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ABSTRACT 21 

Assimilation of the Advanced Geostationary Radiance Imager (AGRI) clear-sky 22 

radiance in a regional model is performed. The forecasting effectiveness of the 23 

assimilation of two water vapor (WV) channels with conventional observations for the 24 

“21·7” Henan extremely heavy rainfall is analyzed and compared with a baseline test 25 

that assimilates only conventional observations in this study. The results show that the 26 

24-h cumulative precipitation forecast by the assimilation experiment with the addition 27 

of the AGRI exceeds 500 mm, compared to a maximum value of 532.6 mm measured 28 

by the national meteorological stations, and that the location of the maximum 29 

precipitation is consistent with the observations. The results for the short periods of 30 

intense precipitation processes are that the simulation of the location and intensity of 31 

the 3-h cumulative precipitation is also relatively accurate. The analysis increment 32 

shows that the main difference between the two sets of assimilation experiments is over 33 

the ocean due to the additional ocean observations provided by FY-4A, which 34 

compensates for the lack of ocean observations. The assimilation of satellite data 35 

adjusts the vertical and horizontal wind fields over the ocean by adjusting the 36 

atmospheric temperature and humidity, which ultimately results in a narrower and 37 

stronger WV transport path to the center of heavy precipitation in Zhengzhou in the 38 

lower troposphere. Conversely, the WV convergence and upward motion in the control 39 

experiment are more dispersed; therefore, the precipitation centers are also 40 

correspondingly more dispersed.  41 

Key words: FY-4A, AGRI, Clear-Sky Radiance, Satellite data assimilation, “21·7” 42 
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3 48 

Article Highlights: 49 

 AGRI clear-sky WV channels radiance is effectively assimilated in a regional high-50 

resolution model.  51 

 The location and intensity of both 24-h and 3-h cumulative precipitation with the 52 

assimilation of the AGRI are more accurate than without such assimilation.  53 

 The FY-4A AGRI compensates for the lack of ocean observations and can improve 54 

the structure of atmospheric circulations.   55 
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1. Introduction 56 

In recent years, disasters caused by extreme rainstorms have become more frequent. 57 

Several studies have shown that numerical weather prediction (NWP) has been greatly 58 

improved in recent decades and that regional numerical models with higher resolution 59 

are more effective in forecasting rainstorms triggered by small- and medium-scale 60 

weather (Mass et al., 2002; Charlton-Perez et al., 2015; Qi et al., 2020). In addition, 61 

with the improvement of satellite remote sensing capabilities and the development of 62 

fast radiative transfer models, most NWP centers have achieved direct assimilation of 63 

radiance data from various satellite instruments (Saunders et al., 1999; Thépaut, 2003; 64 

Matricardi et al., 2004; Weng, 2007; Zapotocny et al., 2007; Liu et al., 2009; Bauer et 65 

al., 2011; Xu et al., 2013; Eresmaa et al., 2017; Weng et al., 2020). In particular, 66 

geostationary satellite data, because of its high spatial and temporal resolution, can 67 

effectively complement observations over land and ocean and can improve the 68 

distribution of state variables such as model temperature and water vapor (WV) 69 

observations (Li et al., 2011; Lupu and McNally, 2011; Qin et al., 2013), which 70 

facilitates improved storm forecasting. 71 

High temporal resolution data from geostationary satellites in regional numerical 72 

models provides more information than polar-orbiting satellites (also known as sun-73 

synchronous orbiting satellites) in the same region. Compared with polar-orbiting 74 

meteorological satellites, which essentially observe the same region of the Earth twice 75 

a day, geostationary satellites have their own advantages, such as continuous 76 

observations of the same region at short intervals, which are invaluable for capturing 77 
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rapidly evolving small- and meso-scale weather systems. Since 2014, the world 78 

officially entered the launch period of the second generation of geostationary 79 

meteorological satellites. The following geostationary satellites have been or will be 80 

launched: Japan's Himawari-8 and 9, the US GOES-16/17, Europe's Meteosat and 81 

China's Fengyun-4A (FY-4A) and 4B (Schmit et al., 2005; Bessho et al., 2016; Yang et 82 

al., 2017).  83 

Research using the Advanced Baseline imager (ABI) on GOES-16/17, the Spinning 84 

Enhanced Visible and InfraRed Imager (SEVIRI) on Meteosat Second Generation 85 

(MSG), and the Advanced Himawari Imager (AHI) on Himawari-8 has found that 86 

assimilation of geostationary satellite imager data can improve numerical forecasts 87 

(Szyndel et al., 2005; Ma et al., 2017; Okamoto, 2017; Zou et al., 2017; Honda et al., 88 

2018; Kazumori, 2018; Qin and Zou, 2018; Okamoto et al., 2019). Szyndel et al. (2005) 89 

used the four-dimensional variational data assimilation (4DVar) system of the European 90 

Centre for Medium-Range Weather Forecasts (ECMWF) to assimilate the clear-sky 91 

brightness temperature (BT) of SEVIRI WV channels and found that assimilation of 92 

WV radiance data was able to better adjust the simulated WV distribution. Cintineo et 93 

al. (2016) found that assimilating ABI WV brightness temperatures can improve the 94 

structure of the water vapor field in the clear-sky regions and the analysis of cloud tops 95 

and produced better forecasts of the structure of severe convective storms. Wang et al. 96 

(2018) assimilated Himawari-8 AHI clear-sky WV radiance data to forecast the “7·19” 97 

severe storm of 2016 in North China and found that assimilating the AHI WV radiance 98 

data significantly improved the horizontal and vertical distribution characteristics in the 99 
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moisture fields and was helpful for better forecasting the heavy rainstorm. Lu et al. 100 

(2019) found that impacts from assimilation of AHI WV information are dependent of 101 

cumulus parameterization (CP) and microphysical scheme (MS), and can be optimized 102 

by combing appropriate CP and MS schemes. Xu et al. (2021) also assimilated 103 

Himawari-8 AHI WV radiance data but used all-sky data, and the assimilation also 104 

improved the location and intensity of rainfall forecasts.  105 

The Advanced Geostationary Radiance Imager (AGRI) onboard China's new-106 

generation geostationary satellite FY-4A has 14 channels and can scan every 5 minutes 107 

with a subsatellite point resolution of 0.5-4 km (Yang et al., 2017). Compared with the 108 

Visible Infrared Spin-Scan Radiometer (VISSR) onboard geostationary satellite FY-2, 109 

the FY-4A AGRI has more spectral bands and higher temporal and spatial resolution to 110 

provide more accurate information on the state of the atmosphere. However, direct 111 

assimilation of the FY-4A AGRI datasets has not appeared yet in the literature. Some 112 

researchers have reported at academic conferences on the application of assimilation of 113 

FY4A AGRI WV channels radiance in the Global/Regional Assimilation and Prediction 114 

System (GRAPES) global model. Their results suggest that assimilation of the AGRI 115 

clear-sky WV channels made a weakly positive contribution to the moisture field in the 116 

middle troposphere of East Asia.  117 

In this study, the assimilation of the AGRI clear-sky WV radiance in the Weather 118 

Research and Forecasting variational data assimilation (WRFDA) is implemented and 119 

the impact on storm forecasting is assessed for the case of the “21·7” Henan extremely 120 

heavy rainfall. Considering that there are very few space-time matched satellite data 121 
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corresponding to heavy rainfall in high-resolution regional numerical models, this 122 

paper focuses on the impact of AGRI assimilation in terms of conventional observations. 123 

The subsequent sections are organized as follows. Section 2 describes the 124 

assimilation of the AGRI clear-sky radiance data in the regional numerical model. 125 

Section 3 presents the case of the “21·7” Henan extremely heavy rainfall, the data used 126 

and the experimental design. In Section 4, the results based on the case study are 127 

analyzed.  The discussion and conclusions are given in Section 5. 128 

2. The assimilation of the AGRI Clear-Sky Radiance data in WRFDA 129 

2.1 Data assimilation system 130 

The assimilation experiments in this paper are based on three-Dimensional 131 

Variational (3DVar) and the assimilation system is WRFDA v3.9. The Advanced 132 

Research WRF v3.9.1 model (ARW-WRF) is used as the regional numerical forecast 133 

model. The assimilated conventional observational data and the physical parameter 134 

configuration of ARW-WRF are consistent with the Beijing Meteorological Bureau 135 

operational model (Zhong et al., 2020). The Radiative Transfer for the TIROS 136 

Operational Vertical Sounder (RTTOV; Eyre, 1991; Saunders et al., 1999) is used as the 137 

satellite radiance observation operator. The AGRI coefficient file is provided by NWP-138 

SAF (https://nwp-saf.eumetsat.int). Based on these coefficients, RTTOV can simulate 139 

AGRI clear-sky radiances given vertical profiles of atmospheric temperature, water 140 

vapor, surface temperature and wind speed, solar and sensor geometry parameters and 141 

some other parameters. 142 
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Variational data assimilation (DA) requires that both the observation error and the 143 

background error can be characterized as unbiased Gaussian distributions (Dee, 2005). 144 

When performing direct DA of satellite data, the bias between the simulated BT and 145 

observed BT affects the accuracy of numerical prediction (Eyre, 1992; Harris and Kelly, 146 

2001; McNally et al., 2006; Collard and McNally, 2009; Li et al., 2019). Therefore, this 147 

study uses the variational bias correction (VarBC) method to reduce bias in the direct 148 

assimilation process of the AGRI (Dee, 2004; Auligné et al., 2007). VarBC changes the 149 

observation operator by adding a correction term:  150 

 𝑯෩ሺ𝒙,𝜷ሻ ൌ 𝑯ሺ𝒙ሻ ൅ ∑ 𝛽௜
ே
௜ୀ଴ 𝑝௜ሺ𝒙ሻ  151 

where 𝑯ሺ𝒙ሻ  and 𝑯෩ሺ𝒙,𝜷ሻ  are the observation operators before and after the bias 152 

correction, respectively. 𝒙 represents the atmospheric state vectors. The 𝑝௜ and 𝛽௜ are 153 

the i-th predictor and the corresponding bias correction coefficients, respectively. In 154 

this study, 𝑝௜ includes a constant component regarding 1000-300 hPa and 200-50 hPa 155 

layer thicknesses, surface skin temperature, and total column water.  156 

2.2 FY-4A AGRI radiance data  157 

The AGRI includes 14 channels in the visible, near-infrared and infrared (IR) 158 

spectral bands. The spectral coverage, spectral bands, spatial resolution, and main 159 

applications for each channel are given in Table 1 (Yang et al., 2017). The AGRI has a 160 

high temporal resolution, completing a full-disk observation in approximately 15 161 

minutes, providing one full-disk image every 1 hour, three consecutive full-disk images 162 

every 3 hours (a total of 40 full-disk images per day), and one image of the Chinese 163 

region every 5 minutes when full-disk observations are not being made. 164 
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Figure 1 shows the Jacobian functions of temperature and WV for the AGRI IR 165 

channels using standard atmosphere by RTTOV (Channels 1-7 are not shown due to the 166 

poor simulation capability of the radiative transfer model for visible and near-infrared 167 

bands). The Jacobian functions denote the change of top-of-atmosphere (TOA) radiance 168 

in response to perturbations in either the atmosphere or surface state (Di et al., 2016). 169 

In Fig. 1, it is illustrated that the ch9 and ch10 of AGRI are sensitive to both the WV in 170 

the 100－200 hPa layer and the temperature in the 400－600 hPa layer. These two 171 

channels are WV absorption channels, and the bias between the observed BT and the 172 

BT simulated by the model is also relatively small (Geng et al., 2020). In addition, it 173 

has been shown that WV channels can provide more accurate information on moisture, 174 

which is very important for the simulation of severe rainstorm events. Therefore, only 175 

the two WV channels, ch9 and ch10, are assimilated in the subsequent experiments 176 

using full-disk L1-level raw data with a spatial resolution of 4 km. 177 

2.3 Quality control 178 

    Satellite IR radiance can barely penetrate clouds and can only detect information 179 

above the top of the cloud. Moreover, fast radiative transfer models do not perform well 180 

in simulating the BT of IR channels in cloud-covered areas. Therefore, this study 181 

excluded pixels affected by clouds from AGRI L1-level radiance data and assimilated 182 

only the clear-sky radiance of the AGRI. Cloud detection was performed using the 4- 183 

km resolution L2-level Cloud Mask product (CLM; Min et al., 2017; Wang et al., 2019) 184 

released by the National Satellite Meteorological Center [http://satellite.nsmc.org.cn 185 

(2021-08-17)]. CLM products include a four–level (confidently clear, probably clear, 186 
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probably cloudy, and confidently cloudy) product, with only ‘confidently clear’ pixels 187 

being assimilated (Fig. 2a). Additionally, only satellite zenith angles less than 60° were 188 

selected, due to the more serious deformation of the pixels with larger satellite zenith 189 

angle, and since high horizontal resolution of AGRI radiance data will lead to high 190 

computational cost and high correlation of observation errors. To avoid the above 191 

problems, the 20 km thinning mesh was used to select the observation data, which is 192 

approximately 3-6 times the  horizontal resolution of WRF model used in this study 193 

(introduced in section 3.2) to avoid model noise.  194 

Furthermore, to reduce systematic error in the data, additional quality control (QC) 195 

of the AGRI was performed during assimilation. The following pixels were removed 196 

from the AGRI data before minimization in WRFDA: (1) innovations (observed BT 197 

minus simulated BT) exceeding 1.5 K, which is slightly larger than the statistical bias 198 

of observation-minus-background (OMB) BT over two months; (2) innovations 199 

exceeding 3 times the standard deviation of observation error; and (3) cloud liquid water 200 

paths exceeding 0.05 kg m-2, to assure that the pixels are clear-sky in the background 201 

as well. The quality of AGRI data was improved because of this QC. Fig. 3 a－d shows 202 

the distribution of OMB of the AGRI clear-sky radiance before and after bias correction, 203 

and the pixels covered by gray shading are assimilated after QC. It can be seen from 204 

the probability density function (PDF) that, after bias correction, the bias value for ch9 205 

(ch10) clear-sky radiance is 0.37 (0.01), while the bias value calculated without Varbc 206 

is 0.75 (0.71). Ultimately, the pixels of ch9 and ch10 used for assimilation are colorful 207 

dots in Figs. 4 e-f. It is worth noting that the number of observations that are used for 208 
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assimilation also increased slightly after the bias correction.  The observation error is 209 

slightly larger than the standard deviation statistics of one month’s simulation 210 

deviations, and 1.2 K for both ch9 and ch10. 211 

3. Case description and experimental setup 212 

3.1 “21·7” Henan extremely heavy rainfall 213 

From 17 to 22 July 2021, extremely heavy precipitation occurred in Henan 214 

Province. On 20 July, Zhengzhou (capital of Henan Province) experienced a total of 215 

201.9 mm of rainfall in only one hour, which broke the record for hourly precipitation 216 

on land in China. This event caused significant casualties and large economic losses 217 

(known as the “21·7” Henan extremely heavy rainfall). 218 

The atmospheric circulation in the middle-to-lower troposphere is first analyzed 219 

using ERA5 reanalysis data (Hersbach et al., 2020) from 1200 UTC 19 July 2021 to 220 

1200 UTC 20 July 2021 (Figs. 4a-b). Figs. 4a-b shows that Henan Province was located 221 

between the strong western Pacific subtropical high pressure and continental high 222 

pressure, as well as the western Pacific tropical cyclone (TC) “In-fa” and the South 223 

China Sea TC “Cempaka”. Abundant WV from the Bay of Bengal and western 224 

Pacific Ocean was transported inland as the intense pressure gradient between 225 

TC “In-fa” and the subtropical high pressure strengthened the easterly winds, 226 

while the southeasterly jet on the southwestern side of the subtropical high 227 

pressure transported sufficient WV to Henan Province.  This circulation situation 228 

was conducive to the formation of the severe rainstorm.  229 
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Figures 4 c-d shows the all-sky observed BT of ch9 and ch10 before QC, and Figs. 230 

4 e-h shows the observed BT and simulated BT after QC of ch9 and ch10 (including 231 

cloud detection) at 1200 UTC 19 July 2021, respectively. The all-sky observed BT 232 

clearly shows the structure of TC “In-fa” and TC “Cempaka”, which coincides with 233 

atmospheric circulation of ERA5. After QC, only the pixels around the western Pacific 234 

subtropical high pressure and continental high pressure are left in ch9 and ch10 (Figs. 235 

4 e－h). The simulated BT (Figs. 4 g－h) after QC is basically consistent with the 236 

observed BT distribution (Figs. 4 e－f). Although the pixels reflecting the storm 237 

structure are rejected after QC, the airflow outside the storm is also important for 238 

prediction, especially in the “21·7” Henan extremely heavy rainfall, where the western 239 

Pacific subtropical high pressure and continental high pressure are very important 240 

influence systems. 241 

3.2 Model configurations and experimental design 242 

The simulated area for this study is depicted in Fig. 5.  Centered at 28°N, 115°E, 243 

there are two nested domains, with 900  600 (lon. × lat.) grid points (9 km) for 244 

domain 1 (d01) and 631 511  (lon. × lat.) grid points (3 km) for domain 2 (d02), with 245 

51 vertical levels and a model top of 50 hPa. The physical parameterizations are as 246 

follows: New Thompson microphysics scheme (Thompson et al., 2004), the Rapid 247 

Radiative Transfer Model for GCMs (RRTMG) longwave and shortwave radiance 248 

schemes (Iacono et al., 2000, 2004; Clough et al., 2005), Yonsei University planetary 249 

boundary layer scheme (Hong and Lim, 2006), Noah Land Surface Model (Tewari et 250 

al., 2004), New Tiedtke scheme cumulus scheme (Tiedtke, 1989) for d01, but with the 251 




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cumulus parameterization for d02 switched off. This set of physical parameterizations 252 

is consistent with that used by the Beijing Meteorological Bureau, which is more 253 

conducive to the future application of AGRI DA in practical weather forecasting. 254 

The period chosen for the study in this paper is from 1200 UTC 19 July 2021 to 255 

0000 UTC 21 July 2021. According to the hourly precipitation data from the national 256 

meteorological station, there were two extremely strong hourly precipitation events 257 

during this period, namely, from 0900 UTC to 1000 UTC on 20 July 2021 when the 258 

hourly precipitation in Zhengzhou reached 209.1 mm, and from 1400 UTC to 1500 259 

UTC on 20 July 2021 when the hourly precipitation in Kaifeng reached 103.4 mm. 260 

Moreover, a maximum value of 24-h cumulative precipitation reached 532.6 mm from 261 

1200 UTC 19 July to 1200 UTC 20 July.  262 

With reference to the operational assimilation system, the partial cycle assimilation 263 

is carried out twice a day. Each partial cycle forecast 6 hours in advance as spin-up 264 

before it starts. That is, the partial cycle starting at 1200 UTC is assimilated at 0600 265 

UTC and then integrated to 1200 UTC, and the second assimilation is carried out at 266 

1200 UTC.  At the same time, considering the timeliness of the global analysis field 267 

obtained in real time, the NCEP GFS [horizontal resolution of GFS data is 0.25° 0.25°; 268 

https://rda.ucar.edu/data/ds084.1/ (2021-09-12)] analysis field at 0600 UTC is used as 269 

the initial field for the regional model, and the boundary of the regional model is 270 

provided by the GFS forecast from 0600 UTC. 271 

The partial cycle assimilation from 1200 UTC 19 July is used in this study 272 

according to precipitation duration and the period that extreme hourly precipitation 273 


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occurred. Therefore, a 6-h spin-up run is first conducted as a cold-start from 0600 UTC 274 

19 July to 1200 UTC 19 July, and DA is also conducted at 0600 UTC 19 July. Then, 275 

the second DA process is initialized at 1200 UTC 19 July using the 6-h forecast of cold-276 

start as a background. Finally, a forecast of 36 hours is performed. Three parallel 277 

experiments are designed to evaluate the effect of the AGRI on the “21·7” Henan 278 

extremely heavy rainfall. The first experiment (hereafter “CTRL”) is a 6-h spin-up and 279 

36-h forecast from 0600 UTC 19 July without DA, only using the GFS forecast as the 280 

background and lateral boundary conditions. The second experiment (hereafter 281 

“CONV”) is similar to the first, except that it assimilates conventional observations 282 

including radiosondes, ships, surface synoptic observations, and airport reports (Fig. 283 

2b), with the conventional observations within 3-h window before and after the analysis 284 

time being used. The third experiment (hereafter “AGRI + CONV”) assimilates the 285 

same conventional observations as the “CONV” experiment, as well as clear-sky AGRI 286 

radiance from two WV channels (Fig. 4d). However, different from the time window 287 

of conventional observations, only the AGRI clear-sky radiance at the analysis time is 288 

assimilated because the temporal resolution of the AGRI data is so high. The 289 

assimilation is performed in both domains, d01 and d02, and the background error 290 

covariance of the NCEP CV3 global climate state is used in this study. 291 

4. Results 292 

4.1 Analysis increment 293 

In Figs. 3e and 3f above, the PDF of OMB and OMA statistics for ch9 and ch10 294 
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were shown. It can be seen that the mean value of ch9 (ch10) of OMA after assimilation 295 

is 0.02 (0.0) and the standard deviation is 0.66 (0.65), which are less than the mean 296 

value of OMB of 0.07 (0.04) and the standard deviation of 0.82 (0.81) after QC 297 

calculated by pixels covered by gray shading in Figs. 3a and 3b. Both the mean value 298 

and standard deviation of OMA are smaller than OMB, indicating that the DA of AGRI 299 

WV channels radiance is correct in this study. 300 

Analysis increments for the two assimilation experiments are shown in Fig. 6. 301 

There are differences in the analysis increments after assimilation in both of the two 302 

experiments CONV and AGRI+CONV. Although the patterns of water vapor flux 303 

(WVF) and wind increments at 850 hPa in the two assimilation experiments are similar 304 

(Figs. 6a and 6b), the WVF over northern Henan are stronger in the AGRI+CONV 305 

experiment than that in the CONV experiments.  The DA results in two enhanced WV 306 

transport paths in both the CONV and AGRI+CONV experiments compared with the 307 

CTRL experiment (shown by the yellow marked lines in Fig. 6a).  The differences in 308 

specific humidity, temperature and wind increment at 850 hPa between the 309 

AGRI+CONV and CONV experiments, are shown in Fig. 6c and 6d, respectively. In 310 

the AGRI+CONV experiment, the value of the specific humidity increment is larger in 311 

southeastern Henan than in the CONV experiment (Fig. 6c), and similar features are 312 

found in the lower troposphere (not shown). Furthermore, Fig. 6d shows that the main 313 

difference between the AGRI+CONV experiment and the CONV experiment is over 314 

the ocean, due to the additional ocean observations provided by FY-4A AGRI (Fig. 2a), 315 

which compensate for the lack of ocean observations. A significant negative analysis 316 
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increment of temperature is seen in the AGRI+CONV experiment over the Sea of Japan, 317 

whereas this negative analysis increment is not evident in the CONV experiments (Fig. 318 

6d), precisely because of the role of satellite information in this region, which first 319 

adjusts the atmospheric temperature and humidity fields and thus the wind fields over 320 

the ocean. 321 

4.2 Rainfall forecast 322 

Precipitation forecasts are a comprehensive element in assessing the effects of 323 

assimilation. Figure 7 shows the 24-h accumulated precipitation from observations (Fig. 324 

7a) and three experiments (Figs. 7b－d) initialized at 1200 UTC 19 July 2021. The 325 

observed rainfall is taken from 121 national meteorological stations in Henan Province. 326 

The spatial distribution of observed rainfall shows a large maximum in Zhengzhou, 327 

with precipitation above 250 mm distributed in a west-east zonal band, and the most 328 

intense rainfall reaching 532.6 mm located at 34.71 N, 113.66 E (Fig. 7a). However, 329 

in the CTRL experiment, the rainfall over 250 mm is relatively scattered, with a 330 

simulated maximum precipitation of 376.6 mm (Fig. 7b), which is much less than the 331 

observed value. The CONV experiment simulates a band of precipitation above 250 332 

mm, similar to the observations, but the center of precipitation is southeastward relative 333 

to the observation, with a simulated maximum rainfall intensity of 401.9 mm. There is 334 

an improvement over the CTRL experiment but still lower than that of the observed 335 

value (Fig. 7c). In contrast, the distribution of precipitation above 250 mm in the 336 

AGRI+CONV experiment agrees better with the observations. Moreover, the simulated 337 

maximum rainfall intensity in the AGRI+CONV experiment reaches 518.2 mm, which 338 

 
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exceeds the value in the CONV experiment and is approximately comparable to the 339 

observed value (Fig. 7d). The results indicate that simulated 24-h accumulated 340 

precipitation in the AGRI+CONV experiment is improved in terms of the location and 341 

intensity compared with the CTRL and CONV experiments. 342 

In addition to the 24-h accumulated precipitation, short periods of intense 343 

precipitation processes are also important. The daily variation in 3-h accumulated 344 

precipitation is analyzed, and it is found that the forecast of the daily trend of 3-h 345 

accumulated precipitation during this process is 4 hours ahead of the observed trend. 346 

The distribution of 3-h cumulative precipitation during the two hourly heavy 347 

precipitation events is given. Figures 8a－d shows the 3-h accumulated precipitation 348 

for observations (Fig. 8a) from 0900 UTC to 1200 UTC 20 July 2021 and for the three 349 

experiments (Figs. 8b-d) from 0500 UTC to 0800 UTC 20 July 2021. Figure 8e is the 350 

same as Fig. 8a but from 1300 UTC 20 to 1600 UTC 20 July 2021, and Fig. 8f-h is the 351 

same as Fig. 8b-d but from 0900 UTC 20 to 1200 UTC 20 July 2021.The simulation of 352 

the two periods shown in Fig. 8 is four hours ahead of the observed time. Figure 8a 353 

shows that Zhengzhou station (34.71 N, 113.66 E) received the greatest amount of 354 

rainfall at 278.9 mm. Whereas most other stations outside Zhengzhou generally 355 

received less than 25 mm of rainfall, this extreme 3-h cumulative precipitation was 356 

entirely localized, which greatly increases the challenges of NWP. In the CTRL 357 

experiment, the precipitation center is to the northwest and much less intense than the 358 

observed center (Fig. 8b). The assimilation results of the CONV experiment show three 359 

precipitation centers located to the west and southwest of the observations, while the 360 

 
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AGRI + CONV experiment pinpointed the precipitation center. The maximum rainfall 361 

in the CONV experiment is higher than that in the CTRL experiment but still much 362 

lower than the observation. Although the AGRI + CONV experiment also 363 

underestimates the maximum rainfall intensity, the AGRI + CONV experiment is closer 364 

to observations than the other two experiments.  365 

Although the rainfall from 1300 UTC to 1600 UTC 20 July 2021 was also intense 366 

(Fig. 8e), the rainfall region was much larger than that shown in Fig. 8a. The 3-h 367 

accumulated precipitation had two centers located at Kaifeng and Zhoukou, with the 368 

most intense rainfall reaching 157 mm at Kaifeng station (34.8 N, 114.29 E) (Fig. 8e). 369 

The CTRL experiment simulates only one precipitation center located to the west of 370 

Kaifeng and misses the center near Zhoukou (Fig. 8f).  The CONV experiment 371 

simulates three precipitation centers, with only the northern center being more 372 

consistent with the observed area yet smaller in extent (Fig. 8g). The AGRI + CONV 373 

experiment simulates two precipitation centers, which is more consistent with the 374 

observed locations, but with a smaller coverage than the observations (Fig. 8h). The 375 

maximum precipitation simulated for all three experiments is higher than that observed. 376 

For several complex reasons, such as resolution or physical processes, there may be 377 

biases in the numerical model of intense precipitation. Nevertheless, it is worth 378 

emphasizing that the assimilation of AGRI radiance helps to adjust the location and 379 

intensity of precipitation. 380 

4.3 Analysis of the impact on rainfall forecast 381 

To investigate the impact of AGRI assimilation on rainfall forecasts, the analysis 382 

 
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and forecast fields after assimilation for both the CONV and AGRI+CONV 383 

experiments are shown Fig. 9, respectively. As shown by the two brown arrows in Fig. 384 

9a, two WV transport paths can be seen in the analysis fields of both experiments; the 385 

first from the Yellow Sea northwards through the Shandong Peninsula and then turning 386 

southwards to enter from northern Henan, and the second passing through Anhui 387 

Province and coming in from southeastern Henan under easterly-southeasterly flow. 388 

The second WV transport path is wider and stronger due to the stronger and more 389 

westerly subtropical high pressure, as seen in Figs. 9a and 9e, where the 588 gpm 390 

geopotential height contour extends inland in eastern China.  391 

At 1200 UTC 19 July 2021, the southeasterly flow crossed the Dabie Mountains 392 

and transported WV to the entire Henan region (Figs. 9a and 9e). However, the 393 

differences in the analysis increments after assimilation in the AGRI+CONV and 394 

CONV experiments (Fig. 6) lead to different trends in the forecasts of the circulation 395 

field. Subsequent forecasts show that in the AGRI+CONV experiment (Figs. 9b－d), 396 

the subtropical high pressure has weakened and retreated to the northeast, and the 588 397 

gpm geopotential height contour has retreated to the sea, which has caused the 398 

southeasterly flow to contract to the northeast. However, the retreat of the 588 gpm 399 

contour in the CONV experiment is not as obvious, and even at 0500 UTC on 20 July, 400 

it still extends westward inland (Figs. 9f－h). The difference in the location of the 401 

subtropical high pressure between the AGRI+CONV and CONV experiments is clearly 402 

shown by contours in Figs. 9i－l. Additionally, with the retreat of the subtropical high 403 

pressure and weaker southeasterly flow, the WV transport path from the northwestern 404 
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Pacific to Henan narrows and contracts to the north of the Dabie Mountains in the 405 

AGRI+CONV experiment (Figs. 9c－d), though some WV can still cross the Dabie 406 

Mountains into Henan in the CONV experiment (Figs. 9g－h). Ultimately, the 407 

difference of WVF west of Zhengzhou is positive (negative) (Fig. 9l), implying there is 408 

greater WVF west of Zhengzhou in the AGRI+CONV (CONV) experiment. As a result, 409 

the AGRI + CONV experiment pinpoints the precipitation center, while the 410 

precipitation centers are located to the west and southwest of the observations in the 411 

CONV experiment (Figs. 8c-d). This phenomenon can also be seen in the vertical 412 

profile distribution of WVF (Fig. 10). 413 

Vertical cross sections along the red line in Fig. 6c (Fig. 6d) are shown in Figs. 10a-414 

d and Figs. 10f－i (Figs. 10e and j) to study the variation in simulated humidity and 415 

wind field from 1200 UTC 19 July to 1200 UTC 20 July 2021. At the analysis time 416 

(1200 UTC 19 July), the WV band entering Henan is relatively wide in the lower 417 

troposphere (Figs. 10a and 10f), and then narrows and propagates northeastwards (Figs. 418 

10b and 10g), which could explain why the precipitation covers southwestern Henan 419 

during 1200－1800 UTC 19 July, and then the precipitation center gradually moves 420 

northeastward to Zhengzhou (not shown). This is consistent with the assimilation 421 

leading to the retreat of subtropical high pressure to the northeast in Fig. 9. By 422 

comparing the WVF value of the AGRI+CONV and CONV experiments in Fig. 10, it 423 

can be seen that the WVF value over 20 g cm-1 hPa-1 s-1 reached a higher level at 424 

approximately 33.5 N in the AGRI+CONV experiment at 1200 UTC 19 July (Fig. 10a), 425 

while in the CONV experiment such large values of WVF are only below 850 hPa (Fig. 426 
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10f). It can also be seen in the subsequent forecasts that the WVF is more concentrated 427 

(Figs. 10 c－d) than that in the CONV experiment (Figs. 10 h－i) due to the more 428 

concentrated wind distribution in the lower troposphere along the cross section. 429 

Specifically, wind speeds above 8 m s-1 extended to the surface layer in the 430 

AGRI+CONV experiment, while they are distributed above 900 hPa in the CONV 431 

experiment. As a result, there is high WV transport in a relatively narrow band in the 432 

lower troposphere in the AGRI+CONV experiment at 0700 UTC 20 July 2021 (Fig. 433 

10d), and the destination of this WV is the center of the heavy precipitation center at 434 

Zhengzhou at 0800 UTC 20 July 2021 in the model simulation, corresponding to the 435 

large value area of WV convergence and upwelling in Fig. 10e. In contrast, the WV 436 

convergence and ascending motion in the CONV experiment are much more dispersed 437 

(Fig. 10j); therefore, the precipitation center of this experiment is also more dispersed 438 

and not concentrated at Zhengzhou (Fig. 8c).  439 

5.Conclusion and discussion 440 

In this study, the assimilation of the clear-sky radiance of the FY-4A AGRI WV 441 

channels in a regional high-resolution model is carried out, and the forecast effects of 442 

the assimilation of the two WV channels with conventional observations for the “21·7” 443 

Henan extremely heavy rainfall is analyzed, compared with a baseline experiment 444 

which only assimilated conventional observations. Assimilation is performed by 445 

WRFDA with the 3DVar method in a 9 km/3 km nested grid configuration. The 24-h 446 

accumulated precipitation from 1200 UTC 19 July to 1200 UTC 20 July 2021 447 

forecasted in the AGRI+CONV experiment exceeded 500 mm, which is close to a 448 
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maximum value of 532.6 measured at national meteorological stations; also, the 449 

location of the maximum rainfall is consistent with observations. Analysis of the 3-h 450 

cumulative precipitation shows that the forecast of the daily trend of the 3-h cumulative 451 

precipitation during this process is 4 hours ahead of the observed trend. However, the 452 

simulation is more accurate for the location and intensity of the two heavy precipitation 453 

events that occurred in Zhengzhou, Kaifeng and Zhoukou.  454 

The analysis increment shows that the main difference between the AGRI+CONV 455 

experiment and CONV experiment is over the ocean, due to the additional ocean 456 

observations provided by FY-4A, which compensate for the lack of ocean observations. 457 

In the AGRI+CONV experiment, there is a significant negative analysis increment in 458 

temperature over the Sea of Japan, which is not evident in the CONV experiment, 459 

precisely because of the role of satellite information in the region which adjusts the 460 

wind field over the ocean by adjusting the atmospheric temperature. This adjustment 461 

causes the subtropical high pressure to weaken and retreat to the northeast, while the 462 

southeastern flow also contracts with it to the northeast. Thus, as the subtropical high 463 

pressure retreats, the WV transport path from the Pacific Northwest to Henan narrows 464 

in the AGRI+CONV experiment, contracting to the north of the Dabie Mountains. 465 

However, the retreat of the 588 gpm geopotential height contour in the CONV 466 

experiment is not obvious, and some WV could still cross the Dabie Mountains into 467 

Henan. In addition, the stronger wind in the AGIR+CONV experiment extends to the 468 

surface layer, which results in a narrow and higher WV transport band in the lower 469 

troposphere, and the destination of this WV transport corresponds exactly to the center 470 
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of heavy precipitation in Zhengzhou. In contrast, the convergence and upward 471 

movement of WV in the CONV experiment is more dispersed; therefore, the 472 

precipitation centers in this experiment are also more dispersed and not concentrated in 473 

Zhengzhou. 474 

This study can provide a useful reference for using FY-4A data in regional models 475 

to improve storm forecasting. However, the current work is mainly focused on clear-476 

sky radiance and there are still many challenges to be addressed to make the most 477 

effective use of AGRI all-sky radiances. Research that has been completed provides 478 

much valuable guidance (Bauer et al., 2011; Wang et al., 2015; Okamoto, 2017; Geer 479 

et al., 2019; Lee et al., 2019; Okamoto et al., 2019; Otkin and Potthast, 2019). It was 480 

found that all-sky radiance assimilation has clear advantages over clear-sky radiance 481 

assimilation (Okamoto et al., 2019). Therefore, AGRI all-sky radiance assimilation is 482 

worth studying in the future. In addition, Honda et al. (2018) further found the 483 

advantage of rapid 10-min DA of all-sky AHI WV radiance in a TC forecast. This also 484 

provides motivation for conducting high-frequency AGRI DA experiments and 485 

attempting to assimilate AGRI radiance with the 4DVar method (Bauer et al., 2010; Yin 486 

et al., 2021). 487 
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Table 1. Specifications for AGRI on board FY-4A. 690 

Spectral 
coverage 

Channel 
number 

Spectral band 
( m ) 

Spatial resolution 
(km) 

Main application 

VIS/NIR 1 0.45-0.49 1 Aerosol, visibility 
2 0.55-0.75 0.5 Fog, clouds 
3 0.75-0.90 1 Aerosol, 

vegetation 
4 1.36-1.39 2 Cirrus 
5 1.58-1.64 2 Cloud, snow 
6 2.10-2.35 2 Cloud phase, 

aerosol, vegetation 
7 3.50-4.00 2 Clouds, fire, 

moisture, 
snow 

8 3.50-4.00 4 Land surface 
Midwave IR 9 5.8-6.7 4 Upper-level Water 

Vapor 
10 6.9-7.3 4 Midlevel Water 

Vapor 
Longwave IR 11 8.0-9.0 4 Volcanic ash, 

cloud-top phase 
12 10.3-11.3 4 SST, LST 
13 11.5-12.5 4 Clouds, low-level 

WV 
14 13.2-13.8 4 Clouds, air 

temperature 

 691 
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 693 

Fig. 1. Jacobian functions of (a) temperature and (b) WV of ch8-ch14 AGRI IR 694 

channels calculated by RTTOV.  695 
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 697 

Fig. 2 The horizontal distribution of (a) observed BT (K) of ch13 (white-grey-black 698 

shading) and confidently clear pixels (orange dots) and (b) assimilated conventional 699 

observations at 1200 UTC 19 July 2021. 700 
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 702 

Fig. 3 Probability density function (PDF) of observation-minus-background (OMB, 703 

innovation) (a)–(b) with and (c)–(d) without Varbc for the AGRI observations of (a), (c) 704 

ch9; (b), (d) ch10, respectively, while the PDF of both the OMB and the Observation 705 

Minus Analysis (OMA) using Varbc and QC are shown for ch9 in (e) and ch10 in (f). 706 

The gray shading covers the pixels left after QC, whose count is represented by the 707 

“Num after QC”.  The “Mean” and “Stdv” in (a)–(d) represent mean and standard 708 

deviations of all samples before QC. The “Mean” and “Stdv” in (e)-(f) represent mean 709 

and standard deviations of samples after QC. Black lines are the auxiliary line of 0. The 710 

samples are collected from the analysis at 1200 UTC 19 July.  711 
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Fig. 4. Geopotential height (contours; gpm) at 500 hPa, specific humidity (shading; kg 713 

kg-1) and wind (vectors; m s-1) at 850 hPa of the ERA5 reanalysis at (a) 1200 UTC 19 714 

July 2021; (b) 1200 UTC 20 July 2021. The all-sky observed BT (K) before QC are 715 

shown for ch9 in (c) and c10 in (d), and the observed and simulated BT (K) after QC 716 

of (e, g) ch9 and (f, h) ch10 at 1200 UTC 19 July 2021. 717 
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 719 

Fig. 5. Simulated area in ARW-WRF, the area shown in the figure is d01, and the area 720 

outlined by black line is d02.  721 
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 723 

Fig. 6. WVF value (shading; 10-2 g cm-1 hPa-1 s-1) and wind (vector; m s-1) increment at 724 

850 hPa in the (a) AGRI+CONV and (b) CONV experiments, and difference of (c) 725 

specific humidity increment (10-4 kg kg-1) and (d) wind increment (vector; m s-1) and 726 

temperature increment (K) at 850 hPa between the AGRI+CONV and CONV 727 

experiments [(AGRI+CONV) - CONV)] at 1200 UTC 19 July 2021. The yellow lines 728 

in (a) represent the two enhanced water vaper transport paths. The red lines in (c) and 729 

(d) show the locations of the cross sections appearing in Fig. 10. 730 
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 732 

Fig. 7. (a) The observed 24-h accumulated rainfall (shading; mm) and the 733 

corresponding forecast rainfall (shading; mm) from the (b) CTRL, (c) CONV and (d) 734 

AGRI + CONV experiments from 1200 UTC 19 July 2021 to 1200 UTC 20 July 2021. 735 

The black box represents the Zhengzhou area. 736 
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Fig. 8. (a) The observed 3-h accumulated rainfall (shading; mm) from 0900 UTC 20 to 739 

1200 UTC 20 July 2021 and the corresponding forecast rainfall (shading; mm) from 740 

the (b) CTRL, (c) CONV and (d) AGRI + CONV experiments from 0500 UTC 20 to 741 

0800 UTC 20 July 2021. Panel (e) is the same as (a), but from 1300 UTC 20 to 1600 742 

UTC 20 July 2021 and (f)-(h) is the same with (b)-(d), but from 0900 UTC 20 to 1200 743 

UTC 20 July 2021. The black boxs in (a)-(d) represent the Zhengzhou and in (e)-(h) 744 

represent the Kaifeng and Zhoukou areas. 745 
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 747 

Fig. 9. Geopotential height (contours; gpm) at 500 hPa and WVF value (shading; 10-2 748 

g cm-1 hPa-1 s-1), wind (vectors; m s-1) at 850 hPa in the AGRI+CONV experiment at 749 

(a) 1200 UTC 19 July 2021; (b) 0000 UTC 20 July 2021; (c) 0500 UTC 20 July 2021; 750 

(d) 0700 UTC 21 July 2021. Panels (e)- (h) are the same as (a)-(d), but for the CONV 751 

experiment. (i-l) Geopotential height (contours; units: gpm) at 500 hPa in the 752 

AGRI+CONV (blue contours) and CONV (purple contours) experiments and WVF 753 
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(shading; units: 10-2 g cm-1 hPa-1 s-1) of ((AGRI+CONV) – CONV) at 850 hPa. The 754 

brown arrows in (a) represent the two water vaper transport paths. The red auxiliary 755 

lines represent the western edge of the subtropical ridge. The orange boxes in (c)-(d) 756 

and (g)-(h) represent the areas around the Dabie Mountains, and the black box in (l) 757 

represent the areas around Zhengzhou station. 758 
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 761 

Fig. 10. The cross sections between (30.6N, 112.6E) and (36.8N, 118.5E) of WVF 762 

value (shading; 10-2 g cm-1 hPa-1 s-1) and wind speed (contours; m s-1) at (a) 1200 UTC 763 

19 July 2021, (b) 0000 UTC 20 July 2021, (c) 0500 UTC 20 July 2021 and (d) 0700 764 

UTC 20 July 2021 from the AGRI+CONV experiment. (f)- (i) are the same as (a)-(d), 765 

but for the CONV experiment. (e) Longitude-pressure cross sections of water vaper 766 

flux divergence (shading; 10-2 g cm-2 hPa-1 s-1), zonal circulation (vectors; zonal wind, 767 

m s-1; vertical motion, 10-1 m s-1), and zonal distribution of 1 h accumulated rainfall 768 

forecast (mm) along 34.76N in the AGRI+CONV experiment at 0800 UTC 20 July 769 

2021. Panel (j) is same as (e) but along 34.65N in the CONV experiment. 770 
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