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Abstract: The serious and frequent typhoon activities can easily cause extreme precipitation weather
in the eastern coastal area of China, which is affected by land and sea differences. To explore the
temporal and spatial characteristics of Precipitable Water Vapor (PWV) and rainfall during the
typhoon period, the data of the conspicuous case named ‘Meihua’ in 2022 is adopted in analysis.
In this paper, firstly, the accuracy of the PWV retrieved by ERA5 was evaluated, which met the
experimental analysis requirements, compared with the conference value of the Radiosonde (RS).
Secondly, the correlation between PWV, rainfall and the typhoon path were analyzed qualitatively and
quantitatively, using 16 meteorological stations in the typhoon path. The results indicated that PWV
reached its peak value 2–6 h than rainfall, which was an important reference for rainfall forecasting.
Then, the ‘Pearson correlation coefficient’ method was used for the quantitative evaluation of the
correlation between PWV and the distance of the ‘weather station-typhoon’. The results showed
that PWV had an obvious upward trend, with a decrease in the distance between the ‘weather
station-typhoon’. The variation in PWV is intense at a reduced distance, and can reach its peak 16 h
before the arrival of the typhoon. A strong negative correlation was demonstrated, with an average
value of −0.73 for the Pearson correlation coefficient. Analyzing the temporal and spatial changes of
the typhoon track, PWV and rainfall, the results show that before the typhoon passes through the
region, both the PWV and rainfall certainly reach their maximum. The variation trends of PWV and
rainfall in the period of the typhoon are significantly consistent. The center of PWV and rainfall is
mainly located on the northwest side of the typhoon center, which showed obvious asymmetry.

Keywords: PWV; distance of ‘weather station-typhoon’; rainfall; temporal–spatial correlation;
‘Meihua’ Typhoon

1. Introduction

The troposphere is the atmosphere most closely related to human life, and is an
important part of global space. Water vapor is one of the most active greenhouse gases
in the troposphere, and its changes directly affect surface temperature, humidity and
surface rainfall. Typhoons cause long-term rainstorms, which seriously affect people’s lives
and easily cause disasters, such as floods and mudslides. Therefore, it is very important
to explore the changing relationships between typhoons and PWV, rainfall and extreme
meteorological disasters.

The traditional methods of water-vapor observation mainly include radiosondes,
microwave radiometers, satellite remote sensing, and so on. These methods have a high
accuracy in the detection of water vapor; however, these methods have some negative
issues, such as a low time resolution, a sparse distribution of stations, a high cost, they
cannot satisfy small- and medium-scale meteorological research, their detection accuracy is
easily affected by weather conditions, and so on [1–3].
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With the sustained development of GNSS technology, the method of atmospheric
water-vapor monitoring based on GNSS has been widely used. GNSS water-vapor-
detection technology has the characteristics of a high resolution, low cost, continuous
operation and high precision. The inverted PWV by GNSS is also used for analyzing the
PWV’s correlation with rainfall to predict extreme weather and improve the temporal–
spatial resolution of PWV inverted using the radiosonde measurements [4–7]. He et al.
investigated the usability of real-time PWV retrieved from GNSS for the characterization
typhoons by analyzing the correlation between PWV and atmospheric parameters, includ-
ing pressure, temperature, precipitation, wind speed, and so on [8]. However, due to the
uneven distribution of GNSS weather stations, it is difficult to obtain sufficient GNSS PWV
data in areas where GNSS weather stations are scarce, which limits the applications of
GNSS technology to invert PWV in climate research [5].

Compared with traditional PWV monitoring methods and GNSS technology, PWV
calculated using Numerical Weather Prediction (NWP) data has the advantage of high tem-
poral and spatial resolution. The main institutions providing NWP data are the European
Centre for Medium-Range Weather Forecasts (ECMWF), National Centers for Environmen-
tal Prediction (NCEP) and China Meteorological Administration (CMA). Among them,
ECMWF provides the latest global atmospheric numerical forecast reanalysis data and fore-
cast data for users, which is adopted in a lot of research by many institutions and scholars
at home and abroad. Using RMSE, ME and other indicators, researchers evaluated the PWV
estimation value inverted by the latest generation of MERRA-2 and ERA5 NWP data [9–11],
and finally found that the PWV estimation value inverted by ERA5 is more accurate.

In recent years, many researchers have analyzed the temporal and spatial distribution
and variation characteristics of atmospheric precipitable water. The ERA5 data are used to
study and analyze the water-vapor balance in the Yangtze-Huai-Hai region [12]. The re-
analysis data of rainfall from meteorological stations in Shandong Province have been used
to analyze the atmospheric rainfall in the whole layer of Shandong in summer [13]. Now,
PWV is usually analyzed in connection with typhoon and rainfall, where there is a strong
correlation between them [14–16]. In order to scientifically verify the correlation between
PWV, typhoon and rainfall, researchers built models and correlation coefficients [17–19].
For the correlation between PWV and rainfall during typhoon transit, the distribution
characteristics of PWV and its correlation with actual rainfall during two typical rainfall
processes in 2018 were analyzed using the Pearson correlation coefficient method [19]. Most
researchers analyzed the correlation between typhoons and PWV in a certain area. The
interaction between the intensity of typhoon Rammasun (1409) and rainfall changes were
analyzed by combining Fourier transform and the Liang–Kleeman information flow [20].
To analyze the temporal and spatial variation characteristics of PWV during a typhoon,
the PWV data were inverted based on the observation data of a Chongming continuous-
operation reference station system in Chongming area from 2019 to 2020 [21]. To explore the
temporal and spatial interaction characteristics of PWV and actual rainfall during typhoon
‘Chandu’ and three other typhoon events in Taiwan from 2015 to 2017, they were inves-
tigated using the PWV retrieved from the real-time precise point positioning technology
or ground-based GPS data [22,23]. Kim et al. found that the most intense rainfall events
occurred after a rapid increase in PWV along with a strong southwesterly water-vapor
flow during convective instability [24]. Zhao et al. used the anomalous variations of the
PWV inverted by ERA5 with other atmospheric parameters related to typhoons to analyze
a typhoon-monitoring method with and without considering the typhoon’s acceleration
during the time of the maximum value of the PWV during the typhoon period [25]. In
terms of the influencing factors of PWV in the north and south of the eastern coastal areas
of China, Tian et al. analyzed the influencing factors of PWV in the North China Plain
based on the meteorological data of its sounding stations and ground stations, and found
that PWV is affected by the season and precipitation efficiency [26]. Through the study of
typhoon rainfall factors, Niu et al. found that the factors affecting typhoon precipitation
are topography, cold-air intrusion, and continental and offshore humidity [27].
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The above research literature took a single region as the research subject, and ex-
plored the temporal and spatial changes of precipitation and PWV affected by typhoons
in different regions during the passage of strong typhoons to a lesser extent. Therefore,
this paper chooses typhoon ‘Meihua’ as the research subject to discuss its impact on dif-
ferent regions in the eastern coastal areas of China during its whole process, and then
deeply explores the correlation between the track of typhoon ‘Meihua’, PWV and rainfall
at meteorological stations.

In this paper, the PWV of 16 meteorological stations on the typhoon track are calculated
using the NWP data. The Pearson correlation coefficient method is adopted to analyze
the temporal and spatial characteristics for the typhoon track with rainfall and PWV
quantitatively. These works will provide benefit for exploring the roles of PWV and rainfall
in the eastern coastal areas of China with typhoon movements [28].

2. Data and Methodology
2.1. Data Sources

In order to analyze the correlation among the typhoon track, PWV and rainfall, the
data of the typhoon track, PWV and rainfall in different regions on the track were used.
Firstly, PWV was calculated by ERA5 reanalysis data. Then, the distance between the
typhoon and the meteorological station at different times was calculated by the three-
dimensional coordinates of the meteorological station and the hourly coordinate data of
the typhoon. Rainfall data are obtained through the ‘Xihe Energy Big Data Platform’.

(1) Typhoon Data Source
The typhoon data were obtained from the real-time release system of the typhoon

track by Zhejiang Provincial Department of Water Resources, including the hourly typhoon
position (latitude and longitude), hourly average wind speed and typhoon intensity.

(2) Three-dimensional Coordinate Data of Meteorological Station
The three-dimensional coordinate data of the meteorological station were downloaded

from the website of the National Oceanic and Atmospheric Administration (NOAA),
selecting the coordinate data of the meteorological station that was close to the typhoon
track (https://www.ncei.noaa.gov/maps/daily/, accessed on 5 May 2023).

(3) Rainfall Data
According to the coordinates of the weather station, the hourly resolution rainfall

data released by the European Centre for Medium-Range Weather Forecasts (ECMWF)
was downloaded through the ‘Xihe Energy Big Data Platform’ (https://xihe-energy.com,
accessed on 7 May 2023). These data have the characteristics of a high temporal resolution
and high data accuracy.

(4) RS Data
The data of the RS observatory were collected from the Integrated Global Radiosonde

Archive Version 2 (IGRA2), which is generated by the National Climate Data Center of the
United States. And it includes pressure, temperature, relative humidity, potential height,
wind speed and other data. The temporal resolution of data is 12 or 6 h, respectively [29].

(5) ERA5 Data
The ERA5 reanalysis data derived from radiosonde data are the latest atmospheric

reanalysis product provided by ECMWF (https://cds.climate.copernicus.eu/, accessed on
7 May 2023). They can provide parameter data, such as air pressure, wind speed, tempera-
ture, relative humidity, and elevation (high altitude). They are layered data and their time
resolution is 12 h. Their horizontal resolution is 0.25◦ × 0.25◦ (longitude × latitude). Their
vertical resolution is 37 layers (the top height is about 47 km), and the time resolution of
the layered and surface data is 1 h [30].

https://www.ncei.noaa.gov/maps/daily/
https://xihe-energy.com
https://cds.climate.copernicus.eu/
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2.2. PWV Calculation Method Based on Integral Method

The inversive data of PWV based on RS and ERA5 data can be calculated using an
integral method. The formula is as follows:

q =
0.622e

p− 0.378e
(1)

PWV =
1
g

∫ ps

0
qdp ≈ 1

2g

n

∑
i=1

(qi + qi+1)•(pi − pi+1) (2)

where q is the specific humidity; e is the water-vapor pressure; p is the atmospheric pressure;
ps is the surface pressure; and g is the acceleration constant of gravity. Considering the
different gravity acceleration constants in different regions, the Formula (3) is used to
calculate the local gravity acceleration constant:

g(ϕ, H) = 9.80616
(

1− 2.59× 10−3cos2ϕ
)
·
(

1− 3.14× 10−7H
)

(3)

where ϕ is latitude; H is geodetic height. The elevation of ERA5 reanalysis data is geodetic height.

2.3. Precision Analysis Indicators

(1) RMSE
The root-mean-squared error, which is also known as the standard error, is the square

root of the ratio of the square of the deviation between the observed value and the true
value (or the simulated value) to the number of observations m, and is used to measure the
deviation between the observed value and the true value. RMSE is an important criterion
for the accuracy of the expected data in statistics, which is widely used to judge the accuracy
of the data. In the actual measurement, the number of observations m is always limited,
so the true value can be replaced by the most reliable (best) value [31]. The formula is
as follows:

RMSE =

√
1
m

m

∑
i=1

(yi − ŷi)
2 (4)

where m represents the total number of observations; yi represents the observed value; and
ŷi represents the true value.

(2) MAE
The mean absolute error represents the average value of the absolute value of the error

between the observed value and the true value [32]. The formula is as follows:

MAE =
1
m

m

∑
i=1
|(yi − ŷi)| (5)

where m represents the total number of observations; yi represents the observed value; and
ŷi represents the true value.

When there are some extreme outliers in the data, the MAE value is not amplified,
which makes up for the fact that RMSE will amplify the large error square. Therefore, MAE
was used to further verify the accuracy.

2.4. Correlation Analysis Based on Pearson Correlation Coefficient

(1) Pearson correlation coefficient
The Pearson correlation coefficient can be used to describe the degree of linear cor-

relation between the two variables. The greater the absolute value of r, the stronger the
correlation. In the field of natural science, the coefficient is widely used to measure the
degree of correlation between two variables and functions as an important statistical tool.
In this paper, the Pearson correlation coefficient was used to quantitatively analyze the
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correlation between ‘weather station-typhoon’ distance and PWV. The expression of the
Pearson correlation coefficient r is

r =
∑n

i=0 (xi − x)(yi − y)√
∑n

i=0(xi − x)2
√

∑n
i=0(yi − y)2

(6)

where n is the number of samples; x is the average value of sample xi; and y is the average
value of sample yi. The |r| value is less than or equal to 1, which denotes the extremely
strong correlation between 0.8~1.0, strong correlation between 0.6~0.8, moderate correlation
between 0.4~0.6, weak correlation between 0.2~0.4, and no correlation between 0.0~0.2.

(2) Calculation of ‘weather station-typhoon’ distance
Based on the latitude and longitude coordinates of the typhoon and the meteorological

station, the distance between the typhoon and each meteorological station was calculated
using the semi-positive vector formula:

S = 2arcsin

√
sin2(

a
2
) + cos(Lat1)× cos(Lat2)× sin2(

b
2
)× R (7)

where Lat1 and Lat2 are the latitudes of the two places; Lng1 and Lng2 are the longitudes of
the two places; a is the difference between the latitudes of the two places; b is the difference
between the longitudes of the two places; and R is the equatorial radius of the earth.
According to the previous literature, the average error of the Formula (7) is 0.16%, which
means that the error is about 1.6 km when the distance is 1000 km. This has little effect on
the overall accuracy.

3. Results and Analysis
3.1. Precision Analysis

In this paper, two RS stations, CAM00071802 (41.8◦ N, 126.8833◦ E) and CHM00054374
(47.5167◦ N, 52.7833◦ W), were selected to evaluate the PWV accuracy. The PWVs of
365 days in 2022 were calculated from RS and ERA5 by Formula (2). For the high accuracy
of PWV obtained using RS, it was set as the reference values to evaluate the precision of
ERA5 PWV. The RMSE and MEA of ERA5 PWV for the two stations were calculated, as
demonstrated in Table 1, which shows that the RMSE was 1.968 for the CAM00071802
station and 2.458 for the CHM00054374 station, and the MAE was 1.411 and 1.349, respec-
tively. The RMSE and MEA indicate that the ERA5 PWV accuracy meets the requirements
between −2 and 2. It can be seen from the table that the RMSE value of the CHM00054374
station was slightly larger than 2, but its MAE value was less than 2, excluding the impact
of extreme outliers. Therefore, the PWV calculated by ERA5 can be used for exploring the
correlation of the PWV, rainfall and typhoon track.

Table 1. RMSE and MEA values of CAM00071802 and CHM00054374 (mm).

Station Number CAM00071802 CHM00054374

RMSE 1.968 2.458
MAE 1.411 1.349

By drawing a box line diagram of the CAM00071802 and CHM00054374 RS stations
(Figure 1), the difference between the RS PWV and ERA5 PWV at the two stations is visually
represented. A line in the middle of the box in the figure represents the median of the data.
The upper and lower limits of the box are the upper quartile and the lower quartile of the
data, which means that the box contains 50% of the data, and the width of the box reflects
the degree of fluctuation of the data to a certain extent. There is a line above and below the
box, which represents the maximum and minimum. From the diagram, we can see that the
data fluctuation of CAM00071802 station was small, and the extreme anomaly value was



Atmosphere 2023, 14, 1313 6 of 16

not obvious compared with CHM00054374, which is consistent with the data expressed in
Table 1.
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3.2. Experiments and Analysis

The eastern coastal areas of China mainly include the Liaoning, Shandong, Jiangsu,
Zhejiang, Fujian, Shanghai, Guangdong, Hainan and Taiwan provinces, which cover an area
of 950,000 square kilometers and are mainly hills and plains. Typhoons occur frequently
in summer in this area because of the large difference between the sea and land, which
has a great impact on the local economy and people’s livelihoods. Therefore, studying
the correlation between typhoon with PWV and rainfall can help to predict the extreme
weather during typhoons, and effectively reduce the impact of typhoon disasters on the
local area [33].

Typhoon ‘Meihua’, which took place September 2022, and is studied in this paper,
originated from the western Pacific Ocean and moved from 17.4◦ north latitude and
132.9◦ east longitude to 41.5◦ north latitude and 124.8◦ east longitude. It caused landfall
in Zhoushan, Zhejiang Province at about 20:30 on the evening of 14 September 2022, due
to it being a strong typhoon, and affected 12 provinces, including Taiwan, Fujian, Jiangxi,
Zhejiang, Shanghai, Anhui, Jiangsu, Shandong, Hebei, Henan (eastern local), Liaoning, and
Jilin. ‘Meihua’ had a strong representativeness due to its characteristics of strong landfall
intensity, wide impact range, long duration of strong winds and large rainfall intensity.

During the typhoon’s journey, the rainfall in some areas of Shaoxing, Ningbo, Zhoushan
and Qingdao reached 250 to 500 mm, and the maximum rainfall was 707 mm in Xiajialing,
Yuyao, Zhejiang. A total of 23 national meteorological observation stations exceeded the
extreme value in September. In this study, 16 meteorological stations were selected, starting
from the vicinity of Taiwan Island to Liaoning Province, covering six provinces (cities)
including Zhejiang, Shanghai and Jiangsu, and the latitude was from 24.344◦ to 41.3166◦

north latitude, and the longitude was from 119.133◦ east longitude to 124.186◦. The location
distributions of the selected meteorological stations and their correlations with the typhoon
are shown in Figure 2, where the size difference of the blue dots indicates the intensity of
the typhoon.
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This paper explored the temporal and spatial correlation between the distance of
typhoon ‘Meihua’ to various locations, PWV, and rainfall using quantitative and qualitative
analysis. Additionally, it examined the rainfall activity and PWV change process in China’s
eastern coastline regions during the passage of typhoon ‘Meihua’.

3.2.1. The Qualitative Correlation Analysis of the PWV and Rainfall

In this study, we investigated the hourly variation of PWV and rainfall from 0:00 on
10 September 2022 to 19:00 on 16 September 2022, and the time when the typhoon passed
the meteorological station, which was marked with a purple vertical line (Figure 3). The
experimental research period of this experience was up to 7 days, and the latitude span
of the meteorological station was large (the longitudinal span was 21◦, and the detailed
location of the meteorological station is shown in Table 2). However, at different times, the
influencing factors of rainfall at the meteorological station were diverse [27]. This paper
mainly explored the temporal and spatial correlation between typhoon and PWV and
precipitation under the influence of the ‘Meihua’ super-typhoon.
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Due to the influence of water-vapor content and water-vapor retention rate, the water-

Figure 3. The correlation between PWV and rainfall at 16 meteorological stations (The stations are
represented by the 6-digit numbers).

Table 2. Summary of 16 meteorological station locations (sorted by typhoon transit sequence).

Station Number Latitude (◦) Longitude (◦) Elevation (m) Address

479180 24.34 124.19 28.34 okinawa Ishigaki
479170 24.43 123.77 11.20 okinawa Ishigaki
584770 30.03 122.12 37.00 Dinghai District, ZhejiangProvince
584720 30.73 122.45 81.00 Shengsi County, Zhejiang Province
583211 31.14 121.81 3.96 Pudong District, Shanghai
583670 31.19 121.34 3.04 Xujiahui District, Shanghai
583620 31.40 121.47 4.00 Baoshan District, Shanghai
582650 32.07 121.60 10.00 Qidong City, Jiangsu Province
582510 32.85 120.28 4.00 Dongtai City, Jiangsu Province
581500 33.75 120.30 3.00 Sheyang County, Jiangsu Province
580400 34.85 119.13 10.00 Ganyu District, Jiangsu Province
549450 35.43 119.53 37.00 Donggang District, Shandong Province
548570 36.27 120.37 10.05 Chengyang District, Shandong Province
548630 36.77 121.17 64.00 Haiyang City, Shandong Province
547510 37.93 120.71 40.00 Yantai Long Island
546620 38.97 121.53 32.61 Ganjingzi District, Liaoning Province
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Through the above experiments, it can be seen from Figure 3 that there is a strong
correlation between rainfall and PWV. Before each rainfall event, PWV has a significant
stage of continuous climbing, and PWV reaches its peak about 2~6 h earlier than rainfall.
Before the arrival of the typhoon, PWV and precipitation will reach the peak in advance.
Due to the influence of water-vapor content and water-vapor retention rate, the water-
vapor supply of meteorological stations in the eastern coast of China is slow after the
typhoon, and it is not easy to accumulate due to the influence of monsoon and plain terrain.
Therefore, PWV shows a significant downward trend, and there is little rainfall when PWV
decreases to 40 mm and below. The 479180 and 479170 meteorological stations located at
the sea after the typhoon, due to the low latitude, the water-vapor supply is fast, the PWV
rises significantly, and the obvious secondary rainfall occurs in a short time.

3.2.2. Correlation Analysis of the PWV and ‘Weather Station-Typhoon’ Distance

According the above experiments, there was a strong correlation between rainfall and
PWV. The distance between typhoon and meteorological station is an important factor
affecting rainfall and PWV, so we analyzed the correlation between the distance between
typhoon and meteorological station and PWV. It was found that there was a negative
correlation between the PWV and distance. The variation of distance and PWV is always
opposite, and the closer the distance is, the more drastic the variation is (Figure 4).
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In order to express the relationship between the two times more accurately and
intuitively, the indicator coefficient was set to 00:00 on 10 September 2022 as the starting
time, and set to 0, and then the indicator coefficient was increased by 1 hour to analyze the
correlation between the two times. The final results are shown in Table 3. According to the
indicator coefficient, ‘the time of the maximum PWV’ and ‘the time passing through the
station’ were the X and Y axis fitting lines (Figure 5), and the coefficient of determination
R2 was 0.9908, which shows that the two have a high degree of closeness. Because the peak
time of PWV was earlier than the time of typhoon passing through the weather station, a in
Y = X − a represents the time interval between the two. Therefore, the PWV always peaks
around 16 h before the arrival of the typhoon and the ‘weather station-typhoon’ distance
has a negative correlation with PWV at the weather station.

Table 3. The time difference between the maximum value of PWV and the arrival time of the typhoon.
(September 2022).

Station Number Time through the Station The Time of the Maximum PWV Interval Time/h

479180 11:00, 12 September 20:00, 11 September 15
479170 14:00, 12 September 21:00, 11 September 17
584770 21:00, 14 September 12:00, 14 September 9
584720 23:00, 14 September 15:00, 14 September 8
583211 01:00, 15 September 16:00, 14 September 9
583670 02:00, 15 September 14:00, 14 September 12
583620 03:00, 15 September 17:00, 14 September 10
582650 05:00, 15 September 18:00, 14 September 11
582510 10:00, 15 September 21:00, 14 September 13
581500 13:00, 15 September 02:00, 15 September 11
580400 18:00, 15 September 06:00, 15 September 12
549450 21:00, 15 September 07:00, 15 September 14
548570 01:00, 16 September 09:00, 15 September 14
548630 05:00, 16 September 09:00, 15 September 18
547510 08:00, 16 September 21:00, 15 September 11
546620 12:00, 16 September 01:00, 16 September 11
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In this paper, in order to more intuitively judge the local PWV change before the
arrival of the typhoon, and then provide the basis for judging the rainfall situation, the
Pearson correlation coefficient was used to quantitatively describe the correlation between
the distance of typhoon ‘Meihua’ to the meteorological station and the PWV of the meteo-
rological station.

The PWV and ‘weather station-typhoon’ distance of the selected 16 weather stations
at different times were quantitatively analyzed (Equation (6)). Among them, the PWV of
the weather station was the x-value, and the distance between the weather station and the
typhoon was the y-value. The PWV at each weather station had a strong negative corre-
lation or a very strong negative correlation with the “weather station-typhoon” distance
(Table 4). The correlation difference shows that PWV is not only affected by typhoon wind,
water-vapor transport, air pressure, etc., but also by atmospheric circulation, topography
and other factors, in the eastern coastal areas of China [26].

Table 4. Peason correlation coefficient between PWV and ‘weather station-typhoon’ distance.

Station Name Peason Correlation Coefficient

479170 −0.69
479180 −0.69
584770 −0.70
584720 −0.66
583211 −0.63
581500 −0.86
580400 −0.85
583670 −0.64
549450 −0.83
583620 −0.63
582650 −0.60
582510 −0.78
548570 −0.80
546620 −0.71
548630 −0.80
547510 −0.68

Mean correlation coefficient −0.73

3.2.3. Spatial Distribution Analysis of PWV, Rainfall and Typhoon Track

Figure 6 is the spatial distribution map of rainfall in the eastern coastal areas of China
at daily UTC 00:00 and 12:00 from the 10 to 16 September 2022. It can be seen that as the
track of the typhoon moved from south to north, the track of the rainfall distribution center
gradually moved to the northwest and finally moved to the northeast. And the rainfall
from south to north showed a decreasing trend. Table 5 shows the 24 h cumulative rainfall
of each weather station during the typhoon, which shows the same trend as that in Figure 6.

Regarding the relative correlation between the typhoon position and the rainfall center
(Figure 6), the rainfall caused by the typhoon had an obvious asymmetry. The rainfall
was mainly located on the northwest side of the typhoon center, and with the increase
(decrease) in intensity, the absolute value of vertical helicity on the west side of the typhoon
center increased (decreases), to some extent, which promoted (hinders) the development of
ascending motion in the region, resulting in more (less) water-vapor condensation and rain.
Therefore, regarding Figures 2 and 5, the rainfall caused by typhoon transit was less, or
there was no rainfall, with a weakening typhoon intensity [11].
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Table 5. The 24 h cumulative rainfall (mm) at 16 meteorological stations during typhoon ‘Meihua’.

Weather
Station

Number
10 September 11 September 12 September 13 September 14 September 15 September 16 September

479180 11.62 107.13 125.47 58.31 0.10 0.31 2.65
479170 7.91 87.23 188.91 75.61 0.43 0.50 1.041
584770 0.15 0.22 32.75 82.41 115.05 4.58 0.11
584720 0.35 1.59 23.31 79.54 53.03 4.69 0.0099
583211 0.0053 0.79 88.88 28.37 49.89 12.93 0.70
583670 0.0053 0.79 88.88 28.37 49.88 49.89 0.71
583620 0.0073 0.21 87.44 25.19 38.36 17.03 0.93
582650 0.026 0.029 56.17 28.29 36.85 23.79 0.83
582510 0.0058 0.39 3.67 31.61 129.87 28.83 0.32
581500 0.0042 1.32 1.09 8.39 131.76 59.31 5.22
580400 0 0.0031 0.062 1.03 21.29 69.61 0.51
549450 0 0.035 0.097 0.32 27.99 76.32 0.49
548570 0 0.021 0.063 0.0052 95.96 97.65 3.96
548630 0.0086 0.011 0.053 0.015 46.91 52.69 21.83
547510 0.0054 0.054 0.0055 0.0061 39.35 99.59 46.03
546620 0.0056 0.0056 0.0056 0.0067 26.41 92.90 83.43
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Figure 7 shows the spatial distribution of PWV in the eastern coastal areas of China
at daily UTC 0:00 and 12:00 from the 10 to the 16 September 2022. It can be seen that
during the typhoon affecting the eastern coast of China, the orange-red region moved from
southeast to northwest and finally to northeast. The change in PWV showed a decreasing
trend from southeast to northwest, and decreased significantly after the rainstorm. From
Figures 6 and 7, we can see that the variation trend of the PWV distribution center during
the rainstorm was similar to the regional rainfall center, and the peaks of PWV and rainfall
appeared before the arrival of the typhoon, and were asymmetrically distributed on the
northwest side of the typhoon center, which further verifies the correlation between them.
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4. Discussion

The comprehensive and systematic monitoring of PWV changes is necessary for
studying the movement of typhoons and forecasting extreme weather. The method of
GNSS used to invert PWV is constantly improving and being optimized; for example,
Liu et al. proposed a new model that included three prediction factors—PWV value, PWV
increase, and maximum hourly PWV increase [34]. In this paper, we mainly studied the
PWV data inverted by NWP, and the accuracy of ERA5 PWV was assessed using RS
PWV. The experimental results showed that, compared with RS PWV, the RMSE of PWV
estimated using ERA5 was 1.968 mm and 2.458 mm in the RS stations CAM00071802 and
CHM00054374, and the MAE of PWV estimated by ERA5 was 1.411 mm and 1.349 mm.
Both values were less than 2. Consequently, the accuracy of the ERA5 PWV was slightly
higher. This result was consistent with Huang’s research [19].

From Figure 3, we can see tha there is a strong correlation between rainfall and PWV
in coastal areas; the PWV peak occurred about 2~6 h earlier compared with that of the
rainfall. This was consistent with Chen’s research [5] and the research of S M R [7].

In previous reports, it was found that the factors affecting typhoon precipitation are
topography, cold air intrusion, continental and offshore humidity [27]. This paper showed
that after the typhoon transited, due to the influence of water-vapor content and other
factors, there was no rainfall or very little rainfall when PWV was reduced to 40 mm or
below. Figures 6 and 7 show that the spatial distribution of PWV was consistent with the
spatial distribution of rainfall. Therefore, they were asymmetrically distributed on the
northwest side of the typhoon center.

From Table 3 and Figure 4, we can see that the, PWV at the weather station affected by
the typhoon had a strong negative correlation with the ‘weather station-typhoon’ distance,
and the average of the Pearson correlation coefficient was−0.73. This is consistent with Du’s
research [19]. From Table 3 and Figure 5, the Coefficient of Determination R2 was 0.9908,
and the PWV always peaks around 16 h before the arrival of the typhoon. The correlation
between the two was further verified. This is consistent with Wang’s research [22].

In addition, in this paper, NWP PWV, RS PWV and the distance were calculated using
our own program. ArcGIS software was used as statistical software.

5. Conclusions

In this paper, to analyze the correlation between PWV, rainfall and typhoon track
using qualitative and quantitative methods, we selected the strongest typhoon ‘Meihua’,
occurring in September 2022, and 16 meteorological stations in the typhoon path to research,
which was in the eastern coastal areas of China The following conclusions were drawn:

(1) Before the typhoon arrived, there was a strong correlation between rainfall and
PWV in coastal areas, and PWV would increase earlier than the increase in rainfall. PWV
reaching the peak would occur 2~6 h earlier than that of the rainfall. After the typhoon
transited, due to the influence of water-vapor content and other factors, there was no
rainfall or very little rainfall when PWV dropped to 40 mm or below.

(2) Affected by the typhoon, PWV at the weather station had a strong negative correla-
tion with the ‘weather station-typhoon’ distance. With a decrease in the distance between
the typhoon and the weather station, the PWV at the weather station will increase, and the
closer the distance is, the faster the PWV at the weather station increases, and the PWV
always peaks around 16 h before the arrival of the typhoon. The analysis of the Pearson
correlation coefficient showed that there were 5 strong negative correlations and 11 strong
negative correlations between the PWV and ‘weather station-typhoon‘ distance at the 16
weather stations.

(3) PWV and rainfall reached maximum before the typhoon passed through the area,
and the variation trend of rainfall and PWV caused by typhoon was significantly consistent
and obviously asymmetrical with the typhoon, and was shown as mainly being located on
the northwest side of the typhoon center.
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