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1 | INTRODUCTION

| Wansuo Duan!?

Abstract

Target observations have garnered significant attention owing to their suc-
cessful applications in enhancing forecasting skills of extreme weather events,
particularly tropical cyclone (TC) events. The key step of implementing tar-
get observation is to determine the sensitive area in advance. Previous studies
often obtained the sensitive areas for TC forecasting by vertically integrating the
energy of optimal perturbation and taking the horizontal area of large energy,
in an attempt to use it to represent roughly the sensitivity of the whole atmo-
spheric layer. The advent of the geostationary interferometric infrared sounder
on the FY-4A satellite and then corresponding satellite data assimilation have
opened up a new possibility for identifying the vertical sensitivity for TC fore-
casting to improve the forecasting skill. This article proposes a targeting satellite
channel (TSC) approach to accurately capture the sensitivity along vertical direc-
tions of the atmosphere that allows one to preferentially select the channels
whose observations locate on the sensitive vertical atmospheric layers. Numeri-
cal experiments demonstrate that, when preferentially assimilating the channel
observations obtained from the TSC approach, the TC tracks achieve a consid-
erably smaller forecast error than the information entropy channel selection
approach. The TSC approach, therefore, has the potential for the satellite data
assimilation to improve TC track forecasting skill very effectively, which can also
provide guidance to targeting observations in field campaigns for TC forecasting.
KEYWORDS

channel selection, FY-4A GIIRS, targeted observation

(Simmons, 1995). Targeted observation, also known as
adaptive observation (Snyder, 1996), is recognized as an

Studies on predictability (Froude et al., 2007; Rabier
et al., 1996; Reynolds et al., 1994; Simmons &
Hollingsworth, 2002) have revealed that a significant por-
tion of forecast errors typically stem from uncertainties in
the initial field. Therefore, obtaining an accurate estima-
tion of the initial field presents an effective approach to
enhance forecasting skills of numerical weather prediction

effective observation strategy that improves the accuracy
of the initial field, which aims at enhancing forecasting
skills by strategically adding additional observations in
sensitive areas where the initial error grows rapidly and
leads to significant forecast errors. It has been employed in
various field observation experiments, such as The Fronts
and Atlantic Storm-Track Experiment (Joly et al., 1997),
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the North Pacific Experiment (Langland et al., 1999),
and the Dropsonde Observations for Typhoon Surveil-
lance near the Taiwan Region (Chun Chieh et al., 2005,
2007). Recently, several field experiments focusing on
targeted observations of typhoons have been conducted
(Feng et al., 2022; Qin et al., 2023). The outcomes of these
observation experiments consistently demonstrate that,
on average, targeted observations contribute to improved
forecasting skills (Bergot, 1999; Bergot et al., 1999; Feng
etal., 2022; Qin et al., 2023).

There have been a lot of studies on targeting or targeted
observations for extreme weather events forecasting, par-
ticularly tropical cyclones (TCs). In these previous studies,
the sensitive areas for targeting observation were gener-
ally determined by vertically integrating energy to obtain a
two-dimensional field, with the large-value areas regarded
as the sensitive areas (Majumdar et al., 2002; Qin & Mu,
2014; Torn, 2014; Zhou & Mu, 2011a). That is to say, the
vertical atmospheric layers covered by the horizontal sen-
sitive areas are all roughly thought of as being sensitive to
extreme weather events forecasting. Presently, the geosta-
tionary interferometric infrared sounder (GIIRS) carried
by the FY-4A Fengyun geostationary weather satellite (Di
et al., 2018; Menzel et al., 2018; Yang et al., 2017) has
become a popular observing device, especially for the fore-
casts of high-impact weather events such as typhoons.
This instrument provides large-scale, continuous, fast, and
precise data, significantly enhancing weather forecasting
skills (Yin et al., 2021). The spectral range of GIIRS spans
from 700 to 1,130 cm™! (8.85-14.29 ym) and from 1,650 to
2,250cm™! (4.44-6.06 ym) with the same spectral interval
of 0.625cm™. Figure 1 illustrates the brightness temper-
ature values obtained from the 1,650 channels of GIIRS,
which capture valuable information about the various lay-
ers of the atmosphere. When evaluating the sensitivity of
forecasts to initial errors, it becomes necessary to assess
the vertical sensitivity of sensitive regions while assimilat-
ing FY-4A GIIRS satellite data. This allows for the precise
selection of highly effective channels, thereby significantly
enhancing forecasting skills for specific weather events.
However, the aforementioned horizontal sensitive areas
cannot describe exactly the vertical sensitivity of the atmo-
spheric layers, and the error at the specific atmospheric
layers with high vertical sensitivity will significantly affect
the evolution of weather events. Therefore, it is neces-
sary to recognize the vertical sensitivity of the atmosphere.
This would help optimize the selection of the channel of
GIIRS hyperspectral data and eliminate data redundancy
and observation correlations while maximizing the pro-
vision of observation information and finally providing a
much more economic assimilation strategy.

At present, one of the most widely used channel selec-
tion methods is derived from the theory of Rodgers (1998),
which describes an iterative method to determine an

optimal set of channels based on their information
content—hereafter called the information entropy (IE)
method. The effectiveness of the IE method has been
proven (Collard, 2007; Coopmann et al., 2020; Rabier
etal.,2002; Yin et al., 2019). The principle of the ITE method
is based on the understanding that positions with a larger
background field error correspond to higher uncertainty.
The channels selected by the IE method aim to minimize
the uncertainty of background error covariance. This leads
to a significant reduction in background field errors at
these positions after assimilating these channels. However,
the observations from these channels may not necessarily
help reduce the errors, which has the potential to result
in significant forecast errors in the future, and these chan-
nels may not present the observations at the atmospheric
layers with high vertical sensitivity for the weather events
forecasting of concern.

In this study, inspired by the target observing theorem,
we propose a new satellite channel selection method for
GIIRS to select the most sensitive observation channel for
forecast errors. For convenience, we call this method the
“targeting satellite channel” (TSC) approach (see Section 2
for details). The TSC cares about the sensitivity of the
forecast on initial errors along the vertical direction, and
then is able to provide the channel observations that have
the greatest potential to lower forecast errors. The effec-
tiveness of this method will be verified by typhoon track
forecasting in this study.

The structure of this article is as follows. Section 2
provides an introduction to the TSC method employed
in the study. Section 3 describes the experimental design,
including details about the model, observational data, and
specific cases used in the analysis. The results obtained
from the experiments are presented in Section 4 and are
summarized and discussed in Section 5.

2 | STRATEGY OF CHANNEL
SELECTION

The channel selection method proposed in this arti-
cle is based on the IE method. We will introduce
the IE method in Section 2.1, and the channel selec-
tion method TSC proposed in this article is presented
in Section 2.2.

2.1 | Information entropy

When Shannon created information theory in 1949, he
found a unique quantity to measure the uncertainty of
information sources called IE, also known as Shannon
entropy (Shannon, 1949). A large number of scholars
have applied this method to the channel selection of
hyperspectral infrared detection data (Collard, 2007;
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Rabier et al., 2002; Rodgers, 1998; Yin et al., 2019). The
following is a brief introduction to the IE method; see Col-
lard (2007) for details. If the probability distribution of
the system before and after assimilating the observation is
respectively P;(x) and P,(x), then the information capac-
ity of the observation can be defined as the difference H
between the IE of the two states:.

H = S(P;) — S(P,), Y]

where S(P;) and S(P,) are the IE of the system before
and after data assimilation. In data assimilation theory, it
is commonly assumed that the probability distribution of
systematic errors follows a Gaussian distribution. Then,
the IE of the systematic error can be represented as follows:

S(P) = %m ML, )

where M is the covariance matrix of the systematic error.
If the error covariance matrix of the current background
field is recorded as B and the error covariance matrix
after assimilating observation is A, then the information
capacity H contained in the observation process can be
expressed as

H:%lnlBl—%lnlAl. 3)

A is recorded as the analysis error covariance matrix,
which can be obtained through the assimilation formula:

A =B-BH"(HBH + R)"'HB. 4)

The IE method involves iterating through the available
channels. The steps for channel selection are as follows:

1. Calculate the information capacity H for each chan-
nel using Equation (3). Select the channel with the
maximum H value at this iteration.

2. Update the error covariance matrix B by replacing it
with the error covariance matrix A calculated in the
previous step. Exclude the channels that have been

Wave number (cm™)

selected in the previous iterations and select a channel
corresponding to the maximum H in the remaining set
of channels.

3. Repeat steps 1 and 2 until a sufficient number of
channels have been selected or H no longer changes
significantly.

By iterating through the channels and selecting the one
with the maximum information capacity at each step, the
method ensures that the channels with the most informa-
tive capacity are chosen.

2.2 | Targeting satellite channel

To identify the specific initial errors that lead to large
forecast errors in the future, the initial step of the TSC
method involves estimating vertical sensitivity and recog-
nizing the sensitive atmospheric layers (for convenience,
hereafter termed vertical sensitive areas; see Appendix
A for details) by calculating optimal initial perturbations
and horizontally integrating the perturbation energy—see
Equation (A.3). For the sake of facilitating subsequent
comparisons, the perturbation energy within these vertical
sensitive areas is standardized and denoted as the sensitive
area index (SA). Then, the background error covariance
was constructed according to the vertical sensitivity. The
specific reconfiguration practices are as follows. When cal-
culating the background error covariance in the vertical
direction, it is necessary to calculate the background error
standard deviation in different layers. This background
error standard deviation is multiplied by the sensitive area
index to obtain a weighted background error covariance
matrix, denoted as B'. The formula for constructing matrix
B’ is as follows:

o' (z)=0(z)XSA;, i=1,...,n, (5)

B'(z,2)) = ¢’ (@) X ¢'(2)) X p(zi,%j), 1,j=1,...,n, (6)
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where o(z;) is the background error standard deviation at
height z;, 6’(z;) is the background error standard deviation
after weighting at height z;, n is the maximum layer of
height, SA; is the sensitive area index at layer i, p(z;, z;) is
the error correlation coefficient between layer i and layer
J, and B'(z;,z;) is the background error covariance after
weighting between layer i and layer j. It is emphasized
here that B’ is an n X n matrix, which is the background
error covariance in the vertical direction. The next steps
are the same as for the IE method (see Section 2.1 for
details). By iterating through the channels and select-
ing the one with the maximum information content at
each step, the TSC ensures that the channels with the
most informative content of high vertical sensitivity areas
are chosen. This iterative process allows for an effective
selection of channels based on their information content,
leading to a relatively optimal set of channels for data
assimilation.

IE, one of the most widely used channel selection
methods, differs from TSC only in that it does not mod-
ify B. From the two methods mentioned herein, it can be
inferred that the TSC method modifies B before executing
the IE method. IE establishes the maximum information
content as the selection criterion, with the aim of maxi-
mizing the reduction of the overall errors in the vertical
direction of the initial field. This essentially entails min-
imizing errors in areas with large background errors;
see Equation (3). However, it is known that larger back-
ground errors do not necessarily lead to larger forecast
errors. Small errors in sensitive areas can also result in
significant forecast errors. This is where the TSC method,
introduced in this article, plays a crucial role. TSC revises
the background error covariance matrix using the sen-
sitive area index, weighting errors more heavily within
sensitive areas; see Equation (5). The revised B will have
larger errors in sensitive areas. Subsequently, the same
procedure as in the IE method is employed to select chan-
nels. Then, the TSC method focuses more on reducing the
initial errors that would lead to significant forecast errors
than the IE method.

It is important to highlight that this article focuses pri-
marily on the temperature channel of the GIIRS, with a
specific focus on the background error covariance matrix
associated with temperature variables. Therefore, when
referring to the background error covariance matrix in the
following, we refer to the temperature background error
covariance matrix.

3 | EXPERIMENTAL SET-UP

To validate the rationality and effectiveness of TSC, a series
of assimilation and forecasting experiments are designed

using six typhoon cases. These experiments aimed to
assess the performance of the proposed method in improv-
ing the initial field and subsequent forecast accuracy for
typhoon events.

3.1 | The model

We use the China Meteorological Administration (CMA)
global forecast system (GFS) in this study. The CMA-GFS
consists of 87 vertical layers, with the highest layer at
0.1 hPa, and it covers the entire global area with a horizon-
tal resolution of 25 km (0.25° X 0.25°). The model employs
a C grid for the horizontal grid and a Charney-Phillips grid
for the vertical grid. It utilizes hybrid coordinates for the
vertical coordinate system and employs a fully compress-
ible non-hydrostatic model core with a semi-implicit and
semi-Lagrangian discretization scheme.

In terms of physics parametrizations, the CMA-GFS
employs various schemes. For example, it uses the Rapid
Radiative Transfer Model for general circulation mod-
els long-wave (V4.71)/short-wave (V3.61) scheme to
improve the effective radius of ice clouds (Morcrette
et al., 2008; Pincus et al., 2003). It also employs the
new simplified Arakawa-Schubert scheme, the CMA
self-developed dual-parameter microphysics scheme
and large-scale cloud condensation scheme, the CMA
self-developed explicit cloud cover forecasting scheme
(Ma et al., 2018), the new Mellor-Yamada-Rumtsev-Fairall
(NMRF) boundary layer parameterization scheme based
on a Charney-Phillips grid (Chen et al., 2020), and the
Common Land Model scheme to optimize the latent heat
flux calculation process (Dai et al., 2003). Furthermore, it
includes the gravity-wave drag scheme based on Kim and
Arakawa (1995) and the Lott and Miller (1997) approach.

Another very important component is the CMA-GFS
four-dimensional variational assimilation system.
Designed for operational application, this assimilation
system utilizes an incremental analysis method and is
divided into outer and inner iterations (Zhang et al., 2019).
To reduce computational burden, the outer circulation of
the assimilation employs a nonlinear model with a hori-
zontal resolution of 0.25°, whereas the tangent linear and
adjoint models in the inner circulation have a horizontal
resolution of 1°. Moreover, simplified physical processes
are applied during the inner circulation.

3.2 | Cases

Since the detection range of the FY-4A GIIRS is the East
Asia region (3° N-55° N, 66° E-144° E), we have selected
six typhoon cases from the western Pacific for our study:
Chan-hom and Maysak in 2020 and Conson and Chanthu
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TABLE 1 Basicinformation about typhoons studied.
Maximum intensity Forecast
Typhoon Case no. Duration and time Analysis time length (days)
Maysak 1 0000 UTC Aug 28-1800 52m-s~!, 940 hPa, 0600 UTC Aug 31, 2020 4
UTC Sep 3, 2020 0600 UTC Sep 1
2 0600 UTC Sep 1, 2020 4
Chan-hom 3 1800 UTC Oct 3-1200 38m-s~!, 965 hPa, 0600 UTC Oct 8, 2020 4
UTC Oct 12, 2020 0000 UTC Oct 9
Conson 4 0600 UTC Sep 6-1800 30 m-s~!, 982hPa, 1200 UTC Sep 9, 2021 4
UTC Sep 15, 2021 0600 UTC Sep 8
Chanthu 5 0000 UTC Sep 7-1800 68 m-s~!, 905 hPa, 1200 UTC Sep 8, 2021 4
UTC Sep 17, 2021 1200 UTC Sep 10
6 0600 UTC Sep 13, 2021 4
in 2021, which caused severe impacts on East Asia. Table 1 08 NEDT
provides detailed information about these typhoon cases, ——— 02K @300K
including their lifetimes, intensities, and other relevant 0.6 0.15K @300 K
details. Notably, case 6 exhibits an abnormal track (see the g
black line of Figure 9f), which allows us to assess the effec- E 0.4
tiveness of the TSC method in forecasting typhoons with 2
an abnormal track. 02
W \
. . 0.0
3.3 | The design of experiments 1 100 200 300
Channel number
In this research, the vertical sensitive areas are deter- FIGURE 2 Noise-equivalent delta temperature (NEDT)

mined by the leading singular vector (LSV) method (see
Appendix A for details), which is widely utilized in oper-
ational forecasting centers such as European Centre for
Medium-Range Weather Forecasts (Yamaguchi & Majum-
dar, 2010), the Japan Meteorological Agency (Yamaguchi
etal., 2009), and the CMA (Wang et al., 2020). This method
allows us to identify areas in the vertical domain that have
a significant impact on forecast accuracy. Owing to linear-
ity of the LSV, it is important to consider the optimization
time for targeted observations. If the optimization time is
too long, the nonlinearity of the system will become sig-
nificant and may impact the effectiveness of the sensitive
areas of LSV; thus, the optimization time selected here is
24 hr (Zhou & Mu, 2012a). For the selection of the ver-
ification area, Zhou and Mu (2011b) suggested that the
verification areas should include the typhoon location at
verification time. Therefore, for each typhoon case, the ver-
ification area is chosen as the area where the typhoon is
projected to reach at the verification time.

Before applying the IE method or TSC for channel
selection, it is necessary to preprocess the channels and
establish a blacklist to eliminate channels with large
observation noise or poor simulation. In this research,
a threshold of 0.15K (at 300K) for the noise-equivalent
delta temperature is used to select channels for the

corresponding to the first 300 channels of the geostationary
interferometric infrared sounder (red line). The blue region
represents the corresponding standard deviation, the orange dotted
line is the 0.15 K (at 300 K) threshold, and the green dotted line is
the 0.2 K (at 300 K) threshold. [Colour figure can be viewed at
wileyonlinelibrary.com]

blacklist (Figure 2). In this study, 56 channels are selected
for the blacklist, with larger noise-equivalent delta tem-
perature values mainly concentrated between channels 35
and 65 (721.875-740.625 cm™1). This article pays attention
to the part of the long-wave channels of the GIIRS; specif-
ically, channels 1-300 (700-887.5cm™!). These channels
primarily capture temperature information related to the
sensitive areas of interest.

To evaluate the impact of assimilating radiation data
from the different channels of the FY-4A GIIRS on
typhoon analysis and forecasting, we design three exper-
iments for each typhoon case. In the first experiment,
the baseline experiment, denoted “No_GIIRS”, CMA-GFS
does not assimilate the observation of the GIIRS and other
observations. In the second experiment experiment, the
control experiment, denoted “EXP_CTRL”, CMA-GFS
only assimilates the observation of the GIIRS within the
6-hr time window. The channels used for assimilation in
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this experiment are selected by the IE method, and the
remaining observations are not assimilated. In the third
experiment, named “EXP_SEN”, a similar assimilation
process is conducted as in EXP_CTRL but the channels are
selected by the TSC method (see Table 2 for details). The
design of these three experiments serves two purposes:
first, to demonstrate the effectiveness of the GIIRS data
by comparing the No_GIIRS experiment with the latter
two; and second, to compare EXP_SEN with EXP_CTRL,
highlighting the differences between channel selection by
the TSC and IE methods, and analyzing their respective
impacts on typhoon forecasting, thereby underscoring the
role of sensitive areas.

Free forecasting is performed with an output frequency
of 6 hr. The best track dataset to verify the typhoon track
forecast comes from the CMA Tropical Cyclone Data Cen-
ter (Xiaoqin et al., 2021; Ying et al., 2014) (for the source
of the dataset, please log in to https://tcdata.typhoon.org
.cn). Considering the calculation efficiency, observation
error correlation and entropy reduction H (amount of
information), here we select the first 60 channels for both
EXP_CTRL and EXP_SEN. The sum of entropy reduction
H associated with these channels accounts for approxi-
mately 76% of the total entropy reduction H (Figure 3b) for
EXP_CTRL. This indicates that by selecting only one-fifth
of the channels we are able to explain a significant

TABLE 2  Description of the experimental set-up.
Experiment Model resolution Domain
EXP_SEN 0.2° x 0.25°
EXP_CTRL 0.25° x 0.25°
No_GIIRS 0.25° x 0.25°

Global Forecast System global analysis
Global Forecast System global analysis

Global Forecast System global analysis

portion of the assimilation increment. It is worth noting
that the channels selected by the IE method for differ-
ent cases are consistent in EXP_CTRL. Similarly, for
EXP_SEN, we selected the top 60 channels identified by
the TSC method. In addition, the sum of entropy reduc-
tion H is shown in Supporting Information Figure S1 for
each individual case.

4 | RESULTS

4.1 | Selected channels
The difference between the TSC and IE methods lies in
the modification of the background error covariance in
TSC, which increases the initial uncertainty of the posi-
tion with a large sensitive area index and concentrates the
observation information in the sensitive areas of interest.
Figure 3a illustrates the initial temperature back-
ground error covariance of the IE method, which is cal-
culated using the National Meteorological Center method
(Parrish & Derber, 1992). It shows that the temperature
background error is relatively uniformly distributed at
all levels. Consequently, according to the IE theory, the
channels selected should be spread throughout the atmo-
sphere. However, in the TSC method the background

Observations assimilated

FY-4A GIIRS (channels selected by TSC)
FY-4A GIIRS (channels selected by IE)
Without FY-4A GIIRS

Abbreviations: GIIRS, geostationary interferometric infrared sounder; IE, information entropy; TSC, targeting satellite channel.
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a) Maysak at Aug 31, 0600 UTC
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error covariance is weighted by the sensitive area index,
resulting in a covariance structure that corresponds to the
sensitive areas (Figure 4a—f). For instance, the position of
Typhoon Maysak (Figure 4a,b) with large sensitive area
index is mainly located in the upper troposphere and a
small part is located in the lower troposphere, which cor-
responds to a large background error covariance value in
the upper and lower layers. The channels selected the-
oretically focus on decreasing temperature error in the
upper and lower layers; though the sensitive area index
of Typhoon Chan-hom(Figure 4c) is located in the middle
and lower troposphere, the channels selected theoretically
focus on decreasing temperature error in the lower and
middle layers. It is important to note that the sensitive
areas and background error covariance differ for each case.
For example, in Figure 4f the Chanthu case displays the
sensitive areas with distinct double peaks, and the corre-
sponding background error covariance reflects these two
prominent areas of large values.

It is well known that the presence of a high-level warm
core is a crucial indicator of typhoon formation. TCs,
whether in the western Pacific or the northwest Atlantic,
typically exhibit warm cores in their upper layers. The
development of disturbances within a typhoon is closely
linked to the strength of its warm core structure. In other
words, the structure of growth-type disturbances in sensi-
tive areas should be closely associated with the warm core.
Here, we present the warm core structures of six individ-
ual cases (Supporting Information Figure S2). Cases 1, 2, 5,
and 6 are severe typhoons or above, and their warm cores
are situated in the upper atmosphere, whereas cases 3 and
4 are typhoons or below, locating in the middle and low
atmosphere or not obvious. It is evident that the positions
of the large-value areas in the sensitive areas correspond to
the warm core. For example, the large sensitive area index
of cases 1, 2, and 6 are located at the high level, corre-
sponding to the warm core. The large sensitive area index
of case 3 is about 800 hPa in the lower atmosphere, which
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also has a good corresponding relationship with the warm
core. Therefore, the channels selected can provide effective
observation information for those areas that affect typhoon
forecasting.

Figure 5 shows the channels selected by the IE method
and the channels selected by the TSC method for the six
typhoon cases, which is in line with the aforementioned
conclusions. The channels selected by the IE method are
distributed across the lower, middle, and upper tropo-
sphere (Figure 5a). In the case of EXP_SEN for Maysak, the
channels are concentrated in the upper and lower tropo-
sphere (Figure 5b,c), whereas for EXP_SEN of Chan-hom
the channels primarily concentrate in the lower tropo-
sphere (Figure 5d). For the case of Chanthu (Figure 5g),
there is a distinct aggregation within the mid-layer and
upper layer channels, corresponding to the sensitive areas
with distinct double peaks. The channels selected by the
TSC method for the remaining two cases are also dis-
tributed in the position where the index of the sensitive
areas is large (Figure 5e,f).

In addition, we also conduct a Fourier transform
on the background error covariances and their respec-
tive sensitive area indexes to examine whether they cap-
ture information of different scales within the vertical

Wave number (cm—1)

sensitive areas. The results indicate that the sensitive areas
of all six cases primarily exhibit low-frequency signals
(Figure 6). However, the Chan-hom case shows stronger
high-frequency signals than the others (the orange line in
Figure 6). Kindly note that, in this context, “large scale”
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FIGURE 6 The spectrum corresponding to the sensitive area

index of case nos. 1-6; the x-axis is the wave number, and the y-axis
is the amplitude. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Spectra corresponding to (a) the initial background error covariance and (b)-(g) reconstructed background error

covariance after weighting for case nos. 1-6; the x- and y-axes are the wave number.

and “small scale” specifically refer to the scale in the
vertical direction, rather than the traditional concept of
large scale. Corresponding to the Fourier transform of
the background error covariance, we get that the ini-
tial background error is relatively uniformly distributed
across large and small scales (Figure 7a). However, after
being combined with the sensitive areas, which acts
as a band-pass filter, the background error of all six
cases (Figure 7b-g) primarily exhibits large-scale errors,
whereas the small-scale error of Chan-hom is larger
(Figure 7d) and the large-scale error is weaker than others
corresponding to the amplitude of Chan-hom being small
when the value of k is small (indicated by the orange line
in Figure 6). When the wave number of Chanthu is 5-10,
we observe that its amplitude is larger thanh the other
cases (cyan line in Figure 6), which also corresponds to the

background error covariance in Figure 7g. Similar results
are available for the other cases (Figure 7b—f). The newly
constructed background error covariance, incorporating
the sensitive areas, effectively describes the specific initial
error uncertainty in terms of size, position, and scale. As a
result, the channels selected by the TSC method effectively
capture the observation information from the sensitive
areas, allowing for a reduction in the specific initial error.

4.2 | Fitting of background and analyses
to observations

To assess the effectiveness of assimilation, it is crucial
to compare the fitting of the background field before
assimilation and the analysis after assimilation to the
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GIIRS. Figure 8 shows the mean and standard deviation of
observation minus background and observation minus
analysis corresponding to the channels used in Typhoon
Chan-hom within an assimilation time window. After the
assimilation of the two groups of experiments EXP_CTRL
(Figure 8a) and EXP_SEN (Figure 8b), the mean of
the observation minus analysis is closer to zero and
the standard deviation is smaller. These findings indi-
cate that the analysis field, after assimilating the GIIRS
brightness temperature, exhibits a better agreement with
the independent observation results overall. The remain-
ing cases yield similar outcomes, which are not shown
here. In summary, the results shown in Figure 8 vali-
date the effectiveness of assimilating the GIIRS bright-
ness temperature in improving the accuracy of the initial
analysis field.

4.3 | TC track forecasting

Forecasting the track of typhoons is a vital metric for
assessing forecasting skills, and it is also a matter of
widespread concern in society. Figure 9 shows the typhoon
track of six typhoon cases under different experimental
conditions, along with the CMA best-track dataset (rep-
resented by the black line in Figure 9). The results indi-
cate that the forecasts without assimilating the GIIRS
data (the green line of Figures 9 and 10) generally per-
form worse than EXP_CTR (the blue line of Figures 9
and 10), demonstrating the effectiveness of the GIIRS
data. Additionally, in four out of the six cases, including
typhoons Chan-hom, Chanthu, and Conson (Figure 10c-f),
the typhoon track forecast of EXP_SEN (orange line in

T LT
50 100 150 200 250 300

05 1 the number of corresponding channels

BT (K) that enter the assimilation system after

quality control. [Colour figure can be
viewed at wileyonlinelibrary.com]

Figure 10) outperforms those of EXP_CTRL (blue line in
Figure 10) throughout the forecast period. The improve-
ment of the Typhoon Chan-hom track forecast reaches
up to 87.25% at day 4. It is worth noting that for anoma-
lous track forecasting of Chanthu(Figure 10f), EXP_SEN
also outperforms EXP_SEN. For the two individual cases
of Maysak(Figure 10a,b), the results of typhoon track
forecasting of EXP_SEN and EXP_CTRL are similar in
both cases. On average, EXP_SEN exhibits lower typhoon
track forecast errors than EXP_CTRL does throughout the
entire forecast period. At days 2-4 the mean track error
is reduced by more than 35km. Specifically, at day 3.5
the mean track error is reduced by 68.12 km (Figure 10g)
and the track forecast is improved by 26.75% (Figure 10h).
These results underscore the significant impact of the
TSC method on enhancing the accuracy of typhoon track
forecasting.

4.4 | Mechanisms

The difference between the typhoon track forecasts of
EXP_SEN and EXP_CTRL is derived from the assim-
ilation of observation data from different channels in
the initial analysis. Consequently, it becomes crucial
to examine the influence of various channels on the
typhoon analysis field. Considering that the channels
in vertical sensitive areas assimilated have a signifi-
cant impact on the typhoon track forecast of Typhoon
Chan-hom, we concentrate on analyzing this particular
case to reveal how the channels assimilated in the sensi-
tive areas affect the analysis field and forecast of Typhoon
Chan-hom.
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FIGURE 9 Forecasted typhoon track. The orange line is the forecast results of the EXP_SEN, the blue line is the forecast result of the

EXP_CTRL, the green line is the forecast result of the No_GIIRS, and the black line comes from the China Meteorological Administration
best-track dataset (Lu et al., 2021; Ying et al., 2014) (for the source of the dataset, please log in to https://tcdata.typhoon.org.cn). (a)-(f) Case
nos. 1-6 respectively. [Colour figure can be viewed at wileyonlinelibrary.com]

It is well known that the motion of a typhoon is
mainly controlled by steering flow in the middle and lower
atmosphere. The steering flow is generally defined as the
average wind vector in the typhoon environment within
a certain radius in the middle troposphere. The steering
flow is calculated by averaging the wind vectors with a
typhoon as the center and a radius of 1,000 km (Ting-Chi
et al., 2014). It is worth noting that there is no direct wind
observation assimilated in our study and most of the chan-
nels we choose are temperature channels, which mainly
detect temperature variables. The difference between the
two groups of experiments (EXP_CTRL and EXP_SEN)
mainly arises from the difference of the initial temperature
analysis field assimilating different channels. Therefore, it
is crucial to study how the momentum field responds to
the increment in the initial temperature field.

Figure 11 displays the steering flow at various levels
under different lead times of EXP_CTRL (blue arrows) and
EXP_SEN (orange arrows) for Typhoon Chan-hom, along
with their difference in steering flow (red arrows). The ini-
tial steering flow of the two groups of experiments points
to the northeast for almost the entire atmosphere (the left

side of Figure 11), which is consistent with the subsequent
northeastward movement of the typhoon track. Compar-
ing EXP_SEN with EXP_CTRL, the initial steering flow
has an increment of west wind in the middle and lower
atmosphere (500-700 hPa), which is generally consistent
with the eastward movement of the typhoon track in the
EXP_SEN.

We further analyze how temperature differences
resulting from the assimilation of different channels con-
tribute to variations in the steering flow in the differ-
ent atmospheric layers. In the following analysis, the
variables (temperature, geopotential height, meridional
wind, and zonal wind) represent the difference between
EXP_SEN and EXP_CTRL, which still maintain a hydro-
static relationship and geostrophic wind relationship. In
the typhoon-centered area with a radius of 1,000 km, the
temperature field (Figure 12a) and the geopotential height
field (Figure 12b) exhibit a relatively noticeable negative
correlation below 500 hPa and a positive correlation above
500 hPa. This can be attributed to the expansion of gas
caused by high temperatures in the lower layer, result-
ing in the upward movement of airflow, decreased air
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Typhoon track forecast errors (units: km) for EXP_SEN (orange), EXP_CTRL (blue), and No_GIIRS (green) verified against

the China Meteorological Administration best-track for the six cases. (a)-(f) Case nos. 1-6 respectively; (g) the average track error for case nos.
1-6; (h) the improvement in track error for EXP_SEN compared with EXP_CTRL. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 11  Steering flow of
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be viewed at wileyonlinelibrary.com]
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FIGURE 12 The
three-dimensional structure of the
difference of (a) temperature (T), (b)
geopotential height (GH), (¢) 2501
meridional wind (V), and (d) zonal
wind (U) between EXP_SEN and
EXP_CTRL which is centered on
Chan-hom at 0600 UTC on October 8.
The black typhoon sign represents the
typhoon center. [Colour figure can be
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pressure, and subsequently decreased geopotential height.
According to the hydrostatic relationship, the air pressure
in warm air decreases more gradually with height com-
pared with cold air, leading to an increase (decrease) in
air pressure and an increase (decrease) in the geopoten-
tial height in the high- (low-)temperature area of the upper
layer. The change in the geopotential height further leads
to a change in the wind field. The meridional wind is neg-
ative (north wind) at the northwest side of the typhoon
center below 500 hPa (Figure 12c), whereas the zonal wind
is positive (west wind) at the northwest side of the typhoon
center below 500 hPa (Figure 12d). These patterns are a
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result of the geopotential height modulating the wind field
through the geostrophic wind relationship. The averaged
wind vectors contribute to the differences in steering flow
at 500-700 hPa, resulting in a southeastward flow. Under
the constraints of the assimilation system, the aforemen-
tioned adjustments in other variable fields resulting from
changes in the temperature field are accomplished. From
the perspective of the vertical structure of the difference
of steering flow (red arrows in Figure 11), we observe
a transition from a northwestward wind in the lower
troposphere to a southeastward wind in the upper
troposphere. This indicates that the thermal wind is
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southeastward. Figure 12a shows that the northeast side
of the typhoon is always high temperature, whereas the
southwest side is low temperature, which conforms to the
relationship of the thermal wind.

5 | CONCLUSIONS

This study aims to utilize the high spatiotemporal resolu-
tion observational characteristics of the GIIRS by dynam-
ically selecting channels capable of reducing errors in
vertical atmospheric layers with high sensitivity, thereby
enhancing forecasting accuracy. Utilizing the high spec-
tral resolution capabilities of GIIRS, we are able to perform
adaptive observations of the sensitive areas across differ-
ent vertical levels in the atmosphere. The proposed TSC
selection method is developed based on the IE method,
with a focus on observing the vertical sensitive areas. In
this article, the CMA-GFS model and a four-dimensional
variational data assimilating system were utilized to assim-
ilate the GIIRS observation data to evaluate the validity of
the TSC mrthod and the influence of the selected chan-
nels on the typhoon track forecasting (Chan-hom, Maysak,
Chanthu, and Conson).

The primary findings reveal that the channels of the
GIIRS selected through the TSC method predominantly
capture the observational data of sensitive areas by recon-
structing the background error covariance matrix. This
reconstruction effectively captures the sizes, locations, and
error scale characteristics inherent to the vertical sensitive
areas for each typhoon. On average, assimilation channels
selected by the TSC method demonstrated their effective-
ness in improving track forecasts, with the mean track
error of six cases reduced by more than 35km from days
2 to 4. Specifically, at day 3.5, a reduction of 68.12km in
mean track error led to a 26.75% improvement in the track
forecast. These findings highlight the considerable impact
of the TSC method in enhancing the accuracy of typhoon
track forecasting. In particular, for the case of Chan-hom,
the forecasts of the typhoon track are notably improved
when using channels selected by the TSC method.

A detailed analysis showed that the difference in tem-
perature between EXP_SEN and EXP_CTRL influenced
the initial momentum variables (i.e., the geopotential
height and wind) under the constraints of the assimilation
system, through the hydrostatic relationship. The initial
steering flow of EXP_SEN of Typhoon Chan-hom is closer
to the real situation, which contributed to the improved
forecast skills of the TC track.

This research highlights the benefit of assimilating the
channels from the GIIRS onboard the FY-4A satellite,
selected by the TSC method, in improving the forecasts
of the TC tracks. These positive impacts of assimilation

indirectly show the effectiveness of targeted observations
in the vertical atmosphere. So far, the observation infor-
mation of the GIIRS with high vertical resolution has not
been effectively utilized, and the TSC method can par-
tially exploit its advantages. The GIIRS provides valuable
observations to the structures of sensitive areas of TCs and
the surrounding environment. Future investigations will
explore how assimilating targeted observations of water
vapor channels influences the moisture thermodynamic
processes within TCs, potentially altering their develop-
ment.

Although we made targeted observations of verti-
cal sensitive areas by selecting different channels of the
GIIRS, the observations in cloud and precipitation areas
are excluded through cloud detection in data assimilation
from the satellite. It is important to note that the main
structure of a typhoon typically resides within these cloud
and precipitation areas. Therefore, further investigation is
needed to explore how to effectively assimilate satellite
data in cloud and precipitation areas in order to utilize
the full potential of the GIIRS for intensive observations in
sensitive areas. In addition, the sensitive areas in this study
are determined based on the LSV method. This method
is mainly linear and cannot capture the nonlinear devel-
opment of errors well. To address this, future research
could incorporate the conditional nonlinear optimal per-
turbation method (Mu et al., 2003), which is a nonlinear
extension of LSV. Overall, these issues present opportuni-
ties for future research. Exploring methods to assimilate
data in cloud and precipitation areas and incorporating
nonlinear approaches such as the conditional nonlinear
optimal perturbation method will contribute to a deeper
understanding of the data assimilation from satellites.
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APPENDIX

Vertical sensitive areas

In previous studies, the horizontal sensitive areas
were defined by vertically integrating the total dry energy
(Buizza et al., 2007; Zhou & Mu, 2012a, 2012b). This inte-
gration was performed using the following equation:

1
i) = / Eu(i.j, o) do, (A1)
0

where Eq4(i, j, o) is the dry total energy of the sensitive areas
at the grid point (i, j, ), which also can apply to wet total
energy (Qin et al., 2023). The horizontal grid points where
the value f(i, j) is larger than a certain value c are defined
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as the horizontal sensitive areas. Similar to the horizontal
sensitive areas, the vertical sensitive areas are defined thus:

k(o) = /Ew(i,j, o) dD, (A.2)
D

where D is the full domain, but Ey(i,j, o) is the wet
total energy of the sensitive areas, which can inter-
pret wet processes that are important to typhoon struc-
ture. Unlike the horizontal direction, there is no need
to define a threshold c¢ for the vertical sensitive areas.
Owing to its relatively small scale, we consider the struc-
ture of the vertical sensitive areas in the entire vertical
direction.

The accuracy of the temperature field directly affects
the structure of the warm core of the typhoon, which
in turn affects the track and intensity of typhoons (Vigh
& Schubert, 2009; Zhang & Chen, 2012). In order to
better describe the vertical structure of temperature and
make more efficient use of long-wave channels (1-300,
700-887.5cm ™) of the GIIRS, which are mostly temper-
ature channels, we use thermal energy to define the ver-
tical sensitive areas of thermal energy. The formula is as
follows:

k(o) = / & db, (A3)
p T,

T

where k(c)’ only integrates thermal energy in the horizon-
tal direction, which mainly depicts the vertical structure
of the temperature error. In order to later weight the back-
ground error covariance, the sensitive area index SA is
defined here; that is, the energy is standardized, and the
formula is as follows:

k(o)

~ max(k(c))’ (A4

LSV

This section provides a brief introduction to the LSV
method, as detailed in Palmer et al. (1998).

A nonlinear model can be described as

0xX B
= +HFX) =0, (A.5)

where F is a nonlinear partial differential operator. The
initial conditions of the model can be described as

Xli=0 = Xo. (A.6)

Royal Meteorological Society

The state of the atmosphere at time ¢ is X;, which is the
solution of Equation (A.5), which can be expressed as

X = M(Xo), (A.7)

where M is the nonlinear propagator. Here, 6Xj is defined
as the initial perturbation, §X; is defined as the evolution
of the initial perturbation, and 6X] is defined as the lin-
ear evolution of the initial perturbation at time t. When
6Xy is sufficiently small and the integration time interval
is moderate, there is

8X] = L(6Xo) ® M(Xo + 6Xo) — M(Xo) = 6X;,  (A.8)

where L is the forward tangent propagator.The singular
values o of L satisfy the following:

T
52 = LLOXOT'GIL(Xo)] (A.9)
[6X01TG1[6Xo]

where G, and G; are the norms. If v is the eigenvector
corresponding to o2, then

ov = (G) ' (L"G,L, (A.10)
where superscript —1 denotes the inverse of the matrix.
In this article, G, = G;, which represents the metric of

wet total energy; in a continuous expression it can be
expressed as

1
C

[6X0]"G1[6X0] = l/ / [”’2 V24 2772
DJy Jp T

T

2

/ 2

+RaTr<p—S> + L 42| dp do,
r CpTr

(A.11)

where ¢, and R, are the specific heat at constant pressure
and the gas constant of air respectively (with numeri-
cal values of 1,005.7J-kg=! -K~! and 287.04J-kg™! -K~!
respectively). The reference parameters are as follows:
T; = 270K, p, = 1,000 hPa, L = 2.5104 x 10° J-kg~!. Here,
u', v, T, pl, and ¢', which are components of the state
vector, are the perturbed zonal and meridional wind
components, temperature, surface pressure, and mois-
ture respectively. The integration extends over the full
domain D and the vertical direction ¢. The 56X is defined
as a LSV if the eigenvalue ¢ corresponding to 6X; is
the largest.
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