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Abstract: This study investigates the impacts of the joint assimilation of microware temperature sen-
sor, Advanced Microwave Sounding Unit-A (AMSUA), and microware humidity sensors, Microwave
Humidity Sounder (MHS) and Microwave Humidity Sounder-2 (MWHS?2), on the analyses and
forecasts for the tropical cyclone (TC) system. Experiments are conducted using a three-dimensional
variation (3DVAR) algorithm in the framework of the weather research and forecasting data as-
similation (WRFDA) system for the forecasting of Typhoon Ampil (2018). The results show that
the assimilation of MWHS2 radiance data improves the analyses better in terms of TC’s structure
and moisture conditions than those of the MHS experiment. To some extent, the experiment with
only AMSUA radiance delivers some positive impacts of the precipitation, track, and intensity
forecast than the other two experiments do. In addition, the skill of the precipitation forecast is
notably enhanced with higher equitable threat score (ETS) by the simultaneous assimilation of the
MHS, MWHS2, and AMSUA radiance. Generally, assimilation of radiance from all sources of MHS,
MWHS2, and AMSUA could combine the advantages of assimilating each type of sensors rather than
individually. The consistent improvement is also confirmed for the TC’s track forecast with reduced
error on average, whereas the improvement of intensity forecast is not obvious.

Keywords: data assimilation; muti-source satellite radiance; numerical weather prediction; typhoon
forecast

1. Introduction

Typhoons and hurricanes belong to a kind of deep and powerful low-pressure system
named a tropical cyclone (TC), which are often accompanied by heavy rainstorms, causing
serious disasters. With the continuous progress of atmospheric observation techniques,
various observations play very important roles in improving the initial condition for TC
forecasting. With regard to satellite observations, the accuracy of radiance data is becoming
higher and higher with large coverage, high spatio-temporal resolution, and high spectral
resolution. Satellite observations also make up for the lack of observation data in areas
such as oceans and plateaus affected by topographic factors [1-3].

Satellite microwave observation, which is a common kind of satellite observation,
has been widely used in numerical weather prediction (NWP) [4-10]. The temperature
and humidity sensitive satellite microwave sensors, such as the NOAA-18 and MetOp-A
Microwave Humidity Sounder (MHS), the FengYun (FY)-3A and FY-3B Microwave Humid-
ity Sounder (MWHS), the FY-3C and FY-3D Microwave Humidity Sounder-2 (MWHS?2),
the Advanced Microwave Sounding Unit-A (AMSUA) and the Advanced Technology
Microwave Sounder (ATMS), are widely used in NWP centers [11,12]. To be specific, the
MHS and MWHS are designed to detect atmospheric water vapor, whereas the AMSUA
is mainly used for temperature sounding. They are essential for tropical convection and
TCs. It is well known that FY-3 series has played a notable role in providing radiance data
for the detection of atmospheric circulation. The first four satellites, FY-3A (2008), FY-3B
(2010), FY-3C (2013), and FY-3D (2017), were successfully launched. Higher instrument
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noise is found in the MWHS on the FY-3A /B satellites compared to the MHS [13,14]. As
the advanced polar-orbit meteorological satellites in China, FY-3C and FY-3D, are equipped
with the MWHS2 advanced atmospheric microwave vertical detector compared to the
MWHS onboard the previous two satellites. FY-3C works as the morning detector while
FY-3D provides afternoon observations, which reduces observation intervals in the same
region [15]. It is proved by the Met Office that the quality of the MWHS2 data is comparable
to the similar channel of ATMS from the 183-GHz channels [16], and it is reflected by an
error reduction of 0.6% in 24-h forecast in the Met Office global model [17].

In the studies of the satellite data assimilation, the assimilation of microwave radiance
has been widely proven to be beneficial in enhancing TC forecasts. For example, the
microwave radiance is explored onboard the multiple satellites for cases of typhoons
(Schwartz et al. (2012) [8]). Newman et al. [9] (2015) examined the impacts of assimilating
MHS radiance in a limited-area ensemble Kalman filter (EnKF) data assimilation system
and found improved track forecasts for five hurricanes during the experimental period.
Xu et al. [18] (2016) investigated the impacts of MWHS onboard FY-3B based on binary
typhoons with improvements in terms of the track and the precipitation skill. Furthermore,
the effects of adding FY-3D MWHS?2 is also studied on top of the conventional data for a
typhoon case with promising track and precipitation forecast in Xu et al. [19] (2021). Sun and
Xu [20] (2021) found that the performance of assimilating MWHS?2 radiance is comparable
to (sometimes outperforms) that of ATMS radiance for a typhoon case. Considering the
features of different satellite microwave humidity detectors, this study further investigates
the influence of the joint assimilation of satellite humidity-sensitive microwave sensors
of MHS and MWHS2 on the TC’s analysis and forecast on top of the widely applied
AMSUA data in the typhoon structure, typhoon track, as well as the typhoon intensity.
AMSUA data are applied since they have the longest history and have become the most
influential microwave-sounding observations in most operational centers [21]. As two of
the main humidity detectors, it should be noted that the characteristics and properties of
MHS and MWHS2 are different. Similar to MWHS2, MHS is also a cross-track microwave
radiometer with the same nadir spatial resolution. MHS has smaller swath width (2250 km)
than MWHS2 (2700 km) with fewer fields of view [22]. In our study, a comparison of the
separate and combined values of the widely applied microwave radiances of AMSUA and
MHS as well as the advanced MWHS2 radiances are also assessed, which distinguishes the
current paper from similar studies. The results of this study will serve as a good reference
for radiance data assimilation for TC cases.

This paper is organized as follows. The satellite observations and weather research
and forecasting data assimilation (WRFDA) system are described in Section 2. Section 3
shows the experimental setup while the results of the experiments are discussed in Section 4.
Conclusions and further discussions are included in Section 5.

2. Satellite Observations and WRFDA System
2.1. AMSUA, MHS and MWHS2 Radiance

The microwave humidity sounder (MHS) has replaced the Advanced Microwave Sound-
ing Unit-B (AMSU-B) instrument, which is one of the main core components in European-U.S.
operational polar meteorological satellite systems together with AMSUA [23]. Regarding
AMSUA, it has 15 channels, among which channels 1-3, and 15 mainly detect surface and
precipitation information, and channels 4-14 are able to obtain vertical profile information
of the atmospheric temperature [24]. With respect to the predecessor, AMSU-B, the MHS
instrument allows for full continuity in the data processing, with the improvement in terms
of the calibration accuracy and radiometric sensitivity [25]. MWHS2, a new microwave
humidity sensor developed from the previous MWHS detector, is the second-generation
humidity sounder onboard China’s polar-orbit meteorological satellite FY-3D. It has a total
of 15 channels. Among them, channels 2-9 are sensitive to atmospheric temperature and
channels 11-15 are sensitive to atmospheric humidity. Channels 1 and 10 are used for
background microwave radiation detection and precipitation detection [26]. Based on the
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characteristics of each sensor, AMSUA radiance for channels 5-7 and 9, MHS radiance for
channels 4 and 5, and MWHS2/FY-3D radiance for channels 11-15 are used in this study.

2.2. WRFDA System

The WRFDA system is the data assimilation module supplied by the weather research
and forecasting (WRF) model, which is able to assimilate conventional observations and
unconventional observations, such as those from radars and satellites [27]. This study
applies the WRF model version 4.3, that is capable of assimilating AMSUA, MHS, and
MWHS2 radiance. All experiments use the three-dimensional variational analysis method
to obtain optimal analysis of the atmospheric state at the current moment by establishing a
cost function in an iterative manner. The cost function of the three-dimensional variation
can be expressed as:

J(x) = (x=x0) "B (x = xp) + [yo = H(X)]"R™'[yo — H(x)], )

where x is the analytical field, xy, is the background field, B is the background error covari-
ance matrix; y, is the observation field, R is the observation error covariance matrix, H is
the nonlinear observation operator, while the superscripts T and —1 denote the transpose
and inverse of the matrix. The radiative transfer model used in this study is radiative
transfer for TOVS (RTTOV). It should be noted that the National Meteorological Center
(NMC) method [28] is adopted with one-month forecasts to obtain the background error
covariance matrix. In this paper, the CV5 scheme is used with stream function (), po-
tential function (), unbalanced temperature (Ty), pseudo relative humidity (RHs), and
unbalanced surface pressure (Ps ) as control variables [29]. The deficiency of radiances
assimilation is largely influenced by the systematic bias, which cannot be handled in the
data assimilation system. Additional steps of bias correction with a variational approach
(VarBC) will be carried out before the assimilation with the constant 1000-300 hPPa and
200-50 hPa layer thicknesses, surface skin temperature, total column precipitable vapor,
and the satellite zenith angle as the predictors. The correction coefficients, B, are generally
obtained from offline statistics and are then further updated within each analysis. The
bias values are derived by combing the predictors with their correction coefficients, as
Bo + Zf\fl Bipi. Bo is the constant part of the total deviation, while p; and B; are the i-th
prediction factor and deviation correction coefficient. The standard deviation of the dif-
ference between the observation and the simulated brightness temperature based on the
Global Forecast System (GFS) analysis is calculated for each channel, which serves as the
observation errors for the radiance data assimilation [3]. In this study, no observation error
correlation is considered for the inter-channel error correlation, the spatial correlation, and
the temporal correlations.

3. Experimental Setup
3.1. Typhoon Ampil Case

Typhoon Ampil was the 10th typhoon of the 2018 Pacific typhoon season. Figure 1
shows the typhoon track with the model domain overlaid with the topography, where
the best track dataset, including location, minimum sea level pressure (MSLP), and maxi-
mum surface wind (MSW), is from the Shanghai Typhoon Research Institute of the China
Meteorological Administration [30]. Typhoon Ampil generated in the northeast of the
Philippine Islands at 1200 UTC on 18 July with central pressure of 998 hPa. At 0800 UTC
on 20 July, Ampil was upgraded to a strong tropical storm, and landed on Chongming
Island in Shanghai at 0400 UTC on 22 July with central minimum sea level pressure of
982 hPa. After landfall, it continued to hit several provinces in East China, North China,
and Northeast China until its extinction. According to the official record, Ampil caused
one casualty and direct economic losses of CNY 990 million [19].
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Figure 1. Simulated domain and the track of Typhoon Ampil.

3.2. Experimental Design

In this study, numerical experiments were performed using the WRF model
version 4.3 and its data assimilation system with the simulation domain shown in
Figure 1. The model center is set at (31° N, 123° E) with a horizontal resolution of
9 km. The horizontal grid numbers are set to 559 x 469, while there are 57 layers
vertically with the model top pressure at 10 hPa. The initial and boundary conditions
are obtained from GFS data with the resolution of 0.25° x 0.25°. The parameterization
schemes used in this study include the Thompson microphysical scheme [31], the YSU
boundary layer scheme [32], the Goddard short-wave radiation scheme [33], the RRTM
long-wave radiation scheme [34], the Noah land surface model, and the Grell-Freitas
cumulus parameterization scheme [35]. The specific experimental scheme was config-
ured as follows. First, a warm start was conducted at 0000 UTC on 22 July 2018 by a 6-h
short forecast to spin up the model. Afterwards, four numerical experiments were set
up by assimilating multi-source clear-sky satellite observations at 0600 UTC on 22 July
to examine their impacts on landfall typhoon forecasts. Apart from the GTS (Global
Telecommunications System) conventional data, the used satellite radiance data in-
clude AMSUA from NOAA-19, MHS from NOAA-19, and MWHS2 from FY-3D. Each
type of radiance data was individually assimilated in the first three sets of experiments,
while the fourth set of experiment assimilated them jointly. When the assimilation is
conducted, the time window is set as 3 h. The detailed information of each experiment
is listed in Table 1. After the assimilation, final 48-h deterministic forecasts were carried
out based on the analysis fields from each group of experiments. It is emphasized that a
thinning scheme with 6 times the grid distance was performed during the assimilation
to avoid potential correlations between adjacent satellite observations [36].
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Table 1. Experimental designment.
Experiment Name Used Data
AMSU GTS conventional data and AMSUA /NOAA-19 radiance
MHS GTS conventional data and MHS/NOA A-19 radiance
MWHS GTS conventional data and MWHS2 /FY-3D radiance
ALL GTS conventional data and the three types of radiance mentioned above
4. Results

(2)

90°E 105°E

4.1. Radiance Simulation

Figure 2 shows the observed brightness temperature (BT) minus the simulated BT
based on the background (observation minus background, OMB) and the observed BT
minus the simulated BT from the analysis field (observation minus analysis, OMA) for
AMSUA, MHS, and MWHS?2 after the bias correction at 0600UTC on 22 July 2018. From
Figure 2a,c,e, it can be seen that there are large differences between the observed BT
and the simulated BT in the background for all sensors. Compared with the humidity
sensors, the deviation of the simulated radiance from the observation of AMSUA is
smaller, which is reflected by the less anomalous values of the OMB. After assimilating
the satellite radiance data, it can be seen from Figure 2b,d,f that the BT in the analyses
is closer to the observation than that of the background field, while the values of OMA
are notably close to 0 K. This indicates that the information from the observations is
efficiently introduced to the analytical field by assimilating the radiance data from the
microwave channels.

Figure 3 shows the bias corrected scatter plots of simulated BT with the RTTOV
radiative transfer model and observed BT for AMSUA, MHS, and MWHS2 at 0600UTC on
22 July 2018. For the AMSUA data, the scatter points of the background field (Figure 3a)
are mostly located above the diagonal, indicating that the overall BT of the scanned points
in the background field is higher than the observed BT. In contrast, the scatter points of the
analysis field (Figure 3b) are almost uniformly distributed on both sides of the diagonal.
The root-mean-square error is also reduced from 0.540 to 0.257 K. For the MHS and MWHS2
radiance data, the scatter points in the background field (Figure 3c,e) are more discrete. It is
noted that the root-mean-square errors of the scatter points of the analysis field (Figure 3d,f)
are significantly reduced by more than 1 K compared to those of the background field.
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Figure 2. (a,c,e) OMB and (b,d,f) OMA after bias correction at 0600UTC on 22 July 2018, with NOAA-
19 AMSUA channel 5 in the upper row, NOAA-19 MHS channel 4 in the middle row, and FY-3D
MWHS?2 channel 11 in the lower row.

Figure 4 shows the frequency distributions of OMB and OMA for AMSUA, MHS,
and MWHS2 after the bias correction at 0600UTC on 22 July 2018. Before assimilating
the satellite radiance data, the OMB of AMSUA peaks near —0.6 K, indicating that in
general the BT of the scanned points in the background field is higher than the observed
BT (Figure 4a). The peak of MHS is around 0.5 K, and the BT of the scanned points in
the background field is low (Figure 4c). It is found that the peak of MWHS?2 is near 0 K,
which means its background matches best with the observation (Figure 4e). For all the
radiance data, the overall distribution of the OMA in the analysis field approximately
conforms to a normal distribution with the peak shifted to near 0 K (Figure 4b,d,f). These
characteristics correspond well to the means and standard deviations of the scattered
points in Figure 3.
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Figure 3. Scatters of (a,c,e) background fields and (b,d,f) analysis fields after bias correction at
0600UTC on 22 July 2018, with NOAA-19 AMSUA channel 5 in the upper row, NOAA-19 MHS
channel 4 in the middle row, and FY-3D MWHS2 channel 11 in the lower row.
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Figure 4. Frequency histograms of (a,c,e) background fields and (b,d,f) analysis fields after bias
correction at 0600UTC on 22 July 2018, with NOAA-19 AMSUA channel 5 in the upper row, NOAA-
19 MHS channel 4 in the middle row, and FY-3D MWHS2 channel 11 in the lower row.

4.2. TC Structure

Figure 5 shows the results of sea level pressure, 10 m wind speed, and the relative
humidity at 100 m for the four assimilation experiments of AMSU, MHS, MWHS, and
ALL at 0600UTC on 22 July 2018. The central pressure of the MHS (Figure 5b) and MWHS
(Figure 5¢) experiments is less than 988 hPa, which is lower than the central pressure of the
AMSU experiment (Figure 5a) with stronger typhoon intensity. The typhoon intensity from



Atmosphere 2022, 13, 1427

90f19

the ALL experiment (Figure 5d) is similar to that of the AMSU experiment. Their results of
the sea level pressure are rather consistent in terms of the TC’s intensity. For the moisture
in the analyses, it is noted that the relative humidity exceeding 90% extends largely to the
east side of the TC’s center in both the MHS and MWHS experiments. The increase of
moisture to the east side is also found in the ALL experiment with intensity comparable to
that of the AMSU experiment.
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Figure 5. Sea level pressure (hPa), 10 m wind speed (m/s), and 100 m relative humidity (%) of
(a) AMSU experiment, (b) MHS experiment, (¢) MWHS experiment, (d) ALL experiment at 0600UTC
on 22 July 2018.

4.3. Skew-T Plot Analysis

Figure 6 shows the skew-T plots obtained from the 6-h forecast valid at 12200UTC on
22 July 2018 for the AMSU experiment (Figure 6b), the MHS experiment (Figure 6c), the
MWHS experiment (Figure 6d), and the ALL experiment (Figure 6e) at Shanghai station
(31.4° N, 121.46° E). The actual sounding data are from the China Meteorological Data
Service Centre. The saturated layers in the AMSU, MHS, and MWHS experiments are
around 500 hPa and 850 hPa. For the ALL experiment, the saturated layer at 850 hPa
is not much different from the rest of the experiments. However, another section of the
saturated layer in the ALL experiment starts at about 500 hPa and extends to about 650 hPa,
which is deeper compared to the saturated layer obtained in the other experiments. This
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indicates that the humidity condition simulated by the ALL experiment has been changed
to some extent and it becomes more saturated than other experiments especially from 500
to 600 hPa.
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Figure 6. Skew-T plots from (a) the sounding at Shanghai station, (b) AMSU experiment, (c) MHS
experiment, (d) MWHS experiment, (e) ALL experiment at 1200 UTC on 22 July 2018.

4.4. Root-Mean-Square Error of Forecast Fields

Figure 7 shows the results of the comparison between the forecast fields and the 0.25°
FNL reanalysis data at 1800 UTC on 23 July. The RMSE of the horizontal winds (U, V) for
the four experiments is shown in Figure 7a,b, respectively, in which the highest RMSE of
each experiment is near the troposphere at 200 hPa. For U, the ALL experiment performs
well at lower and upper layers with the lowest RMSE. In terms of V, apart from the lower
and upper layers, the ALL experiment also has the lowest RMSE in the middle layer. For
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the temperature field (Figure 7c), the lowest RMSE for the ALL experiment is found from
200 to 1000 hPa, which is particularly evident from 250 to 700 hPa. Besides, there are
large differences between the results of the AMSU experiment and the MHS experiment,
while Xie et al. (2016) [37] found that the differences of vertical profiles of forecasted
temperature are small between the AMSUA and the AMSUB, which is the predecessor of
MHS. Figure 7d shows the RMSE of the specific humidity. It can be seen that the errors of
both the ALL experiment and the MHS experiment are rather small. However, the lowest
RMSE for the ALL experiment can be witnessed more clearly from 700 to 925 hPa. Overall,
the RMSE of some forecast variables for the ALL experiment are significantly lower than
that of the remaining three experiments.
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Figure 7. Vertical (a) U wind (m/s), (b) V wind (m/s), (c) temperature (K), (d) specific humidity
(g/kg) RMSE profiles at 1800 UTC on 23 July 2018.

In addition, the mean RMSE, bias, and correlation coefficient of all experiments at
1800 UTC on 23 July 2018 are listed in Table 2. It can be found that the performance of the
ALL experiment for the three metrics is the best with the lowest mean RMSE and absolute
bias, along with the highest correlation coefficient. The ALL experiment combines the
advantages of all sensors with generally the highest forecast skill.

Table 2. List of mean RMSE, mean bias, and mean correlation from the experiments.

Metric AMSU MHS MWHS ALL
U: 3.46 U: 3.54 U:3.64 U: 3.42

V:3.55 V:3.31 V:3.71 V:3.17

Mean RMSE T 0.89 T-0.85 T:0.96 T-0.84
Q: 131 Q:1.26 Q:1.31 Q:1.26

U: 0.71 U: 0.63 U: 0.74 U: 0.66

Mean Bi V: 0.68 V: 0.64 V: 0.79 V: 0.57
€an bias T:0.13 T: —0.09 T: —0.10 T: —0.06
Q: —0.33 Q:0.31 Q:0.29 Q:0.24

U: 0.55 U: 0.53 U: 0.49 U: 0.56

Mean V: 0.58 V: 0.62 V:0.56 V: 0.63
Correlation T:0.74 T:0.77 T:0.72 T:0.77

Q: 0.69 Q:0.73 Q:0.70 Q:0.72
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4.5. Precipitation Forecasts

Figure 8 shows the 24-h accumulated rainfall results obtained from the observation and
all experiments from 0000UTC on 23 July to 0000UTC on 24 July 2018. Precipitation data are
acquired from the China Meteorological Data Service Centre. The results obtained from the
MHS experiment (Figure 8c) and MWHS experiment (Figure 8d) have a large difference to
the observation (Figure 8a) at the typhoon center near Shandong, as well as a large degree
of misrepresentation. The results obtained from the ALL experiment (Figure 8e) match
better with the observation by reflecting the characteristic of discontinuous precipitation
along the typhoon track with magnitude above 100 mm. The distribution of rainbands in
the typhoon center is to the east, and the distribution characteristics of rainbands are better
represented in the ALL experiment. Both the MHS and MWHS experiments obtain 24-h
accumulated precipitations stronger than the observation, while the ALL experiment better
depicts the location and intensity of precipitation than other experiments do. It should
be mentioned that the AMSU experiment yields lower precipitation magnitude that is the
most consistent with the observation. This result indicated that the improved precipitation
in the ALL experiment can be largely accredited to the AMSUA data.

UZFE 114°E 116°E  118°E  120°E  122°E  124°E

1 1 1 't =
a0*
NFE 14 HEE TEE 120°E  122°F 124°F 12°E 114°E 116°E MEE 12°E 12°E 126°F

0.1 10 25 50 100

Figure 8. Accumulated 24-h rainfall (mm) from 0000 UTC on 23 July to 0000 UTC on 24 July 2018,
(a) observation, (b) AMSU experiment, (c) MHS experiment, (d) MWHS experiment, (e) ALL experiment.

Figure 9 shows the equitable threat score (ETS) for the accumulated 24-h rainfall of
the four experiments from 0000UTC on 23 July to 0000UTC on 24 July 2018. The score
objectively reflects the forecast performance of the four experiments with quantitative
metrics. Generally, the MHS experiment shows degraded results compared to that of the
AMSU experiment. On the other hand, consistent improvement of precipitation forecast
skill is found from the MWHS experiment. The highest scores for the ALL experiment can
be found in Figure 8 for all precipitation thresholds except for the threshold of 100 mm. To
be specific, the ALL experiment has much higher scores for the thresholds of 10 to 50 mm
than the MWHS experiment does.
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Figure 9. Accumulated 24-h rainfall ETS scores from 0000 UTC on 23 July to 0000 UTC on 24 July 2018.

To further evaluate the precipitation results, ETSs with a shorter time window, 6 h,
are presented in Figure 10. From 0000UTC to 0600UTC (Figure 10a), the ALL experiment
achieves the highest score for all thresholds, especially for the 25 mm threshold. From
0600UTC to 1200UTC (Figure 10b), it can be found that the scores of the ALL experiments
are much higher than the rest of the experiments except for the 0.1 mm threshold. Specifi-
cally, the score of the ALL experiment is equal to that of the AMSU experiment and they are
higher than the remaining experiments at 0.1 mm threshold. From 1200UTC to 1800UTC
(Figure 10c), the score of the MWHS experiment is relatively higher, while the score of
the ALL experiment performs badly at 10 mm threshold. From 1800UTC to 2400UTC
(Figure 10d), it can be seen that the score of the ALL experiment is at a comparatively high
level, especially at the 25 mm threshold. The results in the four phases show that, although
in some cases the ALL experiment is of poor performance, the ETSs of the ALL experiment
in general are superior to those of other three experiments. Therefore, the assimilation of
multi-source satellite radiance has the ability to improve the rainfall forecast skill by taking
advantage of all sensors. The positive effects of MWHS2 over MHS are likely provided by
the temperature channels (also sensitive to low-level humidity) centered at 118 GHz.

0.35 (b)

10 25 0.1 10 25
Thresholds(mm) Thresholds(mm)

Figure 10. Cont.
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Figure 10. Accumulated 6-h rainfall ETS scores (a) from 0000 UTC to 0600 UTC, (b) from 0600 UTC
to 1200 UTC, (c) from 1200 UTC to 1800 UTC, (d) from 1800 UTC to 2400 UTC.
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4.6. The Track and Intensity

Figure 11 shows the 48-h track forecast of Typhoon Ampil from the experiments
initialized at 0600UTC on July 22 and the best track data along with the track error with
different leading times. In the track of Typhoon Ampil (Figure 11a), it can be found that
the track of the typhoon obtained from the ALL experiment is the most consistent with
the actual observed track. The results of the track error (Figure 11b) show that the ALL
experiment provides lower track error than the other three experiments for most of the
time. Specially, notable reduced track errors are witnessed in the final 12 h from the ALL
experiment when compared to the AMSU and MHS experiments. The maximum of the
track error for the ALL experiment is less than 57 km, which is obviously smaller than
those from other experiments. The average track errors for the various experiments are
also indicated in Figure 11b. It can be seen that the averaged track error is reduced in the
MWHS experiment by roughly 10 km compared with those from the AMUS and MHS
experiments. The averaged track error further decreased in the ALL experiment by more
than 3 km compared with that of the MWHS experiment.

100

42°N

I |
() Forecast Tracks —| {(b)
o - /M ALL ] BN AMSU 469 km
N e 57% }/ - "%—E—MWHS - 80 m MHS 47.5km i
\/2 > : e FA——MHS z | BN MWHS 39.9 km
/ T l—e—awusU ALL 362km
3g°N - -

36°N

34°N

32°N -

30°N

|

Track Error (km)

-

a2 ,R: L

116°E

118°E

120°E 122°E 124°E 126°E 128°E
0 6

12

18 24 30 36 42 48
Forecast Time (h)

Figure 11. (a) The track and (b) the track error (km) of Typhoon Ampil in the 48-h forecast initialized
at 0600UTC on 22 July 2018.
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MSLP Error (hPa)
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Figure 12 shows the results of the 48-h absolute MSLP error initialized at 0600UTC
on July 22 as well as the absolute MSW error for the four experiments. In Figure 12a it can
be seen that the ALL experiment and AMSUA experiment yield generally lower MSLP
errors after 6-h forecast, possibly accredited to the balanced model variables after model
integration. To be specific, the MSLP error of the ALL experiment is the lowest, especially
at 18, 24, and 36 h. For the MSW, there are overall higher errors from the AMSU experiment,
especially for the latter 18 h in Figure 12b. The MWHS and MHS experiments are able to
outperform the AMSU experiment except for the 18-h result. It is found that the MSW error
of the ALL experiment is the lowest of the four experiments when the model integration
time is 18 h, 30 h, and 36 h. The mean value of the MSLP error in Figure 12a shows that
the ALL experiment has the lowest averaged mean error of 2.0 hPa, while the MWHS
experiment yields the lowest MSW error of 1.6 m/s. It is noted that the ALL experiment
yields a high MSLP error at the beginning of the forecast, which is likely caused by the
incompatible thermodynamic field after the multi-source data assimilation. This imbalance
will be alleviated after numerical weather-prediction model integrations.

T T T T T [ 8 T [ [ [ [ [ |
 (a) (b}
k‘ ALL 2.0hPa i ALL 21 mis
\ ———MWHS 2.1 hPa 6 ——MWHS 1.6mis —]
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Figure 12. (a) The MSLP error (hPa) and (b) MSW error (m/s) in the 48-h forecast initialized at
0600UTC on 22 July 2018.

4.7. Results with Another Initialization Time

To provide solid results regarding the impacts of assimilating multi-source satellite
radiance, another forecast cycle initialized at 1800UTC on 21 July 2018 is performed. In
detail, apart from the timeline being put back by 12 h, other experimental settings are
totally the same. The track forecast and intensity forecast are presented in this section.

Figure 13 shows the 48-h track forecast of Typhoon Ampil and the corresponding track
errors initialized at 1800 UTC on 21 July. The track forecast of Typhoon Ampil (Figure 13a)
illustrates that the AMSU experiment is closer to the actual observed track than the MHS
and MWHS experiments, while the ALL experiment is most consistent with the observation.
The results of the track errors (Figure 13b) show that the errors from the AMSU experiment
are lower than those of MHS and MWHS in most of the time periods, and the track errors
of the ALL experiment are generally lowest for the whole period. To be specific, the ALL
experiment demonstrates a significant reduction in track errors compared to the other
experiments, especially in the final 12 h. The maximum track error of the ALL experiment
is less than 120 km, which is significantly lower than the maximum error of the other
experiments. For the averaged track errors of the various experiments, the averaged track
error of the AMSU experiment is reduced by about 65 km compared with the MHS and
MWHS experiments, while the track error of the ALL experiment is further reduced by
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more than 18 km compared with that of the AMSU. This proves that the ALL experiment

has the best performance on the 48-h track forecast.
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Figure 13. (a) The track and (b) the track error (km) of Typhoon Ampil in the 48-h forecast initialized
at 1800UTC on 21 July 2018.

Figure 14 shows the results of the 48-h absolute MSLP error initialized at 1800UTC on
July 21 as well as the absolute MSW error for the four experiments. As seen in Figure 14a, the
ALL and MWHS experiments yield the lowest errors from 6 to 12 h. The ALL experiment
has a small and decreasing trend in MSLP errors for the first 12 h, while the errors increase
sharply after 12 h and finally surpasse the other experiments. For MSW), it can be seen in
Figure 14b that the errors obtained for all experiments are first on a decreasing and then
an increasing trend, and the MWHS experiment has generally lower errors. In addition,
the MSW errors for the ALL experiment reaches its lowest among the four experiments at
model integration times of 6 h, 12 h, and 36 h. Since the clear-sky strategy is used, the lack
of inner core observation may account for the poor performance of intensity forecast.
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Figure 14. (a) The MSLP error (hPa) and (b) MSW error (m/s) in the 48-h intensity forecast initialized
at 1800UTC on 21 July 2018.
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From the comparison of different initialization times, it can be found that the ALL
experiment generally has the lowest track error among all these experiments. However, due
to the lack of inner core structure of the typhoon with the clear-sky strategy, the forecasts of
MSLP and MSW are not always the best. To be specific, the mean forecast error of MSLP
in the ALL experiment initialized at 0600UTC on 22 July is superior to that initialized
at 1800UTC on 21 July, while the mean forecast error of MSW from the ALL experiment
initialized at different initialization time is higher than those experiments with radiances
from individual humidity sensors.

5. Conclusions and Prospect

In this study, four experiments are carried out by assimilating AMSUA, MHS, and
MWHS?2 satellite radiance data to address their influence on the forecast of Typhoon Ampil.
The first three experiments assimilate the above data separately, while the fourth experiment
combine all three types of radiance. The results are compared from various aspects to
assess the assimilation effects of different experiments. It is found that the information
from the observations is efficiently introduced to the analytical field by assimilating the
radiance data from the microwave channels. Compared with the experiment with only
AMSUA, both experiments with radiance from humidity sensors outperform in terms of
TC structure and moisture conditions. The ALL experiment shows advancement in the
forecast skill for the total 24-h precipitation and the divided shorter time windows with
relatively higher ETS objective score. For the track forecast, the ALL experiment is the most
effective with the lowest track error compared to the remaining three experiments, while
the forecasting of TC intensity still needs to be improved when assimilating radiance from
all MHS, MWHS2, and AMSUA data sources.

This study demonstrates that combining different radiance sources may further im-
prove the analyses and forecasting of TC compared with assimilating each type of radiance
from individual sensors. Further investigations with more cases including multi-scale
weather systems are worth exploring. Additionally, future study will focus on adopting
more advanced DA algorithms, such as hybrid assimilation and ensemble Kalman filter
(EnKF), to further optimize the analysis field, and ultimately the quality of the forecast.
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