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Abstract
Accurately predicting heavy rainstorms remains challenging due to limited spatial and temporal measurements. Nowa-

days, space-borne Global Navigation Satellite System (GNSS) radio occultation (RO) data provides high spatial-resolution 

atmospheric parameters, which can improve the precision of heavy rainfall prediction. This study investigates the impact 

of GNSS radio occultation observations on forecasting the extremely heavy rainfall that occurred in Henan, China, on July 

20, 2021. We assimilate GNSS radio occultation data from Constellation Observing System for Meteorology, Ionosphere, 

and Climate-2 (COSMIC-2), MetOp-A/B/C, and Fengyun (FY)-3C GNOS in Weather Research and Forecasting Model 

Data Assimilation (WRFDA) three-dimensional framework (3DVAR) system, using the local refractivity operator. Control 

experiment (CNTL) and RO are designed to assess the impact of GNSS radio occultation on this extreme rainfall prediction, 

and RO + GNOS is conducted to further evaluate the influence of GNSS RO data onboard FY-3C. The fractions skill score 

(FSS) is used to quantify the accuracy of predicted precipitation at given thresholds. The results demonstrate that assimi-

lating GNSS radio occultation data improves precipitation forecasts in terms of the distribution and quantity, due to more 

precise initial conditions for the moisture field. The study also finds that RO and RO + GNOS produce similar increments 

and outperform the CNTL, indicating a more accurate humidity field near Henan and more explicit water vapor channels. 

Moreover, the study reveals that assimilating additional data from GNOS onboard FY-3C significantly enhances the predic-

tion of this record-breaking rainfall.
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Introduction

Extreme precipitation events often significantly damage 

society, including casualties and property losses, surpass-

ing the impact of most other meteorological events (Wang 

et al. 2021; Zhang and Zhou 2020). According to the Clau-

sius–Clapeyron equation, the atmospheric saturation vapor 

pressure will increase by 7% for every degree rise in tem-

perature (Rhys et al. 2010; Trenberth et al. 2003). Hence, 

the intensity and frequency of extreme precipitation have 

significantly increased due to global warming (Berg et al. 

2013; Lenderink and van Meijgaard 2008; Westra et al. 

2013). Moreover, climate projections suggest that these 

extreme precipitation events are likely to increase further in 

the future due to additional warming (Chen et al. 2012; Prein 

et al. 2016). Thus, it is critical to improving the forecast skill 

for extreme precipitation to mitigate the associated societal 

and environmental impacts.

The quality of initial conditions is a fundamental factor 

affecting the accuracy of weather forecasts (Kimura 2002; 

Leith 1978; Privé and Errico 2013). Among the variables 

that comprise initial conditions, the moisture field is espe-

cially critical for accurate precipitation forecasts. Unfor-

tunately, conventional observational techniques for verti-

cal profiles, which rely primarily on radiosondes, suffer 

from low temporal resolution and uneven spatial distribu-

tion worldwide. (Anisetty et al. 2013). As a result, initial 

conditions often inadequately capture the true state of the 

atmosphere, leading to significant errors in precipitation 
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forecasting. However, the rapid development of the Global 

Navigation Satellite System (GNSS) has yielded promis-

ing advances in meteorological monitoring and forecasting 

(Dong and Jin 2018; Jin et al. 2022; Jin and Su 2020; Jin 

and Zhang 2016). In particular, GNSS radio occultation 

measurements offer several advantages, including excep-

tional accuracy, high vertical resolution, absence of instru-

ment drifting, and all-weather sounding capability, as well 

as global coverage (Anthes 2011; Kursinski et al. 2000). 

One noteworthy example of this technology is the Constel-

lation Observing Systems for Meteorology, Ionosphere and 

Climate (COSMIC), an important international satellite 

project that provides high-quality radio occultation profiles 

globally (Ho et al. 2020). These profiles have been widely 

used in operational weather prediction, climate analysis, and 

space weather forecasting. Consequently, a follow-on opera-

tional mission called COSMIC-2 was launched in 2019 to 

continue the success of the project (Anthes and Schreiner 

2019). In addition to COSMIC-2, other operational meteoro-

logical satellites, such as MetOp-A/B/C from the European 

Space Agency (ESA) and Fengyun (FY)-3C from China, are 

equipped with radio occultation instruments, which serve to 

expand the use of this promising technology.

Several experiments have confirmed the substantial 

enhancement in weather forecast accuracy for temperature 

(Healy 2008), frontal precipitation (Chien and Kuo 2009), 

and cyclones (Anisetty et al. 2013; Chen et al. 2009; Huang 

et al. 2005) when using GNSS radio occultation data. How-

ever, few studies have explored the impact of GNSS radio 

occultation data on predicting extreme rainfall events. Fur-

thermore, previous studies primarily relied on data from 

COSMIC and MetOp satellites, with limited utilization of 

GNSS radio occultation data from China’s FY-3C. The ben-

efit of assimilating this data into numerical weather predic-

tion has not been comprehensively demonstrated and needs 

further investigation. This study aims to investigate the effect 

of GNSS radio occultation refractivity on simulations of an 

extreme rainfall event that occurred in Henan, China, in July 

2021. The GNSS radio occultation data utilized in this study 

consist of refractivity from COSMIC2, MetOp-A/B/C, and 

FY-3C satellites.

Data and methods

This section gives an overview of the Henan extreme rain-

storm case and presents the datasets and methods employed 

in this study. The datasets used, including observations, 

model products, and GNSS radio occultation data, will be 

presented in full detail. The assimilation, forecast, and evalu-

ation processes will be thoroughly described.

July 2021 Henan extreme heavy rainstorm

In July 2021, central China's Henan Province experienced 

a devastating rainstorm resulting in significant economic 

losses and a high number of casualties. According to the 

China Meteorological Administration, more than 100 mm 

of precipitation was recorded at 794 meteorological sta-

tions in Henan on July 19, with 32.5% of the area of the 

province receiving more than 250 mm of accumulated 

rainfall. (Cheng et  al. 2022; Yin et  al. 2022). Zheng-

zhou, the capital city of Henan, was hit particularly hard, 

receiving an unprecedented 552.5 mm of rainfall within 

24 h. The heavy rains caused severe waterlogging, traffic 

disruptions, and power outages. The most intense rain-

fall occurred from 0600 to 1000 UTC on July 20, with a 

record-breaking hourly precipitation of 201.9 mm recorded 

at Zhengzhou station during 0800–0900 UTC on that day.

Precipitation products and reanalysis data

The calibrated satellite-based precipitation data provided 

by the Integrated Multi-satellite Retrievals for Global 

Precipitation Measurement Mission (IMERG) is applied 

as observation for this study (Huffman et al. 2019). The 

IMERG products are obtained from a constellation of 

satellites by using a sustainable multi-satellite algorithm 

that amalgamates the strengths of prior algorithms (Wolff 

et al. 2007). IMERG provides high-precision products with 

a spatial resolution of 0.1°× 0.1° at half-hour intervals. 

IMERG products are available in three types: early run, 

late run, and final run products. The early, late, and final 

run offer multi-satellite precipitation estimates with laten-

cies of 4 h, 12–24 h, and 3.5 months, respectively. The key 

difference between these products lies in their propagation 

methods, with the early run featuring forward propagation 

only, while the late run includes both forward and back-

ward propagation for interpolation. The final run product 

incorporates monthly gauge data for higher-quality results 

and is particularly suitable for research purposes.

ERA5 reanalysis data (Hersbach et al. 2018) at a hori-

zontal resolution of 0.1°× 0.1° and 37 vertical layers dur-

ing July 19–20, 2021 are used to identify synoptic pat-

terns and verify the impact of GNSS radio occultation on 

assimilations. The European Centre provides the dataset 

for Medium-Range Weather Forecast (ECMWF).

The Global Forecast System (GFS) is a National Cent-

ers for Environmental Prediction (NCEP) weather forecast 

model that generates data for dozens of atmospheric vari-

ables at a resolution of 0.25°× 0.25°. Conventional data 

used in this study are from the Global Telecommunications 

System (GTS).
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GNSS radio occultation refractivity data

The GNSS radio occultation soundings used in this study are 

mainly obtained from the Constellation Observing System 

for Meteorology, Ionosphere, and Climate-2 (COSMIC-2). 

COSMIC-2 is a joint mission between Taiwan and the 

United States aimed at demonstrating the value of GNSS 

radio occultation data in operational weather prediction, 

climate analysis, and space weather forecasts. The mission 

has launched six satellites with next-generation GNSS radio 

occultation payloads into low earth orbit, generating up to 

5000 soundings per day (Schreiner et al. 2020). In addi-

tion to COSMIC-2, radio occultation soundings from the 

MetOp-A/B/C and FY-3C satellites are also employed in 

this study. MetOp satellites equipped with GNSS receiv-

ers called GRAS have been launched since 2006 and can 

collect approximately 650 soundings per day (von Engeln 

et al. 2011). The FY-3C is the first Chinese satellite capable 

of using the radio occultation technique to obtain atmos-

pheric profiles. Its GNSS receiver onboard, called the GNSS 

Occultation Sounder (GNOS), can receive signals from both 

GPS and BeiDou navigation satellite System (BDS) con-

stellations, providing around 500 soundings per day (Bai 

et al. 2014; Bi et al. 2012; Jin et al. 2019). As depicted in 

Fig. 1, the distribution of soundings used in this study is 

widespread, including 322 soundings from COSMIC-2, 98 

from MetOp, and 27 from FY-3C, and are randomly scat-

tered throughout the simulation domain. On average, there 

are approximately 149 GNSS-RO soundings per day.

There are several assimilable products of GNSS radio 

occultation, including bending angle, refractivity, and mete-

orological variables derived therefrom, such as pressure, 

temperature, and water vapor mixing ratio. Previous studies 

suggested using a local refractivity operator for assimilation 

after prudently balancing computational cost and horizon-

tal errors (Ha et al. 2014). Therefore, we employ the local 

refractivity operator in this study. The neutral atmospheric 

refractivity is described by Smith and Weintraub (1953) and 

is used to calculate the innovation:

where p is the pressure of the atmosphere in hPa, T is the air 

temperature in K, and e is the water vapor pressure in hPa.

Data quality control

Three steps are involved in the quality control of refractiv-

ity (N) data: the gross error check, the percent error check, 

and the vertical gradient check. Each observation from a 

profile at different levels is treated as independent. In the 

gross error check, an observation is discarded if the differ-

ence between the observation and the model background 

exceeds a predefined threshold. In this study, the threshold is 

set at five times the sensor error, which is commonly used in 

assimilation research (Singh et al. 2021). The percent error 

check rejects an observation if the percentage of the differ-

ences between the observation and the model background 

refractivity exceeds the predefined threshold, which varies 

at different heights. The threshold values are 5% for below 

7 km, 4% for 7–25 km, and 10% for above 25 km (Cucurull 

et al. 2007). The vertical gradient check assesses the gradient 

of the refractivity to identify anomalous values. An obser-

vation is discarded if dN/dz is less than -50  km−1 or if the 

absolute  d2N/dz2 is larger than 100  km−2 (Poli et al. 2009).

Experiment design

The numerical experiments conducted in this study uti-

lize the three-dimensional and non-hydrostatic Weather 

Research and Forecasting (WRF) version 4.3 as the 

forecast model (Skamarock et al. 2008). The WRF Data 

Assimilation (WRFDA) of the three-dimensional frame-

work (3DVAR) is used for assimilation (Barker et  al. 

2004). The model domain covers most areas of China, 

with Henan located at the center of the domain (Fig. 2). 

The horizontal resolutions of the model are 15 km for the 

outer domain (250 × 250) and 5 km for the inner domain 

(300 × 300). In our 2-way nesting simulations, the outer 

domain provides boundary conditions to the inner domain 

for further simulations. In the vertical direction, there are 

45 model layers with a model top of 50 hPa. The physics 

N = 77.6
p

T
+ 3.73 × 10

5 e

T2

Fig. 1  Map of GNSS radio occultation soundings from COSMIC2 

(circles), MetOp (squares), and FY-3C (triangles) on July 17 (blue), 

18 (green), and 19 (red)
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schemes employed in this study are the Tiedtke Scheme 

for cumulus physics (Tiedtke 1989), the Thompson scheme 

for microphysics (Thompson et al. 2008), the Yonsei uni-

versity scheme (YSU) for planetary boundary layer phys-

ics (Hong et al. 2006), the Noah-MP land surface model 

(Yang et  al. 2011), RRTMG shortwave and longwave 

schemes (Iacono et al. 2008).

Three experiments are carried out in this study: CNTL, 

RO, and RO + GNOS. The experiment CNTL assimilates 

conventional data from GTS, including reports from radio-

sondes, surface observations, pilot balloons, and aircraft 

data. The experiment RO is identical to CNTL, except for 

the assimilation of GNSS radio occultation refractivity 

data from COSMIC-2 and MetOp. In addition to the GNSS 

radio occultation refractivity used in RO, the experiment 

RO + GNOS assimilates the radio occultation refractivity 

data obtained from GNOS onboard FY-3C. All assimila-

tions are executed at a 6-h assimilation window (three hours 

ahead and three hours after). Background fields are obtained 

by 6-h WRF forecasts that are initialized from GFS data. 

These 6-h forecasts help to reduce the initial dynamic imbal-

ance that could impede the assessment of the data’s impacts 

(Wee et al. 2014). After the assimilation, 72-h forecasts are 

produced for all of these three experiments.

Fractions skill scores (FSS)

In this study, we use fractions skill scores (FSS) to evaluate 

the accuracy of precipitation forecasts. FSS is a scale-selec-

tive method designed to measure the skill of high-resolu-

tion forecast of precipitation, using the nearest neighbors to 

select the scales and thresholds of interest (Lean and Roberts 

2008), and is defined as:

where FBS is the fractional Brier score (Brier 1950), and 

FBSw is the worst FBS when there is no overlap of nonzero 

fractions (Coniglio et al. 2009). They are calculated by

where PF(i) and PO(i) are the fractional values exceeding the 

given thresholds at the ith grid of a predefined radius. N is 

the number of grids.

Results and analysis

In this section, we first conduct a 24-h forecast to exam-

ine the effect of GNSS radio occultation on predicting the 

forthcoming extreme rainfall. We assess the accuracy of 

the three experiments and provide potential meteorological 

explanations for the enhancements observed in RO + GNOS. 

Furthermore, we generate 48-h and 72-h forecasts to demon-

strate the robustness of GNSS radio occultation in predicting 

this Henan rainstorm.

Twenty-four-hour forecast of extreme rainfall

Figure 3 exhibits the fractional differences of refractiv-

ity between model profiles and observations before and 

after assimilating the GNSS radio occultation sounding 

at (48.44°N, 101.90°E) at 1200 UTC on July 19, as an 

example of modifications made to the model background. 

Before assimilating this sounding, there are relatively large 

fractional differences between the observation and model 

background. Below 4 km, the fractional differences are 

large, with a maximum of 6.93%. From 4–7 km, the nega-

tive fractional differences range from -2.09% to 0. Above 

7 km, both profiles show small fractional differences within 

2.00%. After assimilation, the model analysis is effectively 

improved throughout the entire profile. The fractional differ-

ences are all less than 1.00% above 4 km and are distinctly 

smaller than the model background below 4 km. Overall, the 

mean fractional difference decreases from 1.85 to 1.34%.

Figure 4 shows the temperature and moisture increments 

between the CNTL experiment and the RO and RO + GNOS 

experiments at the initial time of 1200 UTC on July 19. At 

500 hPa, RO produces higher temperatures and geopotential 

height over most areas, with two radio occultation soundings 

directly influencing the initial thermal conditions and caus-

ing strong baroclinicity at the north (35.65°N, 112.89°E) 

(1)FSS = 1 −
FBS

FBSw

(2)FBS =
1

N

∑N

i=1

[
PF(i) − PO(i)

]2

(3)FBSw =
1

N

[∑N

i=1
P2

F(i)
+
∑N

i=1
P2

O(i)

]

m

Fig. 2  Topography of the simulation domains. The red frame denotes 

the inner domain. The bold lines inside the red frame denote the loca-

tion of Henan



GPS Solutions          (2023) 27:102  

1 3

Page 5 of 12   102 

and south (31.48°N, 111.91°E) of Henan. The maximum 

increment in temperature is 0.51 K and 0.41 K, respectively. 

At 850 hPa, RO intensifies the moisture conditions at sev-

eral key locations, with specific humidity enhancements of 

up to 0.422 g/kg and 0.488 g/kg at the north and south of 

Henan, respectively. Moreover, the water vapor channels 

developed by typhoons In-Fa and Cempaka are much more 

distinct and precise in RO, providing abundant moisture for 

the extreme rainfall in Henan. The main differences between 

RO + GNOS and RO are triggered by additional GNOS radio 

occultations at (48.44°N, 101.90°E), (48.64°N, 90.92°E), 

and (28.98°N, 99.21°E). The increments of temperature at 

500 hPa are distinct. But there are blanks in humidity incre-

ments at 850 hPa due to the presence of high mountains in 

these areas. Although the three radio occultation profiles are 

relatively far from Henan, their differences can still influence 

the forecast results as the synoptic system moves over hours 

of model integration.

After obtaining a more accurate initial condition by 

assimilating GNSS radio occultation soundings, it is intrigu-

ing to find out whether the rainfall prediction is improved. 

Figure 5A shows the 24-h accumulated precipitation during 

1200 UTC on July 19–20, 2021, for both observation and 

simulations. The observed rainfall was mostly concentrated 

in the north of central Henan, covering an extensive area 

where rainfall exceeded 200 mm, with the maximum accu-

mulated precipitation of 552.5 mm at Zhengzhou (34.71°N, 

113.66°E). Generally, CNTL successfully predicts the dis-

tribution of moderate rain (25–50 mm) and the occurrence 

of a heavy downpour (larger than 200 mm), but the center of 

the rainstorm is slight to the west, and its intensity is much 

underestimated, with only a narrow area predicted to receive 

more than 200 mm of precipitation. The maximum accu-

mulated precipitation of 481.24 mm is located at (34.35°N, 

112.00°E), which is far from the observation. RO shows a 

similar precipitation pattern with CNTL, but the rainfall is 

more concentrated, and the false precipitation outside the 

northwest of Henan disappears, with the area of more than 

100 mm of precipitation being much larger. Moreover, the 

entire precipitation system is a bit more to the east, and the 

location of maximum accumulated precipitation (34.22°N, 

113.16°E) is closer to observation. For RO + GNOS, the 

distributions of torrential rain (50–100 mm) and downpour 

(100–200 mm) are similar to RO. Their main difference is in 

the distribution of heavy downpours (larger than 200 mm), 

and the area of heavy downpours in RO + GNOS is 8.40% 

larger than in RO. In terms of the time series of precipita-

tion for the location with the maximum accumulated pre-

cipitation (Fig. 5B), the most intense rainfall occurred in 

Zhengzhou between 0600–0900 UTC on July 20, with a total 

amount of 274.8 mm in three hours. CNTL fails to predict 

the time for rainfall accurately. It overpredicts the rainfall 

from 2100 UTC on July 19–0300 UTC on July 20 and does 

Fig. 3  Vertical variations of fractional differences of refractivity 

between the observation and model background (blue) as well as the 

observation and model analysis (red)

Fig. 4  Increments of different meteorological variables for RO (left) 

and RO + GNOS (right) at 1200 UTC on July 19. Top panel: tempera-

ture, geopotential height at 500 hPa. Bottom panel: specific humidity, 

wind vectors at 850 hPa for RO
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not forecast the heavy downpour between 0600–0900 UTC 

on July 20. RO agrees best with the observed precipitation 

between 0600–0900 UTC on July 20 but falsely predicts 

heavy rainfall between 0300–0600 UTC on July 20. There-

fore, RO + GNOS produces the best overall consistency with 

the observation. Its averaged 3-hourly root-mean-square 

error (RMSE) was reduced by 71.6% and 60.0% against 

CNTL and RO, respectively. These results suggest that 

GNSS radio occultation data contributed to the prediction 

of the July 2021 Henan Extreme Heavy Rainstorm in terms 

of rainfall distribution, amount, and the time of extreme 

rainfall onset.

Accuracy of hourly precipitation prediction

To explicitly assess the performance for the prediction 

of different thresholds, we employed FSS to quantify the 

forecast skills. The FSS reflects the accuracy of predicted 

rainfalls exceeding a given threshold, compared to observa-

tions over neighborhoods. The scores of FSS range from 

0 to 1, where 0 represents the worst and 1 is the best. Fig-

ure 6 shows the FSSs of hourly accumulated precipitation 

at 10, 50, and 100 mm thresholds with a radius of 50 km, 

initialized at 1200 UTC on July 19. The FSS calculation 

starts from the sixth hour after the initial time, since the 

predictions need some spin-up time and the outputs at the 

first several hours are not entirely reliable. Overall, the RO 

outperforms CNTL, and RO + GNOS achieves the high-

est score for all three thresholds. For the 10 mm threshold, 

RO and RO + GNOS show little improvement between the 

 6th–8th hour and have no conspicuous advantage after that 

because the most precipitation region has already reached 

the thresholds after the hours of amassment. Yet, there are 

substantial enhancements in RO and RO + GNOS for 50 mm 

and 100 mm thresholds. The improvements with minimum, 

maximum, and average values are given in Table 1.

The reason why RO + GNOS outperforms RO and CNTL 

is worth further exploring, thus we illustrate domain-mean 

RMSEs of specific humidity, temperature, and wind vectors 

A

B

mm

Time (UTC)

15 18 21 00 03 06 09 12
20 July19 July

IMERGIMERG

Fig. 5  A: Twenty-four-hour accumulated rainfall during 1200 UTC 

July 19–20 2021 for IMERG observation (top left), CNTL (top right), 

RO (bottom left), and RO + GNOS (bottom right). Yellow stars indi-

cate the location of Zhengzhou and yellow triangles indicate the loca-

tions of simulated maximum accumulated rainfall. B: Time series of 

3-hourly accumulated rainfall at Zhengzhou and the locations of max-

imum accumulated rainfall for CNTL, RO, and RO + GNOS

Fig. 6  FSSs of hourly-accumulated precipitation using a 50 km radius 

of influence, with thresholds of 10 mm (top), 50 mm (middle), and 

100 mm (bottom), initialized at 1200 UTC on July 19
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for CNTL, RO, and RO + GNOS at 0800 UTC on July 20 

(Fig. 7), which is the beginning of maximum hourly rain-

fall. The three experiments show similar profiles for specific 

humidity. On the whole, the RMSEs are small in the upper 

layers and gradually increase downward. They reach their 

maxima of more than 1.70 g/kg around 900 hPa and then 

decrease toward the ground. Their main differences are near 

500 hPa and below 800 hPa, where RO and RO + GNOS 

show fairly smaller RMSEs compared with CNTL. Aver-

agely, RO and RO + GNOS have a reduction of 0.076 g/

kg and 0.082 g/kg compared with CNTL, respectively. As 

for temperature, all three experiments have similar small 

RMSEs along the entire profiles, except for relatively large 

RMSEs near the surface. RO and RO + GNOS exhibit no 

significant differences. But compared with CNTL, they have 

marked improvements above 500 hPa and near the surface. 

This temperature improvement in the mid-upper troposphere 

plays an important role in providing more accurate unstable 

conditions for the onset of rainfall. Different from specific 

humidity and temperature, the three experiments have large 

discrepancies in wind vectors, and there are no conspicuous 

changing rules. Overall, CNTL exhibits the largest aver-

aged RMSEs for east–west and north–south wind compo-

nents, followed by RO and RO + GNOS. More specifically, 

RO + GNOS have smaller RMSEs for the east–west wind 

component at almost all levels. While for the north–south 

wind component, RO + GNOS has smaller RMSEs than RO 

above 400 hPa but larger RMSEs below. These discrepancies 

in wind vectors are likely to be the main factor contributing 

to the differences in the above precipitation forecast.

Figure 8 shows the 850-hPa water vapor flux from ERA5 

reanalysis at 0800 UTC on July 20, as well as the results of 

the three experiments. CNTL, RO, and RO + GNOS exhibit 

similar patterns and are spatially well-correlated with ERA5 

reanalysis, where substantial amounts of water vapor are 

transported from the southeast. However, their main differ-

ences lie in the locations of maximum water vapor flux, and 

Table 1  Improvements of RO and RO + GNOS compared with CNTL 

(%)

10 mm 50 mm 100 mm (except 

for the 7th hour)

Minimum

RO − 0.481 6.68 10.2

RO + GNOS − 0.962 7.34 28.0

Maximum

RO 3.67 69.7 48.5

RO + GNOS 5.22 133 85.6

Mean

RO 0.381 23.0 33.4

RO + GNOS 0.373 32.6 47.4

Fig. 7  RMSEs of specific humidity (top left), temperature (top right), 

east–west wind component (bottom left), and north–south wind com-

ponent (bottom right) for CNTL (black), RO (blue), and RO + GNOS 

(red), at 0800 UTC on July 20

g s-1 hPa-1 cm-1

Fig. 8  Water vapor flux at 850 hPa and geopotential height (contours; 

gpm) at 500 hPa for ERA5 (top left), CNTL (top right), RO (bottom 

left), RO + GNOS (bottom right) at 0800 UTC on July 20
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the strong wind shear at Taihang mountains (which marks 

the boundary of northwest Henan) results in the amassment 

of moisture. In ERA5 reanalysis, the maximum water vapor 

flux is located at the northwest boundary of Henan, accom-

panied by a strong low-pressure center. However, all three 

experiments show a slightly southeasterly center of water 

vapor flux, with a weaker and more localized low-pressure 

center. For experiment CNTL, the magnitude and spatial 

extent of strong water vapor flux are relatively smaller 

than those of RO and RO + GNOS. The primary difference 

between RO and RO + GNOS is that RO displays a banding 

distribution of strong water vapor flux, while the distribution 

of strong water vapor flux in RO + GNOS is more centered. 

Additionally, the water vapor flux convergence reflects the 

localized net income and expenses of water vapor. Figure 9 

shows the RMSEs of water vapor flux convergence for 

CNTL, RO, and RO + GNOS in Henan. Generally, CNTL 

has the largest RMSEs compared with RO and RO + GNOS. 

RO + GNOS shows nearly the same variations of water 

vapor flux convergence as RO at the first 12 h. After that, 

RO + GNOS gradually exhibits a slight difference and has an 

exceptionally small RMSE at 0800 UTC on July 20. Its mean 

RMSEs reduce by 13.7% and 2.41% compared to CNTL and 

RO, respectively.

Forty-eight-hour and seventy-two-hour forecast

It is arbitrary to declare the triumph of GNSS radio occul-

tation for the prediction of the July 2021 Henan extreme 

heavy rainstorm merely based on a single 24-h forecast run. 

Therefore, we extend two additional runs (a 48-h forecast 

initialed at 1200 UTC July 18 and a 72-h forecast initialed 

at 1200 UTC July 17) to provide further evidence of the 

effectiveness of GNSS radio occultation data (Fig. 10A). 

For the 48-h precipitation during 1200 UTC July 18–20, the 

observed rainfall center was located at Zhengzhou, and the 

accumulated precipitation decreased from the center to the 

periphery. The three experiments produced similar patterns 

and have good consistency with the observation regarding 

the 50 and 100 mm rainbands. However, they all underpre-

dict the area with over 200 mm of precipitation, despite 

RO and RO + GNOS having a larger coverage than CNTL. 

For the location of maximum accumulated precipitation, 

RO + GNOS outperforms CNTL and RO with remarkable 

accuracy. The time series of 6-hourly accumulated precipita-

tion for the maximum accumulated precipitation is shown 

in Fig. 10B. Generally, RO + GNOS significantly reduces 

errors compared to CNTL and RO. CNTL severely under-

predicts the intensity of rainfall, while RO overpredicts its 

intensity, and the predicted extreme rainfall is 12 h earlier 

than the observed rainfall peak. In contrast, RO + GNOS not 

only accurately predicts the timing of the rainfall peak but 

also produces a considerably accurate amount. For the 72-h 

precipitation during 1200 UTC July 17–20, the observed 

accumulated precipitation changes little as the rainfall prin-

cipally developed during July 19–20, and all three experi-

ments agree with the observation at the center of Henan. 

CNTL produces an excellent forecast result that is similar 

in pattern to the observation for areas with precipitation 

of 0.1, 1, 10, 25, 50, and 100 mm thresholds, except for a 

false strong rainfall center near the south of Henan. RO and 

RO + GNOS seem to show similar distributions but have 

many disparities. In detail, areas with precipitation below 

100 mm are almost identical between RO and RO + GNOS, 

while the areas of 100 and 200 mm precipitation thresholds 

are quite different. RO exhibits a north–south banding dis-

tribution from north Henan to south-central Henan, while 

RO + GNOS displays a concentrated region for larger than 

100 mm of precipitation, which is better consistent with 

observation. All three experiments underpredict precipita-

tion larger than 200 mm, but CNTL and RO + GNOS pro-

duce relatively accurate locations for maximum accumulated 

precipitation with errors of 46.6 and 20.5 km, respectively. 

The time series of precipitation for the maximum accumu-

lated precipitation is coarsened to 12 h to limit the uncer-

tainty for the relatively long validation time. All three exper-

iments predict the right time interval for extreme rainfall, 

but CNTL overpredicts it for 598.2 mm (28.41% of relative 

error), while RO underpredicts it by only 252.1 mm (45.87% 

of relative error). RO + GNOS is remarkably precise, with 

only a 5.247% relative error compared to observation.

Discussion

This study gives improvements in the prediction of the 

Henan extreme heavy rainstorm through the assimilation 

of GNSS radio occultation data and shows the prelimi-

nary impact of GNOS. However, there are several potential 

uncertainties and limitations in our research that require 

further investigation in future studies.

Fig. 9  RMSEs of water vapor flux convergence for CNTL (blue), RO 

(green), and RO + GNOS (red) forecast against the ERA5 reanalysis, 

initialized at 1200 UTC on July 19
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Firstly, both RO and RO + GNOS exhibit increased 

water vapor increments after assimilating GNSS radio 

occultation data, thereby the initial conditions are closer 

to observation at the moisture field. However, despite these 

improvements, both experiments still exhibit false precipi-

tation around the rainfall center. This could potentially be 

attributed to the inner grid spacing of 5 km used in our 

experiments, which poses a great challenge for cumulus 

schemes in such a high-resolution model with grid spacing 

on the order of 1–10 km (Kain 2004). Thus, more powerful 

physics schemes suitable for high-resolution models need 

to be developed, and various physics suites warrant further 

investigation. Secondly, the complex topography in Henan 

plays a crucial role in this extreme rainstorm (Yin et al. 

2022). As topography can significantly affect the physical 

process (Pontoppidan et al. 2017), future research could 

explore the use of finer-resolution topography data.

Furthermore, this study implements a local refractiv-

ity operator, balancing computational cost and horizontal 

errors. However, other operators like nonlocal refractivity 

and bending angle operators have been widely used in other 

research and are expected to outperform the local operator 

at high resolution (Caya et al. 2008). Nonetheless, Ma et al. 

(2009) pointed out that the nonlocal refractivity operator 

only yields limited improvements in certain experiments, 

and its superiority in predicting extreme rainstorms remains 

unclear.

In addition, more detailed studies can be carried out 

in the future. For example, the robustness of GNSS radio 

occultation and data from GNOS need to be verified in more 

extreme rainfall cases. Also, their performance in other types 

of atmospheric systems can be further investigated. Besides, 

other GNSS-based data, like GNSS PW, can be utilized 

simultaneously to obtain more accurate moisture conditions 

A

B

48
 h

72
 h

IMERGIMERG

Fig. 10  A Results of 48-h (top panel) and 72-h (bottom panel) 

accumulated rainfall for IMERG observation, CNTL, RO, and 

RO + GNOS during 1200 UTC on July 18–20. Yellow stars indicate 

the location of Zhengzhou and yellow triangles indicate the loca-

tions of simulated maximum accumulated rainfall. B Time series of 

6-hourly accumulated rainfall during 1200 UTC July 18–20 (left) and 

12-hourly accumulated rainfall during 1200 UTC July 17–20 (right) 

at Zhengzhou (black) and the locations of maximum accumulated 

rainfall for CNTL (blue), RO (green), and RO + GNOS (red)
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at the lower troposphere, which may further improve the 

skill of extreme rainfall prediction.

Conclusions

In this study, we implemented GNSS radio occultation 

assimilation in the WRFDA 3DVAR system to estimate its 

impact on the extreme rainstorm event that occurred on July 

20, 2021, in Henan. Retrospective studies are conducted for 

24-h, 48-h, and 72-h forecasts validated at 1200 UTC on July 

20. A set of forecasting experiments with and without GNSS 

radio occultation data assimilation is produced, and perfor-

mances of GNSS radio occultation data from COSMIC-2, 

MetOp-A/B/C, and additional data from FY-3C are assessed.

The local refractivity operator positively contributes to 

the analysis fields for this extremely heavy rainstorm. Two 

influential radio occultation soundings near Henan directly 

magnified the initial moisture conditions for the 24-h fore-

cast. Also, the specific humidity increments suggest two 

explicit water vapor channels established by typhoons In-Fa 

and Cempaka, which provide continuous extensive mois-

ture for the forthcoming rainfall. The better initial condi-

tion leads to an improved forecast for this severe rainstorm. 

RO + GNOS exhibits the best performance for the distribu-

tion, amount, and timing of extreme rainfall onset, followed 

by RO and CNTL. The FSSs of hourly accumulated pre-

cipitation indicate that RO and RO + GNOS have noticeable 

advantages in predicting heavy rainstorms at thresholds of 

50 mm and 100 mm, on account of more accurate mois-

ture conditions. The 48-h and 72-h forecasts exhibit similar 

improvements, with RO + GNOS outperforming RO and 

CNTL regarding the distribution and amount of precipita-

tion. In general, the additional soundings from FY-3C in 

RO + GNOS have beneficial impacts on the prediction of the 

extremely heavy Henan rainstorm, even though they were 

not located directly over Henan.

Furthermore, it is found that RO and RO + GNOS have 

small average RSMEs for temperature, specific humid-

ity, and wind vectors at 0800 UTC on July 20, compared 

to CNTL. Although there is no conspicuous difference 

between RO and RO + GNOS for temperature and specific 

humidity, their discrepancies in wind vectors result in dif-

ferent distributions of water vapor flux and its convergence, 

which play important roles in the trigger conditions for the 

rainstorm and contribute to the main differences of precipi-

tation between RO and RO + GNOS. Thus, RO + GNOS 

performs better than RO and CNTL, particularly in terms 

of the maximum amount of rainfall, owing to the enhanced 

wind forecast.
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