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Abstract: With the Microwave Humidity Sounder-2 (MWHS-2)/Fengyun (FY)-3D in operation, this
is the first study to evaluate the impact of a joint assimilation of MWHS-2 radiances under all-sky
conditions from both the FY-3C and FY-3D satellites on typhoon forecasting within regional areas. In
this study, Typhoon Hagupit in 2020 was chosen to investigate the impacts of assimilating MWHS-2
radiances; the forecasting performances of the joint assimilation method were slightly better than the
experiments assimilating MWHS-2 observations from FY-3C or FY-3D only, and the results of the
latter two experiments were comparable, especially in terms of the landfall location of Hagupit. With
additional assimilated cloud- and precipitation-affected MWHS-2 observations, improved typhoon
track and intensity forecasts as well as forecasts of the precipitation caused by Hagupit were achieved
due to the improved analyses of relative humidity, temperature and wind fields around Hagupit
compared to the clear-sky assimilation experiments. In addition, the channel-selection scheme
evidently affected the forecasting performance; that is, the radiances from the MWHS-2 118 GHz and
183 GHz channels provided opposite results in terms of the Hagupit track, and this finding needs
further investigation in the future.

Keywords: all-sky assimilation; typhoon forecasts; Fengyun satellites; microwave humidity sounders

1. Introduction

The statistics of European Centre for Medium-Range Weather Forecasts (ECMWF)
show that satellite data provide over 90% of the assimilated data in global numerical
weather prediction (NWP) systems, while approximately 75% of the satellite data are re-
moved after a strict quality control process due to cloud and precipitation effects or overly
complex underlying surfaces [1,2]. However, an average of 70% of the globe is covered by
clouds [3], which are meteorologically sensitive [4]. If the initial fields in these areas are not
sufficiently accurate, the regional forecasting errors will‘ greatly increase [5]. Therefore, the
all-sky assimilation approach was proposed by Geer and Bauer [6]; this approach involves
assigning observation errors that vary as a function of the cloud coverage to the radiance
and was first applied to microwave observations. For microwave sounders, the temperature
or humidity sounding channels are sensitive to the cloud liquid water content [7], meaning
that many observations cannot be assimilated under clear conditions. With all-sky assimila-
tion, the impacts of microwave observations on NWPs can be greatly improved due to the
increasing number of microwave instruments used and the efficient use of cloud-affected
radiances. Such observations are widely assimilated to adjust initial moisture fields [8]
because of their better detection abilities in the presence of clouds [9]. Therefore, more
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accurate cloud and precipitation initialization conditions can be obtained [10], and cloud
and precipitation modeling can be improved [11,12]. At present, an increasing number of
NWP operational centers around the world have used or are developing all-sky microwave
assimilation algorithms [9,13–16]. Studies have demonstrated that all-sky satellite data
assimilation methods can improve relatively short-range tropical cyclone forecasts [17].
All-sky microwave (MW) observing data assimilations can improve the tropospheric wind
fields in the JMA global NWP system, leading to improved typhoon-track predictions [17].
Further research on AMSU-A operational all-sky assimilations at ECMWF has demon-
strated that such assimilations can aid in typhoon forecasting by providing additional
mid-level information near typhoon cores [18].

For the regional NWP system, there are also some remarkable impacts of satellite
radiance assimilations in typhoon forecasts, especially under all-sky conditions. The HWRF
(Hurricane WRF) and WRF (ARW) models show wide application potentials in typhoon
NWP research development, and these two models have different dynamic cores [19].
The HWRF model has specific physical parameterization schemes and uses an advanced
vortex initialization. However, numerous studies have focused on assimilating atmospheric
motion vectors [20–24], infrared observations [25] or MW observations [26] into the HWRF
model. All these methods showed some positive impacts on the resulting typhoon pre-
dictions. As a result, such methods can be further applied in future studies. On the other
hand, the WRF (ARW) model is portable on parallel computing platforms [27] and can
be more efficient than the HWRF model. Regional NWP systems are more mature than
other systems due to the large number of similar studies involving WRF (ARW) modeling.
This method can provide more information on the vertical profiles and inner structures of
typhoons by assimilating AMSU-A radiances with WRFDA data [28] and can also produce
better depictions of track forecasts [28–31]. MHS data have also been confirmed to provide
heightened improvements in mid-level moisture predictions and in intensity forecasts [32].
In addition, assimilating AMSU-A, AMSU-B and MHS radiances can also be beneficial
for improving typhoon intensity forecasts with EAKF [33]. With the successful launch of
the Chinese Fengyun-3C (FY-3C) satellite, the Microwave Humidity Sounder II (MWHS-2)
observations are expected to play a more important role in assimilation systems, as these
observations can effectively improve the quality of the initial conditions [34]. The obser-
vations of the MWHS-2 instrument onboard FY-3C exhibit an overall good data quality
that is comparable to other similar instruments [35], and these observations have been
operationally used in ECMWF since April 2016. In the ECMWF global model, assimilating
FY-3C/MWHS-2 data could introduce some improvement to the accuracy of the 12 h fore-
casts and 2–4 day wind forecasts [36]. In the Met Office global model, MWHS-2 was found
to reduce the 24 h forecast error significantly, by 0.6% [37]. With regional models, assimi-
lating FY-3C/MWHS-2 observations under both clear- and all-sky conditions improved
the forecasts of typhoons [38], Meiyu [39] and the Southwest Vortex [40]. Later, FY-3D was
successfully launched in October 2017. The MWHS-2 instruments onboard FY-3C and FY-
3D are identical, but the first departures are reduced as a result of the different calibration
methods applied in FY3D/MWHS-2 [41], introducing a small but significant improvement
for low-level humidity forecasts [42]. Therefore, FY-3D/MWHS-2 observations were put
into operational use by the ECMWF in December 2019 [43], thereby further enhancing the
positive impact of the FY-3 sensors [44].

Since both FY-3C/MWHS-2 and FY-3D/MWHS-2 have been fully accessed and made
operational for ECMWF and other weather centers by assimilating globally conventional
data and many other types of observations, the independent and combined impacts of
FY-3C/MWHS-2 and FY-3D/MWHS-2, excluding the state-of-the-art and 118 GHz and
183 GHz channel sensitivity, are also of interest in regional forecasts depicting high-impact
weather processes for the purpose of research configurations. Because not all regional
weather centers can obtain diversified observations and because the officially delivered
Fengyun satellite data may be the only dense observation source compared to the sparse
conventional data, especially in some underdeveloped areas, the purpose of this study
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is to further understand the independent and combined impacts of FY-3C/D/MWHS-2
radiances in the assimilations and forecasts of the regional NWP considering their different
descending and ascending orbits and starting with typhoon cases. In the rest of this paper,
an overview of the observations, model configuration and methodology is presented in
Section 2, followed by the experimental settings in Section 3. In Section 4, we analyze
the impacts of assimilating MWHS-2 radiances in different experiments. Conclusions and
discussions are given in Section 5.

2. MWHS-2 Observations, Model Configuration and Methodology
2.1. MWHS-2 Observations

FY-3C is a morning polar-orbiting satellite with an equatorial cross time (ECT) of 10:15
(descending) launched in September 2013, and FY-3D is an afternoon orbiting satellite
with an ascending ECT of 13:29 launched in November 2017. The MWHS-2 instruments
onboard both satellites are second-generation microwave humidity sounders, and the
detailed parameters of their 15 channels are listed in Table 1. Two window channels at
89 and 150 GHz are used to detect background microwave radiation and precipitation
and to retrieve surface emissivity; five channels at the 183 GHz water vapor absorption
line provide the vertical humidity information of the atmosphere for the NWP; eight
channels sampling the 118 GHz atmospheric oxygen absorption line are primarily sensitive
to atmospheric temperature; and the lowest peaking 118 GHz channel (channel 7) is also
sensitive to low-level humidity due to the water vapor continuum.

Table 1. Characteristics of Microwave Humidity Sounder-2 Channels.

Channel
Number

Central Frequency
(GHz) and Polarization FOV Swath Width

(km)
Peak Height

(hPa)
Horizontal

Resolution (km)

1 89.0 (V) 98 2660 / 29
2 118.75 ± 0.08 (H) 20 29
3 118.75 ± 0.2 (H) 60 29
4 118.75 ± 0.3 (H) 100 29
5 118.75 ± 0.8 (H) 250 29
6 118.75 ± 1.1 (H) 300 29
7 118.75 ± 2.5 (H) 700 29
8 118.75 ± 3.0 (H) / 29
9 118.75 ± 5.0 (H) / 29
10 150.0 (V) 98 2660 / 16
11 183.31 ± 1 (H) 350 16
12 183.31 ± 1.8 (H) 400 16
13 183.31 ± 3 (H) 500 16
14 183.31 ± 4.5 (H) 550 16
15 183.31 ± 7 (H) 650 16

In addition, because of the absorption and emission of liquid water and the scattering
of ice and precipitation, the 118 GHz band is also sensitive to clouds and precipitation [45].
Notably, 118 GHz channels are flown on FY-3C for the first time globally and have played
an important role in all-sky assimilation for NWP since the satellite was activated [36].
Due to their smaller global biases in most channels (except channel 15) due to the different
calibration methods, FY-3D/MWHS-2 observations show comparable or even better data
quality than FY-3C/MWHS-2 observations [41].

2.2. Model Configurations

All experiments performed in this study were conducted by using the Weather Re-
search and Forecasting Model (WRF) (v 3.9.1.1) and the three-dimensional variational
component of the WRFDA system [46] developed by the National Center for Atmospheric
Research (NCAR). This method can provide an optimal analysis of the atmospheric state
through the iterative minimization of a prescribed cost function as follows:

J(x) =
1
2
(x− xb)

TB−1(x− xb) +
1
2
(y− H(x))TR(−1)(y− H(x)) (1)
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where x represents the analysis field, xb represents the background field, B represents the
N-dimensional background error covariance matrices (where N is the degrees of freedom
of the background field), y represents the observation field, H is the nonlinear observation
operator (used to map the model variable into the observation space) and R represents the
M-dimensional observation error covariance matrices (where M is the degrees of freedom
of the observation field).

The default control variables (CV option five), including the stream function, unbal-
anced velocity potential, unbalanced temperature, unbalanced surface pressure and pseudo-
relative humidity, were adopted in the experiments performed in this study. The National
Meteorological Center (NMC) method [47] was applied to provide the case-dependent
background error covariance matrices by calculating the difference in the 24 and 12 h
forecasts initiated from NCEP Global Data Assimilation System (GDAS)/final (FNL) 0.25◦

Global Tropospheric Analyses Grids at 0000 and 1200 UTC (https://rda.ucar.edu/datasets/
ds083.3/#!description, accessed on 21 September 2021) for each day of the previous month
in each case. Since no FY-3 microwave humidity sounding data were contained in the FNL
analysis data (https://www.emc.ncep.noaa.gov/gmb/STATS/html/model_changes.html,
accessed on 21 September 2021), the results of the assimilating experiments were objective.
In addition, the best-track data from the Japan Meteorological Agency (JMA) were used to
evaluate the forecasted typhoon track and intensity results.

2.3. Dynamic Emissivity Retrieval

Although surface emissivity is a crucial parameter in radiative transfer models, it
is difficult to accurately retrieve over land due to the complexity of land types and the
large diurnal variations in skin temperature. Different from the Tool to Estimate Land
Surface Emissivity at Microwaves and Millimeter waves (TELSEM) atlas [48], which pro-
vides monthly average surface emissivity data, the dynamic emissivity retrieved from the
window channels (i.e., at 89 GHz and 150 GHz) provides more accurate values closer to the
real surface state [49,50]. Chen et al. [50] demonstrated that the 89 GHz channel is more
sensitive to middle- and low-latitude surfaces, while the 150 GHz channel is more sensitive
to high-latitude surfaces, especially surfaces covered by ice and snow. Therefore, the 89
GHz channel was applied herein for the dynamic emissivity retrieval based on the studied
domain under both clear-sky and all-sky conditions.

Assuming that the atmosphere is parallel to a flat, nonscattering plane, given the
zenith angle (θ) and frequency (v), the brightness temperature observed by the satellite
sensor can be expressed as follows:

Tb = ε(θ,υ)Ts Γ(θ,υ) + (1− ε(θ,υ))T
↓
(θ,υ)Γ(θ,υ) + T↑

(θ,υ) (2)

where ε(θ,v) is the surface emissivity, Ts is the surface skin temperature from the background

field, T↓
(θ,v) and T↑

(θ,v) are the upwelling and downwelling radiations inverted by the obser-
vation operator, respectively, and Γ(θ,v) is the net atmospheric transmissivity. Therefore, the
emissivity can be derived by the following equation:

ε(θ,υ) =
Tb −

(
T↑
(θ,υ) + T↓θ,υΓ(θ,υ)

)
(Ts − T↓

(θ,υ))Γ(θ,υ)

(3)

Under clear-sky conditions, the results retrieved at 89 GHz were applied when the
difference between the emissivity retrieval and its equivalent value from TELSEM was
less than 0.2 and greater than 0.5. Under all-sky conditions, the retrieved dynamic surface
emissivity was adopted when the emissivity retrieval from the 89 GHz channel was between
0.55 and 1 and the difference between the emissivity retrieval and its equivalent value from
TELSEM was less than 0.09. Otherwise, the value from the TELSEM was used as the surface
emissivity in the assimilation. As shown in Figure 1, the dynamic emissivity retrieved

https://rda.ucar.edu/datasets/ds083.3/#!description
https://rda.ucar.edu/datasets/ds083.3/#!description
https://www.emc.ncep.noaa.gov/gmb/STATS/html/model_changes.html
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from the window channel (at 89 GHz) displayed more variations over land under both
clear-sky (Figure 1b) and all-sky (Figure 1c) conditions than the emissivity atlas (Figure 1a),
especially over East and South China. Additionally, the strong scattering of thick clouds
makes the brightness temperatures lower, leading to unphysically justified depressed
emissivity retrievals [51]. When clouds present south of 25◦N, dynamic emissivity values
larger than 0.9 may not reflect the real surface emissivity under clear-sky conditions
(Figure 1b), although this kind of problem was reasonably reduced under all-sky conditions
(Figure 1c) owing to the tighter quality control of the emissivity retrievals. The atmospheric
initial conditions can potentially be improved with the more realistically detailed dynamic
emissivity values retrieved under all-sky conditions.
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Figure 1. The emissivity atlas (a), clear-sky emissivity retrievals (b) and all-sky emissivity retrievals
(c) from the FY-3C/MWHS-2 89 GHz channel and the FY-2G satellite black-body temperature product
(d) at 1800 UTC on 1 August 2020.

2.4. Observation Errors

Affected by the inaccuracy of the radiative transfer calculation in cloudy and high-
precipitation areas and by the poor performances of numerical cloud and precipitation
forecasts, the first-guess departures (OMB) show highly non-Gaussian behaviors and thus
cannot meet the requirements established in the framework of data assimilation theory.
Geer et al. [6,52] proposed an observation model (i.e., the symmetric error model) to
assign reasonable observation errors to highly non-Gaussian behaviors of the first-guess
departures by applying the RTTOV-SCATT as the observation operator. To measure the
cloud amount, the scattering index (SI) [53] is defined in this model as the difference
between the brightness temperatures (TBs) at 90 GHz and 150 GHz for the observation and
first-guess fields, respectively, based on the different scattering effects of precipitation-sized
ice particles on TBs at 90 GHz and 150 GHz. Then, the symmetric cloud predictor can be
described as follows:

CSYM =
SIobs + SIFG

2
(4)

Therefore, the symmetric observation error can be given as follows:

g(CSYM) =


gclr ∈ CSYM ≤ Cclr

gclr + (gcld − gclr)
(

CSYM−Cclr
Ccld−Cclr

)2
∈ Cclr ≤ CSYM ≤ Ccld

gcld ∈ CSYM ≥ Ccld

(5)

where gclr and gcld represent the observational errors under clear-sky conditions and
all-sky conditions, respectively, and Cclr and Ccld give the ranges over which the main
increases in the corresponding observation errors occur. The observation error model
for FY-3C/MWHS-2 is basically the same as that developed by Xian et al. [38], and the
symmetric error model for FY-3D/MWHS-2 is displayed in Figure 2.
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observation errors (solid lines).

For clear-sky assimilations, the cloud liquid water path (CLWP) is calculated to deter-
mine whether the observations are affected by clouds and precipitation, and observations
with CLWP values greater than 0.2 are considered cloud- and precipitation-affected data
and are thus removed. The observation errors assigned to each FY-3D/MWHS-2 channel
under clear-sky conditions are shown in Table 2.

Table 2. The observation errors assigned to each channel used in FY-3D/MWHS-2 under clear-sky conditions.

Channel gclr
Ocean Land

2 4.9 4.9
3 2.3 2.4
4 1.3 1.5
5 1.0 0.9
6 1.2 0.9
7 1.5 3.0
11 2.5 2.2
12 2.4 2.4
15 2.5 5.8

3. Experiment Settings
3.1. Overview of the Typhoon Case

Typhoon Hagupit, which occurred in 2020, was selected to compare the impacts of
assimilating MWHS-2 radiance data from FY-3C and FY-3D under clear-sky and all-sky
conditions. A tropical depression developing over the Philippine Sea on 30 July 2020
intensified to a tropical storm and was officially named Hagupit by the JMA at 1200 UTC
on 1 August, moving northwestward along the edge of the Western Pacific Subtropical
High (WPSH). It was upgraded to a strong tropical storm at 2100 UTC on 1 August and
quickly strengthened to a severe typhoon at 6 UTC on 3 August with a maximum central
wind speed of approximately 42 m/s. With the weakening and extinction of Typhoon
Sinlaku, the water vapor transported by the southwestward flow of the summer monsoon
to Hagupit was significantly intensified, causing Typhoon Hagupit to develop rapidly,
together with the increased sea surface temperatures in the area where Typhoon Hagupit
moved. Hagupit made landfall over Yueqing City in Zhejiang Province at 1930 UTC on
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3 August with a maximum central wind speed of approximately 38 m/s and a central
pressure of approximately 975 hPa. The typhoon then began to weaken and moved
northward slowly before dissipating following a brief intensification spanning several
days when moving northeastward offshore after passing through Zhejiang and Jiangsu
provinces. This severe typhoon caused direct economic losses of CNY 10.46 billion and
affected Zhejiang, Fujian, Shanghai and Jiangsu provinces to various extents.

3.2. Assimilation Experiment Settings

In this study, seven experiments were carried out to assess the impacts of assimilating
FY-3C/MWHS-2 and FY-3D/MWHS-2 radiance data, both individually and cooperatively,
using the 3DVAR approach within the WRFDA system on the resulting forecasts of Typhoon
Hagupit; the experiments included a control run without any data assimilation (denoted as
CON), two clear data-assimilating experiments with FY-3C/MWHS-2 observations (3C-
CLEAR) and FY-3D/MWHS-2 observations (3D-CLEAR), two all-sky data-assimilating
experiments with the two FY-3 satellite radiances separately (denoted as 3C-ALLSKY
and 3D-ALLSKY), and two experiments with FY-3C/MWHS-2 and FY-3D/MWHS-2 data
assimilated together under clear-sky (CD-CLEAR) and all-sky (CD-ALLSKY) conditions.

All the experiments started at 1800 UTC on 31 July 2020 and lasted until 0600 UTC on
5 August 2020 with a time step of 60 s and a spin-up time of 18 h. The model configura-
tions include the Lambert projection and 540 × 480 grids with a horizontal resolution of
15 km centered at (25◦N, 135◦E). The main physical parameterization schemes are listed as
follows: the Purdue–Lin [54] microphysics scheme, the Kain–Fritsch [55] cumulus convec-
tion scheme, the rapid radiative transfer model scheme [56], the Dudhia [57] scheme, the
Yonsei University (YSU) [8] boundary layer scheme, the surface layer scheme based on the
fifth-generation Pennsylvania State University–National Center for Atmospheric Research
Mesoscale Model (MM5) parameterization [58] and the Noah-Multiparameterization land
surface model scheme [59]. For channel selection, the same channel schemes as those
selected in ECMWF (i.e., channels 2–6, 11, 12, 15 and 7 over sea are assimilated) are applied
here according to the study by Lawrence et al. [36].

To use as many observations as possible in each assimilation window, the analyses
were generated every 12 h (i.e., 0000 and 1200 UTC) when assimilating FY-3C/MWHS-2
data only and every 6 h (i.e., 0000, 0600, 1200, 1800 UTC) when assimilating FY-3D/MWHS-
2 data only and when assimilating the two FY-3/MWHS-2 observation groups together.

The background conditions applied in the first analysis were obtained from the 18 h
forecast initiated from the FNL analysis at 1800 UTC on 31 July 2020. The 6 or 12 h
forecasts integrated by the WRF model were used as the background conditions in the
following cycle, and the lateral boundaries were updated using the FNL analysis data at 6
or 12 h intervals.

3.3. Quality Control and Bias Correction

Before any assimilation began, the large observation errors caused by instruments
and other factors had to be removed to ensure the quality of the assimilation processes. A
quality control scheme [17,18] was adopted for both the clear-sky and all-sky assimilations,
including an extreme value check (to remove the radiance data with TBs lower than 50 K
or higher than 550 K), a surface type check (to remove radiance data over mixed surface
types), a scanning angle check (to remove the first and last five scan angles in each swath
edge) [7], a first-guess departure check (to remove the radiance data if the bias corrected
normalized first-guess departure (OMB) exceeded 3σ, where σ represents the specified
standard deviation of the observation errors), an elevation check (to remove the radiance
data over 1500 m for channel 11, 1000 m for channels 12–13, and 800 m for channels 14–15)
and a thinning step with a spacing of 60 km. The variational bias correction (VarBC)
scheme [60] was utilized to correct the systematic errors between the observed brightness
temperatures and the simulated TBs.
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Figure 3 displays the probability distribution functions (PDFs) of the absolute and
normalized first-guess departures of the MWHS-2 channels 2, 6, 11 and 15 of FY-3C/D
along with roughly fitted Gaussians before quality control under all-sky conditions at 0000
UTC on 2 August 2020. As mentioned in Section 2.4, the PDFs of the first-guess departures
showed obvious non-Gaussian characteristics during the assimilation of satellite data under
all-sky conditions. The observation error model based on the “symmetric error model”
could effectively transform the highly non-Gaussian PDFs, making them more similar
to a Gaussian distribution. Figure 3 shows that all channels showed different degrees of
non-Gaussian behavior before normalization and roughly fitted Gaussian behavior after
normalization. The observations and model disagreed in terms of rain and precipitation,
leading to large positive or negative first-guess departures. The PDFs of the first-guess
departure of channels 5–7, which are sensitive to clouds (Figure 3b,f), and of channels
11–15, which are sensitive to humidity (Figure 3c,d,g,h), were non-Gaussian (e.g., the
skewness values of the PDF were −4.831 and −5.149 for channel 15 of FY-3C/MWHS-2
and FY-3D/MWHS-2, respectively). The PDFs of the first-guess departure of channels 2–4,
which were not sensitive to clouds or rain, could basically meet the Gaussian distribution
requirements of 3DVAR (Figure 3a,e). After applying the observation error model, the
PDFs of the first-guess departures of all used channels conformed better to the Gaussian
distribution. The skewness values of the PDF became much smaller (e.g., for channel
15, the skewness values of the PDFs were −0.629 and −0.309 for the FY-3C/MWHS-2
and FY-3D/MWHS-2 observations, respectively), and the kurtosis was also dramatically
decreased. Apparently, the PDFs of the first-guess departures of the FY-3D/MWHS-2
observations after normalization approached the Gaussian distribution, with skewness and
kurtosis values closer to zero than those of FY-3C/MWHS-2, and this could lead to the
better performances of the quality control processes [52].
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data under all-sky conditions in terms of the absolute brightness temperatures without normalization
(black lines) and with normalization (red lines) by the observation error model for FY-3C (a–d) and
FY-3D (e–h) on 2 August 2020 before the quality control processes. S is skewness and K is kurtosis.
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4. Results and Discussion
4.1. Assimilating Impacts

Figure 4 shows the spatial distribution of the first-guess departures (OMB) and the
analysis departures (OMA) of FY-3D/MWHS-2 at 0000 UTC on 2 August for channel 11
as an example in the 3D-CLEAR and 3D-ALLSKY experiments after the thinning, bias
correction and quality control processes, and the colored dots in the figures represent the
OMB and OMA values.
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Figure 4. Spatial distributions of the OMBs (a,c) and OMAs (b,d) of the assimilated FY-3D/MWHS-2
observations of channel 11 at 0000 UTC on 2 August 2020 in 3D-CLEAR (a,b) or 3D-ALLSKY (c,d).
The colored dots represent the OMB and OMA values (units: K).

The number of observation FY-3D/MWHS-2 pixels corresponding to channel 11 before
quality control was approximately 4778 at 0000 UTC on 2 August for one footprint in a 6 h
cycle, while the number of assimilated observations after quality control was 4135 under all-
sky conditions; however, only 3414 pixels were used under clear-sky conditions, evidently
confirming that the all-sky approach could make sufficient use of the observations.

The OMBs were significantly reduced after the bias correction and quality control
processes, and most absolute OMA values were approximately zero under both clear-sky
and all-sky conditions. Although the standard deviations of the OMBs were generally
larger under all-sky conditions than under clear-sky conditions, the standard deviations of
the OMAs were smaller for the former, suggesting that the analysis fields were much closer
to the observations than the background, even when more data were assimilated.

To further understand the data usage when the two microwave humidity sounding
observation groups are combined, the spatial coverage of the MWHS-2 data from the two
Fengyun-3 satellites in CD experiments are displayed in Figure 5; the background image is
the 1 h average brightness temperature products from Stretched Visible and Infrared Spin
Scan Radiometer-2 of FengYun-2G (FY-2G/VISSR-2) over one 6 h cycle. In the CD-CLEAR
results (Figure 5a), the green dots represent the FY-3C/MWHS-2 observation pixels and
the blue dots represent the FY-3D/MWHS-2 observation pixels under clear-sky conditions.
The yellow (FY-3C/MWHS-2) and red (FY-3D/MWHS-2) dots represent the additional
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observation pixels added in the CD-ALLSKY experiment (Figure 5b). Convincingly, the data
utilization of CD-ALLSKY was quite high, and the increased observation pixels were located
mostly in the thick-cloud-covered areas, including the key typhoon regions. The combined
data usage from the two Fengyun-3 satellites applied a tighter constraint for the truth
values, and this could lead to a better fitting effect; in addition, these extra observations
under all-sky conditions potentially positively impacted the typhoon predictions.
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Figure 5. The coverage of the FY-3C/MWHS-2 observations (the green points represent the data
collected under clear-sky conditions, and the yellow points represent the additional data collected
over cloudy areas) and FY-3D/MWHS-2 observations (the blue points represent the data collected
under clear-sky conditions, and the red points represent the additional data obtained in cloudy
regions) in the CD-CLEAR (a) and CD-ALLSKY (b) experiments with the FY-2G satellite brightness
temperature product derived from the Stretched Visible and Infrared Spin Scan Radiometer-2 of
FY-2G (FY-2G/VISSR-2) at 0000 UTC on 2 August 2020.

4.2. Prediction Impacts
4.2.1. Independent Impacts of Assimilating FY-3C/MWHS-2 and FY-3D/MWHS-2 Observations

The best-track data from the JMA were used to verify the simulated typhoon tracks of
Hagupit from the CON, 3C-CLEAR, 3C-ALLSKY, 3D-CLEAR and 3D-ALLSKY experiments,
and the track errors of the forecasts referring to the JMA best-track data were calculated
quantitatively (Figure 6). Compared to the track predicted in the CON experiment, all
assimilating experiments showed apparently positive impacts (better approaching the best
track) on the typhoon-track predictions regardless of whether the Fengyun-3 satellite data
or the data containing clouds after 12 h were assimilated or not. Basically, the all-sky
experiments provided better-simulated typhoon tracks than the clear-sky runs, and 3C-
ALLSKY displayed the best forecasts with the smallest track errors. The track errors of
3D-ALLSKY were slightly larger than those of 3C-ALLSKY but much smaller than those
of the two experiments in which the MWHS-2 clear-sky data were assimilated. After the
landfall of Hagupit, the track errors dropped sharply in both all-sky experiments starting
from 1800 UTC on 3 August 2020 and gradually increased from 1200 UTC on 4 August 2020.

Hagupit was not very strong at its peak. However, due to the warm sea surface tem-
peratures (SSTs) and sufficient water vapor transportation along its track region, Hagupit
was characterized by rapid offshore intensification. Evidently, all experiments, including
the control run and the assimilation experiments, overestimated the minimum sea level
pressure (MSLP) referring to the JMA intensity data over the whole forecasting time period,
especially when Typhoon Hagupit traveled over sea from 1200 UTC on 1 August 2020 to
0600 UTC on 5 August 2020 (Figure 7). In the experiments with FY-3C/MWHS-2 radiances,
3C-ALLSKY predicted a much closer MSLP to the JMA, but it was still 6 h earlier, and after
1800 UTC on 3 August 2020, the intensity and variations were improved and became quite
similar to those of the JMA. The 3C-CLEAR results provided a basic intensity variation
trend similar to that of JMA. In the FY-3D/MWHS-s assimilating experiments, the fore-
casting impacts of the typhoon intensity were essentially neutral in both the clear-sky and
all-sky runs before landfall, but 3D-ALLSKY indicated a slight improvement after 1800
UTC on 3 August 2020.
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3C-ALLSKY and 3D-ALLSKY).
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Figure 7. Time series of the MSLPs of Hagupit from 1200 UTC on 1 August 2020 to 0600 UTC on
5 August 2020, obtained while assimilating only FY-3C MWHS-2 observations (a) and only FY-3D
MWHS-2 data (b) (unit: hPa; black line: JMA; red line: experiment CON; blue line: experiments
3C-CLEAR and 3D-CLEAR, respectively; green line: 3C-ALLSKY and 3D-ALLSKY). MSLP represents
the minimum sea level pressure, and JMA is the Japan Meteorological Agency.
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Since Hagupit made landfall on the night of 3 August, the 24 h accumulated precip-
itation distribution figures from 0000 UTC on 3 August to 0000 UTC on 5 August 2020
are displayed in Figure 8. The 24 h accumulated precipitation data obtained from the
national meteorological stations of the China Meteorological Administration (CMA) were
interpolated and used as a reference. Compared to the observations, heavy rainfall was
falsely simulated occurring in southern China along the coastline in all simulations (not
shown), and the assimilating experiments did not correct this error regardless of whether
the instruments or data contained clouds in the whole forecasting period. For the 24 h accu-
mulated precipitation forecast on 3 August, assimilating only 3C-ALLSKY observations
caused a heavy rainstorm to be predicted over the east coast of China caused by the landfall
of Hagupit, but this precipitation area was much narrower than the observations. The
assimilating impacts were more evident over the next 24 h (4 August 2020), with improved
precipitation amounts and locations appearing in the assimilating runs compared to the
observations. Undoubtedly, the all-sky experiments provided better precipitation forecasts
than the clear-sky experiments, and the heavy precipitation over the east coast of China
improved much more alongside the two heavy rainfall centers predicted in 3D-ALLSKY
(Figure 8d) compared to only the single center predicted in 3C-ALLSKY (Figure 8b); this
difference may have been due to the assimilation of additional FY-3D/MWHS-2 radiance
data allowing a better fitting to be obtained with time.
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Figure 8. The 24 h accumulated precipitation (unit: mm) over land from 0000 UTC on 3 August and
0000 UTC on 5 August 2020 obtained in the experiments assimilating FY-3C/MWHS-2 observations
only (a,b) and FY-3D/MWHS-2 data only (c,d). The precipitation observations were obtained from
the national meteorological stations of the Chinese Meteorological Administration (CMA).

Dichotomous (yes–no) forecasts were used here to quantitatively evaluate the effective-
ness of the precipitation forecasts. An event in the quantitative precipitation forecasts was
defined as the conditions reaching a specified threshold at a given point. The probability of
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detection (POD), false alarm ratio (FAR), bias, threat score (TS) and success ratio (SR) of
each precipitation forecasting result set are shown in Figure 9 and were defined as follows:

POD =
A

A + C
(6)

FAR =
B

A + B
(7)

bias =
A + B
A + C

(8)

TS =
A

A + B + C
(9)

SR = 1− FAR (10)

where A represents the correct prediction of events, B represents events that were predicted
but did not occur, C represents the events that were observed but not predicted and D
represents the correct predictions of no event. The POD, SR, TS and bias results are shown
simultaneously in the performance diagram [61]. Good predictions appear in the upper-
right region of the diagram. In this study, the simulated precipitation predictions were
interpolated into the observation stations in Zhejiang and Jiangsu provinces and in the
Shanghai region, which were seriously affected by the landfall of Typhoon Hagupit. The
TS scores were relatively high at low thresholds and mostly larger than 0.5 at 0.1 mm.
For most members, the TS scores decreased as higher thresholds were approached. For
the biases, distinct underpredictions were exhibited at bias values smaller than 0.5 in
3C-ALLSKY at 25 mm and above on 3 August (Figure 9a, green circle). Similar to the
accumulated precipitation results, no members were present at 50 mm or above on 3 August
in the 3D-ALLSKY experiment (Figure 9b, green circle) or in the other experiments. On
4 August, the members were more clustered in the 3D-ALLSKY experiment (Figure 9b,
green triangle) than in the 3C-ALLSKY experiment (Figure 9a, green triangle). Although
some overpredictions occurred in the 3D-ALLSKY experiment, the TS scores were still
higher than those in the 3C-ALLSKY experiment.
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Figure 9. Performance diagram of 24 h accumulated precipitation from 0000 UTC on 3 August 2020
to 0000 UTC on 4 August 2020 (circle) and from 0000 UTC on 4 August 2020 to 0000 UTC on 5 August
2020 (triangle) obtained by assimilating only FY-3C MWHS-2 observations (a, red: CONTROL, blue:
3C-CLEAR, green: 3C-ALLSKY) and only FY-3D MWHS-2 data (b, red: CONTROL, blue: 3D-CLEAR,
green: 3D-ALLSKY) at five selected thresholds from 0.1 to 100 mm (1: 0.1 mm, 2: 10 mm, 3: 25 mm,
4: 50 mm, and 5: 100 mm) in Zhejiang and Jiangsu provinces and in the Shanghai region.
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The daily root mean square errors (RMSEs) of relative humidity, temperature and
vector winds from 2 August 2020 to 5 August 2020 referring to the European Centre for
Medium-Range Weather Forecasts (ECMWF) analysis (ERA5) data were calculated in the
domain of the Hagupit track (110◦E–135◦E, 15◦N–40◦N) to quantitatively evaluate the
assimilation impacts. Since the results of the experiments in which FY-3C/MWHS-2 and
FY-3D/MWHS-2 observations were assimilated were similar, the RMSEs from the experi-
ment in which FY-3D/MWHS-2 data were assimilated are shown as an example (Figure 10).
Notably, the vertical RMSEs decreased most in the vector winds of the 3D-ALLSKY exper-
iment, and the evidently positive impacts extended from 400 hPa to the surface starting
from the 48 h forecasts (Figure 10h), consistent with the fact that the forecasts of the vector
wind field were the most sensitive to the assimilation of microwave humidity sounding
data [62]. The positive impacts of 3D-CLEAR on the physical variable field prediction
were concentrated around the middle to upper levels of the atmosphere (i.e., 250 hPa to
650 hPa for relative humidity, 200 hPa to 500 hPa for temperature and 200 hPa to 300 hPa
for vector winds), and these improvements exhibited with increased temporal variations.
Further, 3D-CLEAR even performed better than 3D-ALLSKY in reducing the RMSEs of the
relative humidity results but performed much worse in improving the vector wind RMSEs,
while the two experiments showed comparable impacts on temperature. Apparently, both
clear-sky and all-sky assimilations with FY-3D/MWHS-2 radiance data resulted in neutral
to positive impacts on the physical variable predictions, and different variables showed dif-
ferent sensitivities to these assimilations. This kind of positive impact was more dominant
when assimilating FY-3D/MWHS-2 observations than when assimilating FY-3C/MWHS-2
data (not shown), especially for the vector winds from the 48 h forecasts, which may benefit
water vapor transport and be one reason for the lower TS score obtained in the 3C-ALLKSY
experiment than in the 3D-ALLSKY experiment from 0000 UTC on 4 August and 0000 UTC
on 5 August 2020.
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Figure 10. The vertical profiles of the daily (24 h) forecast root mean square errors (RMSEs) of
relative humidity (a–c, unit: %), temperature (d–f, unit: K) and vector winds (g–i, unit: m/s) on
2 August (top), 3 August (middle) and 4 August (bottom) in 2020 referring to the European Centre for
Medium-Range Weather Forecasts analysis (ERA5) data from the FY-3D/MWHS-2 data assimilation
experiments. (Red line: CON; blue line: 3D-CLEAR; green line: 3D-ALLSKY.).
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4.2.2. Combined Impacts of Assimilating the MWHS-2 Observations of Both FY-3C and FY-3D

The forecasting results described above effectively demonstrate that directly assimi-
lating MWHS-2 radiance data from different Fengyun-3 satellites differently impacts the
typhoon predictions. With different orbits and equatorial cross times (ECTs), the MWHS-2
observations from FY-3C and FY-3D can complement each other and improve the data
usage in WRFDA. Therefore, the combined impacts of assimilating MWHS-2 observations
from both FY-3C and FY-3D on the Typhoon Hagupit predictions are discussed in the
following paragraphs.

Apparently, CD-ALLSKY provides the best typhoon-track forecasts for Hagupit
(Figure 11), with much more accurate landfall locations; the smallest track errors obtained
in this experiment were below 50 km, lower than those obtained in the CD-CLEAR and
control runs, especially before 0600 UTC on 4 August 2020. After 0600 UTC on 4 August
2020, the tracks predicted by 3C-ALLSKY and 3D-ALLSKY outperformed those predicted
by CD-ALLSKY over land (Figure 11a). The predicted track in the CD-CLEAR experiment
visually approached the best track; however, with the relatively slow moving speeds of
Hagupit in this experiment, the track errors were actually very large, even larger than the
control errors. The reason for these increasing track errors over land after 0600 UTC on
4 August 2020 in the CD-ALLSKY experiment needs further investigation since forecasting
typhoons over land is more difficult than forecasting typhoons over water due to various
reasons. In addition, the variation tendency of the CD-ALLSKY-predicted typhoon intensity
was similar to that of the JMA data, but the smallest MSLP appeared almost 18 h earlier,
while the MSLP predicted in the CD-CLEAR experiment was lower than that predicted in
the all-sky assimilation experiment.
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Figure 11. The Hagupit tracks predicted in the all-sky experiments (a) (black line: Japan Meteorologi-
cal Agency best track; red line: 3C-ALLSKY; blue line: 3D-ALLSKY; green line: CD-ALLSKY) and the
Hagupit tracks predicted in the CON (red line), CD-CLEAR (blue line) and CD-ALLSKY (green line)
experiments along with the JMA best track (black line) (b); the absolute track errors obtained in the
CON (red line), CD-CLEAR (blue line) and CD-ALLSKY (green line) experiments in reference to the
JMA best track (c); and the Hagupit intensity variations with time (d) from 1200 UTC on 1 August
2020 to 0600 UTC on 5 August 2020 from the CON (red line), CD-CLEAR (blue line) and CD-ALLSKY
(green line) experiments compared to the JMA best-track data (black line).
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Although the false precipitation predictions over the coastline in southern China were
not eliminated in the assimilation experiments, the locations and amounts of heavy rainfall
triggered by the landfall of Hagupit were predicted best in the CD-ALLSKY experiment,
while the CD-CLEAR experiment omitted the rainstorm in the first 24 h forecast after
landfall (figures not shown). The results of the equitable threat score (ETS), which represents
an improved TS score, are shown in Figure 12 to further evaluate the impacts of assimilating
MWHS-2 data in Zhejiang, Jiangsu and Shanghai provinces. The ETS is defined as follows:

ETS =
A− (A+B)×(A+C)

A+B+C+D

A + B + C− (A+B)×(A+C)
A+B+C+D

(11)
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Figure 12. The equitable threat scores (ETSs) of the 24 h accumulated precipitation from 0000 UTC on
3 August to 0000 UTC on 5 August 2020 in the CON (red), CD-CLEAR (blue) and CD-ALLSKY (green)
experiments at 0.1, 10, 25, 50 and 100 mm rainfall thresholds in Zhejiang and Jiangsu provinces and
in the Shanghai region.

The ETSs were greatly improved in the CD-CLEAR and CD-ALLSKY experiments
compared to the CON experiment at all thresholds. CD-ALLSKY made much more accurate
predictions of heavy rainfall (>25 mm) than CD-CLEAR.

Evidently, assimilating both FY-3C/MWHS-2 and FY-3D/MWHS-2 observations can
improve the forecasts the most because more high-quality data are used in the WRFDA
system, allowing a better fit to be obtained for the subsequent analysis.

4.2.3. Sensitivity to the Channel Selection

In the experiments described above, we did not distinguish between the assimilated
observations from the 118 GHz and 183 GHz channels. As is known, 118 GHz (channels
2–7 are used in this study) and 183 GHz (channels 11–12 and 15 are used in this study) are
sensitive to the oxygen- and water vapor-absorbing bands, respectively, and have different
sensitivities to clouds and rain, resulting in the different impacts of considering these bands.
Therefore, six additional all-sky experiments (i.e., 3C/D-118CH, 3C/D-183CH, CD-118CH
and CD-183CH) were set up to discuss the assimilation sensitivities to the selected channels.
All six runs had the exact same settings as the previous all-sky experiments, except that
radiances only from either the 118 GHz channels or 183 GHz channels were assimilated.

Figure 13 presents the impacts of the channel selection on the track forecasts of Ty-
phoon Hagupit in the all-sky assimilation experiments assimilating either the observations
from the 118 GHz channels or the 183 GHz channels of the two FY-3 polar-orbit satellites.
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Interestingly, compared to the JMA-derived best track after landfall, the tracks deviate
towards inland China when only observations from the 118 GHz channels were assimilated
regardless of which satellite provided the data, while the tracks deflected seaward when
radiances only from the 183 GHz channels were assimilated. The 3D-118CH-simulated
track deviated more inland than that of 3C-118CH, and the CD-118CH-simulated track
deviated the most inland, but the CD-183CH-simulated track deflected seaward the least,
illustrating that the more observations were assimilated, the more error growth was re-
flected in the temporal evolution results. Further studies are surely needed to investigate
whether these performances indicate an impacting pattern due to channel selection or are
just the incidental result of using ensemble or hybrid data assimilations, as this is beyond
the scope of this report and is not discussed here.
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Figure 13. The predicted tracks of Hagupit from 1200 UTC on 1 August 2020 to 0600 UTC on
5 August 2020 from all-sky experiments (a) assimilating data from both the 118 GHz and 183 GHz
channels (interval: 6 h; black line: Japan Meteorological Agency best track; red line: 3C-ALLSKY;
blue line: 3D-ALLSKY; green line: CD-ALLSKY), (b) assimilating data only from FY-3C/MWHS-2
(black line: JMA best track; red line: 3C-ALLSKY; blue line: 3C- 118CH; green line: 3C- 183CH),
(c) assimilating data only from FY-3D/MWHS-2 (black line: JMA best track; red line: 3D-ALLSKY;
blue line: 3D- 118CH; green line: 3D- 183CH) and (d) assimilating data from both FY-3C/MWHS-2
and FY-3D/MWHS-2 (black line: JMA best track; red line: CD-ALLSKY; blue line: CD- 118CH; green
line: CD- 183CH).

The time series of the absolute track errors of Hagupit compared to the JMA-reported
best-track data from the all-sky channel-selection assimilation experiments are displayed in
Figure 14. As expected, the track errors were smallest when the radiances from both the 118
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GHz and 183 GHz channels were directly assimilated together in each all-sky experiment
group; however, the track errors began to rise at 0600 UTC on 4 August 2020 in the CD-
ALLSKY experiment and became larger than the CD-183CH errors 18 h later but were
still much smaller than those obtained in the CD-118CH experiment. Although the track
errors obtained in 3D-ALLSKY were smaller than those obtained in 3C-ALLSKY, among the
errors obtained in all three experiments, the errors obtained by assimilating the 183 GHz
channels only were quite comparable with each other. Different results were found in the
experiments that assimilated data from only the 118 GHz channel; the track errors increased
remarkably around the time of landfall (before or after 1930 UTC on 3 August 2020) after
remaining lower than those of the all-sky assimilation experiments using only the 183 GHz
channel data in each experimental group. Notably, the errors rose most significantly in the
CD-118CH experiment, and the possible cause for this is discussed above.
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Figure 14. The time series of the absolute track errors of Hagupit from 1200 UTC on 1 August 2020 to
0600 UTC on 5 August 2020 compared to the JMA-derived best-track data from all-sky experiments
(a) assimilating data from both the 118 GHz and 183 GHz channels (unit: km; red line: 3C-ALLSKY;
blue line: 3D-ALLSKY; green line: CD-ALLSKY), (b) assimilating data only from FY-3C/MWHS-2
(red line: 3C-ALLSKY; blue line: 3C-ALLSKY-118CH; green line: 3C-ALLSKY-183CH), (c) assimilating
data only from FY-3D/MWHS-2 (red line: 3D-ALLSKY; blue line: 3D-ALLSKY-118CH; green line:
3D-ALLSKY-183CH) and (d) assimilating data from both FY-3C/MWHS-2 and FY-3D/MWHS-2 (red
line: CD-ALLSKY; blue line: CD-ALLSKY-118CH; green line: CD-ALLSKY-183CH).

5. Conclusions

This study was the first to assimilate FY-3D/MWHS-2 observations under clear, cloudy
and rainy conditions while employing the updated WRFDA system with an all-sky assimi-
lation capacity. A series of experiments in which MWHS-2 data from different satellites
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(i.e., FY-3C and FY-3D) or both satellites were assimilated were carried out to evaluate the
impacts of the FY-3D/MWHS-2 observations on the typhoon predictions.

A symmetric observation error model that inputs the cloud coverage as a predictor
to assign observation errors to cloud- and precipitation-affected observations could effec-
tively transform the highly non-Gaussian PDFs of the OMBs to meet the data assimilation
requirements. When additional cloud- and precipitation-affected observations were as-
similated, significantly improved performances were achieved in terms of the forecasted
relative humidity, temperature and wind fields around Typhoon Hagupit, resulting in
better predictions of the track and intensity of Hagupit. On the other hand, the forecast
performances obtained after assimilating MWHS-2 observations from different satellites
were comparable; the impacts of jointly assimilating MWHS-2 observations from both the
FY-3C and FY-3D satellites on the typhoon forecasts were generally neutral to evidently
positive, and this experiment resulted in the best landfall location forecast. Therefore, since
the state-of-the-art model was not included in the assimilation experiments performed in
this study, for underdeveloped regions, even without dense conventional data, Fengyun-3-
series satellite observations can be reliable and important data sources for regional NWPs,
and NWPs can greatly benefit from the collaborative assimilation of data from multiple
meteorological satellites.

The effects of the sensitivities of the 118 GHz and 183 GHz channels from the MWHS-2
data on the typhoon predictions were also assessed. The assimilation of only the 118
GHz or 183 GHz channels resulted in a generally worse forecast performance than the
results obtained when utilizing both channels. The forecast degradation resulting from
assimilating only the 118 GHz channels occurred when Typhoon Hagupit made landfall
and moved inland, while the 183 GHz-channel assimilation experiment caused the Hagupit
track to move toward the ocean over its lifetime. In other words, the impacts resulting
from assimilating the 118 GHz or 183 GHz channels only on the Hagupit track showed
evidently opposite results. In the future, the ensemble assimilation technique can be used
to investigate whether these performances were the result of the channel selection or just
incidental. In the future, FY-4 will be made to carry microwave instruments, which may
be the first of such instruments in the world to be carried on a geosynchronously orbiting
satellite. This will improve the temporal resolution of microwave observations and may
improve the accuracy of NWPs. In addition, a more advanced vortex initialization of the
HWRF model will be studied, which may facilitate better intensification and movement
predictions of typhoons [19]. Therefore, performing numerical experiments with different
NWP models, different satellite data and different assimilation techniques is necessary in
further research.
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