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Establishing a method of short-
term rainfall forecasting based 
on GNSS-derived PWV and its 
application
Yibin Yao1,2, Lulu Shan1 & Qingzhi Zhao3

Global Navigation Satellite System (GNSS) can effectively retrieve precipitable water vapor (PWV) with 
high precision and high-temporal resolution. GNSS-derived PWV can be used to reflect water vapor 
variation in the process of strong convection weather. By studying the relationship between time-
varying PWV and rainfall, it can be found that PWV contents increase sharply before raining. Therefore, 
a short-term rainfall forecasting method is proposed based on GNSS-derived PWV. Then the method 
is validated using hourly GNSS-PWV data from Zhejiang Continuously Operating Reference Station 
(CORS) network of the period 1 September 2014 to 31 August 2015 and its corresponding hourly rainfall 
information. The results show that the forecasted correct rate can reach about 80%, while the false 
alarm rate is about 66%. Compared with results of the previous studies, the correct rate is improved 
by about 7%, and the false alarm rate is comparable. The method is also applied to other three actual 
rainfall events of different regions, different durations, and different types. The results show that the 
method has good applicability and high accuracy, which can be used for rainfall forecasting, and in 
the future study, it can be assimilated with traditional weather forecasting techniques to improve the 
forecasted accuracy.

Water vapor is an important component of the atmosphere, which affects the radiation balance, energy transpor-
tation, and the formation of cloud and precipitation1. Water vapor has a very low content but a complex spatial 
distribution in atmosphere, and it plays an important role in atmospheric processes such as rain, adverse weather, 
and global climate variation2,3.Traditional atmosphere sensing techniques such as radiosonde and microwave 
radiometer (MWR) have shortcomings in reflecting the continuous transformations of atmospheric water vapor 
because of their low spatiotemporal resolution4. Global navigation satellite system (GNSS) has several advanta-
geous  characteristics (i.e., all weather applications, high accuracy, and low cost), and it has been recognized as an 
efficient approach to estimate precipitable water vaper (PWV)5–8.

The GNSS-derived PWV can reflect the inflow and outflow of water vapor in a vertical air column above a 
certain area9,10, which is important in studying severe water vapor variations11. GNSS-derived PWV have been 
widely used in meteorology applications such as data assimilation and numerical model calibration efforts, 
climate studies, and precipitation forecasts and analysis. Different types of rainfall process, especially extreme 
rainfall events have different great impacts on all aspects of living and property12. It brings serious destruction 
and enormous economic loses13.Thus, in this paper, we study the relationship between GNSS-derived PWV and 
rainfall, and establish a short-term rainfall forecasting method. The specific aim is to forecast rainfalls in advance 
and warn the severe convection weather timely. In the further research, the method can be assimilated with the 
traditional weather forecasting techniques such as Numerical Weather Prediction (NWP) to improve the fore-
casted accuracy.

Several studies have been done to analyze the potential of GNSS-derived PWV to forecast rainfalls. Supart 
et al.14 showed GNSS-PWV has a relationship with the measured rainfall. Wang et al.3,15 concluded that rapid 
rise in the GPS-PWV in the long term low-level data predicted the arrival of rainfall and was therefore useful in 
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weather forecasts. Cao et al.16 found that GPS-PWV could be used to improve the near real-time forecast/short 
term forecast of rainfalls. Shi et al.8 used an empirical real-time GPS PPP-derived PWV threshold for rainfall fore-
casting. Shoji et al.17 and Kanda18 verified that, when PWV reached a certain threshold, the probability of rainfall 
would be quickly increased. Seco et al.19 used nine consecutive years of data in NE Spain to achieve short-term 
rainfall forecast by using GNSS-PWV data and surface pressure data. Liu et al.20 concluded that with levels of 
total atmospheric water vapor above 25 mm and an increase in water vapor higher than 5 mm, the probability 
of rainfall is about 50%. Benevides et al.21 used GNSS-PWV to forecast rainfalls, and the forecasted correct rate 
was about 75%. Although the relationship between PWV and rainfall is pointed out, rigorous studies are yet to be 
done in rainfalls forecasting using PWV data. Therefore, a new method of short-term rainfall forecasting based 
on GNSS-derived PWV is proposed here.

In this paper, a new method which has high accuracy in short-term rainfall forecasting is established and 
verified. The paper is organized as follows. After obtaining the hourly GNSS-derived PWV and rainfall data, the 
relationship between GNSS-PWV and rainfall is analyzed. Then, a method of short-term rainfall forecasting is 
proposed based on above analysis. After that, the method is tested using PWV and actual rainfall information in 
Zhejiang. Finally, the method is applied to three different rainfall events to verify its reliability and applicability, 
and the conclusion is drawn.

Data acquisition
PWV retrieval. The troposphere delay effect on GPS signals can be divided into a hydrostatic part and a wet 
part22 by

= +ZTD ZHD ZWD (1)

Where, ZTD is the zenith total delay, ZHD is the zenith hydrostatic delay, and ZWD is the zenith wet delay.
Usually, ZHD can be calculated with high accuracy based on Saastamoinen model6, which can be expressed as:

ϕ
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Where, P, φ, and H represent the station total pressure, station latitude, and station height, respectively.
PWV is related to ZWD via a conversion factor by:

= π ⋅PWV ZWD (3)
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Where, π is the conversion factor; ρw is the density constant of liquid water (103 mkg/ 3); Rv is the gas constant 
for water vapor (461 ⋅ ⋅− −J kg K1 1); ′K2 and K3 are the atmospheric refractivity constants23, where 
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5 2 1, respectively; and Tm is the weighted mean tem-
perature of the troposphere.

Tm can be expressed as6:
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Where, e is the water vapor pressure, T is the absolute temperature, and dz is the integral path.
Generally, it can be calculated by empirical equation from Bevis6 using the ground temperature Ts as 

follows24,25:

= +T a bT (6)m s

The equation is usually established under the constraints of sounding data and reanalysis data in the specific 
area. In this paper, the parameters a and b is determined with radiosonde data from the experimental area, and 
the following equation is obtained:

= . + .T T44 05 0 81 (7)m s

Data introduction. Zhejiang Province is located in the subtropical monsoon climate zone. The air in 
Zhejiang is moist due to the abundant precipitation, and various meteorological disasters often occur. Zhejiang 
has amongst the highest annual average precipitation in China which is about 1600 mm, and most of the rainfalls 
are concentrated in May and June. The land area of Zhejiang is 10.55 million km2, which accounts for 1.1% of the 
land mass of China.

Five stations (LJSL, ZHOS, ZJPH, ZJXC, and ZJYH) are selected in Zhejiang CORS network (http://www.
zjcors.com/) with their nearby rainfall stations (Fig. 1). Table 1 lists the coordinate information of the stations. 
GNSS observations with a sampling interval of 30 s from 1 September 2014 to 31 August 2015 and hourly rainfall 
information from rainfall stations are selected for experiments. The GNSS observation data are processed by 
Precise Point Positioning (PPP) data processing software. By changing the time interval to one hour in data pro-
cessing process and using equations in section 1.1, the hourly PWV sequence is obtained.

http://www.zjcors.com/
http://www.zjcors.com/
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Analysis of the relationship between GNSS-PWV and rainfall
Preliminary analysis of the relationship between GNSS-PWV and rainfall. To explore the relation-
ship between GNSS-derived PWV and rainfall, station LJSL is taken as an example to analyze the time-varying 
characteristic of PWV during several rainfall events (Fig. 2).

It can be seen from Fig. 2 that PWV usually rises significantly before a rainfall and decreases after the rainfall, 
and most of maximum rainfall occurs near the PWV peak. Taking the rainfall occurred in 13 September 2014 
as an example to analyze the PWV variations in a rainfall process. Before the rainfall, PWV time series fluctuate 
below 60 mm during September 10 to September 12. At September 12, PWV falls to 50 mm, and then, it begins 
to increase rapidly till September 13 to the peak value of 70 mm. When the rainfall stops, PWV decreases and 
down to the minimum of 45 mm. Then the PWV time series fluctuate at about 50 mm until the next rainfall occur. 
Similar process of PWV variations can also be seen in other rainfalls.

PWV will increase when rainfall occurs, but not all high PWV values indicate the occurrence of rainfalls. For 
example, a sharp increment causes a high PWV level about 60 mm around August 5 in the second subgraph, but 
no rainfall is recorded during the period. The rise of water vapor is only one of the necessary prerequisites for the 
occurrence of rainfalls. Some external dynamic factors such as thermodynamic variation are also necessary to 
trigger rainfalls. If the condition of external dynamic factors are not satisfied, the rainfall events might not happen 
even when the GNSS-PWV values are at a high level17.

Analysis of GNSS-PWV variation before several rainfall events. Hourly PWV data of four stations 
(LJSL, ZHOS, ZJXC, and ZJYH) and hourly rainfall information in the period of 4 August 2015 to 25 August 2015 
are selected for further analysis. Figure 3 shows the relationship between PWV and rainfall in the selected period. 
In general, PWV increases before rainfall events because the occurrence of a rainfall requires enough water vapor 
supply. The rise of PWV occurs several hours before a rainfall, then as PWV decreases, rainfall begins to weaken 
and finally ceases.

To further explore the relationship between time-varying PWV and rainfall, the concept of PWV variation 
and the rate of change of PWV are defined as follows:

PWV variation = the maximum PWV before a rainfall−the minimum PWV before the adjacent maximum 
PWV

Figure 1. GNSS stations (black triangles) and nearby rainfall stations (blue squares) [the figure is plotted by 
MATLAB 2016a (https://cn.mathworks.com/products/matlab.html)].

Station Longitude(°) Latitude(°) Altitude(m)

LJSL 121.9682 29.4198 74.02

ZHOS 122.1073 30.0354 53.02

ZJPH 121.1128 30.8254 17.52

ZJXC 120.8906 29.5319 170.10

ZJYH 119.6900 28.2660 130.08

Table 1. Information for each station, including the longitude, latitude, and altitude.

https://cn.mathworks.com/products/matlab.html
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Interval epoch = time1 (corresponds to the maximum PWV)−time2 (corresponds to the minimum PWV)
The rate of change of PWV = PWV variation/interval epoch
The maximum and minimum of PWV, PWV variation and the rate of change of PWV are analyzed before 

several rainfall events (red circles, Fig. 3). The results are shown in Table 2.
It can be seen from Table 2, before rainfalls, maximum PWV have reached high levels that all values are above 

50 mm, and some even reach 70 mm. PWV variation are also large, and can reach 13.8 mm within 3 hours before 
a rainfall. And most of the rate of change of PWV are more than 1 mm/h. The results indicate that, as one of the 
necessary prerequisites for rainfalls, GNSS-derived PWV will rapidly increase and aggregate in a few hours before 
rainfalls.

From above analysis, it can be seen that GNSS-derived PWV and rainfall have a correlation relationship, which 
rainfalls occur in the rising period of PWV. This relationship can be used for short-term rainfalls forecasting.

Figure 2. The relationship between GNSS-derived PWV and several rainfall events at station LJSL. Black line 
represents PWV values, and blue line represents hourly rainfall.

Figure 3. The relationship between PWV and rainfall from 4 August 2015 to 25 August 2015(four stations).
Black line represents PWV value, blue line represents hourly rainfall, and red circle represents PWV variation 
before several rainfalls.
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Analysis of the relationship between rainfall and single factors related to GNSS-PWV: PWV, 
PWV variation, and the rate of change of PWV, respectively. In this section, three factors -PWV, 
PWV variation, and the rate of change of PWV - are selected as rainfall forecasting factors. To verify the reliabil-
ity of the three factors respectively, station LJSL is taken as an example for rainfall forecasting test (Tables 3 to 5, 
respectively).

Due to the seasonal characteristics of PWV, the monthly average PWV varies widely, so the threshold of PWV 
is selected monthly. It can be seen from Table 3, at station LJSL, when only PWV threshold is used for forecasting, 
the forecasted correct rate is high, but it is accompanied by a high false alarm rate. And by changing thresholds, it 
can be found that the smaller the thresholds, the higher the correct rate, and also the higher the false alarm rate. 
Because when threshold is small, there will be contained more events which includes correct events and false 
events.

It can be seen from Tables 4 and 5 that, the larger the threshold, the greater the percentage of forecasted rain-
fall events in the threshold interval, which indicates that the rate of change of PWV and PWV variation are related 
to rainfalls forecasting. However, the larger the threshold, the less the forecasted frequency and the lower the cor-
rect rate. When the threshold of PWV variation is 1 mm, 87.79% of the rainfall events can be correctly forecasted. 
With the increase of the threshold, forecasted rainfall events and the correct rate decrease. When PWV variation 
is 5 mm, the correct rate decreases to 55.24%. Comparing Tables 4 and 5, the rate of change of PWV has a more 
sensitive response to short-term rainfalls forecasting than PWV variation, and it is time-independent. Above 
experiments and Benevides’s forecasted experiments in Portugal21 indicate that the rate of change of PWV can 
afford better forecasted results than other two factors (PWV, and PWV variation).

Rainfall event Max PWV (mm) Min PWV (mm) ΔPWV (mm) Interval (h) The rate of change of PWV(mm/h)

LJSL(1) 71.1 64.9 6.2 6 1.03

LJSL(2) 51.1 48.3 2.8 3 0.93

ZHOS(1) 73.9 56.3 17.6 6 2.93

ZHOS(2) 55.8 51.3 4.5 3 1.50

ZJXC(1) 62.4 55.4 7 1 7.00

ZJXC(2) 67.5 58.9 8.6 5 1.72

ZJYH(1) 69.2 55.4 13.8 3 4.60

ZJYH(2) 57.3 51.5 5.8 3 1.93

Table 2. Statistical data of several rainfall events. Note: (1) and (2) are serial number of rainfall events shown by 
red circles in Fig. 3.

Month PWV threshold Forecasted frequency Correct rate (%) False alarm rate (%)

2014.09 55.5 72/87 82.8 76.8

2014.10 44.8 2/2 100.0 92.3

2014.11 31.5 48/54 88.9 72.4

2014.12 23.0 16/19 84.2 77.5

2015.01 25.1 17/21 81.0 72.1

2015.02 27.0 48/56 85.7 56.8

2015.03 27.0 69/85 81.2 71.8

2015.04 31.5 20/24 83.3 91.9

2015.05 45.0 54/64 84.4 78.8

2015.06 58.5 67/81 82.7 81.7

2015.07 59.0 91/110 82.7 66.2

2015.08 55.0 29/36 80.6 90.4

Table 3. Forecasted results using monthly PWV thresholds. Note: 72/87 represents 72 out of 87 events.

PWV variation (mm) Forecasted frequency All rainfall events Percentage (%) Correct rate (%)

0 593 2782 21.32 92.80

1 561 2096 26.77 87.79

2 507 1591 31.87 79.34

3 449 1239 36.24 70.27

4 395 988 39.98 61.82

5 353 818 43.2 55.24

Table 4. Forecasted results using the thresholds of PWV variation.
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Analysis of the relationship between the three-factor and rainfall. In the current researches, only 
one factor such as PWV or the rate of change of PWV is considered for short-term forecasting17–21, which the fore-
casted results are unsatisfactory. For example, the rate of change of PWV is used by Benevides for short-term rain-
fall forecasting, which the forecasted correct rate is about 75% and the false alarm rate is about 65%21. Therefore, 
in this section, three factors are all considered in rainfall forecasting to improve the forecasted results. Based on 
the above study, the rate of change of PWV is taken as a major factor, and monthly PWV and PWV variation are 
taken as auxiliary factors to reduce omission of rainfall events. The three-factor and the single factor (only the rate 
of change of PWV) are used to forecast short-term rainfalls and the forecasted correct rate are analyzed.

Table 6 shows the correct rate using the threshold of the rate of change of PWV. Table 7 shows the correct 
rate using the threshold of three-factor. It can be seen from the two tables that, with the increase of the rate of 
change of PWV, the forecasted rainfall events decrease. Comparing two tables found that, when the rate of change 
of PWV is the same, the results of the three-factor are better than the single factor. When the rate of change of 
PWV is 0.6 mm/h, for station LJSL, the correct rate using the single factor is 76.21% while the three-factor is 
82.32%. The three factors can complement each other, which effectively reduce the omission of rainfall events and 
improve the correct rate. Compared with the single factor, using three-factor for short-term rainfall forecasting 
can achieve better results.

Monthly PWV, PWV variation, and the rate of change of PWV can be used for short-term rainfall forecasting, 
in which the rate of change of PWV has the greatest effect. Therefore, a short-term rainfall forecasting method 
using three-factor is established in next section.

Using GNSS-PWV for short-term rainfall forecasting
The method establishment. In this section, three factors are used as predictors for short-term rainfall 
forecasting, and a forecasted method is proposed, in which the rate of change of PWV is the main factor, and 
monthly PWV and PWV variation are auxiliary factors, so that the forecasted results can be improved.

The method is established as follows:

 (1) Data processing, then PWV and rainfall data are obtained. According to different circumstances of sta-
tions, different sliding window are selected for data-fitting;

 (2) Polynomial fitting is used for each segment (7th order polynomial is used here). To avoid accumulation of 

Station

The rate of change of PWV/(mm/h)

0.2 0.4 0.6 0.8 1.0

LJSL 90.77 88.11 76.21 66.35 52.74

ZHOS 91.19 89.31 80.03 71.86 59.91

ZJPH 88.37 82.78 74.32 60.73 46.83

ZJXC 90.57 85.71 79.47 68.65 54.79

ZJYH 91.73 84.07 71.60 59.01 46.30

Table 6. Forecasted correct rate using the threshold of rate of change of PWV.

Stations

The rate of change of PWV/(mm/h)

0.2 0.4 0.6 0.8 1.0

LJSL 90.92 88.58 82.32 76.06 68.23

ZHOS 91.67 88.94 83.65 80.35 78.14

ZJPH 88.67 83.38 77.79 68.58 61.48

ZJXC 91.12 87.10 81.55 75.87 70.60

ZJYH 91.85 85.80 80.49 77.41 75.43

Table 7. Forecasted correct rate using the threshold of three-factor.

The rate of change of PWV (mm/h) Forecasted frequency All rainfall events Percentage (%) Correct rate (%)

0 593 2782 21.32 92.80

0.2 580 2392 24.25 90.77

0.4 563 1862 30.24 88.11

0.6 487 1349 36.10 76.21

0.8 424 992 42.74 66.35

1.0 337 685 49.2 52.74

Table 5. Forecasted results using the thresholds of the rate of change of PWV. Note: The annual rainfall events 
at station LJSL is 639; ‘forecasted frequency’ refers to correctly forecasted events in the threshold interval; ‘all 
rainfall events’ refers to total forecasted event (including correctly forecast and falsely forecast) in the interval.
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errors, the “translation” method is used to move each segment to zero, then the maximum and minimum 
of each segment is calculated, and the PWV variation and the rate of change of PWV are obtained;

 (3) Different thresholds are selected according to actual situation of stations. A forecasted window is selected 
(6 h is selected here), and successfully forecasted rainfalls and falsely forecasted rainfalls of the period are 
counted, then they are compared with actual rainfall events. Finally, the correct rate and the false alarm 
rate are calculated, and the forecasted results are received.

Principle of threshold selection. Tables 6 and 7 show that forecasted results vary with thresholds. 
Therefore, threshold selection is a key part to the method. The purpose of threshold selection is to minimize the 
false alarm rate under the premise of a high correct rate.

The principle of threshold selection is as follow:
For the rate of change of PWV, as the main factor, it can be found that forecasted results of different stations 

are different when with the same threshold, which indicates that the threshold selection is related to location of 
stations. When there is a priori value of threshold in a location, it can be used as an empirical information to select 
the threshold for other events, which makes forecasted process easier. As auxiliary factors, for PWV, the threshold 
is selected monthly because of its seasonal characteristics, and should ensure that the correct rate is much higher 
than the false alarm rate; for PWV variations, it should be determined under the selection of the rate of change of 
PWV, to improve the forecasted results.

It can be seen from Table 7 that, the threshold is not unique, but a range. Taking station LJSL as an example, 
when the threshold is between 0.6 mm/h and 0.8 mm/h, the correct rate is high and the false alarm rate is low, 
which satisfied the selection principle. That is to say, the appropriate threshold can be selected from this range 
and not unique.

Verification of the short-term rainfall forecasting method. In this section, the method is verified 
with above five stations.

Figure 4 shows the selection of monthly PWV threshold. It can be seen that the threshold selection has a simi-
lar trend with the annual variation characteristic of PWV which is higher in summer and lower in winter and the 
differences among stations are small.

Table 8 shows the threshold of the rate of change of PWV and PWV variation, and forecasted results. When an 
appropriate threshold is selected, the correct rate is about 80% and the false alarm rate is about 66%. Compared 
the forecasted results with the previous studies (Benevides’s correct rate is about 75%21), the correct rate is 
improved with the value of about 7%, while the false alarm rate is similar (60% to 70%). In general, the method is 
feasible, applicable, and capable of high-accuracy short-term rainfall forecasting.

Applications of the short-term rainfall forecasting method
To validate the method further, three actual rainfall events of different regions, different durations, and differ-
ent types, are selected: the annual rainfall event in 2010 in Wuhan, the heavy rainfall event caused by Typhoon 
Phoenix in 2014 in Zhejiang, and a heavy rainfall event in June, 2015 in Zhejiang, respectively.

The annual rainfall event in 2010 in Wuhan. Wuhan is located in the subtropical monsoon climate zone, 
and its precipitation is abundant. Over nearly 30 years, the average annual precipitation in Wuhan is 1269 mm, 
and rainfalls mainly concentrate from June to August. Except for seasonal variations, the fluctuations of annual 
PWV in Wuhan are small.

In this section, station WUHN is selected (longitude and latitude of 114.36° and 30.53°, respectively). The 
station is located in Wuhan University Information Department Observatory, and its adjacent rainfall station is 
JIED. The distance between two stations is less than 1 km. The selected time is full year 2010, and time resolution 
of the data is hourly.

Figure 5 shows the effect of the three-factor on short-term rainfall forecasting. It can be seen that, when 
threshold increases, the correct rate decreases and the false alarm rate decreases. When the appropriate threshold 
is selected, the forecasted results can be received. For example, when the rate of change of PWV is selected as 

Figure 4. Monthly PWV threshold of five stations.
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0.04 mm/h, the correct rate is 80.3%, the false alarm rate is 68.1%, and the correct rate of heavy rainfall(Rain-
fall > 5 mm/h) is 85.9%. The forecasted results are consistent with the results of stations in Zhejiang, which indi-
cates that the method is applicable, not only to the experimental area, but also to other regions.

The heavy rainfall event caused by Typhoon Phoenix in 2014 in Zhejiang. Typhoon “Phoenix” 
landed in Ningbo, Xiangshan at 19:35, 22 September, 2014, and in its center, the max wind strength reached 
Category 10. On 23 September, Typhoon “Phoenix” crossed through Zhejiang Province and caused heavy rain-
falls. Taizhou, Ningbo, Zhoushan, and other cities suffered small watershed flooding, landslides, and other dis-
asters; some farmland were submerged, several traffic routes were cut, and water conservancy, electricity supply, 
and other infrastructures were damaged, which resulted in great loss.

Station XIAS and its adjacent rainfall station LIKA are selected; the time period from 20 September, 2014 
to 23 September, 2014 (doy263 to doy266, four days in total) is selected. The typhoon landed Xiangshan in 22 
September and rainfalls were concentrated on 21 and 22 September (doy264 and doy265). Because the rainfalls 
were heavy and happened in a short time, the forecasted window is changed to 20 minutes.

Figure 6 shows the relationship between PWV and rainfall in selected period. It can be seen that PWV 
increases rapidly during rainfalls and the maximum rainfall approximately coincides with PWV peak.

Figure 7 shows the effect of three-factor on rainfalls forecasting. It can be seen that, with the increase of 
threshold, the correct rate and the false alarm rate decrease slightly. When the rate of change of PWV is 0.025 
mm/20 min, the correct rate reaches 91.1%, the false alarm rate is as low as 43.9%, and the correct rate of heavy 
rainfall (rainfall > 2 mm/20 min) is 100%. For different thresholds, the false alarm rate is always below 50%, and 
the correct rate of heavy rainfall is 100%, which indicates that the method can offer better prediction for heavy 
rainfalls.

A heavy rainfall event in June, 2015, in Zhejiang. A heavy rainfall event occurred at 17, June, 2015 in 
Zhejiang Province. Due to high intensity and wide range of the rainfalls, five cities including Hangzhou, Taizhou, 
Quzhou, Jinhua, and Lishui, 28 counties, and 259 townships (a total population of 159.8 million) were affected; 
2,278 houses collapsed; and direct economic losses reached 3.34 billion yuan.

Station ZJKH and its adjacent rainfall station KAIH are selected; the time period contained three days from 16 
June, 2015 to 18 June, 2015 (doy167 to doy169). The rainfalls were concentrated on 17 June (doy168). Because the 
rainfalls were heavy and happened in a short time, the forecasted window was changed to 20 minutes.

It can be seen from Fig. 8 that there is a correlation relationship between GNSS-derived PWV and rainfall. 
PWV continuously increased before rainfalls, when the conditions of rainfall were satisfied, rainfalls occurred. 
Then, when rainfalls stopped, PWV decreased, and maximum rainfall occurred near the PWV peak.

Station The rate of change of PWV (mm/h) PWV variation (mm)

Correct rate (%)

False alarm rate (%)Rainfall Large rainfall

LJSL 0.6 6 82.32 95.38 65.21

ZHOS 0.8 3.5 80.35 92.11 66.11

ZJPH 0.6 3.5 77.79 86.49 68.35

ZJXC 0.6 3 81.55 91.67 65.27

ZJYH 0.6 1.8 80.49 86.76 66.18

Mean 80.50 90.48 66.22

Table 8. Threshold selection and forecasted results of five stations. Note: A large rainfall is regarded as a rainfall 
which hourly rainfall greater than 5 mm.

Figure 5. The forecasted results using the three-factor at station WHUN. The red polyline represents the 
correct rate, the green polyline represents the correct rate of heavy rainfall, the black polyline represents 
the false alarm rate, and the blue polyline represents the average rainfall (the total amount of forecasted 
precipitation divided by the number of forecasted rainfall events).
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Figure 9 shows the effect of three-factor on rainfalls forecasting. It can be seen that the correct rate is above 
85%, and the false alarm rate is below 50%. When the rate of change of PWV is 0.005 mm/20 min, the correct rate 
is 93.5%, the false alarm rate is as low as 45.6%, and the correct rate of heavy rainfall (rainfall > 2 mm/20 min) is 
100%.

Conclusions
Based on the relationship between GNSS-derived PWV and actual rainfalls, a short-term rainfall forecasting 
method is established. The method can forecast rainfalls by 6 hours in advance. It can detect about 80% of rainfall 
events. The method can be applied to different regions, different durations, and different types of rainfall events. 
The following conclusions can be drawn:

Figure 6. The relationship between PWV and rainfall of station XIAS at 20 to 23 September 2014. Black line 
represents PWV value, and blue line represents hourly accumulated rainfall.

Figure 7. The forecasted results using the three-factor of station XIAS. The red polyline represents the correct 
rate, the green polyline represents the correct rate of heavy rainfall, the black polyline represents the false alarm 
rate, and the blue polyline represents the average rainfall (the total amount of forecasted precipitation divided by 
the number of forecasted rainfall events).

Figure 8. The relationship between PWV and rainfall of station ZJKH at 16 to 19 June 2015. Black line 
represents PWV value, and blue line represents hourly accumulated rainfall.
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 (1) Most of China is located in monsoonal climate zone, so PWV shows seasonal characteristics which is 
higher in summer and lower in winter. There is a correlation relationship between PWV and rainfall, and 
maximum rainfalls usually occur near PWV peak.

 (2) A short-term rainfall forecasting method is established using the rate of change of PWV, PWV variation, 
and monthly PWV. The correct rate is about 80%, and the false alarm rate is about 65% and it shows high 
sensitivity to heavy rainfalls.

 (3) Compared to existing forecasted methods, monthly PWV and PWV variation are added as auxiliary 
factors, which improves the correct rate and reduces the false alarm rate. It can be seen from the forecasted 
results that the method can provide good predictions with different regions and types of rainfall events, 
thus it has wide applicability.

 (4) The method can be assimilated with other traditional weather forecasting techniques such as Numerical 
Weather Prediction (NWP) to improve the accuracy of short-term rainfall forecasting and warn the rain-
storms beforehand timely.

References
 1. Braun, J., Rocken, C. & Ware, R. Validation of line-of-sight water vapor measurements with GPS. Radio Science. 36, 459–472 (2001).
 2. Duan, J. et al. GPS meteorology: Direct estimation of the absolute value of precipitable water. J. Appl. Meteorol. 35, 830–838 (1996).
 3. Wang, H., Wei, M. & Zhou, S. H. A feasibility study for the construction of an atmospheric precipitable water vapor model based on 

the neural network technology. Desalin. Water Treat. 52, 37–39 (2014).
 4. Wang, H., He, J. H., Wei, M. & Zhang, Z. D. Synthesis Analysis of One Severe Convection Precipitation Event in Jiangsu Using 

Ground-Based GPSTechnology. Atmosphere. 6, 908–927 (2015).
 5. Bevis, M. et al. GPS meteorology: Remote sensing of atmospheric water vapor using the global positioning system. J. Geophys. Res. 

97, 15787–15801 (1992).
 6. Bevis, M. et al. GPS meteorology: Mapping zenith wet delays onto precipitable water. J. Appl. Meteorol. 33, 379–386 (1994).
 7. Rocken, C. et al. GPS/STORM-GPS sensing of atmospheric water vapor for meteorology. J. Atmos. Ocean. Technol. 12, 468–478 

(1994).
 8. Shi, J. B., Xu, C. Q., Guo, J. M. & Gao, Y. Real-Time GPS Precise Point Positioning-Based Precipitable Water Vapor Estimation for 

Rainfall Monitoring and Forecasting. IEEE Transactions on Geoscience and Remote Sensing. 53, 3452–3459 (2015).
 9. Fontaine, B., Roucou, P. & Trzaska, S. Atmospheric water cycle and moisture fluxes in the West African monsoon: Mean annual 

cycles and relationship using NCEP/NCAR reanalysis. Geophys. Res. Lett. 30, 11–17 (2003).
 10. Wang, H., Wei, M., Li, G. P., Zhou, S. H. & Zeng, Q. F. Analysis of precipitable water vapor from GPS measurements in Chengdu 

region: Distribution and evolution characteristics in autumn. Adv. Space Res. 52, 656–667 (2013).
 11. Jin, S. G., Li, Z. & Cho, J. Integrated water vapor field and multi-scale variations over China from GPS measurements. J. Appl. 

Meteorol. Climatol. 47, 3008–3015 (2008).
 12. Kambezidis, H. D., Larissi, I. K., Nastos, P. T. & Paliatsos, A. G. Spatial variability and trends of the rain intensity over Greece. Adv 

Geosci. 26, 65–69 (2010).
 13. Wu, X., Wang, X. Y., Zeng, X. N. & Xu, L. The effect of urbanization on short duration precipitation in Beijing. J Nanjing Inst 

Meteorol. 23, 68–72 (2002).
 14. Suparta, W. & Zainudin, S. K. Precipitation analysis using GPS meteorology over antarctic Peninsula. Proceeding of the 2015 

International Conference on Space Science and Communication (IconSpace). 10–12(2015).
 15. Wang, B.Y., Zhao, L.N. & Bai, X.M. The Characteristics Investigation of Ground-Based GPS/PWV During the “7.21” Extreme 

Rainfall Event in Beijing. China Satellite Navigation Conference (CSNC) 2015 Proceedings. 563–574(2015).
 16. Cao, Y. J., Guo, H., Liao, R. W. & Uradzinski, M. Analysis of water vapor characteristics of regional rainfall around Poyang Lake using 

ground-based GPS observations. Acta Geod Geophys. 51, 467–479 (2016).
 17. Shoji, Y. Retrieval of water vapor inhomogeneity using the Japanese nationwide GNSS array and its potential for prediction of 

convective precipitation. Journal of the Meteorological Society of Japan. 91, 43–62 (2013).
 18. Kanda, M. Correlation between convective heavy rainfalls and GPS precipitable water. In Procedings of International Workshop on 

GPS Meteorology. 3–12(2003).
 19. Seco, A. et al. Rain pattern analysis and forecast model based on GNSS estimated atmospheric water vapor content. Atmos. Environ. 

49, 85–93 (2012).
 20. Liu, X. C., Wang, Y. Q. & Zhang, Z. L. Analysis of Harbin Area Atmosphere Precipitable Water Vapor by Using GPSTechnology. Bull. 

Surv. Mapp. 4, 10–16 (2006).

Figure 9. The forecasted results using the three-factor of station ZJKH. The red polyline represents the correct 
rate, the green polyline represents the correct rate of heavy rainfall the black polyline represents the false alarm 
rate, and the blue polyline represents the average rainfall (the total amount of forecasted precipitation divided by 
the number of forecasted rainfall events).



www.nature.com/scientificreports/

1 1Scientific REPoRtS | 7: 12465  | DOI:10.1038/s41598-017-12593-z

 21. Benevides, P., Catalao, J. & Miranda, P. On the inclusion of GPS precipitable water vapor in the nowcasting of rainfall. Nat. Hazards 
Earth Syst. Sci. 15, 2605–2616 (2015).

 22. LI, P.W., Wang, X.Y., Chen, Y.Q. & Lai, S.T. Use of GPS signal delay for real-time atmospheric water vapor estimation and rainfall 
nowcast in Hong Kong. The First International Symposium on Cloud-prone & Rainy Areas Remote Sensing, Chinese University of 
Hong Kong (2005).

 23. Davis, J., Herring, T., Shapiro, I., Rogers, A. & Elgered, G. Geodesy by radio interferometry: effects of atmospheric modeling errors 
on estimates of baseline length. Radio Science. 20, 1593–1607 (1985).

 24. Yao, Y. B., Zhang, B., Xu, C. Q. & Yan, F. Improved one/multi-parameter models that consider seasonal and geographic variations for 
estimating weighted mean temperature in ground-based GPS meteorology. Journal of Geodesy. 88, 273–282 (2014).

 25. Liu, Y. X., Chen, Y. Q. & Liu, J. N. Determination of weighted mean tropospheric temperature using ground meteorological 
measurements. Geo-spatial Information Science. 4, 14–18 (2001).

Acknowledgements
The authors would like to thank Zhejiang CORS, and Zhejiang rainfall information display system for providing 
experimental data. This research was supported by the National Natural Science Foundation of China (41574028) 
StartFragment, National Key Research and Development Program of China (2016YFB0501803) and Key 
Laboratory of Geospace Environment and Geodesy, Ministry of Education, Wuhan University (16-02-03).

Author Contributions
Y.Y. and L.S. participated in the design of this study, and they both performed the statistical analysis. Y.Y. carried 
out the study and collected important background information. L.S. drafted the manuscript. Q.Z. carried out the 
concepts, design, data acquisition, and manuscript preparation. Y.Y. and L.S. carried out literature search, data 
acquisition, and manuscript editing. Q.Z. performed manuscript review. All authors have read and approved the 
content of the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Establishing a method of short-term rainfall forecasting based on GNSS-derived PWV and its application
	Data acquisition
	PWV retrieval. 
	Data introduction. 

	Analysis of the relationship between GNSS-PWV and rainfall
	Preliminary analysis of the relationship between GNSS-PWV and rainfall. 
	Analysis of GNSS-PWV variation before several rainfall events. 
	Analysis of the relationship between rainfall and single factors related to GNSS-PWV: PWV, PWV variation, and the rate of c ...
	Analysis of the relationship between the three-factor and rainfall. 

	Using GNSS-PWV for short-term rainfall forecasting
	The method establishment. 
	Principle of threshold selection. 
	Verification of the short-term rainfall forecasting method. 

	Applications of the short-term rainfall forecasting method
	The annual rainfall event in 2010 in Wuhan. 
	The heavy rainfall event caused by Typhoon Phoenix in 2014 in Zhejiang. 
	A heavy rainfall event in June, 2015, in Zhejiang. 

	Conclusions
	Acknowledgements
	Figure 1 GNSS stations (black triangles) and nearby rainfall stations (blue squares) [the figure is plotted by MATLAB 2016a (https://cn.
	Figure 2 The relationship between GNSS-derived PWV and several rainfall events at station LJSL.
	Figure 3 The relationship between PWV and rainfall from 4 August 2015 to 25 August 2015(four stations).
	Figure 4 Monthly PWV threshold of five stations.
	Figure 5 The forecasted results using the three-factor at station WHUN.
	Figure 6 The relationship between PWV and rainfall of station XIAS at 20 to 23 September 2014.
	Figure 7 The forecasted results using the three-factor of station XIAS.
	Figure 8 The relationship between PWV and rainfall of station ZJKH at 16 to 19 June 2015.
	Figure 9 The forecasted results using the three-factor of station ZJKH.
	Table 1 Information for each station, including the longitude, latitude, and altitude.
	Table 2 Statistical data of several rainfall events.
	Table 3 Forecasted results using monthly PWV thresholds.
	Table 4 Forecasted results using the thresholds of PWV variation.
	Table 5 Forecasted results using the thresholds of the rate of change of PWV.
	Table 6 Forecasted correct rate using the threshold of rate of change of PWV.
	Table 7 Forecasted correct rate using the threshold of three-factor.
	Table 8 Threshold selection and forecasted results of five stations.




