-
tion becomes comparable. In the local summer and autumn,
the hemisphere had been stable at a low value (∼396–398 ppm
in most regions). As shown in Fig. 7(a)–(c) and (j) and (k),
during this period, the TanSat and OCO-2 evidently have
a relatively close appearance, and the GOSAT shows
that the regions larger than 400 ppm in northern Africa
and Europe are wider and the XCO2 values are higher.
Figs. 7(d)–(f) and Fig. 7(g)–(i) show that, in the first half
of the year after entering winter, the XCO2 began to rise to
varying degrees in most of the domain until the local spring.
Fig. 7(d), (e), (g), and (h) shows that TanSat XCO2 retrievals in
these regions were at high values (∼405 ppm to ∼412 ppm)
throughout the year and had a similar appearance to the
GOSAT, especially between 0◦ to 30◦N. However, the OCO-2
products showed smaller XCO2 values than the two other
products at this latitude band, in the ∼398 ppm to ∼406 ppm
range. For higher latitudes, TanSat retrievals were ∼0 ppm
to ∼4 ppm lower than GOSAT and OCO-2 data sets in most
areas.

To evaluate the reliability of the CO2 retrieved from
TanSat observations, we have compared TanSat retrievals with
GOSAT and OCO-2 products as well to quantitatively inves-
tigate the reliability of the TanSat CO2/XCO2 products. Before
the quantitative comparisons, three products were binned in 2◦
by 2◦ grid elements respectively. Then, we selected the grids
with the same latitude and longitude on the same day as coinci-
dences. We have matched 976 and 1364 valid coincidences for

comparison with GOSAT and OCO-2 data sets, respectively.
We performed linear correlation analysis for the CO2 total
column density and XCO2, and the scatter plots against these
satellite products are presented in Fig. 8(b), (c), (e), and (f).
The same comparison between OCO-2 and GOSAT as a
reference is provided in Fig. 8(a) and (d). In general, the fol-
lowing characteristics are apparent from Fig. 8: the linear
relationship of CO2 total column density is better than that
of XCO2, and the correlation of OCO-2 products is slightly
better than that of GOSAT. Specifically, in terms of the CO2

VCD, R2 with GOSAT is 0.73 and that with OCO-2 is 0.75.
For XCO2, because the criteria between satellites are not as
strict as the comparison with TCCON, R2 is not as high as
the total column amount of CO2. However, it still reached
0.41 and 0.48, close to the R2 between the GOSAT and
OCO-2. Although the correlation with GOSAT is slightly
lower than that with OCO-2, bias and SD are significantly
better than the comparison with OCO-2. The mean bias and
SD of the former are −2.28 and 2.83 ppm, and those of the
latter are 2.65 and 3.48 ppm, respectively.

V. DISCUSSION

A. Assessment of the Fitting Spectra

Following (6) and (7), we used the forward model to fit
the optical density, which is the logarithm of the ratio of
the standard solar reference spectrum to the radiance from
TanSat-ACGS GL mode. Fig. 9 displays an example of
simulated optical density in the spectral window of 1605.8–
1622.1 nm. Fig. 9(a) shows the optical density of the original
and recalibrated spectrum. Fig. 9(b) and (c) shows the spectral
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Fig. 8. Scatterplots of the comparisons of the TanSat retrievals against GOSAT and OCO-2 products. (a), (b), and (c) CO2 total column; (d), (e), and (f)
XCO2. In each panel, we provided the number of matchups, the Pearson correlation coefficient R2, one red line indicated a linear regression fit to the data,
one-to-one line, and rms error (RMSE). The number of samples (N), averaged bias, and SD are also included.

Fig. 9. Spectral fit. (a) Optical density of the original and recalibrated spectra. (b) Fitting of the original spectrum. (c) Same as (b), but for the recalibrated
spectrum. (d) Residuals of the fitting in (b) and (c). (e) Density scatterplots for the fit R2 and average of the residuals from the whole NO.02348 orbit with
precalibration.

fitting before and after recalibration. It is visible that the fit
differential slant optical density (DSOD) is highly consistent
with the measured density in this optical fitting window. The

recalibration improved the retrieval of this spectrum, increas-
ing the R2 from 0.87 to 0.93. Fig. 9(d) has displayed two kinds
of residuals (observed optical density minus fit optical density)



4101716 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 60, 2022

of the spectral fittings, which shown in Fig. 9(b) and (c).
As Fig. 9(b)–(d) shows, the recalibration greatly improved
the retrieval of this spectrum, reducing the rms by 20% and
the mean of fit absolute residuals by about 20% for the cited
example. Fig. 9(e) shows the distribution of R2 and the average
residuals from the whole NO.02348 orbit. Evidently, after
recalibration, for the most fitting results, R2 is concentrated
between ∼0.83 and ∼0.93, and the average residuals are
concentrated at ∼ ±0.005.

B. Limitations of the Current Retrieval

The main objective of this study was to retrieve global CO2

from the TanSat sun-GL mode spectra. Our presented retrieval
setting was able to inverse the terrestrial CO2/XCO2 well under
a cloudless sky but tended to fail when the cloudy weather
or on marine regions. The lower SNR of the spectra in the
ocean region and the bias of the geometric AMF due to clouds
forced us to abandon the ocean CO2 retrieval and to choose the
definitely cloud-free scenes. With the two major prerequisites
of land and clear sky and other filtering conditions described
in Section III-C, finally the amount of valid data obtained was
only about 11%. Not only for the TanSat, the low percentage of
valid data has led to a poor map coverage which seems to have
become a major drawback of low-Earth-orbit (LEO) satellites.
For example, according to NIES GOSAT Projection (2012)
and [65], the percentage of valid data for GOSAT and OCO-2
is less than 5% and approximately 15%, respectively. The
low percentage of valid data, long revisit period (∼16 days),
narrow swath of TanSat (∼18 km), and the discontinuity of
TCCON measurements make it not easy to find sufficient
co-incidences for validation against TCCON sites. Fig. 10 and
Table IV (in Appendix B) show a validation against TCCON
with the spatial criteria of 400 or 550 km. However, there were
not enough independent TCCON sites have been involved.
Considering the stability of CO2 in the atmosphere, we finally
adopted the spatial criteria of 800 km as [6] for enough
matchups. We also retrieved the spectra in nadir mode, and
the obtained valid data showed that the percentage was even
smaller, only about 8%. As shown in Fig. 11 (Appendix C),
the XCO2 retrieval results in nadir mode have a lower coverage
compared to in glint mode. According to the matching criteria
in the A part of Section IV, only two TCCON sites eventually
met the validation requirements (JPL, bias = 1.38 ppm,
SD = 0.96 ppm [79]; Zugspitze, Germany, bias = 2.80 ppm,
SD = 1.28 ppm [80]), leading us to not have enough evi-
dence to determine the precision of the TanSat ND retrievals.
We expect that new breakthroughs in algorithms can be
achieved in the future to overcome the difficulties of low SNR
in marine areas and realize CO2/XCO2 retrieval under higher
cloud fraction conditions. Then the CO2 retrieval using the
TanSat L1B spectra will be completer and more sophisticated.

VI. CONCLUSION

Excellent optical and meteorological conditions are strongly
required by the precision of CO2/XCO2 retrieval from satellite
measurement. The low signal quality issues of TanSat sun-
glint spectra and the retrieval algorithm setting combined

with unsuitable configuration and parameters compromise the
precision accuracy of CO2 retrieval. This article presented a
method to adapt to TanSat CO2 retrieval setting and retrieve
global CO2 concentrations through spectral recalibration and
the IMAP-DOAS algorithm. We performed a comprehensive
verification between TanSat CO2 retrieval and other measure-
ments including TCCON, GOSAT, and OCO-2. The results
proved that the presented retrieval scheme can effectively
adapt to TanSat CO2 retrieval. The time span of the data
retrieved was from March 2017 to September 2018. A total
of 3.164 available orbits were retrieved for CO2 total VCD
and XCO2, covering all terrestrial regions of the world from
80◦ S to 80◦ N under a completely cloudless sky. In the
period of approximately one and a half years, we acquired
22.997 available co-incidences with the ten TCCON sites
worldwide. The validation against TCCON site data showed
that the SD of our measurements can reach 1.75 ppm, and
the bias can be within −0.95 ppm to +2.66 ppm. In the
correlation analysis, TanSat data sets showed good linear
relationship with the GOSAT and OCO-2 data sets. The corre-
lation coefficients R2 reached 0.73 and 0.75 for the CO2 total
column, and R2 reached 0.41 and 0.48 for XCO2. In general,
the correlation with OCO-2 products was better than that with
GOSAT products, and the mean bias and SD of GOSAT were
significantly better than those of OCO-2. These comparative
results were close to the comparison between GOSAT and
OCO-2. Furthermore, the global spatiotemporal distribution
of our retrievals showed a high degree of consistency with
GOSAT and OCO-2 observations.

Using TanSat data to retrieve CO2/XCO2 has great potential.
Next, we will improve our work and attempt to optimize the
existing retrievals to seek higher precision and more accurate
CO2/XCO2 retrievals in the future.

APPENDIX A
ASSESSMENT OF THE FITTING SPECTRA

The instrument response function for the j-th wavelength
window, L j (λ), could be fit by a Super-Gaussian shape, which
was expressed by the equation

L j (λ) = k

2ω	
(

1
k

) × e
−

∣∣∣ λ−λc, j
ω

∣∣∣
k

(A1)

where ω and k represent the width and shape factors, respec-
tively, while 	 is the gamma function and λc, j represents the
center wavelength of the j th wavelength window.

Shift and stretch parameters are permitted to correct possible
misalignment between the observed and reference spectra as
well as absorption cross sections. A second-order polynomial
is used to fit shift and stretch parameters, which was described
as


λ j = a + b
(
λ j − λc, j

)+ c
(
λ j − λc, j

)2
(A2)

where λ j is the wavelength from the original calibration. The
parameters a, b, and c represent the offset and the first and
second-order stretch according to λ j .

Thus, the equation used in the calibration can be expressed
as follows:
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Fig. 10. Same as Fig. 5, but for the spatial criteria of 400 or 550 km.

TABLE IV

SAME AS TABLE III, BUT FOR THE SPATIAL

CRITERIA IS OF 400 OR 550 KM

I
�
(λ) = (IS ⊗ L)(λ − 
λ)

× exp

(
−

n∑
i=1

ci (σ i ⊗ L)(λ − 
λ)

)
(A3)

where I �(λ) is the spectrum with recalibration, IS(λ) is the
solar spectrum with a high wavelength resolution, ⊗ is the
convolution symbol, ci is the column density of the species i ,
and σi is the absorption cross section of the species i .

To correct the spectra, we performed a retrieval experiment.
The simulated spectrum at the retrieval experiment Isim(λ) was
divided by its I �(λ) to obtain the spectral correction factor
cor(λ), which was described as

cor(λ) = Isim(λ)

I �(λ)
. (A4)

6432 groups of correction factors were given in the retrieval
experiment. These correction factors were averaged at each
wavelength to obtain the final correction factors coravg(λ),
which were applied to the linear correction of all spectra.
Thus, the original spectrum was recalibrated and convert to
the coravg(λ) · I �(λ), which was used to the actual retrieval.

APPENDIX B
VALIDATION AGAINST TCCON WITH

OTHER SPATIAL CRITERIA

See Fig. 10 and Table IV.

Fig. 11. XCO2 retrieved from the TanSat nadir mode spectra on a 2◦× 2◦
grid averaged by season.

TABLE V

SAME AS TABLE III, BUT FOR THE TANSAT CO2
RETRIEVAL FROM ND SPECTRA

APPENDIX C
TANSAT CO2 RETRIEVAL

FROM ND SPECTRA

See Fig. 11 and Table V.
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