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ARTICLE INFO ABSTRACT
Keywords: The variations of atmospheric compositions (ACs) can change the atmospheric interactions with other parts of
Atmospheric composition the ecosystem, and it also affects the energy budget of the Earth. Satellite remote sensing plays a crucial role in
Chinese satellite missions monitoring AC by providing a matchless global perspective with consistency over long periods. Although China

Remote sensing
Trace gases
Greenhouse gases

started space exploration missions in the early 1970s, the situation of lacking operational AC satellite missions
was turned around until the launch of FY-3A in 2008. In the following decade, more Chinese pathfinder AC
satellite missions were putting into operation, and then lead to a boom in related researches on air quality, trace

Aerosol gases and greenhouse gases (GHG) measurements. In particular, moderate resolution imageries of polar mission
FY-3 series are used to monitor air quality, and recent comparable imagery onboard geostationary mission FY-4A
could provide similar air pollution observation with higher temporal resolution of up to five minutes. Nadir
spectrographs onboard FY-3 series and the latest pathfinder mission GF-5 aims to monitor various trace gases.
Moreover, hyper-spectrometers onboard GF-5 and another pathfinder mission TanSat are devoted to mapping
the global distribution of GHG, as a supplement to operational mission FY-3D. Besides the progress in the space-
borne part, the in-situ calibration and validation have achieved fruitfully since the late 1990s, gaining insight
into the consistency between the satellite and in-situ observations over China. Applications and studies based on
Chinese satellite missions are still growing since it has only been a few years after their launch. Furthermore, the
newly planned missions for monitoring AC with active remote sensing instruments are also illustrated, such as
lidar, which will be able to improve the accuracy of space-borne observations.

1. Introduction reactions and generate ozone and photochemical smog in the tropo-

sphere (Crutzen, 1979). Emissions of acidic gases such as sulfur dioxide

The composition of atmosphere plays a significant role in the earth's (SO»), nitrogen dioxide (NO,) and carbon dioxide (CO,) can lead to the
ecosystems since it involves in the interactions between the atmosphere destruction of the biosphere by forming acid rain (Singh and Agrawal,
and other spheres (Betts et al., 1996). Emissions from human activities 2007). Various types of aerosol emitted by automobile, urban construc-
have been changing atmopseheric compositions (ACs) more significantly tion and food cooking lead to changes in both air quality and the earth's
since the industrial revolution, especially in the era of global moder- radiation balance (Lacis et al., 1992). The rapid increase of greenhouse
nization. In particular, halocarbon emissions involved in chemical reac- gases (GHG), including CO, and methane, causes global warming due to
tions have led to an ozone-depleted region in the southern polar region, their strong absorption on surface infrared radiation and leads to a series
known as the “ozone hole” (Liang et al., 2017; Newman et al., 1995). of related environmental issues such as glacier melting, higher snowline

Emissions of nitrogen oxides could participate in photo-catalytic and sea-level rise (Manabe and Wetherald, 1980).
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In the early 1970s, the launch of meteorological satellites marked
the beginning of a new era for the observation of global atmopseheric
compositions (ACs). Advanced Very High Resolution Radiometers
(AVHRRs) were the initial payloads onboard National Oceanic and
Atmospheric (NOAA) polar satellite series for atmospheric aerosol de-
tection (Zhang et al., 2015), followed by more advanced instruments
onboard later American and European missions, such as Moderate-re-
solution Imaging Spectroradiometer (MODIS) (Salomonson et al.,
1989), Multi-angle Imaging Spectroradiometer (MISR) (Diner et al.,
1989), Polarization and Directionality of the Earth's Reflectances
(POLDER) (Bréon et al., 2002), Cloud-Aerosol Lidar with Orthogonal
Polarization(CALIOP) (Winker and Pelon, 2003), and Visible Infrared
Imaging Radiometer (VIIRS) (Hutchison and Cracknell, 2006). The in-
struments using UV-light bands to probe the atmospheric column are
sensitive to trace gas concentrations. Such sensors like Total Ozone
Mapping Spectrometer (TOMS) and Solar Backscatter Ultraviolet
(SBUV) series (Heath et al., 1975; Herman et al., 1991), Global Ozone
Monitoring Experiment (GOME) series(Burrows et al., 1999), Scanning
Imaging Absorption spectroMeter for Atmospheric CHartographY
(SCIAMACHY) (Bovensmann et al., 1999), Ozone Monitoring Instru-
ment (OMI) (Dobber et al., 2006), Ozone Mapping and Profiler Suite
(OMPS) (Flynn et al., 2014) were deployed to provide deep insight into
atmospheric chemistry, especially ozone, sulfur dioxide, nitrogen di-
oxide, even formaldehyde (CH-0), glyoxal (C,H»0,), bromine mon-
oxide (BrO), iodine monoxide (I0), and chlorine dioxide (ClO5) (Abad
et al., 2019). Other instruments such as TANSO-FTS/GOSAT (Thermal
And Near-infrared Sensor for carbon Observation - Fourier Transform
Spectrometers / Greenhouse gases Observing Satellite), TANSO-FTS-2/
GOSAT-2, and spectrometry onboard OCO-2/0CO-3 (Orbiting Carbon
Observatory-2/Observatory-3), aimed to provide a global map of CO,
(O'Dell et al., 2012; Taylor et al., 2012; Nakajima et al., 2012; Eldering
et al., 2019). Due to advanced spatio-temporal and spectral sampling
capabilities, the latest European mission TROPOspheric Monitoring
Instruments (TROPOMISs) on Sentinal-5 Precursor (Sentinal-5P) and its
successor Sentinel-5 can map tropospheric/stratospheric trace gases,
GHG, along with cloud and aerosol parameters with even higher ac-
curacy (Veefkind et al., 2012). For extension of the polar European
mission, future geostationary Sentinal-4 instruments are planned to
obtain regular information of trace gases and aerosol on minutely
timescale (Gulde et al., 2017). At present advanced multi-spectral im-
agers onboard geostationary platforms, like AHI/H8 and ABI/GOES-R,
are already capable of providing minutely aerosol observation for air
quality detection (Ignatov et al., 2016).

Before China initiated the meteorological satellite program in the
1970s, a few of preliminary researches which concerned atmospheric
conditions were carried out using foreign meteorological satellite data
(Zeng, 1974). After decades of development, two generations of me-
teorological satellites, polar-orbiting series (FY-1, FY-3) and geosta-
tionary series (FY-2, FY-4), have been put into operation. Nevertheless,
the first generation of Chinese meteorological satellites was in lack of
capability other than the detection of atmospheric conditions. However,
the second-generation polar satellite FY-3A, launched in 2008, marked
a milestone in monitoring AC for Chinese meteorological satellite pro-
gram (Dong et al., 2009; Zhang et al., 2009a; Yang et al., 2009). Since
then, steady progress had resulted in enhanced capabilities of new in-
struments onboard Fengyun series in the following decades (), Gaofen
series (Hazem, 2019) and TANsat mission Liu et al., 2018). Meanwhile,
during these years significant progress on retrieval algorithms and va-
lidation of satellite observation using in-situ measurements had been
achieved as well.

This paper aims to provide a review of Chinese space-borne remote
sensing programs concerning AC and their contribution to the under-
standing of global changes. The remainder of this paper is organized as
follows. Section 2 describes the evolution of instruments and techno-
logical advancements, and focuses on the missions of exploiting aerosol,
trace gas, greenhouse gas, validation of satellite observations and data
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applications. Section 3 takes a glance at the Chinese future plans of
space-borne observations on AC, including the limitations and chal-
lenges of these missions. Section 4 presents our conclusions and a series
of recommendations for the future.

2. Status of Chinese satellite observation on atmospheric
composition

2.1. Chinese satellite missions related to atmospheric composition

The Chinese space programs initiated in the 1960s. Among those,
meteorological satellites were the very first which got approval from
the Chinese government. Then after decades of development, the first
generation of Fengyun satellite series was launched. In particular, the
polar meteorological satellites, namely Fengyun 1 (FY-1) series, was
launched in the 1980s, while the geostationary meteorological sa-
tellites, known as Fengyun 2 (FY-2) series, were put into operation in
the late 20th century (Zhang, 2001; Wang et al., 2011). Till then, both
polar and geostationary meteorological satellite series had been estab-
lished by China (Zhang et al., 2019a). Other satellite missions, such as
the satellite series aimed for applications of land resources, oceans, and
environmental protection, have been put into practice during the same
time (Pan, 2003; Guo et al., 2005; Xu et al., 2011). To be specific, sa-
tellite series for land resource monitoring were known as the China-
Brazil Earth Resources Satellite (CBERS) program. Its first satellite,
CBERS-01, was launched in 1999, which also represented an example of
international cooperation between China and Brazil (Guo et al., 2005).
Furthermore, satellite series for oceanic water-colour monitoring,
named Haiyang-1 (HY-1), was launched in 2002 (Sun, 2003). The one
for environmental protection, namely Huanjing-1 (HJ-1) mini-satellite
constellation, was put into effect as early as 2003 (Wang et al., 2005).
The spatio-temporal and spectral resolutions of the instruments have
been improving in those years, while the ground segment has been
implemented and applications have been continuously expanded (Hu
et al., 2001; Asher et al., 2019).

After years of effort, the second generation of Chinese polar orbit
meteorological satellites, Fengyun 3 (FY-3), were successfully launched
starting from 2008. The first satellite of the FY-3 series, known as FY-
3A, has turned over a new chapter in the history of Chinese space-borne
missions for AC detection. There are 11 instruments onboard FY-3A
compared with the single payload of the FY-1 series (Huang et al.,
2008). One of the primary instruments, namely Medium Resolution
Spectral Imager (MERSI), is a 20-channel radiometer covering visible,
short-wave and long-wave infrared bands (Dong et al., 2009). Detection
of water vapor is one of MERSI's typical applications to quantitatively
understanding atmospheric constituent (Gong et al., 2018; Gong et al.,
2019; Wang et al., 2013). MERSI is also the first Chinese remote sensing
satellite capable of monitoring global atmospheric aerosol on daily
basis, and its product has been used for detection of dust (Bao et al.,
2019). Moreover, other two UV spectro-radiometers, namely Total
Ozone Unit (TOU) and Solar Backscatter Ultraviolet Sounder (SBUS),
can measure total ozone amount and ozone profile, respectively (Zhang
et al.,, 2009a; Zhang et al., 2007). MERSI, TOU, and SBUS are also
equipped on FY-3B/C, while FY-3D launched in November 2017 has
upgraded with enhanced MERSI-II and a new payload known as
Greenhouse-gases Absorption Spectrometer (GAS) aimed for mon-
itoring CO5, CHy4, CO, and N-O (Lu et al., 2019; Zhang et al., 2019b).
Later, in 2016, the second generation of Chinese geostationary me-
teorological satellites, Fengyun-4A (FY-4A), was launched successfully.
The advanced multi-spectral imager onboard FY-4A, known as Ad-
vanced Geosynchronous Radiation Imager (AGRI), has the similar
bands with instruments onboard the polar platform, such as MODIS and
MERSI (Zhang et al., 2019a), so AGRI data can apply the similar al-
gorithms of aerosol optical depth retrieval. Those applications using
geostationary data with temporal resolution up to 5 min have much
potential in air quality monitoring and modeling (Saide et al., 2014).
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Before GAS/FY-3D, the Chinese Carbon Dioxide Observation
Satellite, also known as TanSat (“Tan” means carbon in Chinese), was
successfully launched in December 2016. The project was dedicated to
monitoring CO, with two primary payloads, Atmospheric Carbon-di-
oxide Grating Spectroradiometer (ACGS) and Cloud and Aerosol
Polarization Imager (CAPI) (Yang et al., 2018). Furthermore, most re-
cently the Gaofen-5 (GF-5) satellite as part of the China High-resolution
Earth Observation System (CHEOS) mission was launched in May 2018.
The instruments onboard GF-5 were specifying for detecting AC. For
example, one instrument named Environment Monitoring Instrument is
dedicated to monitoring trace gases and GHG, and the other one named
Greenhouse Gas Monitoring Instrument (GMI) is aiming to measures
CO, and methane. Besides, the Directional Polarization Camera (DPC)
can provide more accurate aerosol measurements (Zhou et al., 2019). In
addition, publications based on the above mentioned missions have
provided us insights into the atmospheric composition and global dis-
tribution from the perspective of Chinese satellites.

2.2. Aerosol detection instruments and their applications

Detection of air pollution is one of the most important fields for
applications of satellite remote sensing data. Imagers with visible bands
can all be applied to aerosol optical depth retrieval algorithms. Charge
Coupled Device (CCD) instrument onboard HJ-1 is a camera that in-
cludes four bands (430-520 nm, 520-600 nm, 630-690 nm and
760-900 nm) with 30 m spatial resolution (Sun et al., 2010b). Since the
center wavelength of the first CCD band is close to the third band of
MODIS and there is a linear relationship between these two, the aerosol
optical depth (AOD) retrieval based on CCD and MODIS data has been
established and validated (Wang et al., 2009; Wang et al., 2012a; Sun
et al., 2010a; Li et al., 2012).

In addition, MERSI onboard FY-3 series is the first Chinese instru-
ment applied for AOD retrieval (Zhang et al., 2009a). MERSI has 19
channels in VIS/NIR/SWIR (visible/near infrared/ short wave infrared
red) bands and one in thermal IR band at 10.0-12.5 um for FY-3A/FY-
3B, while its upgraded version MERSI-II/FY-3D has 25 channels which
are specified in Table 1. The spatial resolutions at nadir are 250 m for
four VIS/NIR channels and one infrared channel, and 1 km for all other
channels. The dark dense vegetation (DDV) algorithm was used for
aerosol retrieval to provide global air quality information on a daily
basis (Han et al., 2015; Ge et al., 2017). A pre-computed lookup table
was established for a variety of geometry and aerosol conditions, then
the products of aerosol optical properties, such as AOD (as illustrated in
Fig. 1), were given for each pixel. This AOD product derived from FY-3/
MERSI was comparable to those from MODIS (Tang et al., 2018; Xia
et al.,, 2019) and was applied in dust storm monitoring (Mei et al.,

Table 1
Specifications of MERSI, MERSI-II, AGRI HJ, DPC spectral bands for aerosol
retrieval.

Payload Channel Central wavelength(um) Spatial resolution (m)
MERSI/MERSI-IT 1 0.470 250
2 0.550 250
3 0.650 250
20 2.13 1000
AGRI 1 0.470 1000
2 0.650 500
HJ-1 1 0.475 30
DPC 1 0.443 3300
2 0.490 3300
3 0.565 3300
4 0.670 3300
5 0.763 3300
6 0.765 3300
7 0.865 3300
8 0.910 3300

* Polarized bands.
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2011) and surface PM2.5 retrieval (Zeng et al., 2017). Since AGRI/FY-
4A had the corresponding channels for the dark target (DT) algorithm.
The DT algorithm was applied to AGRI data and an AOD product
(shown in Fig. 2) with high temporal resolution of up to 5 min was
developed (; Zhang et al., 2019a).

The recently deployed instrument, the DPC on board GF-5 is a multi-
angle polarized sensor with three polarized bands (490 nm, 670 nm and
865 nm), five non-polarized bands (443 nm, 565 nm, 763 nm, 765 nm
and 910 nm) and one dark band installed in a quickly rotating wheel.
Since the polarimetric channels have three polarization directions (0°,
60° and 120°), the DPC can obtain continuous images over the same
target from nine viewing angles (Li et al., 2018). An optimized AOD
retrieval algorithm has been developed for DPC data, with further
products such as Angstrom exponent and find-mode fraction (FMF) (Li
et al., 2019b).

2.3. Trace gases monitoring instruments and their applications

There were totally four Chinese instruments capable of monitoring
trace gases, including the Total Ozone Unit (TOU) and the Solar
Backscatter Ultraviolet Sounder (SBUS) onboard FY-3 series, and the
Environment Monitoring Instrument (EMI) and the Atmospheric
Infrared Ultra-spectral Sounder (AIUS) equipped on GF-5 satellite.

TOU is the Chinese first space-borne atmospheric ozone monitoring
instrument onboard FY-3A/B/C. As a single Ebert-Fastie spectrometer
with a fixed grating and an array of exit slits, the detector of TOU is a
Photo Multiplier Tube (PMT) measuring discrete wavelengths from
308.68 nm to 360.11 nm with a 1 nm bandwidth, which is specified in
Table 2. TOU estimates the total column ozone from a pair of wave-
lengths of Huggins bands where ozone has relatively stronger absorp-
tion at one wavelength but weaker at the other (Dave and Mateer,
1967). The total column ozone for a given pixel is retrieved by the
relation between the total column ozone and the difference of N-values
in a pair of wavelengths (Wang et al., 2011). On this basis, the global
ozone distribution was first mapped by TOU/FY-3A in late 2008 (Zhang
et al., 2012). Since then, the FY-3 series has successfully monitored the
multi-year variation of Antarctic ozone, as illustrated in Fig. 3. The TOU
ozone products have been validated with both the ground-based dataset
from the World Ozone and Ultraviolet Radiation Data Center (WOUDC)
and the space-borne dataset from OMI/Aura daily product with Root
Mean Square (RMS) differences of 4.3% and 3.1%, respectively (Wang
et al., 2012b). Besides, TOU/FY-3A data has been used to monitor the
total column ozone over the Arctic and has revealed a rapid declination
starting from March 2011, with the monthly mean total column ozone
30% lower than the mean value observed during 1979-2010 (Zhang
et al., 2012).

The other instrument onboard FY-3 series, SBUS, is a nadir-viewing
sensor with double monochromators with three observation modes in
orbit, namely earth mode, solar mode and internal lamp calibration
mode. In earth mode, SBUS measures the backscattered ultraviolet ra-
diation in the atmosphere at 12 discrete channels (specified in Table 2)
in the 250-340 nm spectral region with 1.1 nm full-width half-max-
imum (FWHM) bandwidth, while solar irradiance of the same channels
is weekly measured using solar mode. The ozone vertical profile re-
trieval algorithm of the SBUS is proved highly similar with the differ-
ences particularly in layers just above the tropopause where the ozone
amounts often reach a maximum (Huang et al., 2008; Huang et al.,
2010; Huang et al., 2012). This ozone-monitoring product derived from
FY-3B SBUS is combined with NOAA SBUV/2 to monitor the severe
ozone loss in the Arctic region from March to April 2011 (Liu et al.,
2011), and also used to detect polar ozone depletion during the solar
proton events (Huang et al., 2019).

The latest scientific pathfinder mission of China, namely GF-5, is
equipped with two payloads EMI and AIUS to monitor trace gases. EMI
is a nadir-viewing wide-field imaging spectrometer that has four spec-
tral channels ranging from 240 nm to 710 nm with a spectral resolution
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Fig. 1. Global distribution of terrestrial aerosol optical depth in January 2018 from FY-3D/MERSI-II. (Quoted from Yang et al., 2018).
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Fig. 2. Full disk distribution of terrestrial aerosol optical depth derived from
FY-4A/AGRI at 0400 UTC on April 6th, 2020.

of 0.3-0.5 nm (as listed in Table 2). It aims to acquire global tropo-
spheric and stratospheric trace gases (e.g., NO,, O3, CH,0 and SO,)
daily with its wide swath. The global map of ozone distribution ac-
quired from EMI in October 2018 is demonstrated in Fig. 4. Besides, the
EMI provides NO, monitoring product with better spatial resolution
than OMI/Aura Mission and is comparable with TROPOMI/Sentinel-5P
(as shown in Fig. 5). Moreover, AIUS is a Fourier transform infrared
spectrometer (as specified in Table 2), also aims to measure ozone and
other trace gases in the stratosphere and upper troposphere. Particu-
larly, it could help understand the temporal variations of ozone in the
Antarctic region. The previous studies have revealed that the relative
difference was mostly within 10% (about 0.02-0.4 ppm) between
18 km and 58 km for the ozone retrieval, within 10% (0-0.5 ppm)
between 15 km and 80 km for the H,O retrieval, and within 10% (about

Table 2
Specifications of TOU/FY-3, SBUS/FY-3, EMI/GF-5 and AIUS/GF-5 spectral
bands for trace gas monitoring.

Payload Channel Central wavelength(nm) Bandwidth(nm)
TOU/FY-3 1 308.727 1.164
2 312.638 1.152
3 317.652 1.171
4 322.464 1.156
5 331.375 1.159
6 360.253 1.140
SBUS/FY-3 1 252.00 = 0.05 1+ 0.2
2 273.62 = 0.05 1+ 02
3 283.10 = 0.05 1+ 0.2
4 287.70 * 0.05 1+02
5 292.29 = 0.05 1+ 02
6 297.59 = 0.05 1+ 0.2
7 301.97 = 0.05 1+ 0.2
8 305.87 + 0.05 1402
9 312.57 = 0.05 1+ 02
10 317.56 = 0.05 1+ 0.2
11 331.26 = 0.05 1+02
12 339.89 = 0.05 1+ 02
Photometer 379.00 = 1.00 3+ 03
EMI/GF-5 Uuvl Range from 240 to 315 0.3-0.5
Uuv2 Range from 311 to 403 0.3-0.5
VIS1 Range from 401 to 550 0.3-0.5°
VIS2 Range from 545 to 710 0.3-0.5
AIUS/GF-5 Range from 750 to 4100 cm ™! 0.02 cm™!

* Spectral resolution.

0.1 ppb) between 30 km and 60 km for the HCI retrieval (Li et al.,
2019c¢).

2.4. Greenhouse-gases monitoring instruments and their applications

ACGS is the main payload onboard TanSat, and it is the first space
program aiming for mapping the global distribution of CO2, followed
by GAS onboard FY-3D and GMI onboard GF-5. All these three instru-
ments are hyper-spectrometers designed to measure SWIR back-scat-
tered solar radiation. They all have O,-A bands, but ACGS and GAS
cover the weak and strong CO, absorption bands (1.61 pym and
2.04 pym). The 1.61 um of CO, absorption band is mainly used for CO,
concentration information collection, and the O,-A and 2.04 um bands
are mainly used to correct interference that comes from the uncertainty
of water vapor and aerosols (Liu et al., 2013; Liu et al., 2014; Wang
et al., 2014). However, GMI chooses bands centered at 1.575 ym and
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2015

Fig. 3. Annual average of total ozone over the Antarctic region from 2008 to 2017. The colour represents the ozone thickness in Dobson units (DU).

NO, tropospheric column (10'® molecular/cm?)

Fig. 5. Monthly average of tropospheric NO, columns over China and its surrounding countries acquired from EMI in February 2019.

2.05 pum for CO,, retrieval, and the band centered at 1.65 um for CH, (as
shown in Table 3) (Xiong, 2018). GAS is also capable of monitoring CH,4
with its other band centered at 2.3 pum.

Preliminary TanSat XCO, product was verified against overlap
measurement from OCO-2, and also has been validated against eight
ground-based measurements, which reveal an average precision of

2.11 ppm (Liu et al., 2018). The GAS product has been generated by the
operational system of the National Satellite Meteorological Center
(NSMC) and delivered through the distribution system of FY-3 ground
segments. Most recently, global distribution maps of CO5 and CH4
column concentration (as shown in Fig. 6) in September 2018 derived
from GMI were published in Chinese (Xiong, 2019).
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Table 3

Specification of ACGS/TanSat, GAS/FY-3D and GMI/GF-5 spectral bands for

greenhouse gas monitoring.

Specification ACGS/TanSat GAS/FY-3D GMI/GF-5
Bands(pum) 0.758-0.778 0.75-0.77 0.759-0.769
1.594-1.624 1.56-1.72 1.568-1.583
2.042-2.082 1.92-2.08 2.043-2.058
2.20-2.38 1.642-1.658
Spectral resolution(um) @1.6 pm 0.124 0.073 -
Spatial resolution(km) 2 13.2 -

* For CH4 monitoring.

2.5. Ground-based observation systems for validation of atmospheric
remote sensing

China Radiation Calibration Site (CRCS) is the first ground facility
for calibration and validation of the remote sensing products in China.
It started in the late 20th century and was aiming to obtain atmospheric
status and ground reflectance for various series of satellites (Hu et al.,
2001). Then in the next two decades, several observation networks for
AC were established. These networks contributed significantly to vali-
date satellite data products. In particular, China Aerosol Remote Sen-
sing Network (CARSNET) (Che et al., 2016) and Sun/sky-radiometer
Oberservation NETwork (SONET) were established for monitoring
aerosol optical properties, while plenty of sites equipped with Multi-
Axis Differential Optical Absorption Spectroscopy (MAX-DOAS) and
other monitoring equipments built a network to monitor total column
amounts and vertical profiles of trace gases. Moreover, an ozonesonde
network led by the Institute of Atmospheric Physics (IAP), Chinese
Academy of Sciences (CAS) has also been established to validate the
ozone products. Besides, there were a few Chinese in-situ stations with
ground-based Fourier Transform Spectrometers (FTS), which has be-
come part of the Total Carbon Column Observing Network (TCCON)
and provided precise and accurate measurements of the column-aver-
aged dry-air mole fraction of atmospheric XCO,.

The nation-wide ground-based observation network led by the
China Meteorological Administration (CMA), namely CARSNET (as
shown in Fig. 7), can obtain aerosol optical properties with high tem-
poral resolution (Che et al., 2016). This network started in 2002 for
dust aerosol monitoring and included 20 sites located in the northern
and northwestern China. So far, it has been developed into the largest
ground-based observation network of aerosol optical properties mon-
itoring in China, consisted of 80 sites all over China, and more than 50
sites are running operationally ( Che et al., 2011, Che et al., 2018, Zhao
et al., 2018a). The ground gauges equipped in CARSNET sites are ca-
librated at least once a year to ensure the measurement accuracy. For
the direct solar radiation, the calibration will be processed either by
using the inter-calibrate method with reference to the master

~ GMI XCO2 of Sep / ppm
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photometers at the site of Beijing-CAMS (Chinese Academy of Me-
teorological Sciences) or the Langley method at Mt. Waliguan Ob-
servatory (36.28°N, 100.09°E, 3816 m above sea level) (Che et al.,
2009). In particular, the water vapor channel (936 nm) is calibrated
following the modified Langley method (Che et al., 2016). After the
periodical calibration with benchmark instruments, the AOD and water
vapor content derived from CARSNET instruments differ by < 2%
and < 5% relative to the master measurements, respectively. SONET is
a joint network led by the Chinese Academy of Sciences and Chinese
universities/institutes (as illustrated in Fig. 8), which extends CARSNET
with multi-wavelength polarization measurement (CE318-DP) (Li et al.,
2014). Many previous studies have confirmed that SONET could pro-
vide important in-situ calibration data for AOD derived from satellites
(Li et al., 2019a; ). Most recently, global 3.3 km high-resolution haze
distribution from DPC/GF-5 was verified with 215 ground sites from
AERONET and SONET. The results revealed a good consistency between
DPC/GF5 and in-situ measurements (Ma et al., 2016).

MAX-DOAS retrieves tropospheric vertical profiles of trace gases
and aerosols using scattered UV-vis sunlight measured at different
elevation angles. The network currently contains 27 MAX-DOASs
(Table 3), which are applied for the validation of satellite L2 products
and investigation of a priori shape factor on the satellite retrievals
(Wang et al.,, 2017a). This network mainly monitors NO,, SO, and
CH,O0. The sites are located in the North China Plain (NCP, including
Beijing, Tianjin, Hebei, Shandong, Shanxi and Henan Provinces), the
Yangtze River Delta (YRD, including Shanghai, Jiangsu and Anhui
Provinces), the Great Bay Area (GBA, including Guangdong Province)
and the Cheng-Yu region (including Chongqing and Sichuan Provinces).
Moreover, two other instruments located at Ny-Alesund in Arctic and at
the Great Wall Station in Antarctica respectively are monitoring ozone,
NO, and BrO. Observation of satellite EMI/GF5 has been verified using
MAX-DOAS in Guangzhou Site ( as illustrated in Fig. 9), and have
shown that the Pearson correlation coefficient was 0.946 when the
cloud cover was less than 0.3 (Zhao et al., 2018b).

Although the sparseness of ground-based observation leads to sig-
nificant limitations in the detection of CO, in the atmosphere, the
ground-based observation is still an indispensable part of the global CO5
observation system. The Total Carbon Column Observing Network
(TCCON) is a network of ground-based FTS recording direct solar
spectra in the near-infrared spectral region, and its main goal is to
provide precise and accurate measurements of the column-averaged
dry-air mole fraction of atmospheric XCO,, as well as other GHG (CHy,
CO) and trace gases (N,O, H,0, HDO, and HF) (Toon et al., 2009; Le
et al., 2012; Buschmann et al., 2016; Kivi and Heikkinen, 2016). For
example, the accuracy and precision of the XCO, measurements within
TCCON is better than 0.25% (Wunch et al., 2011). There are four
ground-based FTS sites in China (Table 4) as part of TCCON. Among
these, the Beijing FTS site has been the first to provide XCO,
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observation since 1998 (Zhang et al., 2009b), while the other three
sites, namely Heifei, Xinglong, and Xianghe, were all established in the
2010s. Studies based on observation of these sites are focused on the
comparison at local scale, thus providing insight on assessments of the
satellite measurements (Zhang et al., 2014; Zhou et al., 2015; Zhang
et al., 2018; Meng et al., 2018; Zhou, 2018). As illustrated in Fig. 10,
the correlation coefficient between GOSAT XCO, product and Beijing
FTS is 0.88, with a positive bias of 1.35 ppm (Bi et al., 2018), while
similar results with a correlation coefficient of 0.83 and a positive bias
of 0.81 ppm are revealed by Wang et al. (2017b) in Hefei site. However,
in comparison with OCO-2, XCO, products show a relatively lower
correlation coefficient around 0.8 and a negative bias (Bi et al., 2018; ).
The observation data from these FTS sites can deep our understanding
of the global climate through the validation of space-borne products.

3. Chinese future plans of atmospheric satellite missions

National Development and Reform Commission (NDRC) , Ministry
of Finance (MOF) and Chinese National Space Administration (CNSA)

have jointly released a strategic development plan of future satellite
missions, including continuously strengthening space-borne observa-
tion of atmospheric composition, and particularly better evaluating
aerosol, trace gases and GHG concentration in the atmosphere
(National Development and Reform Commission NDRC et al., 2015).
There are instruments included in the next FY-3 missions, while others
are designed for thematic missions such as the second satellite of
Gaofen-5 missions (GF-5(2)), Atmospheric Environmental Monitoring
Satellite (AEMS) and High-precision Greenhouse gases Monitoring Sa-
tellite (HGMS).

FY-3E and FY-3G mission will add an advanced instrument, i.e. the
Ozone Monitoring Suite (OMS), as the replacement of TOU/SBUS, while
the GMI instrument will be onboard FY-3F and prolong operational
monitoring for GHG. Besides, GF-5(02) with seven instruments onboard
is planned to be launched in 2020. Compared with GF-5, GF-5(02) has
an additional monitor to measure the AAI (Absorbing Aerosols Index).
Both AEMS and HGMS are new pathfinders for atmospheric composi-
tion observation, which are planned to be launched in 2021 and 2023
respectively. Additionally, AEMS will be equipped with both active and
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Table 4 namely FY-3, initiated the era of space observation for atmospheric

Location of ground-based FTS sites in China.

Stations Location Year of operation
Beijing 39.955°N,116.334°E 1998
Heifei 31.90°N, 117.17°E 2014
Xinglong 40.40°N,117.59°E 2014
Xianghe 39.76 N, 116.98E 2018

passive instruments, aiming to measure particulate matters and air
quality with high accuracy. AEMS is built on the similar platform as GF-
5, and configured with five instruments, one active lidar, two polari-
meters, one spectrometer and one land imager. Thus, active and passive
instruments onboard HGMS will be aiming to measure GHG, such as
CO, and carbon monoxide (CO). HGMS will be planed to carry an ul-
traviolet hyperspectral sounder, which has independent nadir and limb
observation modules. The two modules can work simultaneously and
obtain the horizontal and vertical distributions of pollution gases with
high resolutions. HGMS is configured with five instruments, one active
lidar, one polarimeter and three hyperspectral sounder. The orbit and
LTAN (Local Time of the Ascending Node) of AEMS and HGMS are si-
milar to GF-5. Thus these three missions can form the first Chinese
satellite constellation specifically for AC monitoring.

4. Summary and conclusions
The second-generation Chinese polar meteorological satellites,
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composition. Since then, both the capability of the observing instru-
ments and the relative calibration and validation techniques have been
improved. However, before the FY-3A, few space missions were dedi-
cated to monitor AC. Nevertheless, cameras onboard CBERS-1and HJ-1
could be used for monitoring air quality since the DT algorithm for AOD
retrieval can be applied to their observation. The MERSI instrument
onboard FY-3 can achieve global coverage of AOD in one day, while
geostationary instrument AGRI onboard FY-4 could provide observa-
tions with high spatio-temporal resolutions. The first multi-angle po-
larized camera DPC equipped on GF-5 has enabled retrieval of aerosol
properties, including types and sizes. Moreover, TOU and SBUS on-
board FY-3 were the early instruments aiming to monitor ozone con-
centration, followed by EMI and AIUS onboard GF-5, which extended
observation of trace gases. Thanks to their hyperspectral capabilities,
ACGS/TanSat, GMI/GF-5 and GAS/FY-3D allowed retrievals of GHG,
including tropospheric CO, and CHy4. Other than the space-borne part,
the ground segments particularly the networks for the calibration and
validation of AC products, have been established and they have con-
tributed significantly to the correction of space-borne observation over
mainland China.

The information provided by these observations and retrievals is
valuable to understand a broad range of scientific questions, especially
for monitoring the changes of climate and tracing the causes of air
pollution events in China. Since the early studies concerned the evo-
lution of stratospheric ozone, later investigations extended to atmo-
spheric chemistry and dynamics due to the improvement of instrument
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Fig. 10. Comparison of the averaged XCO2 between GOSAT and Beijing FTS. The left panel shows the time series of the XCO2 observation from GOSAT (red) and
ground-based FTS in Beijing site (black). The right panel shows the correlation between the above mentioned observations. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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capabilities. Further studies have provided substantial space-borne
evidence for changes of atmospheric composition, and contributed
significantly in assessing the impact of air quality policies and economic
activities to air pollution trends, instead of on a local scale by from a
global perspective.

Looking forward, the value of Chinese remote sensing satellites for
monitoring AC can be further expanded by using cross-calibrated
measurements from different instruments to develop a long-term, con-
sistent data records. The long-term records of observations will help
monitor the current and past global change of the earth's ecosystem. In
the near future, through extending international cooperation to reduce
possible instrumental uncertainty, a solid baseline could be established
to prove the performence of in-orbit and future Chinese satellite mis-
sions, which then contribute more to the international community of
AC monitoring.
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