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ABSTRACT

In this paper, the latest progress, major achievements and future plans of Chinese meteorological satellites and the core
data processing techniques are discussed. First, the latest three FengYun (FY) meteorological satellites (FY-2H, FY-3D, and
FY-4A) and their primary objectives are introduced. Second, the core image navigation techniques and accuracies of the FY
meteorological satellites are elaborated, including the latest geostationary (FY-2/4) and polar-orbit (FY-3) satellites. Third,
the radiometric calibration techniques and accuracies of reflective solar bands, thermal infrared bands, and passive microwave
bands for FY meteorological satellites are discussed. It also illustrates the latest progress of real-time calibration with the
onboard calibration system and validation with different methods, including the vicarious China radiance calibration site
calibration, pseudo invariant calibration site calibration, deep convective clouds calibration, and lunar calibration. Fourth,
recent progress of meteorological satellite data assimilation applications and quantitative science produce are summarized
at length. The main progress is in meteorological satellite data assimilation by using microwave and hyper-spectral infrared
sensors in global and regional numerical weather prediction models. Lastly, the latest progress in radiative transfer, absorption
and scattering calculations for satellite remote sensing is summarized, and some important research using a new radiative
transfer model are illustrated.
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Article Highlights:

• Summary of the primary objectives and performance of the latest FY meteorological satellites, including FY-4A, FY-3D
and FY-2H.
• Description of the state-of-the-art image navigation and radiometric calibration procedure of the FY meteorological satel-

lites.
• Outline of the major achievements of the FY meteorological satellite science products and data assimilation applications.
• Report on the latest progress in radiative transfer, absorption and scattering calculations for satellite remote sensing.

1. Introduction

The Chinese meteorological satellite program was first
proposed and developed in the 1960s (Zhang et al., 2009;
Yang et al., 2012b). Chinese meteorological satellites are
named “FengYun” (FY), which means wind and cloud in Chi-
nese. To acquire the measurements on the global and high-
temporal scales, FY series satellites maintain both a polar
sun-synchronous orbit (polar hereafter) and a geostationary
orbit (GEO) in space. The first polar satellite was successfully
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launched in 1988 and named FY-1A. The first GEO satellite
was successfully launched in 1997 and named FY-2A. The
names of FY series satellites are composed of an Arabic nu-
meral and a letter, in which the numeral denotes the satellite
series and the letter the sequence of the satellites within the
series. In addition, odd and even numerals represent the FY
polar (low earth orbit, LEO) and the GEO series satellites re-
spectively. To date, 17 FY meteorological satellites have been
launched (see Table 1 and Fig. 1). Currently, eight satellites
are in operation/orbit.

The FY series satellite program has gone through four
stages. The first stage primarily focused on research and
development (R&D) of satellite technology. As a result, the
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Table 1. List of launched Chinese meteorological satellites and their
current status.

Satellite
name Type Launch date Current status

FY-1A Polar 7 Sep 1988 Out of operation
FY-1B Polar 3 Sep 1990 Out of operation
FY-1C Polar 10 May 1999 Out of operation
FY-1D Polar 15 May 2002 Out of operation
FY-3A Polar 27 May 2008 Out of operation
FY-3B Polar 5 Nov 2010 Secondary operation at afternoon

orbit
FY-3C Polar 23 Sep 2013 Primary operation at morning or-

bit
FY-3D Polar 15 Nov 2017 Primary operation at afternoon

orbit
FY-2A GEO 10 Jun 1997 Out of operation
FY-2B GEO 25 Jun 2000 Out of operation
FY-2C GEO 18 Oct 2004 Out of operation
FY-2D GEO 8 Dec 2006 Out of operation, tele-control at

123.5◦E
FY-2E GEO 23 Dec 2008 Primary operation for full disk

scan at 86.5◦E
FY-2F GEO 13 Jan 2012 Primary operation for rapid scan

at 112◦E
FY-2G GEO 31 Dec 2014 Secondary operation for full disk

scan at 99.5◦E
FY-2H GEO 5 Jun 2018 Commission test, primary opera-

tion for full disk scan at 79◦E
at the end of this year

FY-4A GEO 11 Dec 2016 Primary operation for full disk
scan at 104.7◦E

lifetime of the satellites failed to meet the requirements. FY-
1A operated for 39 days and FY-1B for 158 days. Meanwhile,
FY-2A operated for about six months and FY-2B for about
eight months. In the second stage, the R&D satellites were
transformed to operational ones. Since FY-1C in 1999 and
FY-2C in 2004, FY satellites have been stable in orbit and
capable of supporting continuous measurements in an opera-
tional manner. In the third stage, the first-generation satellites

were transformed to second-generation satellites. During the
past decade, the new-generation FY polar and GEO satellites,
FY-3A in 2008 and FY-4A in 2016, have been in operation.
Multiple types of advanced instruments have been mounted
on the platform of the new-generation FY satellites, includ-
ing multiband optical imaging, atmospheric sounding, mi-
crowave imaging, hyperspectral trace gas detection, and full-
band radiation budget measuring. The new epoch for com-
prehensive earth observations has begun. The latest and cur-
rent stage focus on the accuracy and precision of satellite
measurements. High performance in image navigation and
radiometric calibration is essential to support various quan-
titative data applications, such as quantitative remote sensing
and satellite data assimilation. With the associated open data
policy, as well as the stable and accurate measurements, FY
satellites are becoming an important component of the inter-
national space-based global observing system.

The remainder of this paper proceeds as follows: The
three latest FY series meteorological satellites since 2016 are
introduced in section 2. In sections 3, 4, 5 and 6, the latest
progress in image navigation, radiometric calibration, satel-
lite data assimilation, radiative transfer, and absorption and
scattering calculations for satellite-based quantitative remote
sensing is summarized. Finally, section 7 elucidates the main
progress and our vision for future FY satellites.

2. Latest Chinese FY meteorological satellites

2.1. FY-4A
As the new-generation GEO meteorological satellite and

successor of the FY-2 series, FY-4A, the first satellite of
the FY-4 series, was successfully launched on 11 Decem-
ber 2016 (Yang et al., 2017). FY-4A is three-axis stabilized
and centered around 104.7◦E with four sensors, including
the Advanced Geosynchronous Radiation Imager (AGRI),
the Geostationary Interferometric Infrared Sounder (GIIRS),
the Lightning Mapping Imager (LMI), and Space Environ-

Fig. 1. Gantt chart for the development of current FY series satellites.
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ment Monitoring Package (SEP) (Min et al., 2017a; Yang et
al., 2017). From Table 2, it can be seen that, different from
FY-2, AGRI installs 14 spectral bands with a spatial resolu-
tion from 0.5 km [visible (VIS) band at 0.64 μm] to 4.0 km
[infrared (IR) band] and a full-disk observation frequency of
15 min. To further strengthen the ability to monitor lighting,
mesoscale and synoptic-scale weather systems, LMI provides
continuous measurements with a resolution of 7.8 km at the
sub-satellite point and a full-disk observation with a temporal
resolution of ∼2 ms. As the first high-spectral-resolution ad-
vanced IR sounder mounted on a GEO satellite in the world,
GIIRS can retrieve the diurnal cycles of three-dimensional
(3D) regional atmospheric temperature and moisture. The
SEP instrument on FY-4A, with energetic particle detectors
and a magnetometer, is used for in-situ monitoring of the
near-earth space environment (Yang et al., 2017). Figure 2
shows the first true color and 14-band observation imageries
of FY-4A/AGRI. Besides, Fig. 3 shows the spatiotemporally
matched hyperspectral brightness temperature (BT) spectra
from both FY-4A/GIIRS and FY-3D/HIRAS at 0520 UTC 16
December 2018.

2.2. FY-3D
With the expectation to meet new and higher require-

ments in modern meteorological services and numerical
weather prediction (NWP), FY-3D, the fourth satellite in the

Table 2. Main specifications of the payloads mounted on FY-4A.

Name of Number of Spatial
payload channels Spectral coverage resolution

AGRI 14 0.47–13.5 μm 0.5–4 km
GIIRS 1650 4.44–6.06 μm, 8.85–14.29

μm (with 0.625 cm−1

spectral resolution)

16 km

LMI 1 777.4 nm 7.8 km
SEP 4 for HEPD,

RADD, CPD
and FGM

– –

second-generation Chinese meteorological polar-orbit satel-
lite system of the FY-3 series, was successfully launched
on 15 November 2017 (Min et al., 2016, 2018). Different
from the previous FY-3A/B/C satellites, FY-3D is able to
provide more multi-spectral observations under all weather
conditions with 10 sensors on board (Table 3), particularly
the two new IR high-spectral sensors with more than 2000
channels. Besides, the updated MERSI-II sensor contains 25
bands with 1000-m and 250-m nadir spatial resolutions, cov-
ering the spectral range from VIS (at 0.41 μm) to longwave
IR (LWIR, at 12.2 μm). HIRAS, a Fourier interferometer,
can measure IR radiances in 1370 channels with a nadir spa-
tial resolution of 16 km in three spectral bands: the LWIR

Fig. 2. First true color and 14-band observation imageries of FY-4A/AGRI. (Note: RGB=true-color, VIS=Visible Band,
NIR=Near Infrared Band, SIR=Shortwave Infrared Band, MIR=Middle Wave Infrared Band, WV=Water Vapor Band,
and LIR=Longwave Infrared Band)
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Fig. 3. Spatiotemporally matched hyperspectral BT spectra from both FY-4A/GIIRS (blue solid
line) and FY-3D/HIRAS (red solid line). (Latitude: 12.68◦N; Longitude: 115.58◦E; Time: 0520
UTC 16 December 2018).

Table 3. Main specifications of the payloads mounted on FY-3D.

Name of payload Number of channels Spectral coverage Spatial resolution

MERSI-II 25 0.41–12.2 μm 250 m and 1 km
HIRAS 1370 3.92–4.64, 5.71–8.26 and 8.80–15.39 μm (with 2.5, 1.25 and 0.625

cm−1 spectral resolution)
16 km

MWTS-II 13 50.3–57.29 GHz 32 km
MWHS-II 15 89.0–183.31 GHz 16 and 32 km

MWRI 10 10.65–89 GHz 7.5×12 to 51×85 km
GAS 5540 0.75–2.38 μm (with 0.6 and 0.27 cm−1 spectral resolution) 10 km

GNOS – – –
WAI 1 140–180 nm 10 km
IPM 3 135.6 nm 30 km at ionosphere
SEM – – –

band from 650 to 1136 cm−1, the middle-wave IR 1 band
from 1210 to 1750 cm−1, and the middle-wave IR 2 band
from 2155 to 2550 cm−1, with spectral resolutions of 0.625,
1.25, 2.5 cm−1, respectively. With four main high-spectral
bands around 0.76, 1.6, 2.0, and 2.3 um, as well as an intelli-
gent mode for detecting sun-glint area over sea, GAS (Green-
house gases Absorption Spectrometer) can retrieve some im-
portant greenhouse gases, such as CO, CH4, and N2O. Fig-
ure 4 shows a global composite true-color imagery of FY-
3D/MERSI-II on 17 December 2018.

2.3. FY-2H
To better support the China-proposed Belt and Road Ini-

tiative, the latest first-generation GEO satellite in the FY-2
series, FY-2H, was successfully launched on 5 June 2018, lo-
cated at 79◦E. The observations of FY-2H mainly cover Cen-
tral Asia, the west parts of Africa and Europe, and the Indian
Ocean. The unique Visible and Infrared Spin-Scan Radiome-
ter (VISSR) aboard FY-2H has five installed channels, from
VIS (0.66 μm) to thermal IR (TIR, 12.0 μm) wavelengths
(see Table 4), with a spatial resolution of 1.25 km (VIS)
or 5.0 km (IR) (Hu et al., 2013). VISSR normally provides a

Table 4. Main specifications of the payloads mounted on FY-2H.

Name of payloads Band Spectral coverage Spatial resolution

S-VISSR VIS 0.55–0.75 μm 1.25 km
IR 1 10.3–11.3 μm 5 km
IR 2 11.5–12.5 μm 5 km
IR 3 3.5–4.0 μm 5 km
WV 6.3–7.6 μm 5 km

SEM – – –

full-disk observation every 60 min, which can be shortened to
30 min during the rainy season from May to September every
year. This satellite can monitor mesoscale and synoptic-scale
weather systems, such as convective storms, typhoons, heavy
rainfall, and even sandstorms.

3. Image navigation

As a core technology and the first step of satellite data
processing, image navigation aims to give an accurate latitude
and longitude of each pixel. It is determined by the space-
based payload’s instant location and pointing direction. The
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Fig. 4. True-color imagery of FY-3D/MERSI-II on 17 December 2018.

orbit height of FY polar orbiting satellites is 830 km, indicat-
ing that 1 km over the earth’s surface is equals to 0.069◦ in
the coordinate of the payload. In contrast, the orbit height of
FY GEO satellites is 35800 km. Therefore, the same image
navigation accuracy for GEO satellites can only be achieved
when the measured angle accuracy reaches 0.0017◦, which is
about 1/43 of that from polar satellites. Nevertheless, with the
rapid development of science and technology, to date, more
attention has been paid to the determination of the pointing
direction parameters in this core technique.

3.1. FY-2 image navigation
Lu et al. (2008) developed a fully automatic image navi-

gation procedure for the FY-2 GEO satellite. The three inde-
pendent ranging stations at Beijing, Urumqi, and Melbourne
measure the distances from the station to the GEO satellite
eight times per day. With these accurate distance data, the
satellite orbital parameters can be precisely diagnosed and
predicted every day with an orbital accuracy within 100 m.
Besides, FY-2 uses the earth center from the FY-2 full-disk
image to derive the south–north pointing direction parame-
ters. The accurate geometry among the earth, sun, and the
satellite enables them to obtain the east–west pointing di-
rection parameters and improve the navigation accuracy. Re-
cently, Yang et al. (2014) developed a novel and automated
landmark matching method that can detect the FY-2 image
navigation on-orbit performance. A 400-day data analysis
showed that the uncertainty of the FY-2 image navigation lies
on one pixel of the IR band with different hourly, daily, and
seasonal characteristics at the sub-satellite point. On the other
hand, they pointed out the five main factors affecting the im-
age navigation performance, and further explained why and
how the orbit control, integrity of the disk image, satellite
viewing zone adjustment, beta angle computation, and mo-
ment of sunshine pressure can affect the FY-2 image naviga-
tion accuracy.

3.2. FY-3 geolocation
The microwave radiation imager (MWRI) mounted on-

board the FY-3 polar satellite provides a considerable amount
of critical information for NWP (Lu et al., 2011a). To further

improve the accuracy of FY-3/MWRI geolocation, Li et al.
(2019) developed a new method for geolocation error esti-
mation and correction, which uses the jump point of the step
function to estimate the true coastline point. As a result, the
pointing direction misalignment parameters can be derived.
Besides, it can characterize the geolocation errors more ac-
curately through this method, and thus the geolocation accu-
racy can be improved. The final results revealed that an im-
provement of up to 33.33% in the standard deviation of ge-
olocation errors can be achieved, showing progress from the
traditional method. Future work will focus on determining
and predicting the geolocation correction parameters through
a long-term data analysis.

3.3. FY-4 image navigation
Different from FY-2 with its traditional spin-stabilized

platform, the new-generation GEO meteorological satellite,
FY-4, adopts a new three-stabilized satellite platform. It can
enhance the efficiency of imager viewing and improve the
radiometric calibration performance. Besides, it can provide
more flexible regional observations and joint observations
from both the imager and sounder on the same platform.
However, this new space-based observation mechanism also
brought great challenges for image navigation and registra-
tion. One side of FY-4 always faces the sun, while the other
points to the earth, causing a sun exposure issue. The tem-
perature gradient of the two sides can reach up to 400 ◦C.
Consequently, the large temperature gradient will directly in-
duce changes in the payload scanning mirror pointing direc-
tion, which cannot be well measured in orbit. Therefore, the
scanning mirror pointing error caused by the thermal defor-
mation becomes the main source of error in the FY-4 image
navigation and registration. Yang and Shang (2011) created
a mathematical model and computation method of attitude
misalignment parameters based on the observation geometry,
which can provide an important theoretical foundation for the
GEO image navigation system. The analytic solution for the
model was also given. The computation of the attitude mis-
alignment parameters relies on the star observation, which is
closely associated with the accurate star centroids in the ob-
served star images.
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Besides, Zhang et al. (2017b) also proposed a high pre-
cision star centroid detection method. While the star sen-
sors are deliberately defocused with a relatively large star
spot, FY-4/AGRI focuses on the purpose of earth observation,
making it a challenge to extract accurate star centroids. They
used the continuous observation data to improve the star cen-
troiding precision by trajectory fitting and energy response
curve fitting. It could accurately extract star centroids with an
error of less than 0.3 pixels, laying a solid foundation for FY-
4A image navigation. Finally, the FY-4A navigation accuracy
was evaluated by the landmarks distributed all over the disk
image. The results showed that the accuracy of FY-4A/AGRI
navigation reached 112 μrad (3σ, within 64.5◦ of geocentric
angle) at the sub-satellite point.

4. Calibration and validation

As another core technology, radiometric calibration
(hereafter calibration) can convert the observed digital num-
ber into a sensor-dependent data record (SDR). Calibration
and validation (C&V) of the SDR comprises the most essen-
tial steps for quantitative remote sensing applications. The
sensor’s performance in radiance measurement is determined
by three necessary procedures; namely, the pre-launch cal-
ibration procedure, real-time (RT) calibration procedure (or
on-orbit calibration), and offline calibration procedure (or re-
calibration). The onboard calibration system of the sensor de-
cides the update frequency of RT calibration. The on-orbit
performance monitoring system can help us to find the bias
in the RT calibration procedure and generate a more consis-
tent and coherent fundamental climate data record for histor-
ical archive data by recalibration. Figure 5 shows the satellite
calibration procedures in detail.

4.1. Reflective solar bands
4.1.1. RT calibration with onboard calibration system

To overcome the shortage of the FY satellite’s onboard
calibration in shortwave bands, a typical VIS calibrator on-
board FY-3/MERSI was developed. It is composed of three
main optical components: a 6-cm-diameter integrating mini-
sphere, a beam expanding system, and the trap standard de-
tectors (Hu et al., 2012). There are two halogen tungsten
lamps in the mini-sphere. The sunlight is congregated and
imported into the mini-sphere by an incident light cone. The
beam expanding system includes a flat mirror and a parabola,
which enable the small beam output from mini-sphere to fill
a large entrance aperture of MERSI. The output light from
the mini-sphere is reflected by the flat mirror and then colli-
mated by the overfilled parabola to create a quasi-Gaussian
beam, which is the MERSI calibration beam. The trap stan-
dard detectors stow the edge of the visible onboard calibrator
(VOC) exit, including four silicon detectors with the same
filter designs as some MERSI bands and one panchromatic
detector without a filter. The VOC is mounted on the side
of the main instrument, allowing the scanner to view its exit
and observe the sun signal when the satellite passes over the

terminator area. Based on the onboard calibration data from
FY-3A and FY-3B, it has been proven that the FY-3/MERSI
degradation is wavelength dependent. During the first two
years, the annual degradation rate of short wavelength bands
(470–565 nm) in MERSI is more than 10% yr−1, while that
of longer wavelength bands is less than 4.0% yr−1 (Hu et al.,
2012; Shi et al., 2014; Xu et al., 2014a). FY-3D/MERSI-II
VOC has been significantly improved by shortening the solar
illumination of the inside mini-sphere with a door based on
three previous satellite running experiments (Xu et al., 2015b,
2018).

4.1.2. C&V with China radiometric calibration sites

Despite the VOC components designed for FY-3 A/B/C
MERSI and FY-4A AGRI, no effective solar band onboard
calibration has been created, due to some defects. The radi-
ance at the top of the atmosphere (TOA), which uses a ra-
diative transfer model (RTM) and vicarious calibration (VC)
method with field measurements conducted at a China radio-
metric calibration site (CRCS), Dunhuang Gobi-desert, is al-
ways used as the main post-launch absolute radiometric cal-
ibration method for reflective solar bands (RSBs) (Sun et al.,
2012a). VC using CRCSs was mainly dominated by FY satel-
lite sensor solar band calibration via field campaigns during
the first 20 years of the FY series satellites. However, with the
maturity of new calibration technologies for remote sensors,
ground-based VC has gradually become an important valida-
tion method for remote sensing radiance-level products.

VC for FY sensors is mainly conducted using simultane-
ous space-based and ground-based observations at CRCSs.
Various surface and atmosphere parameters are collected and
input into the RTM to calculate the apparent sensor radi-
ance at the pupil for further calibration coefficient calculation.
VC can be divided into reflectance-based, radiance-based and
irradiance-based calibrations according to different measure-
ments and data processing procedures. It can improve the FY
satellite sensor calibration precision of the baseline method
at the first developing stage of quantitative remote sensing.
However, its disadvantages should also be considered, such
as the high cost, low calibration frequency, and radiance dy-
namic limitation when using a single calibration site. Gradu-
ally developed in recent years, global pseudo invariant cali-
bration site (PICS) selection has become a main operational
method of FY satellite inflight calibration (Sun et al., 2012b;
Wang et al., 2015, 2017b).

4.1.3. C&V with PICSs

As mentioned above, PICS calibration technology is an
important extension of the traditional CRCS RSB calibration
technology. The traditional calibration method relies greatly
on satellite synchronous and ground-based field observations,
which are significantly affected by local weather and en-
vironmental conditions. Usually, the calibration frequency
based on traditional technology is only 1–2 times per year
(i.e., Dunhuang site). In contrast, PICS calibration technol-
ogy introduces multiple uniform and stable target fields (i.e.,
Gobi and desert, water etc.), and multi-source data (numer-
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Fig. 5. Calibration procedure.

ical weather forecast products, climate and satellite datasets
etc.), which is independent from the in-situ observation, and
can improve the frequency, dynamic range, and stability of
calibration.

To increase the in-flight calibration frequency, the PICS
tracking method was implemented at global stable sites with
different brightness without synchronous in-situ measure-
ments (Sun et al., 2012b, 2013; Wang et al., 2015, 2017b).
The PICS calibration reference was evaluated against ob-
servations of Aqua/MODIS, showing mean relative biases
within 5% from 0.4 to 2.1 μm (Sun et al., 2012b). The PICS
calibration method was also applied to derive the calibration
coefficient time series, and reveal the sensor’s in-flight re-
sponse variation (Shi et al., 2014). In general, bands with
short wavelengths, like blue bands, experience large degra-
dation with an average annual degradation rate of approxi-
mately 17% for FY-4A/AGRI 0.47 mm band and nearly 10%
for FY-3A MERSI 0.412 μm band in the early years. The red
and near-infrared bands are relatively more stable, and some
bands show noticeable response increases (Sun et al., 2012b,
2013, 2018; Sun and Li, 2014; Wang et al., 2014c, 2018a).
The calibration updating model was built from the temporal
trend of the calibration coefficient series, and applied in satel-
lite data reprocessing (Sun and Li, 2014; Wang et al., 2018b).
Taking the PICS simulation as the reference, the radiomet-
ric mean relative bias is mostly within 5% (Sun et al., 2018).
Aqua/MODIS is also used as a reference to monitor the re-
calibrated data quality. A double difference analysis showed
that the mean relative biases are almost within 5% over sta-
ble deserts (Sun et al., 2012b), and the synchronous nadir
observation analysis also showed good agreement (Sun et al.,
2012b, 2013; Sun and Li, 2014).

In addition, by using the PICS calibration method, a new
dataset of reflectance calibration coefficients has also been

derived for the RSBs of FY-3A/B/C VIRRs (Visible and In-
frared Radiometer). It can be used to update the VIRR cal-
ibration on a daily basis. The on-orbit radiometric changes
of the VIRR onboard the FY-3 series have been comprehen-
sively assessed based on the new dataset of calibration slopes.
All the recalibrated VIRR reflectance data over the site of
Libya 4, the most frequently used stable earth site, have
been compared with those provided by the Level 1B (L1B)
product. The results indicated larger radiometric response
changes of the two VIRRs onboard FY-3A/3B than those of
FY-3C/VIRR, and significant wavelength dependency. The
PICS calibration approach can generate consistent VIRR re-
flectance on different FY-3 satellite platforms. After recali-
bration, the differences in the TOA reflectance data of VIRRs
decrease from 5%–10% to less than 3% during the whole life-
time, indicating good accuracy and lower temporal oscilla-
tions.

4.1.4. C&V with deep convective clouds

Compared with desert targets, the characterization of
deep convective cloud (DCC) is highly reliable and stable,
with little seasonal or spatial variation (Chen et al., 2013,
2017). The DCC-based calibration method has already been
widely applied to many satellite sensors for evaluating cal-
ibration accuracy. DCCs can often extend above the tropo-
sphere, and their spectral features are similar to those of refer-
ence white board for radiometric calibration. On the RSBs, it
can provide high and stable reflectance for calibration. Based
on simulations that use an RTM, DCCs could be used as in-
variant radiometric targets to monitor radiometric calibration
change. DCCs are better than ground objects because most
are located at the top of the troposphere, which can both min-
imize the impact of moisture and aerosol in the troposphere
and reduce the impact of background stratospheric aerosol.
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The long-term change trend of FY3/MERSI RSBs can
be well illustrated by the DCC method (Chen et al., 2013).
The monitoring results show obvious response degradations
in both the blue bands and water-vapor absorption bands.
Compared with other calibration approaches, such as inter-
calibration, the PICS method and CRCS vicarious method,
the degradation results from the DCC method are consistent,
and the largest degradation difference is less than 2.5%, ex-
cept for three bands (11, 18 and 19) of FY-3A/MERSI.

Besides, the operational FY-2 radiometric calibration bias
and the long-term degradation trend have also been evaluated
using Aqua/MODIS, which is the baseline of radiometric ref-
erence by DCC (Chen et al., 2016). The results were as fol-
lows: (1) There are different degradation degrees for FY-2D,
FY-2E and FY-2F, among which the biggest degradation ap-
pears in FY-2D, due to its longest period. The annual degra-
dation rates of FY-2D and FY-2E are quite similar, at 1.67%
and 1.69% respectively, whereas the rate of FY-2F is lower,
at 0.81%. (2) During satellite eclipse, which can be detected
by the DCC method, the instruments are not stable. (3) There
are biases in the operational radiometric calibration between
FY-2 and Aqua/MODIS, which is usually treated as the radio-
metric reference. The radiometric calibration method based
on DCC could work well in the radiometric calibration for
FY-2. The results will help us to further understand the degra-
dation of instruments and facilitate quantitative usage.

4.1.5. C&V with the lunar target

The lunar irradiance reflected by the sun can be taken
as a benchmark for radiometric calibration in VIS and near-
IR spectra, due to its high photometric stability. Thus, the
lunar target is always selected as both the radiometric stan-
dard for earth-orbiting satellite-borne instrument calibration
and an earth illumination source in the sky at night (like so-
lar irradiance during daytime) for ground-based and satellite
remote sensing at night. However, existing lunar irradiance
models are not precise enough in quantitative remote sens-
ing and calibration applications. To improve and validate the
current lunar irradiance models, a three-month earth-based
observation of lunar target was conducted from December
2015 to February 2016 by the National Satellite Meteorolog-
ical Center, China Meteorological Administration (Wang et
al., 2017c). The lunar hyperspectral irradiance ranging from
399 nm to 1060 nm, was retrieved by an imaging spectrom-
eter in Lijiang, Yunnan Province (Wang et al., 2017d; Zhang
et al., 2017c). The ground-based lunar observations and other
lunar models (ROLO and MT2009 models) were compared.
It was found that the results from the ROLO model were
closer to the ground-based observations than those from the
MT2009 model. It was also found that the difference between
these two models in the shortwave IR region was larger than
that in the VIS region. The average relative difference be-
tween the ROLO model and ground-based observations was
approximately 5.86%. The primary reasons for the difference
were also elaborated, providing a theoretical foundation for
establishing an accurate lunar irradiance model (Wang et al.,
2017d, Zhang et al., 2017c).

The FY-2 imager is capable of capturing moon images.
Recently, a new function has been added to both the FY-3C
and FY-3D MERSI sensors to monitor the lunar disk in space
view and further improve the on-orbit RSB calibration. Wu et
al. (2016a) developed a method to obtain the sensor degrada-
tion via lunar images. As a reference channel, a dataset from
band 11 has also been collected to record lunar measurements
since the launch of FY-3C. By using the ratio between the tar-
get and reference channels, the effects of the lunar phase an-
gle and the relative distance of the solar–lunar–satellite have
been removed from the measured lunar irradiance. The RSBs
of FY-3C/MERSI have been calibrated from the lunar mea-
surements. Analysis of the long-term trend of the MERSI
RSBs revealed that the annual attenuation rate has increased
to 14.55% and 8.42% for bands 8 and 9 respectively. It is
only within 1.15% and 4.72% for bands 1, 6, 10, 11, 16, and
19. No attenuation is apparent for the remaining bands. The
aforementioned results can be used to correct the systematic
biases in MERSI RSB calibrations and improve the radiomet-
ric calibration accuracy.

Chen et al. (2018) also reported a method whereby the lu-
nar target is used as a stable radiation calibration target and
the lunar irradiance model is used to monitor the radiation
response degradation of the FY-2 GEO meteorological satel-
lite. The data of the FY-2E scanning radiometer containing
the moon target by orbit forecast from January 2010 to Octo-
ber 2014 were collected. Meanwhile, the result based on the
lunar calibration method was compared with that based on
the DCC radiometric calibration method. The results showed
that, being able to effectively monitor the sensor response at-
tenuation, the lunar radiometric calibration tracking method
can be used as a radiometric benchmark for VIS band cal-
ibration during the whole lifetime of the sensor to improve
the radiometric calibration accuracy.

4.1.6. Integrated calibration

Due to the limited dynamic range of each VC target, tra-
ditional VC calibrations based on a linear formula are unable
to deal with nonlinear calibration. A method for on-orbit wide
dynamic integrated vicarious calibration (WD-IVC) has been
developed to resolve this problem (Xu et al., 2015b; Wang et
al., 2017c). Various VCs covering different dynamic ranges
are used here, including the moon, a simultaneous nadir over-
pass (SNO), PICSs, and DCC. By combing these VC sam-
ples, wide dynamic radiometric calibration can be achieved
via WD-IVC. Calibration samples from different VCs are in-
tegrated by subsection-averaging, and calibration coefficients
are calculated based on integrated samples by using weighted
nonlinear regression. The prelaunch quadratic term of the
calibration equation is used to perform nonlinear correction,
and the on-orbit calibration slope and intercept are evaluated.
Evaluation results from different VCs show good consistency,
and the correlation coefficient of integrated samples can reach
0.99. WD-IVC results for FY-3C MERSI can be applied to
the medium-to-high dynamic range with reflectance greater
than 10%. The calibration accuracy is higher than 1.5% in
high reflective scenes and 3% in medium reflective scenes.
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The WD-IVC method can be applied to all RSBs, reducing
the uncertainty of the two-point calibration and the influence
of nonlinear error.

4.2. TIR bands
4.2.1. RT calibration

The onboard blackbody (BB) is usually used for RT TIR
radiometric calibration, and the space view provides offset
measures for calibration. Except for the FY-2 satellite, all
the FY TIR sensors can perform the onboard BB calibra-
tion with a full EV (Earth View) optic path. For the FY-2
radiometers, the onboard device cannot produce an absolute
calibration because the BB is not directly viewed by the main
telescope but through a mirror inserted between the front op-
tics and the cold assembly containing the IR detectors (Hu et
al., 2013). Multiple methods are used for FY-2 on-orbit cali-
bration, cross-calibration based on a hyperspectral reference
sensor (Xu et al., 2012, 2013a), and the inner BB corrected
by lunar emission (Guo et al., 2016). The relative radiometric
calibration for TIR bands is also significant.

4.2.2. Validation

The validation of TIR calibration is based on both ground
measurements and reference sensors. The ground validation
is occasionally conducted by radiative transfer calculation
based on the radiance measurements of the CRCS at Qing-
hai Lake (Min et al., 2012) or the water temperature mea-
surements of global buoys (Min and Zhang, 2014a). Different
instruments on LEO spacecraft with similar spectral regions
can be compared according to their simultaneous measure-
ments over the same location. This approach is called the
SNO inter-calibration method. The on-orbit calibration ac-
curacies of these instruments can be evaluated by using a
well-calibrated instrument as reference. In recent years, the
China Meteorological Administration (CMA) has established
the GSICS (Global Space-based Inter-Calibration System)
GEO-LEO and LEO-LEO IR intercomparisons for the FY
radiometers with hyperspectral reference IR sounders, AIRS,
IASI, and CrIS. The baseline algorithm was developed by the
GSICS Research Working Group, except for some specific
collocation criteria. Now it has become the main validation
method to monitor the on-orbit calibration performance. It
also provides a flexible technique to evaluate and correct on-
orbit calibration bias. It is used to evaluate the on-orbit cal-
ibration accuracies of FY-3A&B TIR bands, including their
scene temperature-dependence and seasonal variation charac-
teristics. According to the collocated samples, the new non-
linear correction coefficients were re-evaluated to reduce cal-
ibration bias (Xu et al., 2014a, b). Long-term monitoring
and correction of FY-2 IR channel calibration was conducted
based on AIRS and IASI data, where the diurnal variation,
seasonal variation and stray light influences were investigated
(Hu et al., 2013).

4.2.3. Solar contamination of TIR calibration

The TIR calibration systems are intruded by solar radia-
tion when the polar orbit satellites cross the terminator. This

can induce solar contamination and errors in calibration re-
sults of FY-3 MERSI/VIRR data (Niu et al., 2015; Xu et al.,
2015a). These studies analyzed the temporal and spatial char-
acteristics of solar contamination based on the mid-IR band
of FY-3C/VIRR, and also proposed elementary identification
and modification methods for solar contamination. Based on
these methods, the effects of solar contamination on the cal-
ibration coefficient and BB temperature were further evalu-
ated quantitatively. The solar contamination in the Northern
Hemisphere always appears between the solar zenith angles
from 85◦ to 118◦. The daily mean absolute error of BB tem-
perature reaches 4.5 K, and the maximum absolute error in
a day reaches 15 K. According to these studies, this con-
siderable impact on IR band calibration has received much
attention and a new baffle has already been designed for FY-
3D/MERSI-II.

4.3. C&V for passive microwave instruments
Three passive microwave (PMW) radiometers—namely,

the Microwave Temperature Sounder (MWTS), Microwave
Humidity Sounder (MWHS), and MWRI—are mounted on-
board the FY-3 A/B/C/D satellites. The main tasks of these
PMW instruments are to obtain 3D global all-weather tem-
perature and moisture profiles, as well as surface parame-
ters, and to provide initial field information for NWP. The
radiance-level data of the FY-3 PMW radiometer is well cal-
ibrated in RT by the onboard calibration technology, which
has been strictly verified using SNO cross-comparison or
ground-based observations (Yang and Shang, 2011; Yang et
al., 2012a; You et al., 2013).

4.3.1. RT calibration

A classical two-point calibration system onboard three
FY-3 PMW sensors is set up, which is the main on-orbit RT
operational calibration method. It includes the processes to
convert original counts into microwave radiance by nonlin-
earity calibration, and antenna correction. It has been noted
that the calibration techniques of MWTS and MWHS are al-
most the same as that of AMSU. However, getting the basic
calibration data of the cold space and warm target (onboard
BB) views by two reflectors separately, the calibration sys-
tem of MWRI is prominently different from that of SSM/I or
AMSR-E. The nonlinear parameters for FY-3 PMW sensors
have been achieved by T/V (thermal-vacuum) testing before
launch. In the calibration processes, the variations among
space view and warm-target view in the interval of scan lines
are generally within the threshold of counts.

The operational on-orbit RT radiometric calibration algo-
rithm of FY-3A/MWHS is already in practice. The real vari-
ations between space view and warm-target view in the in-
terval of scan lines are generally within 20 counts. The tem-
perature fluctuation of warm targets is within 0.5 K along a
single track. The radiance calibration results of FY-3 MWHS
also agree well with those from NOAA-17/AMSU-B. Some
previous studies (Gu et al., 2012, 2013) have demonstrated
that the BT differences between FY-3/MWHS and NOAA-
17/AMSU-B at the same cross overpass points are less than
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1.5 K.
In the operational calibration system of FY-3/MWHS,

space bias correction has been achieved using cross cali-
bration with NOAA-17/AMSU-B. As a radiance reference,
the best-fitted global SNO samples from NOAA-17/AMSU-
B can be transmitted to FY-3/MWHS, and then a space bias
correction can be conducted (Gu et al., 2015a). After the suc-
cessful launch of FY-3C on 23 December 2013, MWHS-II
began its operational application, using a cross-track scan-
ning instrument with 15 channels at frequencies ranging from
89 to 191 GHz. Eight temperature sounding channels have a
center frequency at the 118.75 GHz oxygen absorption line,
five humidity sounding channels having a center frequency
at the 183.31 GHz water vapor absorption line, and there are
two window channels at 89 and 150 GHz respectively (Guo
et al., 2014a, b). The MWHS-II post-launch instrument per-
formance has been evaluated by monitoring calibration data.
Except for band 14, the results show that the BT difference
of every channel is less than 1.3 K. The BTs observed by
MWHT-II and ATMS have also compared to further demon-
strate the largest mean bias of band 14, and the standard de-
viations of five humidity sounding channels are less than 1
K. Furthermore, the differences between MWHS-II (Zhang
et al., 2012) observations and forward RTM simulations, re-
ferred to as “O-B”, suggest that the standard deviations of
O-B differences for channels 2 to 6 (near the center of the
118.75 GHz oxygen absorption line) are less than 0.5 K. For-
tunately, the performances of other channels are similar to
those of corresponding ATMS channels. Nevertheless, the
scan-dependent biases of MWHS-II channels 1, 7–13 and 15
indicate a noticeable temperature dependence of scan biases
(Guo et al., 2015).

Meanwhile, FY-3/MWTS has almost the same RT cali-
bration system, but suffers from high-order nonlinearity of
FY-3C/MWTS, which cannot be properly calibrated with a
traditional method (An et al., 2016). In that paper, a novel
method for combining the two-point linear calibration with
the cubic equation nonlinear correction was proposed to cal-
ibrate the antenna temperature deviation.

4.3.2. Lunar contamination of PMW calibration

The PMW calibration system is intruded by lunar ra-
diation when the polar orbit satellites cross the terminator.
This could directly induce lunar contamination and some er-
rors in the calibration systems of MWHS/MWTS. Gu et al.
(2015b) analyzed in detail the temporal and spatial charac-
teristics of lunar contamination based on the PMW radiome-
ter of FY-3A/MWHS, and proposed corresponding elemen-
tary identification and modification methods. Based on these
methods, the effects of lunar contamination on the calibration
coefficient and BB temperature were further evaluated quan-
titatively. As the moon is able to periodically pass through
MWHS’s space view in one year, moon-glint events are de-
tectable through the degradation based on the NWP model
statistics (Lu et al., 2011a). For example, on 4 July 2010,
it was found that more than 1000 abnormal jumps of digi-
tal number were induced by a sudden moon-glint event, and

a 20 K degradation of BT at the sub-points line of the FY-
3A/MWHS 183.31± 1 GHz channel was detected. There-
fore, a robust correction algorithm was designed based on an
approximation scheme of a polynomial model to correct the
moon-glint effect (Gu et al., 2015b).

4.3.3. Ascending–descending bias correction for MWRI

FY-3C/MWRI is a total-power radiometer observing the
earth surface and atmosphere at 10.65, 18.7, 23.8, 36.5 and 89
GHz with dual polarization. MWRI’s performance is stable
during its on-orbit work (Du et al., 2014; Liu et al., 2014a;
Wu and Chen, 2016b). Space-based cross calibration in the
north/south polar areas, land and sea between FY-3C MWRI
and FY-3B MWRI, SSMIS or TMI is performed during on-
orbit testing, which shows a largest bias of 3.4 K between
FY-3C and SSMIS in the sea surface area. However, most of
the other biases are within 1 to 2 K.

In 2017, the United Kingdom Meteorological Office
(UKMO) reported a slight difference between the ascend-
ing and descending orbit of MWRI. Based on the physical
temperature measurements of the hot reflector and analyz-
ing the O-B difference results, the effective emissivity of the
hot reflector was corrected (Xie et al., 2018). The calibration
bias differences induced by calibration anomalies between
the ascending and descending passes exist for all channels
of MWRI, which seriously affects the data assimilation in the
NWP and reanalysis systems. This study (Xie et al., 2018)
proposed a physical-based correction algorithm for MWRI
calibration based on a five-month observation. The relation-
ship between the observed BT and the physical temperature
of the hot load reflector was established to mitigate the intru-
sion of the emissive hot reflector for all channels in which it
was not accurately estimated in the previous calibration pro-
cess. Before- and after-correction comparisons showed that
the ascending and descending bias was effectively removed,
i.e., from 2 K before correction to less than 0.1 K after cor-
rection, when the emissivity of the hot reflector in the calibra-
tion equation was rectified. The change in the mean values of
MWRI radiance was negligible.

4.3.4. Validation

Validation and verification of the operational calibration
results of the FY-3 PMW sensors has focused on the follow-
ing aspects: (1) SNO cross-comparisons against the same
channels of SNPP/ATMS or GPM/GMI; (2) O-B verification
via the RTTOV and CRTM models; and (3) PMW radiance
correction field test technology. The FY-3 PMW radiance
correction field is located at a rainforest of Puer in Yunnan
Province, China. The microwave emissions from this place
constitute the ideal BB. Its BT seasonal change is subtle, and
the stability near the 1 K microwave high-end calibration tar-
get can only be obtained by sliding average processing, cou-
pled with synchronous sounding data for BT correction. The
microwave radiance correction on all PMW sensors of FY-3
satellites has been achieved from ascending to descending or-
bit. It has been confirmed that the FY-3 PMW C&V system
is successful, and performs well for FY-3 operational appli-
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cations from ascending to descending orbit.

5. Retrieval products and data assimilation

After data geolocation and calibration procedures, the
level-2 products (the geophysical parameters, i.e., cloud
mask, cloud top height, land surface temperature etc.) can
be produced from the satellite-observed radiances based on
an advanced algorithm. The retrieved level-2 products are
widely applied in the fields of disaster monitoring, weather
forecasting, nowcasting, data assimilation, global climate and
environment change, agriculture and forestry, and so forth
(Zhang et al., 2009; Yang et al., 2012b, 2017; Min et al.,
2017a).

Besides, it is also well known that direct assimilation
of satellite observation radiance data has significantly im-
proved the accuracy of global NWP, especially in the South-
ern Hemisphere. After the successful launch of FY-3A (the
first one of the second-generation FY polar orbit meteorolog-
ical satellites) in 2008, the NWP community had the oppor-
tunity to assimilate the directly observed radiances from the
FY-3 satellite program into NWP models to further improve
their forecast skill. Five instruments onboard FY-3 are of
particular interest to the NWP community—namely, MWTS,
MWHS, the High spectral Infrared Atmospheric Sounder
(from IRAS to HIRAS), GNOS and MWRI (Wang et al.,
2012a; Wang and Zhou, 2012).

The close collaboration among the CMA, European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) and
UKMO advanced the FY-3C data into operational assimila-
tion almost at the same time. Operational assimilations of
MWHS-2 with 183 GHz channels globally and GNOS in
CMA/GRAPES (Global/Regional Assimilation and Predic-
tion System) were activated in April 2016. FY-3C MWHS-2
was operationally assimilated and monitored in the UKMO
global model on 15 March 2016, and in the ECMWF Inte-
grated Forecast System on 4 April 2016. GNOS has also been
operationally assimilated by the ECMWF since March 2018
(Lu et al., 2011a, b, c, 2012; Lu and Bell, 2014).

The CMA, ECMWF and UKMO have already opera-
tionally assimilated FY-3’s data, proving that they are of good
quality for NWP. Besides, the three new instruments on FY-
4A, i.e., GIIRS, AGRI and LMI, are of particular interest to
the NWP community. Evaluation of the quality of these in-
struments and their potential to improve forecasts is under
way.

5.1. Primary science algorithm of FY retrieval products
We are unable to discuss recent progress with respect

to all the science products and algorithms of the FY series
satellites in this paper. Instead, we summarize the main geo-
physical products of the latest three satellites, i.e., FY-2H,
FY-3D, and FY-4A. Table 5 lists all the level-2 products of
FY-2H/FY-3D/FY-4A. These products can be mainly divided
into three categories, including atmospheric, oceanic, and
terrestrial products. More than 100 level-2/3 scientific prod-
ucts are routinely generated by the NSMC/CMA operational

processing system every day, which can be freely down-
loaded from the FY meteorological satellite official web-
site (http://satellite.nsmc.org.cn/PortalSite/Default.aspx). In
addition, the related progress has already been summarized
in several previous review papers (Zhang et al., 2009; Yang
et al., 2012b, 2017; Min et al., 2017a). Interested readers can
find more information on the level-2/3 satellite products from
these papers and from the FY meteorological satellite official
website.

5.2. Microwave data in global models
Microwave temperature sounders have become the most

important instruments for satellite data assimilation because
they can penetrate cloud. Assimilation of such data can sig-
nificantly improve the prediction of temperature and geopo-
tential height profiles. Therefore, investigations into the as-
similation of FY-3 satellite data firstly began with the data of
FY-3 MWTS. The MWTS instrument has evolved over time
to provide more information and more accurate temperature
profiles. Starting from MWTS-1 with 4 channels, similar to
NOAA/MSU, it has since been upgraded to MWTS-2 with
13 channels, similar to NPP/ATMS.

After correcting the biases from passband shift and non-
linearity, the MWTS instrument has, through evaluation,
demonstrated a good level of quality in operational assimila-
tion. After the assimilation of MWTS, it was reported that the
forecasts of the CMA GRAPES, ECMWF IFS and UKMO
UM systems were improved (Lu et al., 2015; Li et al., 2016).
Unfortunately, the MWTS from FY-3A/B/C failed to work
subsequently, which prevented it from operational assimila-
tion. However, at present, the FY-3D MWTS is working well
and initial evaluation indicates that it is of good quality, and
the NWP community is expecting its contributions to opera-
tional assimilation.

Microwave humidity sounders can provide information
on water vapor and cloud profiles, and thus help to improve
the forecasting of humidity profiles and wind vectors over the
equator. The MWHS has been much improved too. Starting
with the 5-channel MWHS-1, similar to MHS, it was then
upgraded to the 15-channel MWHS-2, with eight channels at
118 GHz, which makes this instrument currently the first and
only instrument in space of its type.

Using a similar bias correction algorithm as MWTS,
MWHS has been well characterized. After long-term moni-
toring, the FY-3B MWHS-1 was operationally assimilated in
September 2014 by the ECMWF (Chen et al., 2015). Since
FY-3C, the CMA, ECMWF and UKMO have been close col-
laborators (Lu et al., 2015; Li et al., 2016), and after a year’s
monitoring the MWHS-2 was subsequently assimilated by
the CMA, ECMWF and UKMO in 2016.

Occultation detection data have become an anchor of as-
similation systems, for almost no observing system error is
detected. FY-3 GNOS can simultaneously receive GPS and
China Beidou signals, enriching the observational informa-
tion. By quality control of the level-2 unreasonable infor-
mation, the GNOS data quality can meet the assimilation
requirements. In 2016, CMA GRAPES started assimilating
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Table 5. Main science products of FY-2H/FY-3D/FY-4A.

Geophysical retrieval
products category

Satellite Instrument Atmospheric products Oceanic products Terrestial products

FY-2H VISSR Cloud mask, cloud classification, cloud total
amount, cloud top temperature, cloud frac-
tion ratio, dust storm detection, atmospheric
motion vector, outgoing longwave radiation,
equivalent BB temperature, humidity profile
from cloud, precipitation estimation, precipi-
tation index, upper-troposphere humidity, total
precipitation water for clear sky

Sea surface tempearture Snow cover, land surface tempera-
ture, surface solar irradiance

FY-3D MERSI Cloud mask, cloud amount, cloud top tempera-
ture, cloud classification, cloud optical thick-
ness, polar winds, outgoing longwave radi-
ation, dust storm detection, fog detection,
aerosol optical depth, precipitation estimation

Water-leaving reflectance,
sea ice, sea surface
temperature, water va-
por concentration

Hot spot detection, land surface re-
flectance, land surface tempera-
ture, vegitation index, leaf area in-
dex, snow cover, fraction of pho-
tosynthetically active radiation

HIRAS Equivalent clear sky coefficient, equivalent clear
sky outgoing radiation, humidity profile, tem-
perature profile, precipitation estimation

MWTS Temperature profile
MWHS Humidity profile, precipitation Ice water thickness index
MWRI Rainfall rate Sea surface wind, sea-ice

coverage, sea surface
temperature

Snow depth, snow water equiva-
lent, soil moisture, drought index,
flood index

GNOS Atmosphere density profile, atmosphere moisture
profile, atmospheric refractivity profile, atmo-
spheric temperature profile, electron density
profile

GAS CO2 amountR, CH4 amountR, O2 amountR, CO
amountR

FY-4A AGRI Cloud mask, cloud top height, cloud top tem-
perature, cloud top pressure, cloud type, cloud
fraction ratio, cloud phase, cloud total amount,
cloud optical depth, cloud particle size, liq-
uid water path, ice water path, dust detection,
aerosol optical depth, outgoing longwave radi-
ation, downward longwave radiation, upward
longwave radiation, equivalent BB tempera-
ture, atmosphere motion vector, quantitative
precipitation estimate, convective cloud initia-
tion, tropopause folding turbulence prediction,
fog detection, layer precipitable water

Sea surface temperature Hotspot monitoring, land surface
albedo, land surface temperature,
land surface emissivity, surface
solar irradiance, reflected short-
wave radiation, snow cover

GIIRS Atmospheric temperature profile, atmospheric
humidity profile, atmosphere instability index

LMI Lightning detection, lightning density

the GNOS-retrieved temperature and humidity profiles oper-
ationally, and ECMWF started assimilating the GNOS bend-
ing angle operationally in 2018.

5.3. Hyperspectral IR data in global models
Different kinds of international IR sounder data, such as

IASI, AIRS, CrIS and HIRS, have been assimilated into NWP
systems like those of the UKMO, ECMWF and NCEP, and
significant improvements in forecast skill have been demon-
strated.

FY-3A/B/C IRAS is operating successfully, and the in-

strument has been much improved into HIRAS since FY-3D.
The IRAS data were evaluated in the CMA GRAPES and
ECMWF IFS systems (Lu, 2011, Wang et al., 2014a), and the
data quality met the assimilation requirements. Ultimately,
however, due to the emergence of IR hyperspectral sounders,
the IRAS data were not moved into operational assimilation.
Nonetheless, they are still important in reanalysis research.

FY-3D HIRAS is the first IR hyperspectral sounder car-
ried by an FY polar orbit meteorological satellite. It was suc-
cessfully launched in December 2017. After on-orbit testing,
which lasted more than half a year, the spectral and radio-
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metric calibration accuracies of the data reached the assim-
ilation requirement. Currently, the CMA, ECMWF, UKMO
are jointly evaluating the data quality.

Successfully launched in December 2016, FY-4A GIIRS
is the first IR hyperspectral sounder onboard an FY geo-
stationary meteorological satellite. Preliminary results in the
CMA GRAPES global system indicate that the assimilation
of GIIRS temperature channels improves the forecasting of
temperature and wind profiles over East Asia (Han, 2018).

5.4. Imaging data
Microwave imager data, with a strong penetrating ability,

is a good indicator of severe weather hydrometers, which can
improve the wind vectors over the equatorial region. Similar
to AMSR-E, FY-3 MWRI, with 10 channels at 5 frequencies,
can provide useful structural information on typhoon and
rainstorm systems. FY-3C, the CMA, ECMWF and UKMO
jointly evaluated MWRI and agreed that the data are of good
accuracy and stability, but the different bias pattern (i.e., O-
B) from ascending and descending orbits prevented its oper-
ational assimilation. In 2017, this bias was systematically in-
vestigated. It was found that the reflector emissivity between
on-orbit and pre-launch periods could change slightly, which
led to the difference between ascending and descending O-
B. This correction was implemented in the FY-3 MWRI op-
eration preprocessing system. The corrected data are being
evaluated by the CMA, ECMWF and UKMO systems.

The high temporal variations of geostationary satellite
data reveal the dynamics of weather systems. The assimi-
lation of satellite atmospheric motion vectors (AMVs) re-
trieved from IR imagers is beneficial to the forecasting skill
of NWP models. FY-2 satellite wind data have been evalu-
ated in the CMA, ECMWF and UKMO systems, revealing
the data quality of FY-2 AMVs to be comparable to that
from Japan’s MTSAT. The assimilation of FY-2E AMVs in
the CMA GRAPES model shows that assimilating IR chan-
nel AMVs can significantly improve the wind vector analysis
at high levels over the Northern Hemisphere, especially over
East Asia, and the forecast anomaly correlation coefficient of
the 500 hPa height field (Wan et al., 2017). Assimilating wa-
ter vapor channel AMVs can also improve the forecast (Wan
et al., 2017).

The update of GRAPES 4DVAR provides the opportunity
to directly assimilate the clear-sky radiance from geostation-
ary satellite water vapor channels with high spatial and tem-
poral resolution. Preliminary assimilation results show that
the radiance assimilation from the FY-2G water vapor chan-
nel can improve the water vapor analysis over the lower-
latitude ocean area and the tropical wind vector analysis
(Wang et al., 2017c).

5.5. Assimilation for regional models
Assimilation of FY-3 microwave data in regional models

has improved the initial conditions of typhoon simulations,
especially in the absence of conventional observations. It can
improve the forecasting of typhoon circulation, the central lo-
cation and environmental field, and finally the typhoon track

(Yang et al., 2013). Cloudy radiance assimilation with the
particle scattering effect contributes a more accurate typhoon
cloud structure (Dong et al., 2014).

The fusion of FY geostationary satellite data and other
observations can produce improved 3D cloud and rain pro-
files to initiate regional models. The improvement for
GRAPES precipitation forecasts by using the improved
cloud/rain initial values after data fusion is good (Liu et al.,
2014a). The results indicated that the improved initialization
with FY geostationary satellite data significantly improved
the 0–6 h precipitation forecast and reduced the spin-up in
the 0–6 h forecast.

6. RTM for satellite-based quantitative remote

sensing

The radiation transfer calculation includes the RTM
solver, atmospheric gases absorption calculation, aerosol and
cloud particle absorption and scattering calculation, and the
parameterization of surface properties. It bridges the link be-
tween the earth’s geophysical parameters and the radiance
measured by the satellite, which is also very crucial for quan-
titative remote sensing and climate studies (Min et al., 2014b;
Yao et al., 2018). The radiative transfer calculation for FY
satellites is very important because the sensor-dependent sim-
ulation is the basis of satellite data assimilation and satellite-
based quantitative remote sensing (Fig. 6).

6.1. RTM solver
The theory of radiative transfer, which studies the

physical interactions of solar and terrestrial radiation with
molecules, aerosols and cloud particles in the atmosphere, as
well as with the surface, is one of the most important tools
for satellite remote sensing. In most cases, there is no ana-
lytical solution for the radiative transfer equation, and thus
some numerical calculation methods must be used.

Recently, to improve the accuracy of radiative trans-
fer parameterization, some new four-stream adding meth-
ods were proposed to calculate solar/IR radiative transfer
through a vertically inhomogeneous atmosphere with multi-
ple layers (Zhang et al., 2013, 2016). The advantage of the
adding method is that it has very high accuracy (with er-
ror < 1%) as well as computation efficiency. The variation
iteration method and double-delta function adjustment have
also been applied to deal with IR radiative transfer in an in-
homogeneous scattering medium (Zhang et al., 2017a). Be-
sides, a novel linearization RTM enables the calculation of
the Jacobians of radiance and polarization with respect to
aerosol/cloud/gas/surface parameters of interest. The fast cal-
culation capability of the linearization RTM is very useful for
retrieving atmospheric and surface parameters (Wang et al.,
2012c, 2014b; Xu et al., 2013b).

Both solar reflection and atmospheric emission should be
considered when calculating radiative transfer in the middle-
to-shortwave IR band, which is different from that in the IR
band. A new RTM based on the doubling and adding method
has been presented to solve the problems in the radiative
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Fig. 6. Link between earth’s geophysical parameters and satellite-observed radiance.

transfer calculation (Bai et al., 2018). The new model uses
approximate calculations of direct solar reflection, multiple
scattering, and thermal emissions for a finitely thin atmo-
spheric layer and considers both the solar and thermal sources
of radiation. Validation results show that the absolute devia-
tion between the new model and the DISORT model is less
than 2×10−6 K, with the exception of a few channels. For the
same calculation, the computation speed of this new model
was approximately two to three times faster than that of the
DISORT model. This model is expected to be useful in deal-
ing with the upcoming FY-3 HIRAS data.

The two radiative transfer calculation methods men-
tioned above are applicable only in a plane parallel atmo-
sphere. There is an ongoing debate about whether this one-
dimensional approximation is sufficient in radiance simula-
tion, especially in the VIS and near IR bands. A new 3D
model, MCRT, based on the Monte Carlo method, has been
developed to compute the radiance of a cloudy atmosphere
over the sea surface in the VIS and near IR bands (Wang et
al., 2012b). Comparison between validation results and other
codes shows that this new 3D model can achieve accurate ra-
diance simulation for different sea surface types with a high
computing efficiency. This MCRT model is a useful tool to
study various 3D radiative effects in complex cloud atmo-
spheres over sea surfaces.

6.2. Gas absorption calculation
The exact line-by-line integration method is accurate

in obtaining the gas transmittance spectrum. However, this

method is too time-consuming to meet the demands of satel-
lite data RT processing. Using a regression-based transmit-
tance mode for IR and microwave narrow bands is a very ef-
fective method that has been applied for over 30 years and has
achieved the required computation efficiency. In this method,
the band layer transmittance is defined as a convolution of
monochromatic transmittance with the sensor’s spectral re-
sponse function, and it is parameterized and predicted in
terms of layer-mean temperature, absorber amount, pressure
and viewing angle. The band transmittance is then used in a
classical monochromatic radiance transfer equation to sim-
ulate the satellite band radiance, thus greatly improving the
computational efficiency. Both of the widely used fast radi-
ation transfer models, CRTM and RTTOV (Liu et al., 2013),
are based on such a method. They make direct assimilation
satellite measurements in NWP models possible. However,
the variable spectral effect on path integration in these two
models may lead to errors. A new Planck weighted method
has been proposed to correct the polychromatic effect (Ma et
al., 2014). The validation results show that the standard devi-
ations of BT between line-by-line calculation and fast com-
putation decrease by 25% after applying the Planck weighted
correction.

Another widely used fast transmittance calculation
method is K-Distribution. For a homogeneous atmosphere,
the transmittance within a spectral interval is independent
of the value ordering of k (absorption coefficient) with re-
spect to wavenumber, and depends solely on the interval
fraction that is closely associated with a particular k value.
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Hence, wavenumber integration can be replaced by integra-
tion of k space, and the channel spectrum transmittance may
be derived from an analytic expression. The K-Distribution
method stands out in that it can be readily incorporated into
scattering models. At present, the K-Distribution method has
been successfully used in climate prediction model research.
However, for nonhomogeneous atmospheres, correlated ap-
proximation must be used, which may lead to large deviations
computed by a line-by-line method. It limits the application
of this method in satellite remote sensing research.

6.3. Particle scattering calculation
Atmospheric media, such as aerosols and cloud, are able

to scatter sunlight directly. This is often used to retrieve the
properties of these media from satellite observations. Accu-
rate forward simulation of the optical scattering properties of
atmospheric media is essential for quantitative retrieval. Un-
like the constant solar spectral irradiance used in traditional
satellite remote sensing techniques, lunar spectral irradiances
have significant periodicity changes. Min et al. (2017b) re-
vealed a minor effect of cloud bulk scattering properties in-
duced by lunar periodicity changes on satellite day/night
band forward simulation.

The polarized optical properties of cloud and aerosol par-
ticles play a fundamental role in vector atmospheric radiative
transfer and polarized remote sensing studies. It is widely be-
lieved that the non-sphericity of aerosols particles can bet-
ter represent their scattering properties. Furthermore, multi-
ple new models have been developed for different aerosols.
Recently, two new irregular concave particles have been de-
veloped for dust and bio-aerosols (Liu and Yin, 2016). Nu-
merical models for black carbon aerosols have also been sys-
tematically improved, by taking the aggregation structure and
internal mixing into account (Liu et al., 2017, 2018). Be-
sides, significant progress has been achieved in developing
the T -matrix method with new computational capabilities to
investigate the single-scattering properties of non-spherical
particles (Bi and Yang, 2014; Bi et al., 2018a, b). With the
latest development of the T -matrix method, a new model-
ing approach based on super-spheroidal aerosol models has
been extensively studied to characterize the non-sphericity
and inhomogeneity of atmospheric particles for remote sens-
ing applications. For example, Bi et al. (2018a) systemati-
cally investigated the depolarization ratios with respect to re-
fractive index and morphology variation in a super-ellipsoidal
shape space, which has important implications in polarized
LiDAR remote sensing. Bi et al. (2018b) found that the non-
sphericity and inhomogeneity of sea salt particles could sig-
nificantly affect their polarized optical properties, making the
accurate representation of sea salt optical properties a neces-
sity in remote sensing applications, particularly for the atmo-
sphere over coastal waters.

7. Conclusion

To date, Chinese FY meteorological satellites have al-
ready transited from the first generation to the second gen-

eration in both their polar and GEO series. Different from the
first-generation satellites, the current FY-3 satellites and FY-
4 satellites are loaded with multiple advanced instruments to
produce more comprehensive observations of the earth. The
spectrum covers the ultraviolet, VIS, near IR, IR, and mi-
crowave wavelengths. The instruments cover optical imag-
ing, atmospheric sounding, microwave imaging, hyperspec-
tral trace-gas detection, full-band radiation budget monitor-
ing, and space weather monitoring.

Image navigation can provide each pixel’s latitude and
longitude on the earth, which is determined by the payload’s
instant location and instant pointing direction. Current FY
image navigation can restrict the geolocation accuracy within
1 pixel. It can also reach the angle accuracies of 0.069◦ for the
FY polar satellites at 830 km and 0.00170◦ for the FY GEO
satellites at 35 800 km.

To generate a reliable FY SDR for user communities, ex-
tra works on the FY C&V activities should be carried out.
These activities should span the whole calibration procedure,
including the pre-launch calibration, on-orbit RT calibration,
and offline recalibration. Since the radiometric calibration
transfer chain is broken after the launch of the satellite, it
is hard to make the satellite measurements SI (source irra-
diance) traceable. The aggregation from different methods,
such as CRCS calibration, MS (multisite) calibration, DCC
calibration, lunar calibration, and reference instrument inter-
calibration, can reduce the uncertainty of the satellite mea-
surements effectively. Currently, the average accuracies of
the calibrated FY satellite data are about 7%, 0.5 K and 1 K
for RSBs, TIR bands and PMW sensors respectively. Com-
pared with the FY SDR, the retrospective recalibration of his-
torical satellite data to generate the FY fundamental climate
data record is still limited.

The microwave and IR sounding data of the FY satel-
lites have been assimilated operationally into the ECMWF,
UKMO NWP and Chinese GRAPES models. The hyper-
spectral IR sounding data and imaging data of the FY satel-
lites have also been investigated. FY RTM is indispensable
for supporting satellite data assimilation and satellite-based
quantitative remote sensing, since simulations for satellite
observations are sensor-dependent. Further activities and de-
velopment on FY RTM should be encouraged in the future.

China has become one of few countries that maintain po-
lar and GEO meteorological satellites operationally. With the
associated open data policy and stable and accurate measure-
ments, the FY satellites are becoming an important compo-
nent of the space-based global observing system. FY satel-
lite data delivery services support direct broadcasting users,
CMACAST users, and web portal users. Web portal users
can obtain the data through an FTP push service, FTP pull
service, or manual service. Users can access the data on-
line (http://satellite.nsmc.org.cn/portalsite/default.aspx) after
a quick and free-of-charge registration process.
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