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A B S T R A C T   

The Geostationary Interferometric Infrared Sounder (GIIRS) onboard China’s FengYun-4A geostationary satellite 
provides an unprecedented opportunity to observe the three-dimensional thermodynamic structure of typhoons 
in the western North Pacific Ocean with high spatiotemporal resolutions. Field campaigns of targeting obser
vation based on the conditional nonlinear optimal perturbation (CNOP) sensitivity were carried out utilizing the 
GIIRS on FY-4A for five typhoons: Chan-hom, Maysak, and Higos in 2020 and typhoons Chanthu and Conson in 
2021 and collected temporally continuous observations for the thermodynamic structure of typhoons and their 
environments. 

This study investigated the impact of atmospheric temperature profile retrieved from the collected GIIRS 
radiance on typhoon analysis and prediction in a regional Hurricane WRF (HWRF) model using the ensemble- 
variational data assimilation scheme. Despite the case dependence, the assimilation of the additional satellite 
retrieval generally improves the typhoon track forecasts relative to those with simply the operational observa
tions assimilated. The improvement mainly occurs beyond two days and the average reduction of track errors 
reaches up to 100 km at about day 3. Diagnostics show that the improvement of initial temperature condition 
influences the geopotential height and wind fields roughly through the hydrostatic relationship. The assimilation 
of temperature retrieval also shows some potential in improving wind forecasts in the near-coast areas at upper 
and lower levels and the precipitation forecasts on land.   

1. Introduction 

Despite a significant improvement in the prediction skill of tropical 
cyclones (TCs) in the last few decades, there are still challenges in pre
dicting the track and landfall of some TCs, especially those with complex 
paths influenced by multiple interactive synoptic systems (e.g., Wu 
et al., 2004; Torn et al., 2015; Nystrom et al., 2018). Novel observing 
systems for monitoring and observing TCs and the surrounding envi
ronment are important in data assimilation (DA) and numerical fore
casts of TCs (Weng and Zhang, 2012; Wu et al., 2014; Minamide and 

Zhang, 2018; Lu and Wang, 2020). 
Meteorological satellites provide a useful supplementary platform 

for the temporal and spatial sampling of geophysical systems, especially 
over the oceans where conventional observations are sparse. The main 
satellite-based measurements are direct radiance or brightness temper
ature observations from sounders onboard meteorological satellites, 
such as microwave and infrared sounders (Li and Liu, 2009). In partic
ular, the infrared sounders have hundreds of channels that can provide 
detailed atmospheric profiles of temperature and humidity with high 
vertical resolution (Wang et al., 2007). However, most existing sounder 
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instruments are all onboard polar-orbiting satellites (Chahine et al., 
2006; Clerbaux et al., 2007; Smith sr et al., 2009; Bloom, 2001). 

After nearly 30 years of development, Chinese meteorological sat
ellites, typified by the Fengyun series, have achieved outstanding 
progress. The latest generation of the Fengyun geostationary meteoro
logical satellite (FY-4A) was successfully launched in 2016 (Yang et al., 
2017; Menzel et al., 2018). FY-4A is the first geostationary weather 
satellite to carry the Geostationary Interferometric Infrared Sounder 
(GIIRS; Yang et al., 2017; Di et al., 2018; Schmetz, 2021). The GIIRS has 
hundreds of long- and mid-wave channels which facilitates the ability to 
continuously sample temperature and humidity profiles of the atmo
sphere with high vertical resolution in targeted regions (Yang et al., 
2017). 

Progress has been made in improving the bias correction and quality 
control algorithms (e.g., Yin et al., 2020) and developing efficient 
retrieval models (e.g., Di et al., 2018; Ma et al., 2021) for GIIRS radiance 
observations, which greatly promoted the application of GIIRS data in 
global and regional numerical weather prediction (NWP) models. 
Radiance measurements from the FY-4A GIIRS have been directly 
assimilated into the global 4D-Var assimilation system of the China 
Meteorological Administration (CMA) operational Global/Regional 
Assimilation and PrEdiction System (GRAPES) since 2018. Yin et al. 
(2021) investigated the impact of the direct assimilation of GIIRS radi
ance in the operational system configurations on the prediction of a 
single typhoon (referred to as TCs in the northwest Pacific) Maria 
(2018). They concluded that the direct assimilation of the GIIRS radi
ance with high temporal resolution had a positive contribution to the 
forecast of typhoon tracks. Nevertheless, more cases are needed to 
evaluate the impacts of assimilating GIIRS data on TC analyses and 
forecasts, and the mechanisms of such impacts need to be examined, 
which are not addressed in Yin et al. (2021). In addition, the assimilation 
of the vertical temperature and moisture profile retrieved from the GIIRS 
radiance observations has not been studied yet, which could offer a 
further evaluation of the effects of GIIRS observations on TC forecasts. 

Due to the spatiotemporal continuity and mobility of observations, 
the CMA, in cooperation with the Institute of Atmospheric Physics and 
Fudan University in China, utilized the FY-4A GIIRS to conduct a series 
of field campaigns of targeting observation for typhoons in the western 
North Pacific Ocean in the 2020 and 2021 (see Section 2.1). These field 
campaigns provide unprecedented opportunities to comprehensively 
investigate the impact of the FY-4A GIIRS retrievals on the analysis and 
prediction of multiple targeted typhoons. All these will be addressed in 
this study using an advanced data assimilation (DA) scheme [the 
ensemble variational (EnVar) method] based on a high-resolution 
regional model—the Hurricane Weather Research and Forecasting 
(HWRF) model. This paper is organized as follows. Section 2 describes 
the basic information about the GIIRS retrieval observations and the 
preprocess of retrieval data for assimilation. Section 3 introduces the 
configuration of the forecast model, the DA scheme, and the experi
mental design. The impact of assimilating the GIIRS retrieval on TC track 
predictions and its relevant mechanisms are detailed in Section 4. Sec
tion 5 evaluates the assimilation impact on predictions of wind and 
rainfall. Section 6 gives the conclusions and discussion. 

2. Atmospheric profile retrieval of GIIRS and preprocess 

2.1. Targeting observations with FY-4A GIIRS 

The GIIRS onboard the FY-4A satellite can monitor the atmospheric 
and surface temperature and humidity at a high time frequency of 15 
min. Under the current operational observing mode, FY-4A GIIRS sam
ples the region over China every 120 min with a nominal nadir resolu
tion of 16 km. The instrument has 1650 channels in two separate 
infrared spectral regions: 689 channels in the longwave infrared band 
(700–1130 cm− 1) and 961 channels in the shortwave infrared band 
(1650–2250 cm− 1). Such a high spectral resolution can resolve the 

atmospheric vertical profile to 101 vertical levels. More information 
about FY-4A/GIIRS can be referred to Yang et al. (2017), Zhang et al. 
(2019), and Xian et al. (2021). The atmospheric and surface thermo
dynamic variables are retrieved using the FY-4A/GIIRS observed radi
ance (converted to the brightness temperature) under both clear and 
cloudy conditions. Both the statistical regression retrieval algorithm and 
the nonlinear physical retrieval algorithm developed by Li et al. (2000) 
are implemented under clear sky conditions. Under cloudy conditions, 
the atmospheric variables are retrieved based on the physical dual- 
regression method introduced by Smith Sr. et al. (2012). 

In virtue of the advantages of the GIIRS onboard the geostationary 
FY-4A satellite, it was used to implement the field campaigns of tar
geting observations for five typhoons, i.e., Chan-hom, Maysak, and 
Higos in 2020 and typhoons Chanthu and Conson in 2021,. Table 1 gives 
the lifetimes of these typhoons with the intensity of a tropical storm and 
above (≥17.2 m s− 1). In the determining stage, the sensitive regions, i.e., 
where the initial errors of numerical models will probably induce the 
largest forecast errors, were identified by the conditional nonlinear 
optimal perturbation method (CNOP; Mu et al., 2003, 2009). That is, 
eliminating the initial errors that the CNOP sensitivity indicates will 
greatly improve the subsequent TC forecasts (Qin and Mu, 2011; Qin 
et al., 2022). Then, the operational scanning path of the GIIRS was 
adaptively adjusted to observe the aforementioned sensitive regions and 
their surroundings. 

2.2. Preprocess of retrieval observations 

We assimilated the satellite retrieval of the vertical temperature 
profile with a quality flag of 0 (“very good”). Fig. 1 shows the specified 
error standard deviations of the temperature profile retrieval at different 
levels. The standard deviation of the observational errors is 2.0 K above 
600 hPa and then linearly increases to 4.0 K downward to the sea sur
face, which is approximately optimal in our preliminary experimental 
evaluation. 

Although only observations with high standard quality control 
(quality flag 0) were selected, their spatiotemporal resolution was still 
high, which may not be optimal for the model configuration of our DA 
system. We therefore further thinned the observations using the super
obbing strategy to better match the model resolution (Alpert and Kumar, 
2007; Feng and Wang, 2019, 2021). Specifically, observations within a 
defined spatial prism (Δx×Δy×Δz) and temporal interval Δt were 
averaged and their position and time information were used to construct 
a single observation. Δx and Δy were 0.3◦ (about 30 km), roughly five 
times the model grid size (6 km; see Section 3.1), and Δz spanned almost 
two model layers. Our preliminary evaluation showed limited sensitivity 
of the TC track forecasts to the selection of Δx and Δy around 30 km (not 
shown). Δt was 30 min, approaching an optimum performance as 
concluded in Yin et al. (2021). 

3. Systems and experiments 

3.1. HWRF model configuration 

We use the HWRF model version 3.9a in this study, which is the 2017 
operational model for hurricane prediction implemented at National 
Centers for Environmental Prediction (NCEP; Biswas et al., 2017). The 
operational model configuration has three nested domains with 18/6/2- 
km (0.135◦/0.045◦/0.015◦) horizontal resolution and 61 vertical levels 
with a model top at 2 hPa (Biswas et al., 2017). Different from the 
operational configuration, the HWRF model in our experiments adopts 
only the outer two nested domains (i.e., the 18- and 6-km grid spacing). 
The outer (D01) and inner (D02) domains contain 288 × 576 and 304 ×
604 horizontal grid points (approximately 80◦ × 80◦ and 27◦ × 27◦ in 
size, respectively). The inner domain has movable two-way interactive 
nest grids that follow the projected path of a TC. The HWRF model 
physics in this study uses the default setup of HWRF v3.9a which is 
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summarized in Table 2 (see more details in Biswas et al., 2017). 

3.2. Data assimilation system 

The DA experiments are performed using the GSI-based EnVar 
assimilation for HWRF (Lu et al., 2017a, 2017b), extended from the GSI 
EnVar DA for the global prediction system (Wang et al., 2013). As 
pointed out in Section 3.1, HWRF is configured with two nested domains 
(i.e., D01 and D02) on the 18- and 6-km grids, and the DA step is 
implemented simply for D02. We do not run cycling DA experiments 
because, in our data archive, the operational Global Ensemble Forecast 
System (GEFS) products at NCEP are only available at 0000Z and 1200Z 
each day. For each case, the initial conditions for running the HWRF 
background control and ensemble forecasts are interpolated directly 
from the global analysis of the operational Global Forecast System (GFS) 
and the global ensemble analyses of the operational GEFS at NCEP, 
respectively (i.e., cold start initialization). The background (or first 
guess) fields for D02 use the 3-hourly control forecasts of HWRF valid at 
3, 6, and 9 h initialized from the downscaled GFS analysis to better 
match the observation time within the DA window. The ensemble-based 
error covariance for D02 is calculated from 20 6-hourly HWRF ensemble 
forecasts from the downscaled ensemble analyses from the GEFS. The 
control analysis is updated using the EnVar scheme in GSI. More details 
about the EnVar algorithm can be referred to Wang (2010). 

In our experiments, for the DA in the 6-km domain (D02), the full 
ensemble covariance without combining the static covariance is used as 
suggested by Lu et al. (2017b) and Feng and Wang (2019). They found 

Table 1 
Basic information about studied typhoons.  

Typhoon Case 
No. 

Duration Maximum intensity and time Analysis time Forecast length 
(days) 

Period of precipitation 
verification 

Chan- 
hom 

1 0000 UTC 5 Oct–1200 UTC 11 Oct, 
2020 

38 m s− 1, 965 hPa, 0000 UTC 09 
Oct 

0600 UTC 8 Oct, 
2020 

3 30–54 h 

2 1800 UTC 8 Oct, 
2020 

3 18–42 h 

Maysak 3 1200 UTC 28 Aug–0000 UTC 4 Sep, 
2020 

52 m s− 1, 940 hPa, 0600 UTC 01 
Sep 

0600 UTC 31 Aug, 
2020 

3 54–72 h 

4 1800 UTC 31 Aug, 
2020 

3 42–66 h 

Higos 5 0000 UTC 18 Aug–0600 UTC 19 
Aug, 2020 

35 m s− 1, 970 hPa, 1800 UTC 18 
Aug 

0600 UTC 18 Aug, 
2020 

1.25 6–30 h 

Chanthu 6 0000 UTC 7 Sep–1800 UTC 17 Sep, 
2021 

68 m s− 1, 905 hPa, 1200 UTC 10 
Sep 

1800 UTC 8 Sep, 
2021 

4 66–90 h 

7 0600 UTC 9 Sep, 
2021 

4 54–78 h 

Conson 8 0600 UTC 6 Sep–0000 UTC 12 Sep, 
2021 

30 m s− 1, 982 hPa, 0600 UTC 08 
Sep 

1800 UTC 8 Sep, 
2021 

3.5 66–84 h  

Fig. 1. Standard deviation (Std) of the observational errors of the FY-4A GIIRS 
vertical temperature profile retrieval. 

Table 2 
Description of the experimental setup.  

Experiments Model 
resolution 

Inner domain 
(D02) 

Parent 
domain 
(D01) 

Model physics Observations assimilated 

BASE 18/6 km 
and 
61 levels; 

Gridpoint 
Statistical 
Interpolation 
(GSI)– 
based, 
ensemble– 
variational (En- 
Var) 
data assimilation 
system 
for Hurricane 
Weather 
Research 
and Forecasting 
(HWRF) Model 

Global 
Forecast 
System 
(GFS) 
global 
analysis 

Simplified Arakawa–Schubert (SAS) cumulus parameterization 
scheme, and the Ferrier-Aligo microphysics scheme; GFS Hybrid-EDMF 
planetary boundary layer scheme; HWRF surface layer scheme and 
Noah Land Surface Model; the RRTMG longwave and shortwave 
radiation schemes. 

Operational observations 
(conventional observations in 
prepbufr; satellite radiances 
from AMSU-A, 
and ATMS; GPS radio occultation 
and bending angle observations) 

BASE+
GIIRS 

All obs in BASE and vertical 
temperature profile retrieval from 
GIIRS on FY-4A  
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that combining the static background error covariance degraded the 
performance of DA and prediction for TCs in a similar HWRF and DA 
system framework. The ensemble covariance is spatially localized with a 
horizontal e-folding distance of 180 km and a vertical e-folding width of 
nearly 150 hPa following our previous studies on TC assimilation (Feng 
and Wang, 2019, 2021). 

3.3. Experimental design 

All the available observations within the 6-hour time window 
centered at the analysis time are assimilated in the D02 domain (6-km 
grid spacing). To evaluate the impact of assimilating the GIIRS retrieval 
data on TC analysis and prediction, we designed two experiments for 

each Typhoon case for comparison. In the baseline experiment (“BASE”), 
the observations ingested in the operational global DA system of CMA 
are assimilated into the GSI-based regional HWRF system, including 
conventional observations, AMSU-A and ATMS radiance observations, 
and GPS radio occultation and bending angle observations (see more 
details in Table 2). The other experiment (named “BASE+GIIRS”) as
similates the superobbed vertical temperature profile data from FY-4A 
GIIRS in addition to all the observations in BASE. 

Once deriving the initial analysis of D02, the free forecasts are pro
duced on the 18/6-km grids with an output frequency of 6 h. The 
forecast lead times are different for individual typhoons (see Table 1) 
due to their different lifetimes. The best-track data for the verification of 
TC track forecasts are from the CMA Tropical Cyclone Data Center. The 

Fig. 2. TC track forecasts of BASE (red line) and BASE+GIIRS (green line) verified against the best-track data (black line) for the eight cases. Blue dots for each track 
denote the period for the verification of accumulated precipitation in Fig. 14. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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verification for the wind forecast fields uses the Global Data Assimilation 
System (GDAS) data at a 0.25◦ resolution at NCEP. The precipitation 
forecast is verified against the 24-h accumulated precipitation product 
at a 0.5◦ resolution from NOAA Climate Prediction Center (CPC). 

4. TC track forecasts 

4.1. Impact of GIIRS retrieval on TC track forecasts 

TC track forecasts are evaluated as a crucial metric of the TC pre
diction skill. Fig. 2 compares the typhoon track forecasts between BASE 
(green line) and BASE+GIIRS (red line) verified against the best track 

Fig. 3. Tropical cyclone track forecast errors (units: km) for BASE (red) and BASE+GIIRS (green) verified against the best-track forecast for the eight cases. Black 
stars in Fig. 3i indicate statistically significant differences between samples at a 0.05 level. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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(black line) for the eight cases. It is shown that BASE+GIIRS presents 
better typhoon track forecasts than BASE mainly beyond two days for 
five out of eight cases (Fig. 2a, b, f, g, and h), including typhoons Chan- 
hom, Chanthu, and Conson. The improvements reach up to 50% at day 3 
for typhoon Chan-hom (Fig. 3a, b) and at day 3.5 for typhoon Conson 
(Fig. 3h). Noticeably, the TC track forecast with the GIIRS retrieval 
assimilated in Case 6 accurately suggests that typhoon Chanthu will not 
make landfall in Taiwan in contrast to BASE (cf. Fig. 2f, green and red 
curves). By contrast, BASE and BASE+GIIRS have similar TC track 
forecasts in the other three cases for typhoons Maysak and Higos (see 
Figs. 2c–e and 3c–e). Note that typhoon Higos has a relatively short 
lifetime and has already started to decay after making landfall on day 1 
(Fig. 2e). The limited DA impact of the GIIRS temperature retrieval for 
typhoon Maysak can be attributed to the relatively more skillful track 
forecasts of BASE (cf. Fig. 2c, d and 2a, b) with a more accurate FG field 
(see Section 4.2b). On average, BASE+GIIRS shows lower TC track 
forecast errors than BASE beyond 2.5 days despite their similar skill 
before that (Fig. 3i). The reduction of the mean track errors reaches 
nearly 100 km at 3 to 3.5 days which is statistically significant at the 
0.05 level of the paired t-test. 

4.2. Mechanisms 

The changes in the TC track forecasts of BASE+GIIRS from BASE are 
attributed to the additional assimilation of the GIIRS temperature 
retrieval in the initial analysis. It is therefore necessary to examine the 
influence of the temperature retrieval from GIIRS on TC analysis fields. 
Considering that the assimilation of the GIIRS temperature profile has a 
significant impact on the TC track forecast of typhoon Chan-hom, but 
exerted a very limited influence on typhoon Maysak (cf. Cases 1 and 3 in 
Fig. 2), the following results show how the assimilation of the GIIRS 
retrieval influences the TC analysis and prediction by analyzing and 
comparing these two cases. 

4.2.1. Distribution of observations 
Before evaluating the impact of the assimilated GIIRS retrieval from 

FY-4A, we compared the distributions of the operational observations 
and the GIIRS temperature retrieval assimilated in BASE+GIIRS within 
the regional domain (i.e., D02) of this study. Fig. 4 shows the mid-level 
(400–700 hPa) distribution of the assimilated operational observations 
within D02 for typhoons Chan-hom (Fig. 4a) and Maysak (Fig. 4b) 
initialized at 0600 UTC on October 8 and 0600 UTC on August 31 (i.e., 
Cases 1 and 3). Their respective 10-m wind amplitude fields of FG 
(shading) are given as references. Only rare observations are available 
for the operational typhoon assimilation and almost all are located far 

from the typhoon vortex. It is expected that these observations will only 
have a reasonably limited influence on typhoon track forecasts. 

Fig. 5 shows the distribution of the assimilated temperature retrieval 
data within 400–700 hPa for the same two cases as Fig. 4. Compared 
with the operational observations, the GIIRS data from the FY-4A sat
ellite provide a much denser observation network (compare Figs. 5 and 
4), covering almost the complete environment of typhoons Chan-hom 
and Maysak. Nevertheless, the areas near the vortex have fewer obser
vations than the wider environment, probably as a result of the large 
uncertainties in the retrieval in this area caused by the concentration of 
clouds on the top of TCs (Li et al., 2021). This is a widely recognized 
challenge in the use of all-sky satellite data caused by the strong 
nonlinearity of cloud-affected radiance in dynamic and thermodynamic 
atmospheric profiles (e.g., Zou et al., 2015; Minamide and Zhang, 2018; 
Zhang et al., 2018). The lack of near-eyewall observations may possibly 
explain the limited impact of assimilating the GIIRS retrieval in forecasts 
of TC intensity. 

We calculated the number of temperature retrieval observations 
from GIIRS assimilated within different vertical layers of D02 for each 
case (Fig. 6). Fig. 6 shows that there were a large number of retrieval 
observations (O(4) to O(5)) for all the eight cases across different layers 
from the surface to the upper troposphere within the six-hour DA win
dow. The number of observations for each case all exceeds 50,000, and 
the maximum reaches almost 180,000 for Case 1 of typhoon Chan-hom. 
The layer between 250 and 400 hPa has relatively fewer observations, 
with only about 25% of the layer above (100–250 hPa). This is probably 
because the 250–400 hPa layer corresponds to the region of convective 
cloud at the top of typhoons where the retrieval algorithm has a large 
sensitivity and thus produces less accurate observations (see also Fig. 5). 
The relatively high number of observations within the 100–250 hPa 
layer may be attributed to the greater effectiveness of the retrieval al
gorithm in the clear sky regions above the clouds. 

4.2.2. Fitting of FG and analyses to observations 
Effective assimilation should make the analysis closer to the truth or 

independent verifying observations relative to the FG. We compared the 
fitting of the FG before assimilation and the analysis after assimilation to 
the GIIRS retrieval because there were no independent observations for 
verification. Fig. 7a, b show the absolute differences in the assimilated 
retrieval observations (“O”) between 400 and 700 hPa from the FG and 
analysis results (“B” and “A”, respectively) projected onto the observa
tion space for typhoon Chan-hom at 0600 UTC on October 8 (i.e., |O-B| 
and |O-A|). The temperature analysis after assimilating the GIIRS 
retrieval has an overall better fit with the observations, especially in the 
environment to the northwest and southwest of the TC vortex (cf. Fig. 7a 

T
UV

ATMS
AMSU-A

Fig. 4. Distribution of the operational observations assimilated within 
400–700 hPa of D02 for typhoon Chan-hom at 0600 UTC on October 8 
and typhoon Maysak at 0600 UTC on August 31 overlaid on the 10-m 
surface wind amplitude field of FG (shading) at the same valid time. 
The observations include temperature (red triangles) and wind (red 
circles) from conventional observations and radiance observations 
from the ATMS (pink stars) and AMSU-A (yellow crosses) satellites. 
(For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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and b). Quantitatively, the root-mean-square (RMS) differences within 
the 400–700 hPa layer of D02 change from 1.24 to 0.9 K after assimi
lation, an almost 25% reduction. This implies that a more accurate 
analysis field can be obtained for the temperature by assimilating the 
temperature retrieval from GIIRS, especially in the TC environmental 
region. 

As a comparison, Fig. 7c, d show the same as Fig. 7a, b, but for 
typhoon Maysak at 0600 UTC on August 31. Their results are qualita
tively consistent. However, the improvement in the RMS difference of 
the observational fitting for analysis is close to 10% (i.e., 1.04 vs. 0.92 
K), much less than for typhoon Chan-hom (about 25%). This may be due 
to the more accurate FG for typhoon Maysak (1.04 K error relative to the 
1.24 K for typhoon Chan-hom). The RMS of |O-A| is smaller than that of | 
O-B| for all cases (Table 3) and the relative reduction ranges from 7% to 
27% with a mean value of 18.6%. Overall, the results in Fig. 7 and 
Table 3 demonstrate the effectiveness of assimilating the GIIRS retrieval 
to augment the initial temperature analysis. 

4.2.3. Initial steering flow 
It is widely understood that the movement of TCs is dominantly 

governed by the steering flow. The steering flow of TCs is generally 
defined as the mean wind vector averaged over the environment of the 

TC within a certain radius in the mid-troposphere. Because there was no 
direct assimilation of wind observations in our study, it is important to 
investigate how the momentum field (or the wind field) reacts to an 
increment in the initial temperature fields. 

Fig. 8a shows the steering flow at different levels in the initial con
ditions of BASE (red arrows) and BASE+GIIRS (green arrows) of 
typhoon Chan-hom at 0600 UTC on October 8 and their difference in 
steering flow (blue arrows). The steering flow is calculated by averaging 
the 500 hPa wind vectors within a 1000 × 1000 km2 domain centered at 
the TC center following Wu et al. (2014). This shows that the initial 
steering flows of the two experiments in the mid-troposphere (about 
500 hPa) both point to the northeast and turn to the north in the upper 
and lower levels. Nonetheless, BASE+GIIRS has a nearly 1 m s− 1 

southward increment in the steering flow (blue arrows) at 500 hPa and 
adjacent levels relative to BASE, which is consistent overall with the 
southerly shift in the TC track in BASE+GIIRS (Fig. 2a). 

We further analyzed how the assimilation of temperature retrieval 
observations resulted in the southward increment of the initial steering 
flow in BASE+GIIRS relative to BASE. Fig. 9 shows the differences 
(shading) in the average temperature within the atmospheric column 
above 500 hPa (Fig. 9a) and the geopotential height (GH) at 500 hPa 
(Fig. 9b) between the initial analyses of BASE+GIIRS and BASE for 
typhoon Chan-hom. The differences are overlaid by the temperature and 
GH analyses (purple contours) of BASE at 500 hPa, respectively, for 
reference. The differences in the GH at 500 hPa and the average tem
perature above this height were roughly negatively oriented, especially 
in the near-vortex environment within a 500-km radius (red circle) of 
the TC center (red star). This can be explained by the hydrostatic rela
tionship in the vertical direction—that is, the colder (warmer) air col
umn corresponding to the higher (lower) pressure at the bottom. We 
highlight the red transect because it comprises the entrance and outlet of 
the large-scale trough in which typhoon Chan-hom is embedded 
(Fig. 9b, c). Adjustment of the GH in BASE+GIIRS along the given 
transect (Fig. 9b) with the additional assimilation of the retrieval ob
servations leads to the change in the meridional wind (shading) asso
ciated with the steering flow in Fig. 9c. 

The cross-variable relationship between the thermodynamic and 
momentum variables can be better illustrated by the vertical zonal 
section along the transect (red straight line) in Fig. 9 (see Fig. 10). The 
differences in the vertically averaged temperature and GH between 
BASE and BASE+GIIRS have a close to − 0.4 negative correlation (cf. 

Fig. 5. Distribution of the temperature retrieval observations from GIIRS assimilated within 400–700 hPa of domain D02 for typhoon Chan-hom at 0600 UTC on 
October 8 and typhoon Maysak at 0600 UTC on August 31 overlaid by the 10-m surface wind field (vectors) of FG at the same valid time. Red stars represent the TC 
center. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Number of GIIRS temperature retrieval observations assimilated in 
different layers of D02. 
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Fig. 10a and b). This indicates the influence of assimilating temperature 
observations on the GH analysis through the hydrostatic relationship. As 
a response to the adjustment of the GH, the meridional wind presents a 
negative difference in the northwestern environment of typhoon Chan- 
hom near the mid-troposphere (i.e., near label A in Fig. 10c), corre
sponding to an intensification of the southerly wind. The meridional 
wind also presents negative differences in the northern and northeastern 
environment of typhoon Chan-hom (i.e., near labels B and C in Fig. 10c, 
respectively), corresponding to the weakening of the northerly winds. 
Such differences in the meridional wind imply a southward difference in 
the initial steering flow between BASE+GIIRS and BASE, as suggested in 
Fig. 8a. By contrast, the differences in the vertically averaged temper
ature, GH, and wind component between BASE and BASE+GIIRS are 
much smaller for typhoon Maysak (not shown), which is consistent with 
the conclusions from Fig. 7. 

5. Impact of GIIRS retrieval on wind and rainfall forecasts 

Section 4.2c introduces the influence of assimilating temperature 
retrieval observations from FY-4A on the initial TC steering flow 
(Fig. 8a) and its mechanism (Figs. 9 and 10). Noticeably, the change in 
the initial steering flow also influences the steering flow in subsequent 
forecasts of typhoon Chan-hom (Fig. 8b). The differences in the steering 
flow within the 400–600 hPa layer between BASE+GIIRS and BASE 
remain a southward component from 12 to 36 h despite being small 
within 24 and 36 h. Later, the southward difference in the steering flow 
amplifies and transfers to the west, where it is dominated by a westerly 
component exceeding 5 m s− 1 after 60 h. This result is consistent with 
the more southward and slower movement of the TC track in BASE
+GIIRS relative to BASE, leading to a more accurate TC track forecast. 

It is crucial to improve the wind forecast near coasts when TCs are 

Fig. 7. Absolute differences (colored dots) in the fitting of (a) first guess and (b) the analysis to the assimilated temperature retrieval from GIIRS within the 400–700 
hPa layer of D02 overlaid by the 500 hPa wind field (vectors) in FG for typhoon Chan-hom at 0600 UTC on October 8. Fig. 7(c)-(d) are the same as Fig. 7(a)-(b), but 
for typhoon Maysak at 0600 UTC on August 31. 

Table 3 
RMS of |O-B| and |O-A| averaged over D02 between 400 and 700 hPa for all cases and the relative reduction (%) of |O-A| from |O-B|.  

Case No. 1 2 3 4 5 6 7 8 Mean 

|O-B| 1.24 1.22 1.04 1.02 1.08 1.36 1.20 1.24 1.18 
|O-A| 0.90 0.96 0.92 0.88 1.00 0.99 1.08 0.94 0.96 
Relative Reduction (%) 27.4 21.3 11.5 13.7 7.4 27.2 10.0 24.2 18.6  
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approaching landfall. Fig. 11 shows the 2.5-day wind field forecasts at 
500 and 1000 hPa for the BASE and BASE+GIIRS experiments verified 
against the GDAS initial analyses valid at the same time for typhoon 
Chan-hom initialized at 0600 UTC on October 8. At the 2.5-day forecast 
lead time, typhoon Chan-hom is only about 200 km away from the 
south-central coast of Japan (Fig. 11a, d). Both BASE and BASE+GIIRS 
capture the easterly low-pressure trough in the mid-troposphere (500 
hPa) of typhoon Chan-hom (cf. Fig. 11a and b, c). However, unlike 
BASE, the wind forecast of BASE+GIIRS shows a complete vortex 
embedded in the trough at 500 hPa (near the purple cross in Fig. 11c), 
the same as in the observations (cf. Fig. 11c and a). If we focus on the 
1000 × 1000 km2 domain (purple square) surrounding the observed TC 

center, BASE+GIIRS clearly shows a better wind forecast than BASE at 
mid-levels—for example, the smaller areas of green shading (cf. Fig. 11b 
and c). The RMS error within the specified domain at 500 hPa reduces to 
8.7 from 9.8 m s− 1, a nearly 10% improvement. The near-surface (1000 
hPa, Fig. 11e and f) realizes an even larger improvement in the wind 
forecasts within the specified domain—that is, a nearly 33% reduction in 
the RMS error (12.3 vs. 7.9 m s− 1). BASE+GIIRS has a more accurate 
forecast of the distance between the TC inner core and the coast than 
BASE (cf. purple cross and star in Fig. 11e and f) and may therefore avoid 
excessive defensive measures in disaster mitigation. 

We also evaluated the RMSE of 1000-hPa wind forecasts in a 1000 ×
1000 km2 domain surrounding the observed TC center at each lead time 
for all cases (Fig. 12). It is shown that the sample-mean wind RMSE of 
BASE+GIIRS and BASE are very close within the first 2.5 days. However, 
BASE+GIIRS presents about 1–2 ms− 1 lower RMSEs beyond 2.5 days 
(black line) though the differences are not statistically significant due to 
the limited number of cases. The performance of individual cases also 
shows that about half of the cases for BASE+GIIRS present lower RMSE 
within 2.5 days, and most cases of BASE+GIIRS outperform BASE 
beyond 2.5 days. In addition, the wind forecast RMSE is closely related 
to the performance of the TC track forecast in each case (cf. Figs. 12 and 
3). An evaluation based on more TC cases is warranted to verify the 
robustness of the improved wind forecasts by assimilating the temper
ature retrieval from the FY-4A GIIRS. 

We further evaluated the forecast skill of typhoon-induced precipi
tation on land. Fig. 13 shows the forecasts of the 24-h cumulative pre
cipitation from 30- to 54-h lead times for typhoon Chan-hom initialized 
at 0600 UTC on October 8 for BASE (Fig. 13b) and BASE+GIIRS 
(Fig. 13c). The verifying data (Fig. 13a) use the global unified gauge- 
based analysis of daily precipitation from the NOAA Climate Predic
tion Center at a resolution of 0.5◦ within the same period. The obser
vations (Fig. 13a) show that the main precipitation area on land 
associated with the approaching typhoon (red stars) is concentrated on 
the south-central coast of Japan between 34◦ and 36◦ N with two pre
cipitation centers (highlighted by red boxes). The BASE and BASE
+GIIRS forecasts roughly capture the position of the two major centers 
of observed precipitation but overpredict the strength, especially the 
eastern center (cf. Fig. 13b, c and a). Nonetheless, BASE+GIIRS presents 
a much smaller area with precipitation >120 mm than BASE for the 
eastern center, which is closer to the observations. It is associated with 

4 m/s
BASE

BASE+GIIRS

Difference
1 m/s 2.5 m/s

Difference

BASE

BASE+GIIRS
10 m/s

Fig. 8. Steering flow of BASE (red) and BASE+GIIRS (green) and their differ
ences (blue) at the (a) initial time and (b) forecast lead times for typhoon Chan- 
hom initialized at 0600 UTC on October 8. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 

(a) Diff of Average T (b) Diff of Geopotential height (c) Diff of meridional wind

25 m/s

K m m/s

Fig. 9. Differences (shading) in (a) the average temperature within the atmospheric column above 500 hPa, (b) the geopotential height and (c) meridional wind at 
500 hPa between the initial analyses of BASE+GIIRS and BASE for typhoon Chan-hom at 0600 UTC on October 8. The overlaid are the (a) temperature, (b) GH, and 
(c) wind fields in the analysis of BASE at 500 hPa. 
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A
B

C

Fig. 10. Vertical cross-section (along the red straight line in Fig. 10) of the differences (shading) in (a) the average temperature within the above atmosphere column, 
(b) the geopotential height, and (c) the meridional wind between the initial analyses of BASE+GIIRS and BASE for typhoon Chan-hom at 0600 UTC October 8. The 
overlaid are the (a) temperature, (b) geopotential height and (c) meridional wind in the analysis of BASE at 500 hPa. The black line denotes the longitude of the 
center of the typhoon. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

m/s

m/s

Fig. 11. 2.5-day wind field (vectors) forecasts and wind amplitude error (shading) at 500 hPa of the (b) BASE and (c) BASE+GIIRS experiments verified against (a) 
the GDAS initial analyses valid at the same time for typhoon Chan-hom initialized at 0600 UTC on October 8. Purple stars and crosses represent the observed and 
forecast TC centers, respectively. Fig. 11(d)-(f) are the same as 11(a)-(c), but for 1000 hPa level. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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the more accurate TC track forecast in BASE+GIIRS with the assimila
tion of the vertical temperature retrieval (cf. cross and star in Fig. 13c). 

The predictions of the 24-h cumulative precipitation on land are 
quantitatively evaluated for all cases using the classic threat score (TS) 
while TCs are approaching or in the process of landfall (see Fig. 2 and 
Table 1 for the period of verification). The TS measures the fraction of 
observed events (24-h cumulative precipitation >50 mm in this study) 
that was correctly predicted within a specified domain (a 1000 × 1000 
km2 domain surrounding the observed TC center in this study). TS is a 
positive-oriented metric, TS = 1 means a perfect forecast and TS =
0 means a useless forecast. 

Fig. 14 shows the TS for all cases and their sample-mean perfor
mance. The better rainfall forecast of BASE+GIIRS in Case 1 in Fig. 13 
can be further confirmed by the improved quantitative TS in Fig. 14, 
with an about 9.4% higher score. Five out of the eight cases show 
improved prediction skill of BASE+GIIRS in 24-h cumulative precipi
tation compared to BASE. This may be associated with the more accurate 
TC track forecasts of BASE+GIIRS. The sample-mean TS of BASE+GIIRS 
is about 7.6% higher than that of BASE. The assimilation of GIIRS 
retrieval could also influence the forecast of TC precipitation by 
modulating the dynamic and thermodynamic evolution of TC inner 
structures. However, this is not analyzed in detail in this study and will 
be carefully examined in a case study in future work. 

Fig. 12. Differences of the 1000-hPa wind forecast RMSE of BASE+GIIRS from BASE (i.e., BASE+GIIRS minus BASE) in a 1000 × 1000 km2 domain surrounding the 
observed TC center at each lead time for all cases and their mean (black line). 

Fig. 13. Forecasts of the 24-h cumulative precipitation from 30- to 54-h lead times for (b) BASE and (c) BASE+GIIRS for typhoon Chan-hom initialized at 0600 UTC 
on October 8 and (a) the verifying observations. The observations use the global unified gauge-based analysis of daily precipitation from the NOAA Climate Pre
diction Center at 0.5◦ resolution. The red stars and crosses represent the observed and forecast TC centers, respectively, within the verification period. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 14. Threat score of the prediction of 24-h cumulative precipitation (> 50 
mm) for BASE (red) and BASE+GIIRS (green) for all cases and their mean 
performance. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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6. Conclusions and discussion 

Although the observing network for tropical cyclones has been 
extensively augmented in recent decades, movable observing platforms 
that can monitor TCs with spatial and temporal continuity are still 
lacking. High spectral resolution infrared sounders onboard geosta
tionary satellites—for example, the GIIRS on the FY-4A geostationary 
satellite—offer such a possibility. Using this, a series of field campaigns 
of targeting observation based on the CNOP sensitivity were carried out 
for five typhoons (Chan-hom, Maysak, Higos, Chanthu, and Conson) in 
the western North Pacific Ocean in the summers of 2020 and 2021. The 
FY-4A GIIRS was committed to a one-day continuous scan of the vortex 
and the surrounding environment for individual typhoons. The atmo
spheric temperature profile data retrieved from the GIIRS were assimi
lated to evaluate their impacts on TC forecasts using a regional high- 
resolution HWRF model. 

The main results indicate that the assimilation of the temperature 
profile retrieval reduces the track forecast errors of typhoons beyond 
2.5 days by up to 100 km on average which is statistically significant at 3 
to 3.5 days. Especially, the track error reduction for Chan-hom and 
Conson can reach up to 50% at about day 3 with the additional assim
ilation of GIIRS retrieval observations. By contrast, the assimilation 
impact on Maysak and Higos was limited. Such a case-dependent per
formance is mainly related to the TC simulation performance in the FG 
field. By examining the fitting of the FG field and analysis to the retrieval 
observations, all the typhoons showed a reduction in fitting errors after 
assimilating the GIIRS retrieval. However, typhoon Chan-hom had a 
poorer TC simulation in FG than typhoon Maysak and therefore showed 
a greater improvement in the tropical cyclone track by assimilating the 
retrieval. 

A detailed analysis showed that the analysis increment of tempera
ture influenced the initial momentum variables (i.e., the geopotential 
height and wind), probably through the hydrostatic relationship. The 
initial steering flow in the analysis fields of typhoon Chan-hom was then 
modified to be closer to the observations, which contributed to the 
improved forecast of the TC track. The more accurate TC initial condi
tions also contributed to the improved wind forecasts in the near-coast 
areas at surface levels and the precipitation forecasts on land in terms 
of the averaged performance for all cases. 

This study demonstrates the benefit of assimilating satellite retrieval 
of the temperature profile from the GIIRS onboard the FY-4A satellite in 
improving the forecasts of the TC tracks, winds and precipitation. These 
positive impacts of assimilation indirectly show the effectiveness of the 
retrieval algorithm for the GIIRS radiance in resolving the vertical at
mospheric temperature profile. So far, satellite-based atmospheric mo
tion vector observations have made positive contributions to the 
prediction of the TC track and intensity. The GIIRS onboard the FY-4A 
satellite provides valuable supplementary observations to the thermo
dynamic structures of TCs and the surrounding environment. How the 
assimilation of the thermodynamic profile retrieval modulates the evo
lution of the moisture thermodynamic processes and rainband of TCs on 
the convection scale will be studied in future work. 

Although the weak analysis increment of temperature and wind can 
be seen near the TC eyewall of Chan-hom (Fig. 9), the forecasts of TC 
intensity overall show limited impact from assimilating the temperature 
retrieval of the GIIRS. This may be associated with the sparse observa
tions within the TC vortex as a result of the high sensitivity of the 
retrieval algorithm in cloudy regions. The development of more accurate 
all-sky retrieval algorithms is crucial to enhance the utility of the GIIRS 
observations in the prediction of TC intensity. On the other hand, the 
limited impact of assimilation on TC intensity may be associated with 
the horizontal resolution of the GIIRS data at about 16 km, which may 
not be sufficiently high to resolve the thermodynamic structure near the 
TC warm core. The GIIRS onboard the FY-4B has been upgraded with 
higher horizontal resolution (12 km) and calibration precision, which 
facilitates improved scan of the TC warm core. This may benefit the 

initialization of the TC near-eyewall structure and intensity and their 
prediction. 

Data availability 

The operational observations assimilated in this study are provided 
by Dr. Jincheng Wang. The global control forecast product of GFS and 
the verification data of GDAS can be downloaded from the Research 
Data Archive at https://rda.ucar.edu/datasets/ds084.1/. The global 
ensemble forecast product of GEFS at NCEP are provided by Dr. Hong Li 
at Shanghai Typhoon Institute of CMA, and can also be downloaded 
from NCEP operational product inventory of GEFS at https://www.nco. 
ncep.noaa.gov/pmb/products/gens/. The Typhoon best-track data can 
be downloaded from the data archive center at https://tcdata.typhoon. 
org.cn/zjljsjj_zlhq.html. The precipitation product for verification uses 
the global unified gauge-based analysis downloaded from NOAA 
Climate Prediction Center (CPC) at https://psl.noaa.gov/data/gridd 
ed/data.cpc.globalprecip.html. 
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