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ABSTRACT

The Chinese Carbon Dioxide Observation Satellite Mission (TanSat) is the third satellite for global CO, monitoring
and is capable of detecting weak solar-induced chlorophyll fluorescence (SIF) signals with its advanced technical
characteristics. Based on the Institute of Atmospheric Physics Carbon Dioxide Retrieval Algorithm for Satellite Remote
Sensing (IAPCAS) platform, we successfully retrieved the TanSat global SIF product spanning the period of March 2017 to
February 2018 with a physically based algorithm. This paper introduces the new TanSat SIF dataset and shows the global
seasonal SIF maps. A brief comparison between the IAPCAS TanSat SIF product and the data-driven SVD (singular value
decomposition) SIF product is also performed for follow-up algorithm optimization. The comparative results show that
there are regional biases between the two SIF datasets and the linear correlations between them are above 0.73 for all
seasons. The future SIF data product applications and requirements for SIF space observation are discussed.
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1. Global SIF observations from space

The carbon cycle between the atmosphere and the terrestrial ecosystem plays an important role in climate change. Reli-
able and accurate assessment of the gross primary production (GPP) of vegetation is critical in determining the surface car-
bon flux and understanding climate feedback. Solar-induced chlorophyll fluorescence (SIF) is widely recognized as the
ideal proxy for plant GPP because it represents an electromagnetic emission that is directly linked to photosynthetic activ-
ity (Frankenberg et al., 2011a; Guanter et al., 2012, 2014; Zhang et al., 2014; Yang et al., 2015b; Sun et al., 2017; Franken-
berg and Berry, 2018; MacBean et al., 2018). Studies have shown a strong linear correlation between SIF and GPP on large
spatial scales (Guanter et al., 2012; Frankenberg and Berry, 2018). Since the first successful attempt at measuring SIF from
the Medium Resolution Imaging Spectrometer (MERIS) onboard the ENVIronmental SATellite (ENVISAT) (Guanter et
al., 2007), the measurement of SIF signals from space has drastically improved global spatial coverage. Hyperspectral instru-
ments that measure the O,-A band onboard the new generation of greenhouse gas satellites, such as the Greenhouse Gases
Observing Satellite (GOSAT) from Japan (Frankenberg et al., 2011a; Joiner et al., 2011) and the Orbiting Carbon Observat-
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ory 2 (OCO-2) from the U.S., provide new global SIF observations that approached from the in-filling effect of solar
Fraunhofer lines. Medium spectral resolution instruments for monitoring atmospheric trace gases, such as the Global Ozone
Monitoring Experiment-2 (GOME-2), are also capable of detecting SIF signals from space (Joiner et al., 2013; Kohler et
al., 2015). Furthermore, the European satellite mission TROPOspheric Monitoring Instrument (TROPOMI) started an ima-
ging observation of SIF in October 2017 (Kohler et al., 2018; Sun et al., 2018). The Chinese global carbon dioxide monitor-
ing satellite (TanSat) was launched successfully in December 2016 (Chen et al., 2012; Ran and Li, 2019) and became the
third greenhouse gas satellite for CO, monitoring (Liu et al., 2018; Yang et al., 2018). TanSat moves in a sun-synchronous
orbit crossing the equator at about 1330 LST (LST=UTC+8) with a 16-day repeat cycle (Liu et al., 2018). The TanSat mis-
sion was supported by the Ministry of Science and Technology of China, the Chinese Academy of Sciences, and the China
Meteorological Administration. The Atmospheric Carbon-dioxide Grating Spectroradiometer (ACGS), the main instrument
of TanSat, measures the O,-A band with a spectral resolution of 0.039—0.042 nm and covers a spectral range of 758—778 nm
(Wang et al., 2014; Li et al., 2017; Zhang et al., 2017). The measurement outside the strong O, absorption lines in this band
was used to approach SIF in this study. There are nine footprints across the track of TanSat on the ground in a frame, and
the nadir footprint is about the size of 2 km x 2 km.

2. SIF approaching from TanSat measurement

The first TanSat global SIF map and data product originated from a data-driven algorithm based on singular value decom-
position (SVD) techniques and has been introduced in a previous study (Du et al., 2018). In the data-driven algorithm, the
measured spectrum is expressed as a linear combination of the SIF signal and several singular vectors that are trained with
non-vegetated samples. This approach calculates the radiance contribution of SIF emission with a linear least-squares fit-
ting, which is efficient in global retrievals and has been applied in GOSAT, OCO-2, and TROPOMI SIF retrievals (Guanter
et al., 2012; Frankenberg et al., 2014; Kohler et al., 2018). The systematic error is removed during the training process.
However, unexpected errors might arise due to the imperfect training dataset and varied measurement errors. The physical-
based retrieval method is well-known as a highly accurate approach because it simulates the radiative transfer in the atmo-
sphere between the surface and satellite. Differential Optical Absorption Spectroscopy (DOAS) techniques have also been
used in OCO-2 official SIF product retrieval (Frankenberg, 2014).

In this study, we introduce a new TanSat SIF product that is approached by a DOAS based retrieval algorithm
developed from the Institute of Atmospheric Physics Carbon Dioxide Retrieval Algorithm for Satellite Remote Sensing (IAP-
CAS) (Yang et al., 2015a). The IAPCAS has been developed and applied in TanSat XCO, retrieval (Liu et al., 2018; Yang
et al., 2018) and provides a well-developed forward model that contains both atmosphere and surface models (Liu et al.,
2013). The study indicated that atmospheric scattering had only a limited impact on the SIF signal at the top of the atmo-
spheric (TOA) (Frankenberg et al., 2011b); hence, only the extinction of light along the path was considered, and the Beer-
Lambert Law was applied in the forward model instead of the full radiative transfer model. The forward model f can be writ-
ten as

n
f(Fre@) =In(< L+ Fyral >)+ ) ad’,
i=0

in which I, is the normalized, disk-integrated solar transmission spectrum, [ is a unit vector, F . is the relative SIF signal
corresponding to the continuum level radiance in the 757-nm micro-window (758.4-759.2 nm), and the convolution oper-
ator <> converts the spectrum of high-resolution to instrument resolution using the instrument line shape. The retrieved para-
meter a consists of three polynomial coefficients (a;,i = 0,1,2) which serves to model the continuum level radiance in the
wavelength A. The far-wings effect of the O, lines has a minimal impact upon the continuum level radiance but is still con-
sidered in the retrieval to optimize the fit. In summary, the state vector list includes the relative SIF signal, the O, column
absorption factor, wavelength grid shift, and the coefficients of a second-order polynomial that approximates the con-
tinuum level radiance. A non a priori constrained Gaussian-Newton method is used in the inversion process, where the meas-
urement noise was also considered. The SIF at TOA is calculated by multiplying the retrieved relative SIF with the con-
tinuum level radiance in the micro-window. The measurements over desert, snow, and bare soil are considered to have no
SIF emission and are used in bias correction to reduce measurement systematic error. We use a daily varied bias correction
for each footprint, and the bias is also calculated with the measurement continuum level radiance. In our data product, we
provide both the bias-corrected and the raw retrieved SIF.

The SIF data product for future analysis should undergo the cloud-filter and have good fitting quality. The continuum
coverage, the range of the solar zenith angle, and the root mean square (RMS) of the spectrum fitting residual is used in the
post-screening process for quality control.

Before applied to TanSat measurements, the IAPCAS/SIF retrieval algorithm was used to obtain the SIF results from
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OCO-2 observations to test the algorithm. The results show good agreement between the OCO-2 IAPCAS/SIF retrieval and
the OCO-2 official product (OCO2_Level 2_Lite_SIF.8r) with the coefficient of determination (R2) of 0.86, a root mean
square error (RMSE) of 0.19 W m~=2 um~"! sr1.

The limited ground-based SIF measurements and the spatial-scale differences between the SIF from canopy observa-
tions and those derived from space make it difficult to validate the retrieved SIF of a single sounding, while the SIF uncer-
tainty for each grid-cell could be calculated for further applications. The grid-cell SIF uncertainty is reduced by the multi-
soundings within the grid and is much lower than the precision of a single measurement that is dominated by instrumental
noise (Sun et al., 2018). In Fig. 1, the seasonal TanSat SIF product for 757 nm (March 2017-February 2018) retrieved from
the JAPCAS/SIF algorithm is shown. From the global SIF maps, it is clear that the IAPCAS/SIF dataset shows the SIF sig-
nal of the large vegetation areas, e.g., Southeast China, South Asia, Europe, the rainforests in Africa, and the Amazon, and
the eastern US. The seasonal variation in deciduous forests and grassland was consistent with the vegetative growing state,
throughout the year, which has also been observed by the GOSAT and OCO-2 SIF products (Frankenberg et al., 2014;
Frankenberg and Berry, 2018; Sun et al., 2018; Somkuti et al., 2020). This new TanSat SIF product derived from the IAP-
CAS/SIF algorithm is archived on International Reanalysis Cooperation on Carbon Satellites Data (IRCSD) and will be
accessible to the public when this paper is published (www.chinageoss.org/tansat), as well as the OCO-2 SIF data product
with the IAPCAS/SIF algorithm.

The SIF products from IAPCAS/SIF and SVD data-driven retrieval show obvious bias in the global maps (Figs. 1e—h).
SIF retrieved with IAPCAS/SIF algorithm has a large global negative bias in spring (MAM) and summer (JJA), but this
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Fig. 1. Seasonal global SIF map and the differences between the IAPCAS/SIF and SVD data-driven SIF products. All
subplots are shown based on 2° x 2° grid data, and all soundings in each grid were used to obtain the average SIF value for
each grid. The rows of subplots indicate spring (MAM), summer (JJA), fall (SON), and winter (DJF) in the Northern
Hemisphere from top to bottom. The seasonally averaged SIF distributions of TanSat from March 2017 to February 2018 are
shown in the left column (a—d). The subplots (e—h) are the SIF differences between the two SIF products for each season.
The seasonally averaged TanSat SIF from the two algorithms is also shown in a scatterplot in the right column (i-1) with
statistics in each subplot. The scatter plots show that the two products agree well at the seasonal temporal scale, with the
RMSE of less than 0.22 W m~2 um~! sr~! and the R? larger than 0.73 for all seasons. The fitting function and the grid number
for the statistic are also indicated in subplots.
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bias is much smaller in the fall (SON) and winter (DJF). This bias could be caused by the differences in retrieval methods,
especially the methods that are used to select the non-SIF emission measurements. In the data-driven algorithm, a training
dataset of no SIF emission measurements has been selected to represent the background signal. The MODIS nadir BRDF-
adjusted reflectance product MCD43C4 (0.05 degree, http://doi.org/10.5067/MODIS/MCD43C4.006) is used in this selec-
tion (Du et al., 2018). In the IAPCAS/SIF algorithm, the MODIS land cover type product MCDI12C1 (0.05 degree,
https://doi.org/10.5067/MODIS/MCD12C1.006) has been used in the no SIF emission measurements selection and the no
SIF emission measurement solely works in the bias correction process. The main purpose of the selection is to find a refer-
ence that represents the measurement without any SIF signal. This is justified because the SIF signal is very weak and the
instrument issue (e.g. radiometric calibration and stray light) could introduce a spurious SIF-like signal. Therefore, the two
algorithms make two different no SIF emission datasets to provide references, which finally causes bias. The data-driven
retrieval reference to the measurement lets the retrieval procedure reduce the instrument impact in the training process, but
the IAPCAS/SIF reference to a theoretical model can only correct the instrument issues in the bias correction process. There-
fore the IAPCAS/SIF is indeed more sensitive to the measurement (spectrum) quality than data-driven retrieval. The scatter-
plots demonstrate the grid-cell inter-comparison between the two SIF products (Figs. 1i-1), and they maintain a strong lin-
ear relationship over all four seasons with the RMSE less than 0.22 W m~2 pm~! sr-!. The worst linear correlation between
the two products appears in spring with an R? of 0.73 while the R? for other seasons is about 0.84.

3. Outlook

Many satellite missions that have the capability to measure SIF, including GOSAT (-2), OCO-2 (-3), TanSat, and TRO-
POMI, have been launched in recent years. The global coverage of SIF measurements will be significantly improved as
long as all satellite missions provide data products with similar quality. The data product quality, evaluated according to
both accuracy and precision, is one of the key issues we need to investigate before applying the product to the carbon cycle
and climate research, further noting that this depends on measurement processing, e.g., instrument performance and
retrieval algorithm development. In addition, the satellite measured instantaneous SIF signal was directly linked to vegeta-
tion photosynthesis, which means that multiple factors, e.g., incoming sunlight, growing status of vegetation, and observa-
tion geometry, have a series of potential impacts on the detected SIF signal. The method for using this instantaneous measure-
ment in model or data assimilation studies needs to be investigated. The application of SIF data in "top-down" carbon flux
inversion can significantly improve the uncertainty of the estimated carbon sinks (vegetation) in the land-atmosphere car-
bon exchange process and consequently provide an opportunity to advance the understanding of anthropogenic emissions of
greenhouse gases. Future missions, including the European Space Agency (ESA) FLuorescence EXplorer (FLEX), which
will be launched in 2024 (Drusch et al., 2017), and TanSat-2, which is currently in the pre-design phase, will provide more
advantageous SIF measurements that will contribute to research on the climate and the global carbon cycle.
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