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We assimilated radiance observations from the Geostationary Interferometric Infrared Sounder (GIIRS) onboard the FengYun-4A geostationary satellite to evaluate their impact on the forecast of Typhoon Bavi using WRFDA. The temperature channels with high information content, representing 90% of the information content of all temperature channels, were selected for assimilation. All radiance observations above the cloud-top were assimilated by comparing the channel height to the cloud-top height coming from the product of the Advanced Geosynchronous Radiation Imager (AGRI). The assimilation of the GIIRS observations decreased the root-mean-square error of the temperature by 2% and improved the precipitation forecast. The rain band in southeast China was reproduced well, thus showing that infrared hyperspectral radiance observations have added value in improving the circulation around typhoons and, therefore, provide better forecasts. The increased relative humidity in the upper layer and stronger typhoon outflow were found to related to the intensify of typhoon in the analysis compared with the control experiment.
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1 INTRODUCTION
Tropical cyclones are organized convective weather systems that occur over tropical and subtropical oceans. They usually consist of a non-frontal vortex with high temperatures and low pressures in the center of the cyclone. These major weather systems bring gales, rainstorms, and storm surges, often causing great losses to property and human lives in coastal areas. The forecast of tropical cyclones has, therefore, always been a focus of numerical weather prediction (NWP). Tropical cyclones occur over the ocean and generally weaken and dissipate rapidly after making landfall; thus, observational data over the sea are important in their forecast. Satellite remote sensing is an important way to monitor and study the tropical cyclone due to the lack of conventional observational data over the oceans.
Infrared hyperspectral instruments onboard satellites commonly have one long-wave band mainly measuring atmospheric temperature and one or two middle-wave bands measuring atmospheric moisture. Unlike other infrared (IR) instruments, hyperspectral instruments have thousands of channels that allow atmospheric observation at a higher resolution in the vertical direction. Hyperspectral payloads have developed rapidly in recent years and include the atmospheric infrared sounder (AIRS), the Cross-track Infrared Sounder (CrIs), and the infrared atmospheric sounding interferometer (IASI) on polar-orbiting satellites. The data from these hyperspectral instruments have been widely used in data assimilation (Collard, 2001; Cameron et al., 2005; Le Marshall et al., 2006; McNally et al., 2006; Joiner et al., 2007; Collard and McNally, 2009; Hilton et al., 2009; Bormann et al., 2016). The hyperspectral radiance data are generally assimilated in the numerical weather prediction systems of major operational centers.
Many studies have shown that the assimilation of IR hyperspectral observations can improve the forecast of tropical cyclones. Reale et al. (2018) showed the positive effects of the AIRS on the forecast of tropical cyclones through an observational experiment, especially the method of cloud clearing, which can increase the score of the forecast after the assimilation of AIRS data. Li and Lui (2009) assimilated the temperature and humidity profiles retrieved from the AIRS, which greatly reduced the track and intensity forecast errors for Typhoon Ike. Liu and Li (2010) assimilated the temperature and humidity profiles retrieved from the AIRS and forecast the rapidly strengthening Typhoon Sinlaku, improving the vortex analysis and the track forecast. Xu et al. (2013) assessed the impact of assimilating IASI data on the analyses and forecasts of Hurricane Maria (2011) and Typhoon Megi (2010) with Weather Research and Forecasting Data Assimilation (WRFDA) and proved that IASI radiances with channels around 15-µm CO2 band and 6.7-µm H2O band had consistent positive impacts on the forecast skills for the track, minimum sea level pressure, and maximum wind speed.
Polar-orbiting satellites pass over a fixed location twice daily with poor temporal resolution while geostationary orbit (GEO) meteorological satellites perform a full disc scan in 1 or 2 hours, providing almost continuous measurements of the atmosphere. The observation from Polar-orbiting satellites compared with GEO meteorological satellites, lack information about the development of tropical cyclones compared with, which affects their application in numerical prediction forecasts. The FengYun-4A (FY-4A) generation of geostationary orbit meteorological satellites was launched by China in December 2016. The Geostationary Interferometric Infrared Sounder (GIIRS) onboard the FY-4A satellite was the first instrument to detect the vertical structure of the atmosphere by infrared interferometry spectroscopy in a geostationary orbit (Zhang et al., 2016; Yang et al., 2017). The satellite is fixed at 104.5° E and completes an observation of East Asia every 2 h. As a result of its extremely high spatiotemporal resolution, this satellite can observe the entire evolution of a tropical cyclone. Hyperspectral data from geostationary satellites are, therefore, expected to improve the forecast of tropical cyclones compared to polar-orbiting satellites. Yin et al. (2020) analyzed the quality of the clear-sky pixels of the GIIRS temperature channels using pixel cloud detection data from the Advanced Geostationary Radiation Imager (AGRI), showing the potential of the GIIRS in data assimilation applications. They also used the assimilation of a 30-min intensified observational dataset from the GIIRS to carry out a forecast experiment on Typhoon Maria, which proved the value of the high spatiotemporal resolution of infrared hyperspectral data in the forecast of tropical cyclones (Yin et al., 2021). Fengyun-4A GIIRS LWIR radiances have been operationally assimilated into the CMA-GFS system since 2019. Evaluations have indicated an overall neutral to positive impact on the numerical forecasts (Han et al., 2019). Li et al. (2022a) expanded from measurements in clear sky to measurements from partially cloud-filled footprints with help from collocated imager measurements. With geostationary hyperspectral observations, more thermodynamic information in cloudy areas (also sensitive areas) is available for assimilation; thus, improvement in high-impact weather forecasts can be expected. The retrieval of moisture-tracked wind profiles from the GIIRS showed the potential of sounder sub-footprint cloud information available from the geostationary platform to provide better QC for application in weather nowcasting and forecasting (Li et al., 2022b). While the hyperspectral IR radiances provided added value for the numerical forecast, some challenges remain to be addressed. The large volume of data always poses difficulties in the timely processing, distribution, and extraction of information. Currently, the solutions are representative channel selection or PCs (Collard 2001; Antonelli et al., 2004; Collard 2007; Collard et al., 2010). A balance is needed between retaining major channel information and reducing the data volume. Different applications require different channel selections. The geostationary IR hyperspectral radiances also offer high temporal resolution information in 15 min or 30 min. Fast and slow-changing atmosphere information should be separated for better utilization of the time continuity. Thus, the retrieval method for some atmosphere parameters may differ, and the assimilation scheme may also need to change. The assimilation of IR hyperspectral radiances is limited to clear skies or above-cloud situations because of the uncertainty of the radiative transfer model (RTM) in modeling the hydrometers in clouds. The radiances of clear-sky channels (above-cloud) are assimilated in most of the NWP models as much as possible for remaining observations. The clear-sky channels can be identified by comparing the observed and simulated radiance spectra (McNally and Watts, 2003). The effectiveness of this method critically depends on the accuracy of the NWP models, and the results are easily affected by model biases.
WRFDA (Barker et al., 2012) is widely used to assimilate the radiances of remote sensing. This is the first attempt to use the three-dimensional variational (3DVAR) component (Barker et al., 2004) of WRFDA, which is technically more mature than other components, to assimilate GIIRS data. This study addresses some of the issues mentioned previously in the assimilating experiments to give some reference for subsequent studies. To avoid affecting the model bias, we modified the method described by McNally and Watts (2003) and used AGRI product assistance to identify the clear-sky channels for the GIIRS, as described as follows. A 1-h cycling assimilation scheme was designed for the GIIRS to better take advantage of the temporal continuity information. We also applied statistical analysis to determine the bias correction predictors for GIIRS. With assimilation and forecast experiments on Typhoon Bavi, we verified that IR hyperspectral radiances from geostationary satellites have added value in the assimilation/forecasts of tropical cyclones in the 2-h regional conventional observation mode.
The paper is organized as follows: Section 2 introduces the relevant data used in the data assimilation, including the assimilated observational data, the model initial field and boundary field data, and the profile set used in the channel selection. Section 3 presents the weather research and forecasting (WRF) model (Skamarock et al., 2019), WRFDA, and assimilation/forecast schemes. Section 4 introduces the preprocessing scheme of the observational data, including cloud detection, channel selection, and bias correction. Section 5 describes the experimental results for the analysis and forecast of Typhoon Bavi. Finally, Section 6 presents our discussion and conclusions.
2 DATASET AND ASSIMILATION SYSTEM
We used level 1 radiance data from the GIIRS onboard the FY-4A satellite for data assimilation. The GIIRS is an interferometric Fourier transform infrared hyperspectral payload that operates in an area-array detection mode with 128 detectors. It has 1600 channels with a spatial resolution of 16 km and a spectral resolution of 0.625 cm-1. At present, the GIIRS can conduct regional observations every 2 h in the observation range (3°–55° N, 60°–137° E). The 2-h observations in the GIIRS are shown in Figure 1A. Table 1 gives the specific performance parameters of the GIIRS. The data assimilation forecast experiment used the regional model with initial field and boundary field data from the operational Global Forecast System of the National Centers for Environmental Prediction. The spatial resolution of the data was 0.25°, and the temporal resolution was 6 h.
[image: Figure 1]FIGURE 1 | (A) Observation distribution of the GIIRS in 2 h. (B) Assimilation/forecast cycle. The assimilation/forecast cycles were performed every hour from August 22 to 27, 2022.
TABLE 1 | Characteristics of the FY-4A GIIRS instrument.
[image: Table 1]The Diverse 52 profile dataset from the Numerical Weather Prediction Satellite Application Facility was augmented as the profile data in the channel selection. These data are produced by the forecast field statistics generated by the ensemble forecast system of the European Centre for Medium-Range Weather Forecasts (ECMWF). The data have 60 layers, including temperature, humidity, and ozone. This dataset is widely used in the evaluation of statistical regression and radiation transmission models.
The WRF4.2 model developed by the National Center for Atmospheric Research was used for the assimilation forecast experiment. This integrated system includes the WRF preprocessing system, the WRFDA system, the Advanced Research WRF numerical model system, and a post-processing system. The Advanced Research WRF model contains multiple physical process packages that can simulate atmospheric motion at scales from tens of meters to thousands of kilometers. The WRFDA supports 3DVAR, 4DVAR, and mixed assimilation of 3DVAR and 4DVAR. It also integrates the assimilation interfaces of various conventional observational datasets, remote sensing data, and radar data. The WRF4.2 model is widely used in atmospheric research, including in numerical simulations, data assimilation, parameterization, and coupled models. We developed the assimilation interface of the GIIRS using the Radiative Transfer for TOVS (RTTOV) fast radiation transmission model to directly assimilate the radiation observations from the GIIRS. Through this interface, the WRFDA system can read the GIIRS level 1 data directly in the hierarchical data format, perform quality control and bias correction in the system, and carry out the assimilation analysis.
The GIIRS completes a regional scan every 2 h; therefore, we adopted an hourly cycle assimilation scheme (Figure 1B) to make full use of the high-resolution satellite data. The GIIRS data were grouped into 1-h intervals to input into the three-dimensional variational data assimilation system at every analysis point. A 6-h forecast was produced from the initial Global Forecast System data, followed by a 6-h assimilation/forecast cycle. In every 6-h assimilation/forecast cycle, the observations were assimilated using the previous 1-h model forecast as a background to produce a new estimate of the three-dimensional atmospheric fields. The new 1-h model forecast was produced from the analysis obtained from the previous assimilation. After a 6-h assimilation/forecast cycle, a 6-h forecast was carried out to analyze the tropical cyclone. This cycling assimilation process was repeated every hour to give an hourly analysis of the tropical cyclone. We respectively performed a control experiment assimilating only conventional observations and an assimilation experiment assimilating conventional observations and GIIRS radiances.
3 CLOUD DETECTION, CHANNEL SELECTION, AND BIAS CORRECTION
Based on the characteristics of the infrared hyperspectral data from the FY-4A satellite, we preprocessed the observational data using cloud detection, channel selection, bias correction, and quality control. In contrast with the pixel cloud detection commonly used in infrared remote sensing data, we adopted channel cloud detection, in which radiance observations with high weighting functions remained even if the pixel was covered by cloud. We used the Shannon information entropy method to select a channel subset without damaging the amount of observational information. The redundant channels were eliminated, reducing the computational burden. As differences in instrument performance lead to different sensitivities of the loads to the predictors in bias correction, we performed a predictor sensitivity analysis to obtain the appropriate predictors for bias correction of the air mass.
3.1 Cloud detection
The GIIRS has thousands of channels and provides finer-resolution information in the vertical direction. Radiance observations that are contaminated by clouds can be identified by comparing the cloud-top height and the channel height, as proposed by McNally and Watts (2003) and developed by Clarisse et al. (2010), Eresmaa (2014), Eresmaa (2017), Letertre-Danczak (2016), and Eresmaa et al. (2020). This method is currently used in operational numerical prediction by the ECMWF and the UK Met Office. This method uses numerical forecast data to compare the observed and simulated radiance spectra and identify the channels contaminated by clouds. Its performance largely depends on the quality of the numerical model. We used the AGRI cloud-top product to avoid the impact of the bias of the numerical model in the spectral comparison. The AGRI cloud-top height product is a real-time product of the National Satellite Meteorological Center of China. The identification accuracy of the cloud-top height has been verified to be about 50 km (Wang et al., 2022), which satisfied our need for channel cloud detection. The AGRI cloud-top height product has been matched to the GIIRS pixels as the operational product distributed to the public. The peak height of the channel-weighting function is variable because of the influence of water vapor in the atmosphere. To accurately determine the channels contaminated by clouds, we calculated the real-time channel height of the assimilated GIIRS data from the temperature and humidity profiles output by the numerical model. The overcast radiance was calculated when black clouds were simulated at all levels of each profile. Black clouds are clouds that are assumed to be completely opaque to satellites above the cloud layer. The channel height is determined by the following equation:
[image: image]
In which the radiance for the channel is assumed to be an opaque, black cloud at level i. The left-hand side of the equation is calculated layer-by-layer. When the calculated value of C ≤ 0.01, the height of this layer is the channel height. We used RTTOV13 for radiance transfer simulation. The Fifth Generation ECMWF reanalysis (ERA5) dataset was used for the radiance simulation. The channels with heights higher than the cloud-top heights were identified as clear-sky channels and retained. Six channels with different heights were selected to check the effects of cloud detection. Table 2 shows the channel heights of these six channels and the proportions of observations remaining after cloud detection in the original data. Most observations in the level closest to the Earth’s surface were contaminated by clouds, and only about 1% of the observations remained. In contrast, the reserved observations reached 90% in the upper troposphere channels, and about 50% of the observations in the mid-troposphere were retained. In general, the number of observations was higher than those with pixel cloud detection.
TABLE 2 | Channel information for cloud detection.
[image: Table 2]3.2 Channel selection
We augmented the fast radiation transfer model RTTOV13 based on the Diverse 52 profile set to calculate the sensitivity of the atmosphere variables in the full spectrum. The profile temperature, surface temperature, ozone, and humidity were perturbed separately (the profile temperature and surface temperature were perturbed by 1°C, and the ozone and humidity were perturbed by 10%). The difference between the radiation before and after perturbation was defined as the sensitivity for that quantity. The channels sensitive to surface temperature, ozone, and humidity were then removed from the temperature-sensitive channels so that only the temperature-sensitive channels remained. These temperature-sensitive channels of the GIIRS were mainly in two spectral bands: the carbon dioxide absorption band at 670 cm−1 and the water vapor absorption band at 625 cm−1. After the other channels had been removed, 170 temperature-sensitive channels were used in the subsequent information entropy calculation (Collard A. 2007). The information content of each channel was calculated based on this temperature subset. The calculation formulas of the information content [image: image] were as follows:
[image: image]
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where K is the Jacobian for temperature. The channel information content is sorted from high to low and 30 channels with high information content are selected (Figure 2A). The rest of redundant channels are removed. The information content of selected channels is about 90% of the total temperature channels.
[image: Figure 2]FIGURE 2 | (A) Channel information content and (B) Jacobian matrix for the temperature in the selected channels.
3.3 Bias correction and quality control
The radiance observed by the satellite remote sensing instrument was biased due to errors associated with the radiative transfer model and the instrument calibration. The bias was modeled in terms of atmospheric parameters referred to as bias predictors. The bias can be forecast and corrected using the bias predictors. We selected 10 predictors commonly used by other instruments and calculated the correlation coefficients between the observation minus the background of each channel and the predictors. The predictors were ranked in two levels based on the correlation coefficients. The first rank contained the channels with correlation coefficients >0.6, while the second rank contained the channels with correlation coefficients between 0.4 and 0.6. Table 3 shows the channel numbers of each predictor in the first and second ranks. Predictors with more than five channels in rank 1 or more than 10 channels in two ranks were selected. Finally, the predictors observed that brightness temperature, satellite zenith angle, 200–500 hPa air column thickness, 300–850 hPa air column thickness, total column water vapor, and the humidity convolved with the weight function had higher correlation coefficients. Therefore, these six quantities were selected to correct the bias. The bias correction formula was as follows:
[image: image]
where [image: image] was the bias correction factor of the constant term, [image: image] and [image: image] were the bias correction coefficients, [image: image] and [image: image] were the serial numbers of the bias correction factor, and [image: image] was the observation minus the background of the observed brightness temperature. [image: image] was the corrected observed brightness temperature. The average bias before the correction was about 2.5, which decreased to <0.1 after the correction. The observation minus the background of the brightness temperature after the correction showed a normal distribution (Figure 3).
TABLE 3 | Deviation predictors.
[image: Table 3][image: Figure 3]FIGURE 3 | Radiance observation bias statistics (A) before and (B) after bias correction. OMB (unit: K), observation minus background.
4 RESULTS
To evaluate the impact of the FY4-GIIRS data assimilation on the forecast of tropical cyclones, we carried out a forecasting experiment for Typhoon Bavi (August 2020) from 00:00 of August 22 to 23:00 of August 28. After 6 h of cycling assimilation, 6 h forecasts were performed in this period. This assimilation/forecast cycle was performed hourly to obtain an analysis and forecast. We evaluated the forecast for Bavi against observational data to evaluate the success of the assimilation. We also analyzed the observation impact and tried to determine the reasons for the improved forecast. Typhoon Bavi was the eighth typhoon in 2020. It formed over the ocean east of Taiwan on August 22, 2020, and made landfall at 08:30 on August 27 in North Phyongan Province, North Korea. It entered northeast China at 11:00 and then weakened rapidly. It was no longer classed as a typhoon at 20:00 on August 27. This typical northward-moving typhoon lasted for 41 h and had a maximum wind force of level 14.
4.1 Forecast evaluation
We expected that assimilation would improve the temperature field. In contrast with the reanalysis dataset, which is biased because of the numerical model, radiosonde observations are of high quality. There are >200 radiosonde stations in China, most of which are in southeast China near areas frequently affected by typhoons. We used the temperature profiles of radiosondes to validate the 6-h forecast (Figure 4). The temperature field at 800–500 hPa was improved. The root-mean-square error (RMSE) of the temperature after assimilation was about 2% less than that before assimilation, with a maximum improvement (about 4%) at 800 hPa. The peak of the GIIRS channels in the upper troposphere had little chance of being contaminated by clouds; therefore, the temperature above 800 hPa showed a greater improvement than the temperatures in the other layers. The improvement of the RMSE of the temperature in the west and north of China was greater above 500 hPa, whereas the improvement from the ground to the lower troposphere was greater in southeast China (Figure 5). In some areas, the RMSE was larger after the GIIRS assimilation than before. This error may arise from uncertainties in the emissivity of the land or regional differences in the quality of GIIRS data. Further investigations are required. The track and intensity are important indexes for forecasting tropical cyclones. The models with or without GIIRS assimilation can both predict the tropical cyclone track well, with errors <50 km. In the control experiment before assimilation, the RMSE of the prediction of the tropical cyclone intensity was 6.88 m s−1, whereas that after assimilation was 6.58 m s−1, a reduction of 0.3 m s−1 (Figure 6). Typhoon Bavi brought strong rainfall, with average rainfall in northeast China of 35 mm. Figure 7 shows the distributions of the accumulated precipitation in the observations and the assimilation and control experiments during the typhoon. The rain belt was mainly located in northeast China and the southeastern coastal areas of China (Jiangsu and Zhejiang provinces). The rainfall forecasts after assimilation were better than those in the control experiment in both areas, particularly in the southeastern coastal area. The cold, weak airflow from the north met the warm, wet airflow of the monsoon tailed with Typhoon Bavi at the sea surface; the updraft in this area resulted in strong precipitation. The assimilation of the GIIRS improved the transfer of water vapor, improving the precipitation forecast (Figure 8). Therefore, we concluded that, for this infrared instrument, the improvement in the forecast was not dependent on correcting the typhoon circulation directly, but rather on correcting the outer circulation of the typhoon. An analysis of the threat and Heidke skill scores of precipitation showed that the precipitation scores were much higher than in the control experiment (Figure 9).
[image: Figure 4]FIGURE 4 | RMSE in the assimilation process from August 22 to 27 for (A) temperature and (B) percentage reduction in the RMSE for temperature. [image: image] (unit: °C) is the RMSE for temperature, [image: image] (unit: °C) is the RMSE for the control experiment, and [image: image] (unit: °C) is the RMSE for the GIIRS assimilation experiment.
[image: Figure 5]FIGURE 5 | RMSE temperature difference respectively at (A) 250hPa (B) 500hPa (C) 850hPa (D) 925hPa from 22th to 27th of August between the control and assimilation experiments at the radiosonde stations. Positive values show that the assimilation is better than the control experiment.
[image: Figure 6]FIGURE 6 | Forecast intensity of Typhoon Bavi showing statistics every 6 h from August 22 to 27.
[image: Figure 7]FIGURE 7 | Distribution of accumulated precipitation during Typhoon Bavi from August 22 to 27. (A) Observations from in situ data. (B) Precipitation with GIIRS assimilation. (C) Precipitation control experiment without GIIRS assimilation.
[image: Figure 8]FIGURE 8 | Water vapor transfer (Units: kg·(hPa)−1m−1s−1)) for Typhoon Bavi at 06:00 on August 26, 2020, in (A) the control experiment and (B) the assimilation experiment of the GIIRS.
[image: Figure 9]FIGURE 9 | (A) TS forecast scores and (B) HSS forecast scores of precipitation during Typhoon Bavi from August 22 to 27.
4.2 Observational impact on the analysis
The present study focused on the assimilation of temperature channels in the long waveband. As shown in the weighting function of channels (Figure 2B), the information we expect to obtain from the observations will mainly come from 500 hPa to 200 hPa of the atmosphere. We expect that the most significant effects will occur in the middle and upper troposphere layers. We first examined the OMA (observation minus background) of the brightness temperature. The analysis selected six channels with a weighting function peak at approximately 200 hPa (Ch1 and Ch2), 300 hPa (Ch3 and Ch4), and 500 hPa (Ch5 and Ch6) (Figure 10). The OMA in the high-level channels of Ch1 and Ch2 had similar patterns and were positive in most areas. The OMA in the lower-level channels of Ch3–Ch6 showed no obvious bias and were larger than those in the high-level channels. The high-level channels will not deteriorate due to poor emissivity or clouds and have high quality. As expected, the OMA showed the most improvement for the upper layer temperature in the GIIRS assimilation. Therefore, the optimization of the air temperature of the upper layers provided better forecasts of temperature profiles compared to the CTL experiment shown in Figure 4.
[image: Figure 10]FIGURE 10 | OMA (unit: °C) of brightness temperature for six channels.
The intensity and precipitation of Bavi also improved according to the forecast verification. Water vapor in the middle and upper layers of the troposphere is vital for typhoon intensification (Kaplan et al., 2003). With water vapor transport near the typhoon, convection develops and latent heat is released near the center of the typhoon, leading to rapid intensification. We examined the variations in relative humidity in the upper layers. From the average relative humidity around 400 km from the typhoon center, we calculated an index representing the relative humidity variation (Figure 11). We observed a significant increase in relative humidity at 12:00 on August 25, after which Bavi strengthened and reached its maximum wind speed at 6:00 on August 26. During this time, the relative humidity modeled in ERA5 was near-saturation, with a value >70% from 300 hPa to 200 hPa (Figure 11A). The relative humidity of the analysis near the center of the typhoon was larger than that in the CTL, which explained the larger typhoon intensity forecast compared to that in the CTL.
[image: Figure 11]FIGURE 11 | Relative humidity variation of (A) ERA5, (B) assimilation, and (C) CTL during Typhoon Bavi.
TC upper-level outflow can interact with the upper-level larger-scale environment and the inner core of a TC, thereby playing a mediating role between the environment and the storm core. A stronger outflow implies a stronger typhoon. The strongest TC outflow is, on average, concentrated at the troposphere upper layer and around 500 km from the TC center (W. A. Komaromi et al., 2017). The present study defined the TC outflow as the area-averaged divergence over the 8° × 8° latitude-longitude box around the TC center, at 150 hPa. Two TC outflow peaks were observed. The first occurred at the beginning of the typhoon, and the second was observed from August 24 to 26. Compared to the CTL, the TC outflow in the analysis was much stronger at most time points (Figure 12). Particularly at the beginning of TC formation and the day before TC intensity peaked, the TC outflow in the analysis was larger than that in the CTL.
[image: Figure 12]FIGURE 12 | Divergence averaged around 250 km from the typhoon center.
5 DISCUSSION AND CONCLUSIONS
Typhoons are high-impact weather systems that can lead to disasters; therefore, they require highly accurate forecasts. Satellite remote sensing data are important in the numerical weather prediction of typhoons due to the lack of conventional observational data at sea. Infrared hyperspectral data from geostationary satellites with a high spatiotemporal resolution have great value in regional numerical weather forecasts. The GIIRS on the FY-4 satellite is the world’s only hyperspectral instrument onboard a geostationary satellite. We carried out an assimilation/forecast experiment for Typhoon Bavi using the WRF model and WRFDA. To make full use of the high-resolution time data from geostationary satellites, we designed a rapidly updating assimilation scheme with hourly cycle assimilation and evaluated the GIIRS for 6-h weather forecasts of typhoons. We selected 30 channels with high information content based on Shannon information entropy for assimilation and removed the redundant channels. To make full use of the observational information, we used the cloud-top height product of the National Satellite Meteorological Center to remove channels contaminated by clouds through the channel height calculated in real-time and reserved the clear-sky channel for assimilation. We selected the six predictors with the largest correlation coefficients through hierarchical sensitivity analysis of the bias predictors. We then effectively corrected the GIIRS bias after verification.
We carried out a 6-day assimilation forecast experiment from the formation of Typhoon Bavi from August 22 until its dissipation. We evaluated the experimental results using the radiosonde and ground station precipitation data for China. The evaluation results showed that the assimilation of the temperature channel of the GIIRS improved the temperature. The RMSE of the temperature from the ground to the upper troposphere was reduced by 2% compared to the control experiment. The maximum improvement was in the mid- and upper troposphere from 800 to 500 hPa. The track prediction of the typhoon was consistent with that of the control experiment, with an RMSE of 50 km. The prediction of the intensity of the typhoon was slightly improved.
The GIIRS provides many more water vapor channels. During typhoon formation, intensification, and decay, we believe that water vapor plays a vital role. Therefore, in the future we should use more GIIRS channels in the assimilation to make full use of the data. In this study, we used the more mature 3DVAR assimilation method. The GIIRS loaded in the FY4A geostationary satellite has an even higher time resolution and 4DVAR is more appropriate. Although we showed the benefit of the GIIRS assimilation in typhoon Bavi, more typhoon cases are needed to verify our data.
The analysis of the precipitation forecast showed that infrared hyperspectral radiation was unable to penetrate the deep clouds of the typhoon, so it was difficult to directly improve the atmospheric environmental field in the center of the typhoon. However, the improvement in the mid- and high-level temperature fields around the typhoon changed the environmental circulation, enhanced the transport of water vapor in the troposphere, and significantly improved the precipitation forecast around the typhoon. Therefore, we believe that the assimilation of the temperature channel of the infrared hyperspectral data from the GIIRS can improve the 6-h forecast of typhoons, which is of great value for their analysis and prediction. Based on the real-time preprocessing and assimilation capability of the WRFDA real-time assimilation system established here, we will perform more assimilation prediction experiments to further verify the value of the GIIRS in numerical weather prediction.
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Spectral calibration accuracy 10 ppm.

Radiometric calibration accuracy 15K
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