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Abstract: In the first attempt to configure the Fengyun-3B satellite’s Microwave Radiation Imager
(MWRI) radiance data in the Weather Research Forecast (WRF) model’s Data Assimilation system
(WRFDA), the impact of MWRI data assimilation on the analysis and forecast of Typhoon Son-Tinh in
2012 was evaluated with WRFDA’s three-dimensional variational (3DVAR) data-assimilation scheme.
Compared to a benchmark experiment with no MWRI data, assimilating MWRI radiances improved
the analyses of typhoon central sea level pressure (CSLP), warm core structure, and wind speed.
Moreover, verified with European Center for Medium-Range Weather Forecasts (ECMWF) analysis
data, significant improvements in model variable forecast, such as geopotential height and specific
humidity, were produced. Substantial error reductions in track, CSLP, and maximum-wind-speed
forecasts with MWRI assimilation was also obtained from analysis time to 48 h forecast.

Keywords: data assimilation; Microwave Radiation Imager (MWRI); typhoon; Weather Research
Forecast model’s Data Assimilation system (WRFDA)

1. Introduction

Since the 1960s, more than 200 meteorological satellites over the world have been
launched into space. Satellite observing has been an indispensable part of the global
observing system and the most extensive data resource in numerical weather prediction
(NWP). Furthermore, with the development of satellite detection technology, the spatial
and temporal resolutions of satellite observation have obtained much improvement. The
instruments, which are carried on satellites, are sensitive to atmospheric temperature and
humidity. Therefore, the assimilation of satellite data from microwave or infrared sensors
can bring about significant improvement in weather forecasting [1–8].

The Fengyun (FY) series satellites were developed for broad meteorological and
environmental applications in China [9]. So far, two generations of geostationary and
polar-orbiting satellites have been developed. FY-3B is the second experimental satellite of
the second generation of Chinese polar-orbiting satellites. There are 12 sensors onboard
FY-3B for monitoring the Earth’s atmospheric motion and severe weather events, including
the Microwave Radiation Imager (MWRI), Medium-Resolution Spectral Imager (MERSI),
Microwave Temperature Sounder (MWTS), and Microwave Humidity Sounder (MWHS).
The radiance data from the MWRI, MWHS, and MWTS has been directly used in many
operational centers, and led to a progressive estimate of the atmospheric state and improved
weather-forecast accuracy [10,11].

The first microwave imager is the Special Sensor Microwave Imager (SSMI) carried
on the Defense Meteorological Satellite Program (DMSP)’s F-8 satellite. It was replaced
by the Special Sensor Microwave Imager Sounder (SSMIS) on DMSP’s F-16/17 [12,13].
Following the SSMIS, the Advanced Microwave Scanning Radiometer for Earth Observing
System (AMSR-E) [14] was launched into space on the Aqua satellite. As the AMSR-E’s
successor, the Advanced Microwave Scanning Radiometer 2 (AMSR2) onboard the Global
Change Observation Mission–Water 1 (GCOM-W1) [15] was widely used in operation
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models. Like these microwave imagers, MWRI can provide observational data related to
various phases of water. It has 10 channels at five frequencies of 10.65, 18.7, 23.8, 36.5, and
89.0 GHz, with horizontal and vertical polarizations. Compared with the FY-3A-MWRI
instrument, the FY-3B-MWRI has a higher stability and much lower nonlinearity [9]. The
MWRI is a passive microwave sensor, which is essential to the retrieval of various surface
parameters. The radiance data from the MWRI has been applied for soil moisture [16,17],
snow cover [18], snow depth [19], and rain-rate retrievals [20]. However, the data qual-
ity and benefits of FY-3B-MWRI radiance in regional data assimilation have not been
widely evaluated.

In this article, we discuss the first attempt to configure FY-3B-MWRI radiance data in
the Weather Research Forecast (WRF) model’s Data Assimilation system (WRFDA). The
impact of assimilating MWRI radiance data will be evaluated for Typhoon Son-Tinh’s
analyses and forecasts. This paper is structured as follows: the WRFDA system used
to assimilate satellite radiances and the MWRI radiance data are described in Section 2;
Section 3 gives the experimental settings; the results of experiments are detailed in Section 4;
and the final section provides a summary and some discussions.

2. Model and Data
2.1. WRFDA System

The WRFDA V3.8.1 system, one of the most popular data-assimilation systems for
atmospheric research, was developed by the National Center for Atmospheric Research
(NCAR). It suited for use in different scale applications, from regional and mesoscale
modeling to global-scale modeling with multiple assimilation methods, such as three-
dimensional variational (3DVAR), 4DVAR, ensemble transform Kalman filter (ETKF), and
hybrid (3DEnVAR, 4DEnVAR) [21]. All these data assimilation components can be used in
both meteorological research and operational models. In this study, the 3DVAR scheme
was chosen to assimilate clear-sky MWRI radiance data. It obtains an optimal estimation of
the state of atmosphere by iterating the objective cost function (Equation (1)):

J(x) =
1
2
(x − xb)

TB−1(x − xb) +
1
2
(y − H(x))TR−1(y − H(x)) (1)

where x represents the atmospheric state composed with model variables; xb is the prior
estimate of x, called the “background”; H is the nonlinear observation operator that maps x
to observation space; and B and R are the covariance matrices of background error and
observation error.

A variety of observations including radar data, precipitation data, wind speed/direction
data, and satellite radiance data can be assimilated in WRFDA. For satellite-data assimi-
lation, the operators are radiative transfer models (RTMs). Two of the most popular fast
RTMs are Radiative Transfer for Television Infrared Observation Satellite Operational Vertical
Sounder (RTTOV) and the Community Radiative Transfer Model (CRTM) [22], developed
and maintained by the European Organization for the Exploitation of Meteorological Satellites
(EUMETSAT) and the U.S. Joint Center for Satellite Data Assimilation (JCSDA) [23], respec-
tively. These two RTMs have been interfaced with WRFDA, which can assimilate radiance
data from several satellite sensors, even in an all-sky condition, with the two fast RTMs [5]. In
this study, the CRTM 2.1.3 was used as the radiance observation operator to simulate MWRI
radiance data, and model simulations were in a clear-sky condition.

2.2. MWRI Data

The MWRI is a conical scanner onboard the FY-3B polar-orbiting satellite. Similar
to the AMSR-E onboard NASA’s Aqua spacecraft and the AMSR2 onboard the Japan
Aerospace Exploration Agency (JAXA)’s GCOM-W1, the MWRI was designed to provide
information associated with precipitation, cloud water, and solid moisture, and to monitor
tropical cyclones. MWRI has 10 channels at 10.65, 18.7, 23.8, 36.5, and 89.0 GHz with
different polarizations (vertical and horizontal) (Table 1). The low-frequency channels
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(channels 1 to 4) are more sensitive to surface emissivity and ocean rain, while channels 5
to 10 are sensitive to water vapor and clouds.

Table 1. Characterizations of the Fengyun-3B (FY-3B) satellite’s Microwave Radiation Imager (MWRI)
channels.

Channel Frequency (GHz) Polarization Sensitivity (K) Resolution (km × km)

1,2 10.65 V, H 0.5 51 × 85
3,4 18.7 V, H 0.5 51 × 85
5,6 23.8 V, H 0.8 27 × 45
7,8 36.5 V, H 1.0 18 × 30

9,10 89 V, H 1.3 18 × 30

The MWRI scans the earth at a fixed angle of 45◦, and each scan line contains 254 sam-
ples. It covers a width of 1400 km and completes one scan line in 1.7 s. More details of
the MWRI are shown in Table 1. The Level 1 data, which was saved in ascending and
descending versions for in this study, was provided by the National Satellite Meteorological
Center (NSMC). The imager can cover about 80% of the total area in one day (Figure 1).
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Figure 1. The coverage of channel 5’s scanning in one day.

MWRI weighting functions calculated from the U.S. Standard Atmosphere model
with CRTM are shown in Figure 2. Similar to the AMSR2 channels, it can be seen that all
channels’ peaks were located at surface levels, which meant a clear sky atmosphere was
transparent for the MWRI channels.

2.3. Quality Control

A variety of quality-control produces were applied to the MWRI radiance data, includ-
ing: (1) a surface-type check, which rejected pixels with mixed surface types; (2) all pixels
over land were removed because of a worse land-emissivity calculation; (3) for 10.6 GHz
channels, data were not used for a sun-glint angle of less than 25.0 degrees; (4) a departure
check, which removed pixels with innovation that exceeded 3 times the observation error
standard deviation; (5) a cloud check that rejected pixels for which the CLWP (Cloud Liquid
Water Path) from background was larger than thresholds.
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Figure 2. The weighting function of the MWRI.

3. Experimental Setup

Typhoon Son-Tinh (2012) was selected to evaluate the impact of MWRI radiance
assimilation under clear-sky conditions. As shown in Figure 3, Son-Tinh appeared as
a low-pressure system southeast of Yap and was identified as a tropical storm later on
23 October, and named Son-Tinh. It moved toward the southwest at 25 km/h, and first
landed at Surigao del Norte in the Philippines. Son-Tinh grew and passed over the south of
the Philippines, then it moved into the South China Sea and intensified to typhoon strength
at 1800 UTC on 26 October. It was upgraded to a Category 3 typhoon with a maximum
surface wind speed (MSWS) of 85 knots and a minimum sea level pressure (MSLP) of
945 hPa at 1200 UTC on 27 October, prior to its second landfall at Teri County in Vietnam
on 28 October. Son-Tinh quickly weakened to tropical-storm status after landing. Initially,
it moved northwest, but turned northward after its second landfall. Son-Tinh resulted in a
total of 30 deaths in the Philippines, China, and Vietnam, and forced about 150,000 people
to relocate.

Two cycling assimilation experiments and one forecast experiment without data
assimilation were constructed to verify the impact of assimilating MWRI radiance data on
the forecast and analysis of Typhoon Son-Tinh with the WRF model and WRFDA system.
For all experiments, the assimilations were performed every 6 h (at 0000, 0600,1200 and
1800 UTC) from 0600 UTC on 22 October to 1200 UTC on 28 October 2012. The first
analysis’s background of assimilation experiments was the 6 h forecast at 0000 UTC on
22 October. The National Center of Environmental Prediction (NCEP) Global Forecast
System (GFS) forecasts at 0.25◦ with a time resolution of 6 h provided the lateral boundary
conditions of every forecast and the initial conditions used for low-boundary updating. In
each cycle, the background was the 6 h WRF forecast from the previous cycle’s analysis,
except for the first background at 0600 UTC on 22 October, which was from the GFS
analysis. In order to estimate the assimilation effect on a long forecast, a 48 h forecast was
initialized from each 0000 and 1200 UTC analysis of assimilation experiments. All 6 h
and 48 h forecasts were generated with version 3.8 of the Advanced Research WRF Model
(WRF-ARW) [24]. The configuration of each experiment was characterized by horizontal
grid spacing of 15 km and 57 vertical levels. The physics parameterizations used in this
study are shown in Table 2:
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Figure 3. The (a) best track and (b) minimum sea level pressure (MSLP) of Typhoon Son-Tinh.

Table 2. The configuration of the physics parameterizations.

Physics Parameterization Configuration

Microphysics scheme WRF single-moment 6-class scheme (WSM6) [25]

Shortwave- and longwave-radiation schemes Rapid Radiative Transfer Model for GCMs
(RRTMG) [26,27]

Boundary-layer scheme Yonsei University scheme (YSU) [28]

Surface-layer scheme Monin–Obukhoy scheme [29]

Land-surface model Unified NOAH land-surface model [30]

Cumulus-parameterization scheme Tiedtke scheme [31,32]

Since the aim was to estimate the impact of assimilating MWRI radiance with 3DVAR
on the analysis and forecast of Typhoon Son-Tinh, one forecast experiment without data
assimilation and two primary assimilation experiments were designed, named as CTL,
CON, and AMWRI:

i. The control experiment (CTL), which only made a single forecast from the start time
to the end with no data assimilation.

ii. The conventional assimilation experiment (CON), which assimilated conventional
observations from radiosondes, aircraft, satellite-derived winds, land and oceanic
surface stations, and GPS refractivity observations. These observations provided the
information on temperature, wind, humidity, surface pressure, and so on. All types of
data were assimilated at the analysis time with a 2 h assimilation time window, which
meant the observations within ±1 h of the analysis times were assimilated at the
analysis time together. More than 10,000 conventional observations were assimilated
at a time.

iii. The MWRI assimilation experiment (AMWRI), which also assimilated conventional
observation like CON, and additionally assimilated clear-sky MWRI radiance data.
The assimilation time window of the satellite was 6 h. The thinning mesh of MWRI
radiance data was an 80 km grid to avoid potential correlations between adjacent
observations [33]. Because of the advantages of satellites, AMWRI could gain more
accurate data over the typhoon region.

The background error covariance statistics of each assimilation experiment were
created using the NMC (National Meteorological Center) method [34]. Figure 4 shows the
distribution of conventional data assimilated in two experiments at 1200 UTC on 26 October.
Among all observations, the satellite-derived winds (named as “satob”) shown as cyan
dots took up 86%, and most of them were over the Pacifica Ocean.
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4. Results
4.1. Impact on the Analysis of Son-Tinh

At 1800 UTC on 26 October, Typhoon Son-Tinh moved into the South China Sea
and strengthened to a typhoon, and we chose the analysis of the storm as the example
to estimate the impact of MWRI assimilation. With 6 h assimilation time window, there
were three tracks of MWRI data in the experiment domain area, with one track over Son-
Tinh. Figure 5 shows the spatial distribution of the observed (Figure 5a) and assimilated
(Figure 5b) brightness temperature with an 80 km thinning mesh at 1800 UTC on 26 October.
We noted that there are many outlier observations related to the ascending/descending
orbit along the coast in Figure 5a. They were the result of inaccurate geolocation. Neverthe-
less, they were rejected before entering the data assimilation by quality control (Figure 5b)
based on larger bias. Meanwhile, because of the clear-sky simulation, many observations
over Typhoon Son-Tinh were removed by the cloud check.

Figure 6 illustrates a comparison of the CTL forecast (Figure 6b), CON analysis
(Figure 6c), and the AMWRI analysis (Figure 6d) by all-sky CRTM simulation of channel 5.
From the observation (Figure 6a), Typhoon Son-Tinh lay to the south of Hainan at 1800 UTC
on 26 October with a larger brightness temperature. Son-Tinh had a clear spiraling cloud
band that stretched from Hainan to the coast of Malaysia. It was also seen in the analyzed
brightness temperature of the CON and the AMWRI experiments, but was more irregular
in CTL. Moreover, the CTL showed the weakest brightness temperature over the whole
region of Son-Tinh, while the CON also showed lower brightness temperature to the
south of Vietnam with a narrower cloud band, but a higher brightness temperature to the
north of New Guinea. In contrast, the AMWRI experiment’s gained analyzed brightness
temperature was closer to the observed values near the center of Son-Tinh and the cloud
band, which resulted from the assimilation of the MWRI data. The correlation between the
AMWRI analysis and MWRI observation was 0.94, which was higher than 0.88 for CON
and 0.79 for CTL.
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Figure 6. The analyzed brightness temperatures (K) of MWRI 23.8 GHz-V channel 5 from (a) observation, (b) CTRL,
(c) CON, and (d) AMWRI experiments at 1800 UTC on 26 October.

The ECMWF analysis with 16 km resolution, which had a similar resolution to the
experiment, was chosen to verify the WRFDA analysis fields. The fields of surface wind, sea
level pressure (SLP), temperature anomaly, and horizontal wind speed from the ECMWF
analysis and from the forecast of the CTL and the analyses of the CON and AMWRI
at 1800 UTC on 26 October are shown in Figure 7, at the surface level and in vertical
cross-sections through the individual vortex centers of each experiment. Compared with
ECMWF analysis (Figure 7a), the CTL (Figure 7b) gained lower SLP and smaller surface
wind. Furthermore, it is clear that Son-Tinh’s center in the CTL was located to the southwest
of the ECMWRF analysis. The CON (Figure 7c) obtained a higher SLP and smaller surface
wind, while the AMWRI (Figure 7d) experiment analysis showed a more similar but
stronger pattern of Son-Tinh. However, according to the best track data from the Japan
Meteorological Agency (JMA), the MSLP of Son-Tinh at 1800 UTC on 26 October was
975 hPa, which was stronger than the ECMWF analysis, but similar to that of the AMWRI.
Therefore, the analysis of the AMWRI was closer to the best track data than the ECMWF.



Atmosphere 2021, 12, 497 8 of 12

Atmosphere 2021, 12, x FOR PEER REVIEW 8 of 12 
 

 

CON, and ECMWF, extending from 1.1 km to 12.5 km. The horizontal winds pattern of Son-

Tinh in Figure 7i,l show that Son-Tinh was an approximately symmetrical typhoon. Com-

pared with the ECMWF, except for the CTL, the CON and AMWRI obtained much stronger 

horizontal wind. At the typhoon center, which corresponds to a minimum horizontal wind 

center, the CON was larger than the AMWRI and ECMWF. According to the JMA best-track 

data, the maximum wind speed at this moment was 60 knots, about 31 m/s. Therefore, the 

result from the AMWRI was closer to the realistic strength. 

 

Figure 7. (a–d) The surface wind vectors and sea level pressure (color-shaded) from the analyses of the ECMWF, CTRL, CON, 

and AMWRI, respectively; (e–h) the west–east cross-sections of temperature anomalies for the ECMWF, CTRL, CON, and 

AMWRI, respectively; and (i–l) the horizontal wind speed through the vortex center for the ECMWF, CTRL, CON, and AM-

WRI, respectively, at 1800 UTC on 26 October. The x-axis of (e–l) is the grid number along the black line in (a). 

  

 

Figure 7. (a–d) The surface wind vectors and sea level pressure (color-shaded) from the analyses of the ECMWF, CTRL,
CON, and AMWRI, respectively; (e–h) the west–east cross-sections of temperature anomalies for the ECMWF, CTRL, CON,
and AMWRI, respectively; and (i–l) the horizontal wind speed through the vortex center for the ECMWF, CTRL, CON, and
AMWRI, respectively, at 1800 UTC on 26 October. The x-axis of (e–l) is the grid number along the black line in (a).

The vertical cross-sections of temperature anomaly are shown in Figure 7e–h. It is
clear that an obvious warm heat appears around 8.3 km in Figure 7e. At the cyclone center,
the warm belt ranges from 2.1 km to 12.5 km. In the CTL (Figure 7f) experiment, there was
no significant warm core. In the CON experiment (Figure 7g), there was an irregular warm
core at 9 km, and the strength of warm belt was lower than in the ECMWF analysis. By
contrast, for the AMWRI (Figure 7h), there was a distinct warm core that was larger than
in the CTL, CON, and ECMWF, extending from 1.1 km to 12.5 km. The horizontal winds
pattern of Son-Tinh in Figure 7i,l show that Son-Tinh was an approximately symmetrical
typhoon. Compared with the ECMWF, except for the CTL, the CON and AMWRI obtained
much stronger horizontal wind. At the typhoon center, which corresponds to a minimum
horizontal wind center, the CON was larger than the AMWRI and ECMWF. According to
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the JMA best-track data, the maximum wind speed at this moment was 60 knots, about
31 m/s. Therefore, the result from the AMWRI was closer to the realistic strength.

4.2. Impact on the Forecast of Son-Tinh

Because the CTL only had one lead time and one forecast, it did not match the forecasts
from assimilation experiments. In order to highlight the impact of the MWRI assimilation,
the results of the CTL are not discussed in this section. For the CON and AMWRI, a 48 h
WRF forecast was initialized from each 0000 and 1200 UTC analysis. The aggregated root-
mean-square error (RMSE) profiles of wind vector, temperature, geopotential height, and
moisture forecasts verified against the ECMWF analysis at 24 h and 48 h for all 12 two-day
forecasts are displayed in Figure 8. For the 24 h forecasts, the significant improvements
of MWRI assimilation on wind field and geopotential height field were at 925 hPa and
below and the middle-high levels (500–50 hPa). The improvement in temperature field was
located at the low-middle levels (1000–300 hPa). The pronounced positive impact of MWRI
assimilation on specific humidity could be found from 925 hPa to 200 hPa (Figure 8a). For
the 48 h forecasts, the gap between two RMSE profiles for the CON and AMWRI was
similar to the 24 h forecasts. The AMWRI still obtained some definite improvements in
geopotential height and specific humidity fields (Figure 8b). This indicates the positive
impact of the MWRI assimilation on forecasts, and that it is useful for long-term forecasts.
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The impact of assimilating MWRI radiance data on Son-Tinh’s track and intensity
forecast were evaluated with the JMA best-track data. Figure 9 shows the mean aggregated
errors of the track, central sea level pressure (CSLP), and max wind speed (MWS) of 12 h
and 48 h forecasts from the CON and AMWRI. As shown in Figure 9a, the forecast error
of the track increased with time in both the CON and AMWRI. Nevertheless, MWRI
assimilation reduced track error before 48 h forecast with the greatest reduction (45%).
With the MWRI assimilation, consistent improvements for all lead times were obtained on
the CSLP (Figure 9b). The improvement of the CSLP was at the assimilation time, with
50% error reduction, and became more obvious against the forecast time. For the MWS
(Figure 9b), the result of the AMWRI decreased with forecast time and finally became
stable at about 8 m/s, while the CON increased and stabilized at 12 m/s. There was a 45%
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improvement in the AMWRI. From Figure 9c, it is clear that the AMWRI overestimated
the intensity of Son-Tinh, while the CON underestimated Son-Tinh’s intensity for all
lead times.
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5. Discussion and Conclusions

The microwave imager can measure the upwelling thermal emissions from the sur-
face, and is sensitive to soil moisture, soil temperature, snow cover, and other surface
parameters. Therefore, microwave imager data are frequently used to retrieve these surface
parameters. Meanwhile, some retrieval data from microwave imagers are assimilated
in several operational centers. However, many previous studies strongly suggested that
directly assimilating microwave radiance data is better than retrieval data [35].

Consequently, in order to estimate the benefit of directly assimilating microwave
imager radiance data, the module of the MWRI in HDF (Hierarchical Data Format) for-
mat was first configured in WRFDA with CRTM. This study was an attempt to directly
assimilate clear-sky FY-3B-MWRI radiance data using WRFDA with the 3DVAR scheme,
and to evaluate its impact on the analyses and forecasts of Typhoon Son-Tinh (2012). Two
forecast-analysis cycling experiments and one single-forecast experiment without data
assimilation were implemented using WRF and WRFDA-3DVAR with GFS data as the
initial condition and boundary condition.

With the quality control schemes, more outlier observations were rejected, especially
the observations close to coastlines with larger bias. Compared to a benchmark experi-
ment (CTL), conventional assimilation (CON) and MWRI radiance assimilation (AMWRI)
improved the typhoon-structure analysis. With the assimilation of MWRI radiance data,
AMWRI analyses obtained much more accurate cloud distribution and higher correlation
with satellite observation than the CON and CTL. All experiments could successfully de-
pict the patten of Son-Tinh; however, MWRI assimilation brought stronger CSLP than the
CTL, CON, and ECMWRF analyses, and was in closest agreement with the best-track data.
Better warm core and maximum wind speed analyses were also produced by assimilating
MWRI data. Moreover, the assimilation of MWRI data verified with ECMWF analyses data
obtained definite improvements in geopotential height and specific humidity fields from
the 24 h forecast to the 48 h forecast. Furthermore, significant error reduction on track,
CSLP, and MWS were gained from analysis of the 48 h forecast. For this case, a positive
impact of assimilating MWRI was achieved.

This is the first case study to verify the advantage of FY-3B-MWRI assimilation with
WRFDA. To further consolidate the conclusions drawn here, more experiments for different
cases are needed. In addition, much further improvement could be made for MWRI
assimilation in future studies. For example, nesting has been proved to be a key role for
simulation with WRF [36], and thus can be used to improve the simulation of tropical
cyclones. Moreover, all-sky assimilation of microwave imager data could assimilate more
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observation under clouds and precipitation to provide more accurate convective structure
information [5].

Compared with other studies on MWRI retrieval data, this study focused on the
impact of directly assimilating MWRI radiance data, which avoided the extra error in
retrieval calculation. In addition, the self-developed FY-3B-MWRI assimilation module
was interfaced with the WRFDA system, which can provide a research platform for further
experiments with MWRI data.
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