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Abstract—To improve the assimilation accuracy of satellite mi-
crowave observations, it is necessary to conduct precipitation detec-
tion before assimilation and exclude the data contaminated by the
scattering of hydromorphic particles. The induction of microwave
scattering is closely related to the effective radius of hydromor-
phic particles, and the motion state of hydromorphic particles at
different scales can directly affect the internal dynamic structure
of clouds, which will lead to precipitation. To further analyze and
validate the impact of microwave scattering in a precipitation envi-
ronment on the assimilation of satellite microwave soundings within
the temperature-sensitive band, this article utilized the on-orbit
observations of Microwave Temperature Sounder-III (MWTS-III)
and Medium Resolution Spectral Imager onboard the Fengyun-
3E (FY-3E) satellite to achieve multispectral fusion observation
and precipitation detection over oceans, combined with the ver-
tical dynamic characteristics of global numerical forecast in the
cloud environment of China Meteorological Administration (CMA)
Global Forecast System (CMA-GFS). By conducting the dynamic
analysis of the hydrometeors in the cloud, the maximum possible
effective particle radius of hydromorphic particles under the no-
phase-transition condition and internal vertical motion is obtained.
The consistency of the cloud liquid water path (CLWP) retrieved
by MWTS-III and multispectral fusion precipitation detection is
evaluated subsequently. The results show that the distribution of
hydrometeors in the CMA-GFS forecast is broadly in line with the
CLWP distribution obtained from the MWTS-III retrieval, regard-
less of Mie scattering or Rayleigh scattering. However, compared
with Mie scattering, the weak convection of CMA-GFS shows better
adaptability in the Rayleigh environment.
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I. INTRODUCTION

SATELLITE microwave data can be used to detect the up-
welling radiation attenuation caused by gas absorption at

different altitudes, obtaining a vertical structure of atmospheric
temperature and humidity. Compared with visible light and
infrared sounding [1], microwave sounding can better describe
the characteristics of the occurrence and development of weather
systems [2], and has become an important way to detect the
atmospheric state in cloud and precipitation environments. The
research has shown that in the global numerical weather predic-
tion (NWP) system, the forecast level will be reduced by 23.4%
without assimilating satellite-sounding data, among which the
forecast level will be reduced by 13.8% without assimilating
microwave-sounding data [3]. It can be seen that microwave-
sounding data have a positive impact on NWP.

Nevertheless, the scattering effect of large-diameter rainwa-
ter and ice particles on microwave in cloud and precipitation
environments cannot be ignored. In the microwave spectrum,
the atmosphere not only includes the absorption and emission
phenomena of molecules such as oxygen (O2) and water vapor
(H2O) but also involves the strong radiation and scattering ef-
fects of various hydromorphic particles [4], [5]. For spaceborne
microwave sounders detecting absorption and emission of O2

and H2O, the scattering of hydrometeors will lead to a large
deviation between the observed brightness temperature and the
simulated background brightness temperature (O-B) [6], [7],
which is far larger than the deviation of about 10−1K when
only molecular absorption and emission occur [8]. Therefore,
to fully utilize microwave-sounding data and ensure the effect
of assimilation analysis, satellite radiance data are usually as-
similated after cloud and precipitation detection and elimination
of observations affected by clouds and precipitation, and it has
been proved by a large number of studies that it has a significant
improvement on NWP [9], [10], [11]. It is necessary to differ-
entiate the scattering of large-diameter hydromorphic particles
in precipitation environments, select and eliminate observations
that exhibit significant deviations caused by particle scattering to
ensure high-quality satellite microwave data positively impacts
global NWP operations.
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In determining whether the observation is affected by clouds
and precipitation, it is usually considered that each channel
has different sounding characteristics and the sensitivity to the
scattering effects of clouds and precipitation particles is also
different. When clouds and precipitation particles are present,
the radiant brightness temperature observed by each channel
will change differently, and based on this change, it is pos-
sible to determine whether there are clouds and precipitation
particles in the atmosphere. For precipitation detection from
microwave observations, the main method involves calculating
the scattering index (SI) from the brightness temperature of the
low-frequency channels at 23.8 and 31.4 GHz with the higher
frequency channel at 89 GHz. If the SI exceeds a certain thresh-
old, it is determined that precipitation has occurred at that pixel
[12], [13]. Weng et al. regarded the CLWP retrieved from the
brightness temperature of the channels at 23.8 and 31.4 GHz as
a marker for microwave precipitation detection [14], [15]. This
method has been applied in assimilation systems such as grid-
point statistical interpolation (GSI), laying the foundation for the
assimilation of spectral “equivalent clear-sky” observations [16].
Li et al. developed a new precipitation detection method based
on visible and infrared radiometer (VIRR) cloud mask pixels
from the MWTS-I onboard the Fengyun-3 A (FY-3 A) [17] and
Fengyun-3B (FY-3B) satellite [18]. The cloud mask from VIRR
is matched to the data from the MWTS-I field of view (FOV)
to calculate the cloud fraction. Through a number of tests and
verification with CLWP from the Meteorological Operational
Satellite A (Metop-A), a reasonable threshold can be derived
for precipitation detection, as an alternative to conventional
precipitation detection. This method has been applied to data
from the Fengyun-3 C/D (FY-3 C/D) MWTS-II in the Global
and Regional Assimilation and Prediction System (GRAPES)
of CMA [19]. In a similar study, Han et al. employed the
high-resolution cloud products from Moderate-resolution Imag-
ing Spectroradiometer (MODIS) and Visible Infrared Imager
Radiometer Suite (VIIRS) to aid in cloud prediction using
the Advanced Microwave Sounder Unit-A (AMSU-A) and the
advanced technology microwave sounder (ATMS), which shows
that cloud detection can be effectively carried out by using
high-resolution cloud products [20]. This approach, focused on
the elimination of the contaminated observational data tainted
by precipitation, achieving results comparable to traditional
precipitation detection methods. It can be seen that an accurate
cloud and precipitation detection scheme ensures the reasonable
utilization of satellite microwave-sounding data, which is an
important basis to ensure the assimilation effect of satellite
observations in cloud and precipitation environment.

Moreover, precipitation is closely related to water vapor, and
the dynamic structure within the cloud is also a direct cause of
precipitation [21]. The vertical velocity of cloud water particles
in the atmosphere intuitively reflects their force and motion state
in the vertical direction. The induction of microwave scatter-
ing is closely related to the effective radius of hydromorphic
particles, and the effective radius of cloud water particles sup-
ported by different cloud environments varies significantly [22],
[23]. Based on the fifth-generation reanalysis data (ERA5) from
the European Centre for Medium-range Weather Forecasts and

precipitation observations from the global precipitation mea-
surement satellite, the precipitation structure and cloud param-
eter structure were studied by Wang et al. It was found that
the effective particle radius distribution aligns fundamentally
with the physical inference based on cloud-physical precipita-
tion [24]. Therefore, although the distribution of hydromorphic
particles in the NWP model space is different from that in
actual observations, relevant studies can be conducted in the
overlapping area, which is the consistent part of the NWP model
space and actual observations. For example, if we can obtain the
maximum possible effective particle radius of the hydromorphic
particle under the effect of vertical motion in the cloud without
phase transition by analyzing the force on the hydromorphic
particle in the cloud, then the consistency between the maximum
possible effective particle radius and the CLWP distribution from
satellite microwave precipitation detection can be analyzed.

In the precipitation environment, it is an important prereq-
uisite for the effective assimilation of satellite data to make
accurate judgments and reasonable processing of satellite obser-
vations affected by clouds and precipitation. To further analyze
and validate the impact of microwave particle scattering in
precipitation environments on the assimilation of microwave
soundings within the temperature-sensitive band, based on the
on-orbit observations of MWTS-III and MERSI carried by
the FY-3E satellite and the vertical dynamic characteristics of
CMA-GFS global numerical forecast in the cloud environment,
the consistency of the retrieved CLWP and multispectral fusion
precipitation detection distribution from FY-3E MWTS-III was
evaluated in this study. The mechanism analysis methods is
described in Section II. Details and specifications of the data,
model, and experimental scheme are provided in Section III.
The results are provided in Section IV. Section V provides a
discussion and conclusion.

II. MECHANISM ANALYSIS METHODS

A. Cloud Liquid Water Algorithm for Satellite Microwave
Observational Radiation

The scattering of the upwelling microwave radiation by hy-
drometeors in the atmosphere over the open ocean can be derived
using two channels at 23.8 and 31.4 GHz [15]

CLWP = a0μ[ln(Ts − Tb31)− a1ln(Ts − Tb23)− a2] (1)

whereCLWP is the cloud liquid water path;Ts is the sea surface
temperature; Tb23 and Tb31 represent the observed brightness
temperature at 23.8 GHz and 31.4 GHz, respectively. a0, a1,
and a2 are all related to the mass absorption coefficients of water
vapor and cloud liquid water in the two channels. The coefficient
μ is the cosine of the local zenith (polar) angle.

When the CLWP calculated by (1) is greater than 0.2 kg/m2, it
is considered that the microwave radiation in the low-frequency
band is contaminated by precipitation [15], [16]. If the value of
CLWP is greater than 0.02 kg/m2, it is usually indicated that the
corresponding observation is contaminated by clouds [25], [26].
To evaluate the impact of scattering on microwave precipitation
detection, only cloud-contaminated MWTS-III data are studied,
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observations that were not contaminated by clouds will be
excluded.

B. Dynamic Analysis of Hydrometeors in Cloud Environment

The relationship between CLWP and hydromorphic particles
can be expressed as [27], [28]

CLWP =
4

3
ρwπ

∫ z

0

∫ ∞

0

r3n(r)drdz (2)

where ρw is the density of liquid water and n(r) is the number
density of hydrometeors with radius r. The effective radius of
particles is defined as follows:

re =

∫∞
0 r3n(r)dr∫∞
0 r2n(r)dr

. (3)

Assuming that there is no collision and phase transformation
of hydromorphic particles during the ascending motion, the
effective radius re does not change with altitude. When only
spherical liquid water particles are considered, the effective
radius of these particles in the atmosphere is equal to their spher-
ical radius. For the area where microwave scattering occurs,
the effective particle radius of hydrometeors can be obtained
according to the distribution of its number density in NWP.
Hydrometeors in the atmosphere are subjected to the gravity
FG and the Archimedean buoyancy force Fstatic in the vertical
direction:

FG = ρpVpg = ρp
4

3
πRp

3g =
4π

3
gρpRp

3 (4)

Fstatic = ρairV g = ρair
4

3
πRp

3g =
4π

3
gρairRp

3 (5)

whereρp is the density of the hydrometeor,Rp is the radius of the
hydrometeor, Vp is the volume of the spherical hydrometeor, g is
the acceleration of gravity, ρair is the atmospheric density, and V
is the volume of the air displaced by the spherical particle, which
is equal toVp. For an individual spherical hydromorphic particle,
its buoyancy force is much smaller than its gravity. When the
hydromorphic particle inducing the microwave scattering is
statically suspended in the cloud and there is no phase transition,
the buoyancy force can be ignored. In this condition, the force
balanced with the particle’s gravity is the dynamic buoyancy
force generated by the upward motion of within the cloud, which
can be expressed as:

Fdynamic = Ftotal − Fstatic =
4π

3
g (ρp − ρair)Rp

3 (6)

where Ftotal is the total buoyancy force, and Fdynamic is the
dynamic buoyancy force.

Assuming that the particle is sufficiently small and the ascend-
ing time is short enough, the vertical velocity can be expressed
as

w ≈ Fdynamic =
4π

3
g (ρp − ρair)Rp

3. (7)

By substituting the radius of the hydromorphic particle ob-
tained from (3) into (7), the vertical velocity that satisfies low-
frequency microwave scattering can be calculated, and CLWP
can also be calculated.

III. EXPERIMENTAL DESIGN

A. Experimental Data

1) FY-3E MWTS-III Observations: The channel character-
istics of FY-3E MWTS-III, including center frequency, band-
width, NEDT, and spatial resolution, are shown in Table I.
FY-3E MWTS-III is equipped with 17 channels, among which
the four channels at 23.8, 31.4, 53.246 ± 0.08 GHz, and
53.948 ± 0.081 GHz are newly added [29]. In this study, the
Level-1c (L1c) product of FY-3E MWTS-III is provided by
the National Satellite Meteorological Center (NSMC) of CMA
(http://satellite.nsmc.org.cn/portalsite/default.aspx, accessed on
9 November 2022). This data product contains 17 channels of
observed brightness temperatures from the Level-1 (L1) data
product. In addition, based on the FOVs of MWTS-III, it in-
tegrates the cloud detection products from MERSI, the CLWP
retrieved from MWTS-III, and the SI from MWHS-II. One of
the typical variables in the FY-3E MWTS-III L1c product is
the cloud fraction, which is defined as the ratio of the number of
cloudy MERSI pixels in the MWTS-III FOV to the total number
of MERSI pixels in the MWTS-III FOV. In this article, we used
the brightness temperature and the cloud fraction from the L1c
product for further research.

2) CMA-GFS: CMA-GFS is a multiscale generalized data
assimilation and numerical forecasting system independently
developed by China, which was officially put into operational
use in 2016 [30], [31]. Its atmospheric model is a global, fully
compressible, nonhydrostatic model utilizing vector wind, and
potential temperature as independent variables. The CMA-GFS
dynamic framework employs a semi-implicit semiLagrangian
scheme for time integration and vector field discretization tech-
niques for calculating the curvature term and addressing vector
computational problems in the polar regions. A complete param-
eterization scheme of physical processes is available, including
radiation, cumulus convection, cloud microphysics, boundary
layer vertical diffusion, and land surface processes [32]. Its
forecast setup is shown in Table II [33].

B. Experimental Scheme

The current frequency distribution of satellite microwave
detectors is mainly ranging from 23.8 to 183 GHz. The effective
radius of hydromorphic particles corresponding to different fre-
quencies of radiation when scattered by hydromorphic particles
is shown in Fig. 1. For 60 GHz microwave observation, the
hydromorphic particles inducing scattering are generally liquid.
The ratio of the radius r to the radiation’s wavelength λ is known
as the size parameter. When only considering the spherical liquid
water particles, if we adopt 2πr/λ = 1 and 2πr/λ = 0.1 as
the cutoff separating Mie and Rayleigh scattering, respectively
[22], [23], the full Mie solution is required for sizes greater
than approximately 0.80 mm at 60 GHz, the cutoff for Rayleigh
solution is about 0.08 mm at 60 GHz. Assuming that the at-
mospheric column is filled with liquid water, integration across
the entire column according to (2), CLWP>0.2 kg/m2 indicates
Mie scattering, while CLWP>0.02 kg/m2 suggests both Mie and
Rayleigh scattering are occurring simultaneously. The CLWP



FENG et al.: CONSISTENT ASSESSMENT OF MICROWAVE SCATTERING AND VERTICAL DYNAMIC CHARACTERISTICS 12411

TABLE I
CHANNEL CHARACTERISTICS OF FY-3E MWTS-III

TABLE II
FORECAST SETTINGS FOR THE CMA-GFS

Fig. 1. Relationship between frequency and effective radius of the hydromor-
phic particle in the microwave spectrum from 10 to 300 GHz when subjected
to scattering by these particles. The area above the black dot line means the
geometric optical scattering where the particle size is many times the wavelength;
the area below the blue dot line means the Rayleigh scattering; the red dot line
means the Mie scattering. The three thick blue lines represent for three particle
phase states: raindrops, drizzle, and cloud droplets, which is up to the particle
size.

derived using (1) also uses these thresholds to identify Mie
scattering and Rayleigh scattering.

Infrared and microwave spectral radiation have different pen-
etrations through clouds and since precipitation occurs within
cloud areas, infrared spectral cloud detection can serve as one of
the evaluation standards for microwave precipitation detection.
Therefore, in this study, the scattering distribution of MWTS-III

is examined based on the FY-3E MWTS-III observations using
the MERSI cloud products matched to the MWTS-III FOV, and
the dynamic characteristics of particles in NWP forecast field are
further analyzed. The specific experimental steps are as follows:

Step 1: Collection of MWTS-III observations to retrieve the
scattering distribution. The FY-3E MWTS-III L1c dataset from 1
September 2022, to 10 September 2022, was collected, and after
sea and land identification of the brightness temperature and re-
moval of coastline effects, the CLWP was retrieved according to
the cloud liquid water algorithm. Then the pixels corresponding
to Mie scattering and Rayleigh scattering were selected based
on the calculated scattering threshold.

Step 2: Evaluation of MWTS-III precipitation detection with
matched MERSI cloud soundings. MERSI cloud fraction data
matched to MWTS-III FOVs were extracted from the 10-day
FY-3E MWTS-III L1c data that have been collected, and com-
bined with the two CLWP-scattering pixels selected in step 1,
the scattering distributions of the FY-3E MWTS-III are further
examined to assess the effect of MWTS-III precipitation detec-
tion.

Step 3: Using CMA-GFS to carry out the global forecast
experiment. The forecast of the CMA-GFS is selected from 31
August 2022, to 9 September 2022. Forecasts were made four
times daily at 6-h intervals, each lasting 24-h with hourly outputs
of the 3-D distribution of hydromorphic particles. The pressure
layers selected for the horizontal analysis are 300, 500, 700, and
850 hPa.

Step 4: Determine the experimental region. The NWP ex-
perimental region was determined according to the five types
of hydromorphic particles, and then the scattering experimental
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Fig. 2. Calculated (a) CLWP for Mie scattering, (b) CLWP for Rayleigh scattering, and (c) MERSI Clfra matched to MWTS-III FOVs based on FY-3E MWTS-III
ascending and descending orbit observations on 4 September 2022.

region of the retrieved CLWP was combined to determine the
common region of the two as the experimental region.

Step 5: Comprehensive analysis of NWP forecast and MWTS-
III retrieved scattering. In the experimental region selected in
Step 3, the consistency comparison analysis of one single mo-
ment, the daily variation analysis, and the 10-day time series
analysis were performed for the NWP forecast and the MWTS-
III retrieved scattering, respectively.

IV. ANALYSIS OF EXPERIMENTAL RESULTS

A. Evaluation of MWTS-III Precipitation Detection With
Matched MERSI Cloud Detection

The CLWP calculated from the brightness temperatures ob-
served by the 23.8 and 31.4 GHz channels of FY-3E MWTS-III
over oceans for Mie and Rayleigh scattering is shown in Fig.
2(a) and (b). The cloud fraction (Clfra) rematched to MWTS-III
FOVs is shown in Fig. 2(c). The value of Clfra ranges from 0
to 1, with larger values indicating more clouds. The MWTS-III
spatial resolution of 33 km at nadir is not sufficient to reveal
differences between broken cloud areas and clear areas, whereas
the high-resolution MERSI cloud products are more accurate in
cloud detections. Since precipitation occurs in the cloud area,
the more clouds there are, the more hydromorphic particles
there are in the cloud, and the easier it is to induce scattering.
Despite the difference in resolution, the area of microwave Mie
and Rayleigh scattering corresponds well to the MERSI cloud
high-value regions.

Using the CLWP derived from MWTS-III FOVs and the
matched MERSI Clfra from 1 September to 10 September 2022,
the temporal evolution diagram of the occurrence probability of
Mie and Rayleigh scattering with the matching Clfra is shown
in Fig. 3. In the figure, the scattering probability for MWTS-III
FOV Clfra greater than 0.6, 0.7, 0.8, 0.9, and 1.0 are derived
from the ratio of the number of Mie/Rayleigh scattering pixels

Fig. 3. Temporal evolution of the probability of occurrence of (a) Mie scat-
tering and (b) Rayleigh scattering for different matched Clfra from 1 September
to 10 September 2022. The lines in the figure represent the ratio of the number
of pixels from (a) Mie scattering and (b) Rayleigh scattering to the number of
pixels with different matching Clfra.

to the number of pixels with different matched Clfra. Global
precipitation changes daily, but the total area of precipitation
varies little, hence the probability of Mie scattering under dif-
ferent matched Clfra remains relatively stable over time. It can
be seen that Mie scattering is positively correlated with the
matched Clfra: a Clfra of 0.6, corresponds to a 20% probability
of Mie scattering, increasing to 22% at 0.7 and up to 26% at
1.0, indicating higher Clfra corresponds to greater probabilities
of Mie scattering. Fig. 3(b) shows the occurrence of Rayleigh
scattering. It can be seen that the probability of the matched Clfra
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Fig. 4. Experimental region of microwave (a) Mie scattering and (b) Rayleigh scattering determined based on the CMA-GFS 24-h forecast results at 0000 UTC
on 3 September 2022. The white area over oceans represents the clear sky, while the white area over lands only represents the continents.

and scattering is higher due to the decrease in the threshold of
CLWP, and the distribution trend is almost the same as that in Fig.
3(a). Combining the results from Figs. 2 and 3, all microwave
scattering pixels occur in areas where the matched MERSI Clfra
is greater than zero. Compared to Mie scattering, Rayleigh
scattering requires a smaller effective radius of hydromorphic
particles and shows better consistency with the matched MERSI
Clfra. Therefore, using the MERSI Clfra matched to MWTS-III
FOVs to identify microwave scattering may lead to more false
positives, resulting in the exclusion of clear-sky pixels in the
microwave spectrum.

B. Consistency Analysis of NWP Model Forecast and
MWTS-III Retrieved Scattering At One Single Moment in Time

Typically, the cloud in the NWP model includes five types of
hydromorphic particles: cloud water (qc), rain water (qr), cloud
ice (qi), snow water (qs), and graupel (qg). In cloud environ-
ments, microwave radiation at 60 GHz is mainly affected by
the scattering of liquid hydromorphic particles. Fig. 4 shows the
global cloud distribution (gray area) of the 24-h forecast from the
CMA-GFS model at 0000 UTC on 3 September 2022. When the
sum of five types of hydromorphic particles is greater than zero in
a certain region, it will be defined as a cloud-cover region. It can
be seen that the cloud-cover region accounts for more than 80%
of the Earth’s surface area in Fig. 4. The red region in the figure
is the pixel distribution of Mie scattering [see Fig. 4(a)] and
Rayleigh scattering [see Fig. 4(b)] retrieved from MWTS-III.
It is observed that since (1) can only retrieve CLWP over the
open ocean surface, the regions of Mie and Rayleigh scattering
at 60 GHz microwave spectrum are entirely contained within
the cloud region of the numerical forecast. The effective radius
of the hydromorphic particle in Mie scattering is much larger
than that in Rayleigh scattering, the region of Mie scattering is
much smaller than that of Rayleigh scattering. Furthermore, the
region of Mie scattering is completely encompassed within the
Rayleigh scattering region.

When the vertical velocity in the forecast is greater than zero
(w>0), the hydromorphic particles in the cloud ascend, poten-
tially reaching the cloud top. The CMA-GFS forecast variables
were matched to the closest MWTS-III pixel to the grid point in

the NWP forecast. Fig. 5(a) and (b) shows the distributions of
the forecast w at 300, 500, 700, and 850 hPa during MWTS-III
Mie scattering versus Rayleigh scattering, respectively. The
CMA-GFS field primarily describes atmospheric circulation
distribution and has relatively limited simulation capability for
medium to small-scale systems like convection. As a result,
the maximum w values in the MWTS-III scattering region are
less than 1 m/s, with an average of around 10−2 m/s. There are
no obvious differences in the distribution of w value among
pressure layers. In typhoon area (28◦N, 125◦E), intertropical
convergence zone (near 120◦W and 70◦E), and the westerlies
(near 80◦W and 90◦E), which are the regions affected by the
strong scattering of the MWTS-III observations, the w values
at all level were greater than 0.1 m/s, and the maximum values
were about 0.5 m/s at 300 hPa. The w value in the Mie scattering
region is higher than that in the Rayleigh scattering region.
Using (7) to calculate the maximum allowable effective particle
radius Rp of liquid hydromorphic particles under the constraint
of w, the distribution at each pressure layer is shown in Fig. 5(c)
and (d). The effective radius of liquid hydromorphic particles is
positively correlated with the value ofw, with the corresponding
effective radius ranging between 0–9 mm. Most Mie scattering
regions have a larger effective radius of liquid hydromorphic
particles than in the Rayleigh scattering region. But near 45◦S,
60◦E, the effective radius in the Rayleigh region was in the range
of 15–20 mm, which was equivalent to the w in the strong Mie
scattering region. This is attributed to the mismatch between the
NWP forecast and the observations. The microwave scattering
region is entirely contained within the cloud regions simulated
by the NWP model. There is a strong correlation between the
w values of the upward motion of cloud water particles and the
regions experiencing Mie and Rayleigh scattering.

C. Daily Variation of the NWP Model Forecast and the
Scattering Distribution of the MWTS-III Retrieval

Using the maximum possible effective radius Rp of the liquid
hydromorphic particles calculated by (7), and assuming that
there is no entrainment, coagulation, and no phase transition
during the vertical motion, the maximum possible equivalent
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Fig. 5. (a), (b) Vertical velocities w and (c), (d) inverted particle radius Rp at 300, 500, 700, and 850 hPa of the CMA-GFS 24-h forecast at 0000 UTC on 3
September 2022, for (a), (c) Mie scattering and (b), (d) Rayleigh scattering.

Fig. 6. ECLWP of (a) ascending orbit and (b) descending orbit for the Mie scattering simulated from the CMA-GFS 24-h forecast at 0000 UTC on 3 September
2022.

CLWP (ECLWP) of the liquid hydromorphic particles is ob-
tained by integrating the atmospheric layers below 300 hPa:

ECLWP =

∫ z

0

Dpρwetdz =

z∑
0

Dpρwetδz (8)

where Dp is the diameter of the liquid hydromorphic particles
and ρwet is the mixing density of the wet air, derived from
the CMA-GFS forecast. The 24-h global forecast at 0000 UTC
on 3 September 2022, was matched to MWTS-III pixels. The
ascending and descending orbit distributions of the ECLWP
for Mie scattering diagnosed by (8) are shown in Fig. 6(a)

and (b). For the Mie scattering region, the ECLWP distributed in
[0.0002 kg/m2, 2.0 kg/m2], and the maximum value was much
larger than the minimum value of CLWP (0.2 kg/m2) at 60 GHz
retrieved by (1). This is because the actual effective radius
of liquid hydromorphic particles in the atmosphere follows a
specific spectral distribution, and the CLWP retrieved under the
constraints of these spectral distributions is much lower than
the ECLWP constrained by the rectangular spectrum with the
largest particle effective radius. On the other hand, the minimum
simulated ECLWP is much smaller than 0.2 kg/m2. It can be seen
that for both ascending and descending orbits, the probability
of the ECLWP being smaller than 0.2 kg/m2 is less than 5%,
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Fig. 7. ECLWP of (a) ascending orbit and (b) descending orbit for the Rayleigh scattering simulated from the CMA-GFS 24-h forecast at 0000 UTC on 3
September 2022.

Fig. 8. (a), (d) Maximum possible particle radius Rp, (b), (e) Maximum vertical velocity w of the whole atmosphere in the CMA-GFS forecast, and (c), (f)
CLWP retrieved from FY-3E MWTS-III observations for (a), (b), (c) Mie and (d), (e), (f) Rayleigh scattering experiment region based on the CMA-GFS 24-h
forecast results at 0000 UTC on 3 September 2022.

which suggests that discrepancies between ECLWP and ob-
served Mie scattering regions are minimal and can be attributed
to differences between NWP model forecasts and observation.
In addition, this indicates that the distribution of hydromorphic
particles in the CMA-GFS forecast is in good agreement with
the Mie scattering distribution of FY-3E MWTS-III.

Fig. 7(a) and (b) shows the Rayleigh scattering distributions
of the two orbits. The analysis of Rayleigh scattering is similar
to that of Mie scattering. The range of ECLWP values is similar
to the Mie scattering, which was [0.0001 kg/m2, 2.0 kg/m2].
Approximately 96% of the pixels over the ocean had an ECLWP
greater than 0.02 kg/m2, which indicates good consistency
between hydromorphic particle distribution in the CMA-GFS
forecast and the Rayleigh scattering distribution observed by
MWTS-III. However, a small fraction of pixels particularly in
westerlies, exhibit ECLWP values larger than those during Mie

scattering, primarily occurring in the region at the edge of the
orbit with a strong edge effect. The distribution of the other part
is the same as that in Fig. 6, with similar causal factors. These
pixels constitute less than 1% of the total and their impact can
be considered negligible. To sum up, regardless of whether it
is Mie or Rayleigh scattering, and whether it is the ascending
or descending orbit, the distribution of hydrometeors in the
CMA-GFS forecast is in good agreement with the scattering
distribution of the MWTS-III retrieval.

In the case of Mie scattering in the cloud area simulated
from the 24-h forecast of CMA-GFS, the maximum possible
effective particle radius of the hydromorphic particle is shown
in Fig. 8(a), and the predicted maximum w (w>0) in the whole
atmosphere is shown in Fig. 8(b), and the CLWP distribution of
the MWTS-III retrieval is shown in Fig. 8(c). The corresponding
variables distributions within the ascending orbit of Rayleigh
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Fig. 9. Time series analysis of the ECLWP in (a) Mie and (b) Rayleigh scattering from 1 September 2022, to 10 September 2022. The red lines represent the
CLWP derived from MWTS-III during Mie or Rayleigh scattering. There are four times for each date: 0000, 0600, 1200 and 1800 UTC. “2022090100” means
0000 UTC on 1 September 2022, “2022090200” means 0000 UTC on 2 September 2022, and so on for other dates.

scattering are shown in Fig. 8(d)–(f). The figures demonstrate
good consistency in the distribution of the maximum possible
effective particle radius of hydromorphic particles, the maxi-
mum w for the entire atmosphere in the CMA-GFS forecast,
and the retrieved CLWP regardless of whether it is Mie or
Rayleigh scattering. Moreover, there is a strong positive corre-
lation between the maximum vertical velocity w, the maximum
possible effective particle radius Rp of the whole atmosphere
in the CMA-GFS forecast, and CLWP. For example, when w is
greater than 0.5 m/s in the typhoon area of the East China Sea,
the corresponding maximum Rp is greater than 20 mm, and the
CLWP value is about 1.7–2.0 kg/m2. However, in the Rayleigh
scattering region, particularly in the westerlies, South Indian
Ocean, and the South Pacific, there is vertical motion of the same
magnitude as in the Mie scattering region, with the maximum
possible Rp of hydromorphic particles also around 20 mm, but
the CLWP value does not exceed 0.2 kg/m2. Therefore, the
content of hydrometeors in the NWP model is significantly
overestimated compared to the observed CLWP.

D. Time Series Analysis of the NWP Model Forecast and the
Scattering Distribution of the MWTS-III Retrieval

In the daily statistics from 1 September 2022, to 10 Septem-
ber 2022, CMA-GFS produced a 24-h forecast every 6 h.
Fig. 9(a) compares the retrieved CLWP from MWTS-III and
ECLWP during Mie scattering, which shows a clear daily varia-
tion in the number of CLWP samples, with the smallest number

at 0000 UTC each day, and the maximum difference in number
can be more than double. The situation for ECLWP>0.2 kg/m2

is similar, which also shows obvious diurnal variation, but the
number of samples is less than that of the retrieved CLWP. The
number of all ECLWP>0 samples is the same as that of the
retrieved CLWP, but only 75% of the ECLWP samples were
coincident with the observed samples in the Mie scattering envi-
ronment (CLWP>0.2 kg/m2), which shows that CMA-GFS has
limited capability in representing the strong convective system,
resulting in about quarter of the samples having the maximum
possible ECLWP is lower than the Mie scattering threshold,
indicating the value of vertical velocity w is too small. The
Rayleigh scattering in Fig. 9(b) is similar to that in Fig. 9(a).
Approximately 30% of the ECLWP samples were distributed
between 0.02 and 0.2 kg/m2, with over 50% of the samples
being larger than 0.2 kg/m2. The results show that there is
little difference between ECLWP and the observed values in
the Rayleigh scattering environment, suggesting CMA-GFS’s
representation of weak convection had better adaptability in the
Rayleigh scattering environment.

Fig. 10 shows the daily statistics of the vertical velocity w
in the CMA-GFS forecast and the maximum possible effective
radius Rp of hydromorphic particles, as well as their relation-
ship with the number of retrieved CLWP in two scattering
environments. It can be found that when describing the Mie
scattering environments, and according to the statistics of the
maximum possible effective radius of hydromorphic particles,
the maximum possible Rp values deduced from the CMA-GFS
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Fig. 10. Temporal evolution of (a), (c), (e), (g) maximum possible particle Rp and (b), (d), (f), (h) maximum vertical winds w for (a), (b), (c), (d) Mie scattering
and (e), (f), (g), (h) Rayleigh scattering from 1 September 2022, to 10 September 2022. (a), (e) Maximum possible Rp calculated from the CMA-GFS forecast. (b),
(f) Maximum w simulated from the CMA-GFS forecast. (c), (g) Maximum possible Rp deduced from the retrieved CLWP. (d), (h) Maximum possible w deduced
from the retrieved CLWP.
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forecast were mainly concentrated in the range of 10–15 mm [see
Fig. 10(a)]. In contrast, theRp deduced from the retrieved CLWP
is mainly distributed above 10 mm [see Fig. 10(c)], with more
than 50%of the samples distributed exceeding 20 mm, indicating
a significant difference in the distribution trend between them.
In Fig. 10(b), the samples with w>0 mainly fall within the
0–0.1 m/s range, accounting for more than 50% of the total.
Samples with w>0.2 m/s and in the range of 0.1–0.2 m/s are
less than half of the total, which is contrary to the maximum
possiblew value deduced from the retrieved CLWP in Fig. 10(d).
Fig. 10(e)–(h) shows the daily statistical results of w and Rp in
the Rayleigh scattering environment. Rayleigh scattering allows
for the presence of smaller-diameter hydromorphic particles and
has a broader range of w-value thresholds. Thus, the number of
samples withw ranging in 0–0.1 m/s in Fig. 10(f) accounts for the
vast majority of the total number of samples, showing good con-
sistency with the maximum w value derived from the retrieved
CLWP [see Fig. 10(h)]. The distribution of Rp in Fig. 10(e) is
not as obvious as that of w, but similar to the Mie scattering
scenario, showing a significant difference from the maximum
possible Rp derived from the retrieved CLWP in Fig. 10(g).
The comprehensive analysis shows that the vertical motion field
predicted by CMA-GFS is different from the vertical motion
derived from satellite observations because of the difference
between the particle spectrum hypothesis and the model. The
simulated w shows better consistency with retrieved scattering
in the Rayleigh scattering environment, but there is a larger error
in the Mie scattering scenario.

V. CONCLUSION

Conducting precipitation detection from satellite microwave
observations and excluding data contaminated by scattering
from hydromorphic particles can effectively improve the anal-
ysis accuracy of NWP model variables. The induction of mi-
crowave scattering is closely related to the effective radius of the
hydromorphic particle, and the movement of these particles will
change the dynamic structure within clouds, leading to precipita-
tion. Although the distribution of hydromorphic particles in the
NWP model space is different from the actual observation, in the
overlapping area, the maximum possible effective particle radius
of hydromorphic particles can be obtained by dynamic analysis
within clouds without phase transition and vertical movement of
them. Furthermore, the consistency between CLWP distribution
and satellite microwave precipitation detection can be analyzed.
This article utilized on-orbit observations of MWTS-III and
MERSI carried by the FY-3E platform, combined with the
vertical dynamic characteristics of CMA-GFS global numerical
forecast in the cloud environment, to evaluate the consistency
of CLWP retrieved by FY-3E MWTS-III and multispectral fu-
sion precipitation detection distribution. The conclusions are as
follows.

1) The cloud fraction data from MERSI were remapped to
MWTS-III FOVs. Despite different resolutions, there is
good consistency between the cloud distributions from the
satellite microwave-sounding data and the satellite visible

near-infrared sounding data. All microwave scattering pix-
els occur in areas where matched MERSI Clfra is greater
than zero. Compared to Mie scattering, Rayleigh scatter-
ing shows better consistency with the matched MERSI
Clfra, indicating the matched Clfra method is more suit-
able for Rayleigh scattering.

2) The effective radius of the liquid hydromorphic particles
is positively correlated with the value ofw. The maximum
value ofw in the scattering region of MWTS-III is less than
1 m/s, with an average value about around 10−2 m/s, the
corresponding effective radius of the liquid hydromorphic
particles is centrally distributed in the range of 0–9 mm.

3) Regardless of whether it is Mie or Rayleigh scatter-
ing, and whether it is an ascending or descending satel-
lite orbit, the distribution of hydromorphic products in
the CMA-GFS forecast is in consistence with that of
MWTS-III. However, the CLWP value did not exceed
0.2 kg/m2 in the Rayleigh scattering region such as
westerlies, the Southern Indian Ocean, and the South
Pacific Ocean, indicating the content of hydromorphic
products in the NWP model is obviously overestimated
compared with the CLWP retrieved from the MWTS-III
observations.

4) The CMA-GFS has limited capability in representing
strong convective systems, resulting in around 25% of the
samples having a maximum possible ECLWP lower than
the Mie scattering threshold of 0.2 kg/m2. Whereas the
ECLWP in the Rayleigh scattering environment does not
differ significantly from the observed value, suggesting
the weak convection of CMA-GFS has better adaptability
in the Rayleigh environment.

However, this article is based on the assumption of statically
suspended hydromorphic particles and a dynamic analysis based
on this assumption. The real atmospheric state is rapidly chang-
ing and interconverting, influenced by the atmospheric thermo-
dynamic and dynamic processes, with a significantly uneven
distribution of atmospheric microphysical particles, primarily
caused by cloud and precipitation processes. Therefore, further
exploration of the time-varying characteristics of hydromorphic
particles in the atmosphere is warranted.

REFERENCES

[1] C. Gu, C. Chen, and W. Guo, “Influence of cloud detection of infrared
satellite data on numerical simulation of typhoon,” (in Chinese) Infrared,
vol. 39, no. 1, pp. 24–30, 2018.

[2] L. Zhu, Z. Qin, and J. Cheng, “A new cloud detection algorithm based
on brightness temperature variation for FY-3 C microwave humidity
sounder over land,” (in Chinese) Acta Meteorologica Sinica, vol. 76, no. 3,
pp. 434–448, 2018.

[3] P. Dong et al., “Application status and development of satellite data as-
similation in numerical weather forecast,” Meteorol. Sci. Technol., vol. 36,
no. 1, pp. 1–7, 2008.

[4] H. Lawrence, N. Bormann, I. Sandu, J. Day, J. Farnan, and P. Bauer,
“Use and impact of arctic observations in the ECMWF numerical weather
prediction system,” Quart. J. Roy. Meteorol. Soc., vol. 145, no. 725,
pp. 3432–3454, 2019.

[5] J. Xue, “Scientific issues and perspective of assimilation of meteorological
satellite data,” Acta Meteorologica Sinica, vol. 67, no. 9, pp. 903–911,
2009.



FENG et al.: CONSISTENT ASSESSMENT OF MICROWAVE SCATTERING AND VERTICAL DYNAMIC CHARACTERISTICS 12419

[6] S. Liu, P. Dong, W. Han, and W. Zhang, “Simulative study of satellite
microwave observation for typhoon Luosha using RTTOV and CRTM and
the comparison,” Acta Meteorologica Sinica, vol. 70, no. 3, pp. 585–597,
2012.

[7] P. Dong et al., “Application of direct assimilation of FY-3 A microwave de-
tection data and simulation of brightness temperature under cloud and rain
conditions,” (in Chinese) J. Trop. Meteorol., vol. 30, no. 2, pp. 302–310,
2014.

[8] Y. Guo et al., “Calibration and validation of microwave humidity and
temperature sounder onboard FY-3 C satellite,” (in Chinese) Chin. J.
Geophys., vol. 58, no. 1, pp. 20–31, 2015.

[9] X. Zou, F. Weng, B. Zhang, L. Lin, and Z. Qin, “Impacts of assimilation
of ATMS data in HWRF on track and intensity forecasts of 2012 four
landfall hurricanes,” J. Geophysical Res., Atmospheres, vol. 118, no. 20,
pp. 11–558, 2013.

[10] X. Zou and Z. Qin, “Development and initial assessment of a new land
index for microwave humidity sounder cloud detection,” J. Meteorol. Res.,
vol. 30, no. 1, pp. 12–37, 2016.

[11] Y. Xie, S. Fan, M. Chen, J. Shi, J. Zhong, and X. Zhang, “An assessment
of satellite radiance data assimilation in RMAPS,” Remote Sens., vol. 11,
no. 1, 2018, Art. no. 54.

[12] N. Grody, F. Weng, and R. Ferraro, “Application of AMSU for obtaining
hydrological parameters,” in Microwave Radiometry and Remote Sensing
of the Earth’s Surface and Atmosphere. Boca Raton, FL, USA: CRC Press,
pp. 339–352, 2000.

[13] R. Bennartz, A. Thoss, A. Dybbroe, and D. B. Michelson, “Precipitation
analysis using the advanced microwave sounding unit in support of now-
casting applications,” Meteorol. Appl., vol. 9, no. 2, pp. 177–189, 2002.

[14] N. Grody, J. Zhao, R. Ferraro, F. Weng, and R. Boers, “Determination of
precipitable water and cloud liquid water over oceans from the NOAA 15
advanced microwave sounding unit,” J. Geophysical Res., Atmos., vol. 106,
no. D3, pp. 2943–2953, 2001.

[15] F. Weng, L. Zhao, and R. Ferraro, “Advanced microwave sounding unit
cloud and precipitation algorithms,” Radio Sci., vol. 38, no. 4, pp. 33–1,
2003.

[16] X. Zou, Z. Qin, and F. Weng, “Improved quantitative precipitation forecasts
by MHS radiance data assimilation with a newly added cloud detection
algorithm,” Monthly Weather Rev., vol. 141, no. 9, pp. 3203–3221, 2013.

[17] J. Li and X. Zou, “A quality control procedure for FY-3 A MWTS
measurements with emphasis on cloud detection using VIRR cloud frac-
tion,” J. Atmospheric Ocean. Technol., vol. 30, no. 8, pp. 1704–1715,
2013.

[18] J. Li and G. Liu, “Assimilation of chinese FY-3B microwave temperature
sounder radiances into global GRAPES system with an improved cloud
detection threshold,” Front. Earth Sci., vol. 10, pp. 145–158, 2015.

[19] J. Li and G. Liu, “Direct assimilation of chinese FY-3 C microwave tem-
perature Sounder-2radiances in the global GRAPES system,” Atmospheric
Meas. Techn., vol. 9, no. 7, pp. 3095–3113, 2016.

[20] H. Han et al., “Microwave sounder cloud detection using a collocated
high-resolution imager and its impact on radiance assimilation in tropical
cyclone forecasts,” Monthly Weather Rev., vol. 144, no. 10, pp. 3937–3959,
2016.

[21] J. Sun, “Role of cloud physics in precipitation forecasting by synoptic
dynamics,” Meteorol. Monthly, vol. 40, no. 1, pp. 1–6, 2014.

[22] B. M. Muller, H. E. Fuelberg, and X. Xiang, “Simulations of the effects of
water vapor, cloud liquid water, and ice on AMSU moisture channel bright-
ness temperatures,” J. Appl. Meteorol., vol. 33, no. 10, pp. 1133–1154,
1994.

[23] L. Dennis and V. Johannes, Physics and Chemistry of Clouds. Cambridge,
U.K.: Cambridge Univ. Press, 2011.

[24] L. Wang and Y. Fu, “A case study of precipitation along the winter storm
track in the north pacific based on the GPM and ERA5 data,” Torrential
Rain Disasters, vol. 41, no. 5, pp. 525–535, 2022.

[25] Z. Qin, Z. Wu, and J. Li, “Impact of the one-stream cloud detection method
on the assimilation of AMSU-A data in GRAPES,” Remote Sens., vol. 12,
no. 22, 2020, Art. no. 3842.

[26] Y. Huang, J. Li, and Z. Qin, “Evaluation of the FY-3E microwave temper-
ature sounding data assimilation on forecasting typhoon chanthu (2021),”
Meteorol. Atmospheric Phys., vol. 135, no. 6, 2023, Art. no. 54.

[27] X. Liu and J. Mao, “Statistical relationship between liquid water content
and optical thickness of cloud,” (in Chinese) Acta Scientiarum Naturalium
Universitatis Pekinensis, vol. 44, no. 1, pp. 115–120, 2008.

[28] J. L. Brenguier, F. Burnet, and O. Geoffroy, “Cloud optical thickness and
liquid water path—Does the k coefficient vary with droplet concentration
?,” Atmospheric Chem. Phys., vol. 11, no. 18, pp. 9771–9786, 2011.

[29] X. Qian, Z. Qin, J. Li, Y. Han, and G. Liu, “Preliminary evaluation of FY-3E
microwave temperature sounder performance based on observation minus
simulation,” Remote Sens., vol. 14, no. 9, 2022, Art. no. 2250.

[30] M. Zhang et al., “Assessment on unsystematic errors of
GRAPES_GFS2.0,” (in Chinese) J. Appl. Meteorol. Sci., vol. 30,
no. 03, pp. 332–344, 2019.

[31] J. Wang et al., “Improvements and performances of the operational
GRAPES_GFS 3DVar system,” (in Chinese) J. Appl. Meteorol. Sci.,
vol. 28, no. 01, pp. 11–24, 2017.

[32] A. Arakawa and V. R. Lamb, “Computational design of the basic dynamical
processes of the UCLA general circulation model,” Gen. Circulation
Models Atmos., vol. 17, no. Supplement C, pp. 173–265, 1977.

[33] J. Xue and D. Chen, Scientific Design and Application of Numerical
Prediction System GRAPES. Beijing, China: Science Press, 2008.

Yuxuan Feng was born in Shaanxi Xi’an, China. She
received the B.S. degree in aerospace science and
technology from Xidian University, Xi’an, China, in
2022. She is currently working toward the master’s
degree in microwave atmospheric detection from the
University of Chinese Academy of Sciences, Beijing,
China.

Her research interests include the processing and
application of microwave remote sensing informa-
tion, and the characteristics of atmospheric hydrom-
eteors.

Jieying He (Member, IEEE) received the Ph.D. de-
gree in computer science and applied research from
the National Space Science Center, Chinese Academy
of Sciences, Beijing, China, in 2012.

She is currently the Deputy Chief Designer of
microwave humidity sounder for FengYun-3 satellite
and salinity radiometer for Haiyang satellites, and the
Leader of the conceptual research project of the Space
Science (Phase II) Mission. Her research focuses on
the design and development of satellite-based mi-
crowave radiometer, calibration, and quantification

retrievals for Earth and planetary exploration.
Dr. He is one of the 9th/10th China-U.S. Young Leaders in Space Science,

and an Excellent Member of the Youth Innovation Promotion Association of
Chinese Academy of Sciences.

Gang Ma received the master’s and Ph.D. degrees
in data assimilation in short-term numerical weather
prediction from the College of Atmospheric Science,
Lanzhou University, Lanzhou, China, in 1998 and in
2008, respectively.

He is a Professor of CMA Earth System Modeling
and Prediction Centre since 2022, the Deputy Di-
rector of the designer to Product Generation System
of FY-3 from 2009 to 2017, the Deputy Director of
the designer to Simulation and Technique Support
System of FY-3 from 2018 to 2021. His research

interests focus on satellite data retrieval and assimilation, fast radiative transfer
for satellite data simulation in infrared and microwave bands. He has the intensive
experience in developing fast forward operator and techniques to support FY-3/4
satellite data assimilation into operational Numerical Weather Forecasting model
in CMA.



12420 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

Jing Huang received the Ph.D. degree in satellite data
assimilation from the College of Atmospheric Sci-
ence, Lanzhou University, Lanzhou, China, in 2006.

Her research interests focus on satellite data re-
trieval and assimilation, especially for hyperspectral
infrared sounder. She has the intensive experience
in developing assimilation key techniques to support
FY-3D/3E HIRAS and AIRS, CrIS satellite data as-
similation into operational Numerical Weather Fore-
casting model in CMA.

Jingyang Li received the M.S. degree in geograph-
ical and cartographical science from George Mason
University, Fairfax, VA, USA, in 2023.

Her current research primarily focuses on the in-
tegration of infrared and microwave remote sensing,
along with hyperspectral microwave remote sensing
analysis.

Yang Guo received the B.S. degree in atmospheric
science from Nanjing University of Information Sci-
ence and Technology, Nanjing, China, in 2006 and the
Ph.D. degree in atmospheric physics from the Nanjing
University of Information Science and Technology,
Nanjing, China, in 2019.

She is currently a Senior Scientist with the National
Satellite and Meteorological Center, China Meteo-
rological Administration, Beijing. As the Instrument
Scientist of Microwave Humidity Sounder, the major
fields that she is working on include calibration and

validation, quality control and data assimilation for MWHS.

Guiqing Liu received the master’s degree in atmo-
spheric physics and atmospheric environment from
the School of Physics, Peking University, Beijing,
China, in 2003.

Her research focuses on data preprocessing of
satellite data assimilation of vertical sounding data in
CMA-GFS. She has extensive experience in satellite
data quality control. She is currently an Engineer at
the CMA Earth System Modelling and Prediction
Centre.

Peng Zhang (Senior Member, IEEE) received the
M.S. degree in atmospheric optics from the Anhui
Institute of Optics and Fine Mechanics, Chinese
Academy of Sciences, Hefei, China, in 1995, and
the Ph.D. degree in atmospheric physics from the
Institute of Atmospheric Physics, Chinese Academy
of Sciences, Beijing, China, in 1998.

He has been the Deputy Director–General of the
National Satellite Meteorological Center, Beijing,
China, since 2013. He has been the Chief Director
of the FY-3 ground segment and Chinese TanSat

satellite ground segment since 2013 and 2015, respectively. He was the Chair
of the Global Space Inter-Calibration System Executive Panel from 2014 to
2017. His research interests include atmospheric remote sensing, satellite data
assimilation, satellite calibration, and validation. He has intensive experience in
conceiving, developing, and operating the FY-3 satellite ground segment.

Jiandong Gong received the master’s and Ph.D. de-
grees in atmospheric science from Lanzhou Univer-
sity for Meteorology, Lanzhou, China, in 1996 and
1999, respectively.

He is the Deputy Director General of the Center for
Earth System Modeling and Prediction of CMA since
2021. His major field focuses on the data assimilation.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


