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Real-time precise point positioning-
based zenith tropospheric delay for 
precipitation forecasting
Qingzhi Zhao1, Yibin Yao2, Wanqiang Yao1 & Zufeng Li3

GPS-based Zenith Tropospheric Delay (ZTD) estimation should be easily obtained in a cost-effective 
way, however, the most previous studies focus on post-processed ZTD estimates using satellite orbit 
and clock products with at least 3–9 hours latency provided by International GNSS Service (IGS), which 
limits the GNSS meteorological application for nowcasting. With the development of IGS’s real-time 
pilot project (RTPP), this limitation was removed by April, 2013 as real-time satellite orbit and clock 
products can be obtained on-line. In this paper, on the one hand, the GPS-derived ZTD estimation was 
evaluated using the IGS final and real-time satellite products based on independently developed PPP 
software. On the other hand, the analysis of the time series of GPS-derived ZTD by least-square fitting 
of a broken line tendency for a full year of observations, and a forecasting method for precipitation 
is proposed based on the ZTD slope in the ascending period. The agreement between ZTD slope and 
the ground rainfall records suggested that the proposed method is useful for the assisted forecasting, 

especially for short-term alarms.

Global Navigation Satellite System (GNSS) meteorology was proposed in 1990s, and has proved to be a powerful 
tool in atmospheric water vapour research from micro-meteorology to global climate studies1–4. According to 
the in�uence of neutral atmospheric delay e�ect when the satellite signals propagate through the troposphere, 
the precise atmospheric delay, which is also called zenith total delay (ZTD), can be calculated based on phase 
observations5. �e zenith hydrostatic delay (ZHD) can be calculated with high accuracy using the surface pres-
sure6. �erefore, the precipitable water vapour (PWV) can be converted from zenith wet delay (ZWD) which is 
extracted from ZTD by removing ZHD1. PWV is the average water vapour content from many signals with di�er-
ent elevation angles and azimuths projected to the vertical direction using the mapping function7.

Currently, on the one hand, the tropospheric parameters are estimated based on double di�erenced obser-
vations8–11 which has an unfavourable impact. Due to the short distance between the ground-based stations in a 
region, only relative tropospheric parameters can be obtained without introducing stations with a baseline length 
of greater than 500 km3: however, considering the assistance derived from the use of some stations with a long 
baseline will enhance the complexity of the observation equation modelling as well as the resolving time issues 
therein. On the other hand, the precise point pointing technique based on un-di�erenced observation can be 
used to obtain absolute tropospheric parameters with only one station and allows the monitoring of typhoons and 
storms based on the PPP-derived PWV12–15.

Although the absolute ZTD/PWV value can be derived from the PPP technique, how to obtain those tropo-
spheric parameters steadily without time latency remains a challenge. A series of studies have been performed 
to obtain the near real-time ZTD/PWV parameters using the International Global Navigation Satellite System 
(GNSS) Service (IGS) ultra-rapid (IGU) orbit and clock products with a latency of 3 to 9 h12,16–19 however, such 
time latency makes the application of GNSS meteorology di�cult in the real-time monitoring and forecasting of 
extreme weather events. With the developments made in the IGS real-time pilot project (RTPP)20, precise clock 
and orbit products without time latency can be downloaded on-line21, which promotes the rapid development 
of real-time PPP techniques and makes it easy to obtaining real-time ZTD/PWV products22–25. �e real-time 
service (RTS) of IGS o�cially has provided GPS real-time satellite orbit and clock corrections on 1 April, 2013 at 
a global scale21.
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Many research aspects of GNSS meteorology focus on the relationship between PWV and precipitation2,26–31 
which need the supporting of meteorological data. On the one hand, this requires ground-based stations equipped 
with meteorological sensors, which increases the operating costs. On the other hand, the conversion error from 
ZTD to PWV will also be introduced. Unfortunately, most ground-based stations are not equipped with meteor-
ological sensors: this makes many previous studies di�cult to apply in reality. �erefore, the focus here was on the 
study of the relationship between real-time GPS-derived ZTD and precipitation, which exploits the potential of 
GPS-derived ZTD values using real-time orbit and clock products for precipitation monitoring and forecasting.

In the �rst part of this paper, the accuracy of post-processed ZTD derived from the independent developed 
PPP so�ware was compared with the ZTD derived from GAMIT, Bernese PPP model and VLBI, the real-time 
satellite orbit and clock products provided by RTS were also evaluated with respect to the IGS �nal orbit and clock 
products and the real-time GPS-derived ZTD was compared with the post-processed GPS-derived ZTD. In the 
second part, the relationship between hourly ZTD and precipitation was analysed in di�erent weather conditions 
and a simple precipitation forecasting method is proposed based on one full year of ZTD time series data. Finally, 
conclusions and discussions are provided.

Tropospheric delay parameter: ZTD
�e propagated delay of satellite signals in the low atmosphere layer is mainly a�ected by atmospheric delay e�ect, 
which can be divided into the hydrostatic part and the wet part32,33.

= +STD SHD SWD (1)

where STD is the slant total delay, SHD is the slant hydrostatic delay, and SWD is the slant wet delay. �e STD can 
be expressed by projecting ZTD in the zenith direction of a station along the signal direction.

= ⋅f ele aziSTD ( , ) ZTD (2)

where f refers to the mapping function while ele and azi represent the elevation angle and azimuth angle, respec-
tively. Many practical mapping functions, such as NMF, GMF and VMF1, can be used to obtain an accurate STD 
when neglecting the in�uence of satellite ray-bending34–36. ZTD is the average delay value of many signals derived 
from the same receiver and can be expressed by:

= +ZTD ZHD ZWD (3)

where ZHD is the zenith hydrostatic delay, about 90% of ZTD, mainly a�ected by the latitude of station and 
surface pressure6. ZWD is the zenith wet delay, about 2% to 20% of ZTD, which a�ects the propagation of sat-
ellite signals by the movements of the poles of water vapour molecules and is largely related to the water vapour 
concentration. Before a few hours of precipitation, ZTD is also disturbed by the zenith delay of hydrometeors 
(ZHMD) which accounts for up to 3% of ZTD. ZHMD is caused by liquid water and icy hydrometeors, the latter 
being about the one-tenth of the former. During the rainy days, ZHMD reaches its maximum with a value of 
0.07 m and is mainly caused by the convection activities of precipitation weather5,37.

The retrieval of ZTD and accuracy-testing
As mentioned before, the tropospheric parameters can be estimated by un-di�erenced or double-di�erenced 
means, and GNSS observation processing so�ware has been developed based thereon, such as: GAMIT/GOBK, 
Bernese, GIPSY, EPOS, TriP, etc. In our study, an independently developed PPP so�ware was used to process the 
GPS observations. To validate the accuracy and reliability of PPP so�ware developed by ourselves, the estimated 
ZTD was compared with that from GAMIT/GLOBK (v10.5) so�ware, the PPP module of Bernese so�ware, as 
well as that from very long baseline interferometry (VLBI).

Data and processing strategy. A full year of GPS data of ten GPS stations (as shown by the blue triangles 
outside the magenta rectangle in Fig. 1) from the Continuously Operating Reference Stations (CORS) network 
of Zhejiang Province, China from 1 September, 2014 to 31 August, 2015 was selected. �e precipitation infor-
mation of nearby rainfall stations at ten ground-based GNSS stations with a temporal resolution of 1 h was also 
accumulated so as to analyse the relationship between ZTD time series data and precipitation. �e geographic 
distribution of receivers and rainfall stations is shown in Fig. 1. In addition, two-day’s data from twelve GPS sta-
tions (as shown by the blue triangles inside the magenta rectangle in Fig. 1) and nearby rainfall stations for the 
period 17–18, June, 2015 were also selected to re�ect the 2-d image of ZTD during the cold front prevailing in the 
north of Zhejiang Province.

�e GPS observations were processed with a sampling interval of 30 seconds while the elevation angle mask 
was selected as 10°. Unfortunately, some of the selected GPS stations (as presented by the blue triangles inside 
the magenta rectangle in Fig. 1) were not equipped with meteorological sensors, and the accurate meteorological 
parameters for those stations cannot be obtained. �erefore, the ZHD is calculated for those stations based on the 
global pressure and temperature 2 (GPT2) model using the formula proposed by Saastamoinen (1972):

ϕ
=

. ⋅

− . ⋅ − . ⋅

P

H
ZHD

0 002277

1 0 00266 cos(2 ) 0 00028 (4)

s

where Ps is the surface pressure, and ϕ and H are the latitude and height of the station. ZWD is mainly determined 
by water vapour content which cannot be calculated by the empirical model, so ZWD is estimated in a random 
walk pattern together with other unknown parameters. �e antenna phase centre o�set and variation are cor-
rected using the absolute phase centre correction model38. The global mapping function is adapted for the 



www.nature.com/scientificreports/

3SCIENTIFIC REPORTS |  (2018) 8:7939  | DOI:10.1038/s41598-018-26299-3

tropospheric mapping function. In this paper, the real time stream of CLK93 was used to obtain the orbit and 
clock information. �e unknown parameters (receiver coordinates, troposphere zenith wet delay, receiver clock 
error, etc.) are estimated using the extended Kalman Filter.

A�er the ZTD and ZHD are obtained, the PWV can be calculated using the following formula:

= Π ⋅PWV ZWD (5)

where Π refers to the conversion factor while ZWD can be obtained by extracting ZHD from ZTD. Π can be 
calculated based on the formula

ρ

Π =
+ ⋅ ⋅

⋅
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where = . ⋅
′ −k K hPa16 482

1 and k3 = (3.776 ± 0.014) × 105 K2 · hPa−1 are constants, = ⋅ ⋅
ω

− −R J kg K461 ( )1 1  
represents the ideal gas constant for water vapour, ρ is the density of the water vapour density, Tm is the mean 
temperature of the atmospheric colum.

Evaluation of post-processed PPP-derived ZTD. Previous studies have proved that the accuracy of 
absolute ZTD derived from GAMIT/GLOBK so�ware based on double-di�erenced observations was better 
than ±1 cm39 while the internal accuracy of ZTD derived from PPP module of the Bernese so�ware based on 
un-di�erenced observations was better than ±1.3 mm40 with the mean bias of 7 mm41. �erefore, the ZTD param-
eter estimated from two so�wares mentioned above is considered as a reference to evaluate the developed PPP 
so�ware.

�e ZTD of ZJHZ station derived from GAMIT/GLOBK so�ware was selected for the period 1–31 May, 2015 
to compare with that estimated using the developed PPP so�ware. One point should be noted that, for the ZTD 
resolution over a region (as shown by the magenta rectangle in Fig. 1) using GAMIT, three IGS stations (BJFS, 
LHAZ and SHAO) were also used to reduce the in�uence of the strong correlation of tropospheric parameters3. 
In addition, the GPS observations at station ZJHZ for the period 1 May to 30 June, 2015 were also processed 
using the PPP module of the Bernese so�ware and compared with that derived from the developed PPP so�ware. 
Figures 2 and 3 show the ZTD residual time series derived from the GAMIT and Bernese so�ware for two periods 
with time intervals of 30 seconds: the ZTD time series derived from di�erent methods were in mutual agreement. 
Comparing the ZTD derived from GAMIT and Bernese so�ware, the coe�cient and RMS error of the developed 
PPP so�ware were 0.9954/7.2 mm and 0.9844/6.9 mm, respectively. �e numerical results show that the devel-
oped PPP so�ware is good enough to obtain ZTD parameters with high accuracy and reliability.

Comparison between post-processed GPS-derived ZTD and VLBI-derived ZTD. Researchers have 
been shown that the ZTD di�erences between VLBI and GPS were smaller than 1 cm42,43 and the VLBI tech-
nique was one of the most accurate method of obtaining the ZTD7. �erefore, the post-processed GPS-derived 
ZTD data were compared with another collocated independent technique: Very Long Baseline Interferometry 
(VLBI). For this comparison, the GPS data of NAYL station and the collocated VLBI station for two years from 
2013 to 2014 were selected. Figure 4 shows ZTD residual time series derived from VLBI and GPS based on the 
developed PPP so�ware at located station NAYL (Norway). Statistical result shows that ZTD derived from the 
post-processed GPS stations and the collocated VLBI observations are consistent with a coe�cient and RMS of 

Figure 1. Geographical location of GNSS, and precipitation, stations in the CORS network of Zhejiang 
Province. [the �gure is plotted by MATLAB 2016a (https://cn.mathworks.com/products/matlab.html)].

https://cn.mathworks.com/products/matlab.html
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0.9844 and 6.9 mm, respectively. �e above result is also clear evidence that the developed PPP so�ware is able to 
be used to provide precise ZTD parameters.

Evaluation of the real-time satellite orbit and clock products. �e real-time combined orbit and 
clock products provided by IGS TRS can be obtained on-line, and has combined both single-epoch and Kalman 
�lter approaches. �e essential di�erence of real-time PPP is what kind of orbit and clock information used for 
processing the observations with respect to the post-processed PPP technique. �e nominal accuracies of IGS 
�nal orbit and clock products are 2.5 cm and 0.075 ns, separately44. To assess the accuracy of the IGS real-time 
orbit and clock products, the consecutive corrections of orbit and clock products for twenty-�ve days were 

Figure 2. ZTD residuals time series derived from GAMIT and PPP: 1 May to 31 May, 2015. [the �gure is 
plotted by MATLAB 2016a (https://cn.mathworks.com/products/matlab.html)].

Figure 3. ZTD residual time series derived from Bernese PPP and PPP: 1 May to 30 June, 2015. [the �gure is 
plotted by MATLAB 2016a (https://cn.mathworks.com/products/matlab.html)].

Figure 4. Comparison of ZTD residuals derived from GPS and VLBI at collocated station NAYL:2013 and 
2014. [the �gure is plotted by MATLAB 2016a (https://cn.mathworks.com/products/matlab.html)].

https://cn.mathworks.com/products/matlab.html
https://cn.mathworks.com/products/matlab.html
https://cn.mathworks.com/products/matlab.html
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selected from 25 June to 19 July, 2015. �e coordinate di�erence between the real-time orbit and the �nal orbit for 
each satellite was calculated and then the RMS error of orbit accuracy was obtained. Due to the inconsistency of 
the clock system between the real-time, and �nal, clock products, a systemic bias was found. Here, one reference 
satellite with pseudo-random noise (PRN) #1 was selected for each of the clock system to combine a single dif-
ference so as to exclude such bias and the RMS error of single-di�erenced error between the real-time, and �nal 
clock products was obtained.

Figures 5 and 6 show the comparison of the result obtained from the IGS real-time and �nal products (orbit 
and clock). On the one hand, the statistical accuracy of the satellite position in the X-, Y-, and Z-directions 
were 2.86, 2.84, and 2.58 cm, respectively, and the three-dimensional accuracy of the IGS real-time satellite was 
4.79 cm. On the other hand, the statistical real-time clock errors with accuracy of 0.38 ns compared to the IGS 
�nal clock product, which is superior to the IGS-provided ultra-rapid clock product with the nominal value of 
approximately 3 ns (http://igscb.jpl.nasa.gov/components/prods.html).

Comparison of GPS-derived ZTD time series using IGS real-time and final orbit and clock products.  
Here, the real-time GPS-derived ZTD time series were analysed compared to the ZTD derived from the 
post-processed GPS-derived ZTD based on the independently developed PPP so�ware. Six-months of GPS 
observations from stations ZJJD and ZJZS (parts of the Crustal Movement Observation Network of China) 
were collected with a sampling rate of 30 seconds from 1 February to 31 July, 2015 and processed. Hourly ZTD 
time series derived from PPP technique using real-time and �nal orbit and clock correction were obtained and 
compared.

Figure 7 shows the time series plot of ZTD derived from two methods mentioned above. Among all those 
experimental data, some data are apparently faulty, thus a principle is needed with which to exclude incorrect 
ZTD pairs. In our study, the mean and RMS error were calculated for the di�erences between the two PWV 
time series, and then, the �nal data was selected using those di�erences less than three-times the RMS error. It 
can be seen from Fig. 7 that, compared to the GPS-derived ZTD based on IGS �nal products, the correlation 
coe�cient and RMS error of real-time GPS-derived ZTD at stations ZJJD and ZJZS were 0.9954/7.2 mm and 
0.9959/7.8 mm, respectively. �is showed that the real-time GPS-derived ZTD time series had good consistency 

Figure 5. Statistical coordinate accuracy between IGS real-time and �nal orbit product from 25 June to 19 July, 
2015. [the �gure is plotted by MATLAB 2016a (https://cn.mathworks.com/products/matlab.html)].

Figure 6. Statistical clock accuracy between IGS real-time and �nal orbit product from 25 June to 19 July, 2015. 
[the �gure is plotted by MATLAB 2016a (https://cn.mathworks.com/products/matlab.html)].

https://cn.mathworks.com/products/matlab.html
https://cn.mathworks.com/products/matlab.html
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with the post-processed result. �erefore, it is reasonable to replace post-processed ZTD by real-time ZTD for 
precipitation analysis and further consider real-time ZTD for precipitation monitoring and forecasting.

Relationship between ZTD and precipitation
Feasibility of replacing PWV by ZTD for precipitation forecasting. �e water vapour content in 
the lower atmosphere will increase before precipitation, which increases the atmospheric delay e�ect on the sat-
ellite signal as expressed by an increasing ZTD/PWV ratio. Currently, most studies focus on the analysis of the 
relationship between PWV and precipitation26–31 however, such studies need the support of accurate measured 
meteorological data to guarantee the accuracy of conversion from ZTD to PWV. �erefore, an idea was proposed 
in this paper that, if the variation trend in the PWV time series is the same as that of the ZTD time series, then 
the PWV can be replaced by ZTD for analysis and forecasting of precipitation. �e merits of such idea are that: 
(1) the estimation of ZTD does not requires the participation of meteorological parameters, which avoids a loss of 
accuracy due to measurement error in any weather equipment and the conversion error from ZTD to PWV; (2) 
ground-based receivers do not need to be equipped with meteorological sensors which decreases the equipment, 
and running, costs. �erefore, whether the variation trends of ZTD and PWV are the same or not is �rst explored 
in this section with a full year of GPS data from station LJSL from 1 September, 2014 to 31 August, 2015. �is 
station was selected for (1) its proximity to the ocean and the variation in the water vapour content in the atmos-
phere is large, therefore, the results is more convincing; (2) in addition, the observed meteorological parameters 
(temperature and pressure) can be obtained for LJSL station. �e GPS data of station LJSL was processed by the 
newly developed PPP so�ware using the IGS �nal orbit and clock products to obtain the estimated ZTD, ZHD, 
and PWV on an hourly basis. In the meantime, the hourly precipitation data from nearby (for one full year) was 
also selected for the later analysis of the relationship between precipitation and ZTD, ZHD, and PWV. Figure 8 
shows the time series of ZTD, ZHD, PWV, and precipitation at station LJSL at 1 hour-intervals for the period 
1 September, 2014 to 31 August, 2015. Figure 8 shows that the trends in ZTD and PWV were similar and their 
coe�cient was 0.9666, while the trends of ZHD appeared irrelevant with that from ZTD/PWV time series. �e 
maximum variations of ZHD and ZTD were 0.1 and 0.37 m, respectively. It may be reasonable to consider that 
most of the variation in ZTD was caused by variations in the wet delay or water vapour content. �erefore, it is 
acceptable to replace PWV by ZTD and use it as an indicator to re�ect the variation of precipitation.

Relationship between ZTD and precipitation. To analyse the relationship between ZTD and precipi-
tation during rainfall, one full year of hourly ZTD and hourly accumulated precipitation near station ZJZS (less 
than 2 km away) from 1 September, 2014 to 31 August, 2015 were selected. In addition, ten-minute ZTD was also 
obtained for calculating the ZTD increment. In this section, two cases of rainfall were selected at station ZJZS 
from 6 to 11 April, and 9 June to 11 June, 2015, respectively.

Figures 9 and 10 show the relationship between ZTD, ZTD increment, and precipitation at station ZJZS for 
the two chosen time periods, respectively. Analysing the top plot in each of Figs 9 and 10, a ZTD time series for 

Figure 7. Comparison of GPS PPP-derived ZTD time series using real-time and �nal orbit and clock products: 
1 February to 31 July, 2015. [the �gure is plotted by MATLAB 2016a (https://cn.mathworks.com/products/
matlab.html)].

https://cn.mathworks.com/products/matlab.html
https://cn.mathworks.com/products/matlab.html
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two periods is seen, where it should be noted that a continuous growth in ZTD before precipitation occurred, 
and precipitation happened when the ZTD reached its peak value. A�er precipitation, the ZTD value returned 
to its stable value, which suggested an atmospheric advection process. It also can be found, from the bottom 

Figure 8. Time series of hourly ZTD, ZHD, PWV, and accumulated rain for LJSL: 1 September, 2014 to 31 
August, 2015. [the �gure is plotted by MATLAB 2016a (https://cn.mathworks.com/products/matlab.html)].

Figure 9. Comparison of ZTD, ZTD increment, and hourly accumulated precipitation at station ZJZS: 6–11 
April, 2015. [the �gure is plotted by MATLAB 2016a (https://cn.mathworks.com/products/matlab.html)].

Figure 10. Comparison of ZTD, ZTD increment, and hourly accumulated precipitation at station ZJZS: 9–11 
June, 2015. [the �gure is plotted by MATLAB 2016a (https://cn.mathworks.com/products/matlab.html)].

https://cn.mathworks.com/products/matlab.html
https://cn.mathworks.com/products/matlab.html
https://cn.mathworks.com/products/matlab.html
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plot of Figs 9 and 10, that the ZTD increment exceeded ±10 mm/10 min about 2 to 6 hours earlier than the 
rainstorm, but not all large ZTD increments were accompanied by precipitation (as shown in the black rectangle 
in Fig. 9(b)). Here, ZTD increment (mm/10 min) refers to the di�erence between the ZTD value of the current, 
and last epochs, which can re�ect the variation in ZTD. It can also be seen that the ZTD peak arrived before the 
onset of precipitation. One explanation is that there was some time latency before precipitation struck the ground 
below; another possible explanation was that the satellite signal is more sensitive to water vaporous than to liquid 
water, and the decreasing value of ZTD indicated that vapour was being converted to liquid water or icy water. 
�erefore, such time latency between the variation of ZTD and precipitation just provides the possibility for 
precipitation forecasting.

According to the ten-minute ZTD increment, we judged whether, or not, precipitation occurred: the 
statistical results show that more than 86% of precipitation events happened when the ZTD increment 
exceed ± 10 mm/10 min within 2 to 6 hours before precipitation with a false alarm rate of 36.2%. From Figs 9 and 10  
it can be observed that, when the ZTD value increased and reached its peak, precipitation generally occurred. 
�erefore, the ZTD slope as it increased could be considered as indicator of precipitation. Although the ZTD 
trend is not always smoothly increasing or decreasing as some studies mentioned previously with slightly �uc-
tuation, a similar conclusion is derived: ZTD increases before precipitation, upon onset of rainfall, and then 
decreased a�er precipitation.

In addition, for the cold front over the area of Zhejiang Province (as shown by magenta rectangle in Fig. 1) 
from 16 to 17 June, 2015, Fig. 11 shows the 2-d time series of ZTD and precipitation. It can be seen from Fig. 11 
that a similar relationship between ZTD and precipitation existed with a strong ZTD increase with a maximum 
ZTD of up to 2.70 m before precipitation (13 h to 17 h, 17 June), the precipitation event itself with its maximum 
total precipitation of about 18 mm (20 to 22 h, 17 June), the decrease in ZTD upon the end of precipitation (2 h to 
5 h, 18 June). It also can be seen from Fig. 10 that with the arrival of this cold front, the ZTD value was less than 
that before precipitation, re�ecting a seasonal e�ect on the GPS delay29.

A method for precipitation forecasting based on ZTD time series data
Feasibility analysis of precipitation forecasting based on ZTD time series data. As mentioned 
above, the ZTD slope can be used for precipitation forecasting and the precipitation o�en happened a�er ZTD 
slope growth (usually within 2 to 6 hours therea�er). To analyse the feasibility of the proposed method, one full 
year of hourly ZTD at station ZJZS were analysed by a least-squares �tting method to obtain a broken line ten-
dency of increases or decreases. A statistical experiment was performed which aimed to ascertain the number 
of well-forecasted precipitation events in the two to six hours before the ZTD slope exceeded a certain threshold 
and the total ZTD change as it increased (a few hours to more than ten hours, see Table 1). It can be seen from 
Table 1 that, with the increased threshold range of ZTD slope, ZTD slope became increasingly correlated with the 
number of well-forecast precipitation events. �e percentage of well-forecast precipitation increased from 1.73% 
to 24.45%, evincing the positive correlation between ZTD slope and precipitation. �erefore, it is reasonable to 
consider ZTD slope as an indicator for precipitation forecasting.

Determination of threshold for ZTD slope. �e higher the threshold of ZTD slope, the more percentage 
of precipitation events can be forecasted (one point should, however, be noted: the actual number of well-forecast 
precipitation events is decreasing, because the total number of forecast precipitation events is reduced with 
increasing ZTD slope). �erefore, how to determine a reasonable threshold must be explored. In our study, the 
threshold of ZTD slope was analysed using a full year of hourly ZTD and hourly precipitation data. Figure 12 
shows the change in percentage of well-forecast precipitation events, false alarms, average precipitation in those 
well-forecast precipitation events, and average precipitation in those missed precipitation events with di�erent 
ZTD slopes.

Figure 12(a) shows that the percentage of well-forecast precipitation events decreased with the threshold of 
ZTD slope. �e well-forecasted rate of precipitation events decreased from 90% to 70% while the false alarm 
rate being almost the same with increasing ZTD slope. From Fig. 12(b) it was found that the average value of 
well-forecast precipitation events was near-constant, while that of missed events tended to increase. When the 
ZTD slope was selected to be less than 2 mm/h, the average value of missed precipitation events was about 3 mm, 
and this increased to about 4 mm when the threshold level of the ZTD slope was 2.5 mm/h. Based on the above 
analysis, the threshold of ZTD slope was selected as 2 mm/h on the basis of a higher number of well-forecast pre-
cipitation events as well as the lower average value of the missed precipitation events.

Validation of the precipitation forecasting method. To validate the reliability and stability of the pro-
posed precipitation forecasting method, the selected threshold of ZTD slope mentioned above for station ZJZS 
was used using a full year of hourly PWV and precipitation event data. Numerical results showed that 196 out of 
225 precipitation events were forecast based on the proposed method (a success rate of 87.11%). To validate the 
reliability of the proposed method, the hourly ZTD time series of the other nine stations from the CORS network 
in Zhejiang Province, and hourly accumulated precipitation data, were selected for the period 1 September, 2014 
to 31 August, 2015. Table 2 shows the true rate and false alarm rate of the precipitation forecasting method. It 
can be seen that the average true rate of the forecasting method was between 80% and 90% while the false rate 
was between 60% and 70%. For the calculation involving data from ten stations, the average true rate was 85.18% 
which is far higher than that in a previous study based on the PWV values with its value of about 75%, while the 
average false rate was 66.00% which is almost the same as that of a previous study29. �erefore, the proposed pre-
cipitation forecasting method was deemed both e�ective and feasible. In addition, the false rates for ZJZS, ZJPH, 
and LJSL were relatively high, which is because those three stations are near the ocean and the variation in water 
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vapour content thereat is greater. �e large variation in water vapour content was embodied by the large change 
in ZTD, which leads to a relatively high false alarm rate.

Conclusion and Discussion
We evaluated the accuracy of GPS-derived ZTD value based on the independently developed PPP so�ware 
using post-processed, and real-time, orbit and clock products provided by IGS and proposed a method for 
precipitation forecasting based on the ZTD slope during the time when it was continuously increasing. �e 

Figure 11. 2-d interpolated maps of the temporal variation in ZTD for Zhejiang Province (top) compared with 
precipitation maps accumulated (bottom), 16 to 17 June, 2015. [the �gure is plotted by MATLAB 2016a (https://
cn.mathworks.com/products/matlab.html)].

�reshold (mm) [0 2] [2 4] [4 6] [6 8] [8 10] >10

Precipitation times 16 35 32 26 29 56

ZTD slope 925 930 542 281 200 229

Percentage (%) 1.73 3.76 5.90 9.25 14.5 24.45

Table 1. Relationship between ZTD slope and the number of rainfall events, unit: mm/h.

https://cn.mathworks.com/products/matlab.html
https://cn.mathworks.com/products/matlab.html
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post-processed GPS-derived ZTD was compared with the result derived from GAMIT so�ware which based on 
the double-di�erenced model, Bernese PPP so�ware which was based on the un-di�erenced model as well as the 
collocated independent observations of VLBI. �e statistical result shows that the coe�cients of post-processed 
GPS-derived ZTD were both greater than 0.98 and the RMS errors were less than 8 mm. For the period 25 June 
to 19 July, 2015, the RMS error in orbit accuracy was 4.79 cm and that of the clock accuracy was 0.38 ns for the 
real-time IGS products. �e GPS-derived ZTD using IGS �nal, and real-time, orbit and clock products has been 
compared with half-year GPS observations at stations ZJJD and ZJZS for the period 1 February to 31 July, 2015. 
�e corresponding real-time GPS-derived ZTD time series had a correlation coe�cient greater than 0.99 and 
an RMS error of less than 10 mm with respect to the post-processed GPS-derived ZTD, which proved that the 
desired level of post-processed data accuracy can be reached under real-time processing conditions.

By comparing the relationship between the ZTD and PWV time series, we found that the continuous increase 
in ZTD was, in general, accompanied by the onset of rainfalls events, but not always. �e reason for this may have 
been that the high ZTD level is only one of the prerequisites for the onset of precipitation, which is also triggered 
by some external dynamic factors. A method of precipitation forecasting was proposed based on the ZTD slope 
as it increased: this entailed analysing a full year of hourly PWV and hourly accumulated precipitation data from 
station ZJZS. Experimental testing of the method was undertaken using data from ten stations in the CORS net-
work of Zhejiang Province for the purposes of validation. Numerical results showed that the proposed method 
could predict about 85% of the precipitation events in the year: this performance was superior to that achieved 
elsewhere by other studies, while the false alarm rate was about 66% which was equivalent to the level obtained by 
others. Currently, there was about 15% of precipitation events cannot be predicted.

Although the real-time GPS-derived ZTD estimation could not, so far, be considered as a stand-alone sys-
tem for precipitation forecasting, as some other external dynamic factors were not considered; however, the 
real-time GPS-derived ZTD values could be used by way of their assimilation into existing forecasting systems 
where they would be expected to enhance the forecasting capabilities of the existing system. In addition, the 
present method only used one single station for precipitation forecasting, if more stations were included and 
three-dimensional analysis (two-dimensional in space and evolving in time) were to have been undertaken, the 
real-time GPS-derived ZTD forecasting method may be able to become a stand-alone system used for nowcasting.

References
 1. Bevis, M. et al. GPS meteorology- Remote sensing of atmospheric water vapor using the Global Positioning System. Journal of 

Geophysical Research 97(D14), 15787–15801 (1992).
 2. Bevis, M. et al. GPS meteorology: Mapping zenith wet delays onto precipitable water. Journal of applied meteorology 33(3), 379–386 

(1994).
 3. Rocken, C. et al. GPS/STORM-GPS sensing of atmospheric water vapor for meteorology. Journal of Atmospheric and Oceanic 

Technology 12(3), 468–478 (1995).

Figure 12. Relationship between ZTD slope and the percentage of forecast times, false alarms (le�-hand plot), 
and mean accumulated rainfall in the well-, and badly-forecast precipitation events (right-hand plot). [the �gure 
is plotted by MATLAB 2016a (https://cn.mathworks.com/products/matlab.html)].

Station
True 
rate (%)

False 
rate (%) Station

True 
rate (%)

False 
rate (%)

ZJZS 87.11 68.84 ZJWL 86.62 63.13

ZJJD 85.12 62.27 ZJXC 82.94 67.75

ZJCN 87.73 62.50 ZJXJ 88.89 66.43

ZJKH 83.57 62.74 ZJYH 83.51 63.72

ZJPH 83.48 70.78 LJSL 82.79 71.84

Table 2. Statistical results: forecast rain times based on the proposed method for ten stations.

https://cn.mathworks.com/products/matlab.html


www.nature.com/scientificreports/

1 1SCIENTIFIC REPORTS |  (2018) 8:7939  | DOI:10.1038/s41598-018-26299-3

 4. Duan, J. et al. GPS meteorology: Direct estimation of the absolute value of precipitable water. Journal of Applied Meteorology 35(6), 
830–838 (1996).

 5. Brenot, H., Wautelet, G., Warnant, R., Neméghaire, J. & Van Roozendael, M. GNSS meteorology and impact on NRT position. In 
European Navigation Conference (ENC) GNSS (2014).

 6. Saastamoinen, J. Atmospheric correction for the troposphere and stratosphere in radio ranging satellites. J. �e use of arti�cial 
satellites for geodesy 15, 247–251 (1972).

 7. Jin, S., Luo, O. F. & Cho, J. Systematic errors between VLBI and GPS precipitable water vapor estimations from 5-year co-located 
measurements. Journal of Atmospheric and Solar-Terrestrial Physics 71(2), 264–272 (2009).

 8. Lagler, K., Schindelegger, M., Böhm, J., Krásná, H. & Nilsson, T. GPT2: Empirical slant delay model for radio space geodetic 
techniques. Geophysical research letters 40(6), 1069–1073 (2013).

 9. Liou, Y. A., Teng, Y. T., Van Hove, T. & Liljegren, J. C. Comparison of precipitable water observations in the near tropics by GPS, 
microwave radiometer, and radiosondes. Journal of applied meteorology 40(1), 5–15 (2001).

 10. de Haan, S., Holleman, I. & Holtslag, A. A. Real-time water vapor maps from a GPS surface network: Construction, validation, and 
applications. Journal of Applied Meteorology and Climatology 48(7), 1302–1316 (2009).

 11. Wang, H., Wei, M., Li, G., Zhou, S. & Zeng, Q. Analysis of precipitable water vapor from GPS measurements in Chengdu region: 
Distribution and evolution characteristics in autumn. Advances in Space Research 52(4), 656–667 (2013).

 12. Shoji, Y., Kunii, M. & Saito, K. Assimilation of nationwide and global GPS PWV data for a heavy rain event on 28 July 2008 in 
Hokuriku and Kinki, Japan. SOLA 5, 45–48 (2009).

 13. Sato, K. et al. A high-resolution, precipitable water vapor monitoring system using a dense network of GNSS receivers. Journal of 
Disaster Research 8(1), 37–47 (2007).

 14. Chiang, K. W., Peng, W. C., Yeh, Y. H. & Chen, K. H. Study of alternative GPS network meteorological sensors in Taiwan: case studies 
of the plum rains and typhoon Sinlaku. Sensors 9(6), 5001–5021 (2009).

 15. Choy, S., Wang, C., Zhang, K. & Kuleshov, Y. GPS sensing of precipitable water vapour during the March 2010 Melbourne storm. 
Advances in Space Research 52(9), 1688–1699 (2013).

 16. Pacione, R. & Vespe, F. Comparative studies for the assessment of the quality of near-real-time GPS-derived atmospheric parameters. 
Journal of Atmospheric and Oceanic Technology 25(5), 701–714 (2008).

 17. Karabatić, A., Weber, R. & Haiden, T. Near real-time estimation of tropospheric water vapour content from ground based GNSS data 
and its potential contribution to weather now-casting in Austria. Advances in Space Research 47(10), 1691–1703 (2011).

 18. Satirapod, C., Anonglekha, S., Choi, Y. S. & Lee, H. K. Performance assessment of GPS-sensed precipitable water vapor using IGS 
ultra-rapid orbits: a preliminary study in �ailand. Engineering Journal 15(1), 1–8 (2010).

 19. Kouba, J. A guide to using International GNSS Service (IGS) products. Nat. Resour. Cannda, Ottawa, On, Canada, available: http://
acc.igs.org/UsingIGSProductsVer21.pdf (2009).

 20. Dow, J. M., Neilan, R. E. & Rizos, C. �e international GNSS service in a changing landscape of global navigation satellite systems. 
Journal of Geodesy. 83(3-4), 191–198 (2009).

 21. Caissy, M., Agrotis, L., Weber, G., Hernandez-Pajares, M. & Hugentobler, U. Coming soon: the International GNSS Real-Time 
Service, GPS. World 23(6), 52–58 (2012).

 22. Li, X., Zhang, X. & Ge, M. Regional reference network augmented precise point positioning for instantaneous ambiguity resolution. 
Journal of Geodesy 85(3), 151–158 (2011).

 23. Li, X., Ge, M., Zhang, H., Nischan, T. & Wickert, J. �e GFZ real-time GNSS precise positioning service system and its adaption for 
COMPASS. Advances in Space Research 51(6), 1008–1018 (2013).

 24. Li, X. et al. Real-time GPS sensing of atmospheric water vapor: Precise point positioning with orbit, clock, and phase delay 
corrections. Geophysical Research Letters 41(10), 3615–3621 (2014).

 25. Dousa, J. & Vaclavovic, P. Real-time zenith tropospheric delays in support of numerical weather prediction applications. Advances 
in Space Research 53(9), 1347–1358 (2014).

 26. Vedel, H., Mogensen, K. S. & Huang, X. Y. Calculation of zenith delays from meteorological data comparison of NWP model, 
radiosonde and GPS delays. J. Physics and Chemistry of the Earth, Part A: Solid Earth and Geodesy 26(6), 497–502 (2001).

 27. Bock, O. et al. Validation of precipitable water from ECMWF model analyses with GPS and radiosonde data during the MAP SOP. 
J. Quarterly Journal of the Royal Meteorological Society 131(612), 3013–3036 (2005).

 28. Seco, A. et al. Rain pattern analysis and forecast model based on GPS estimated atmospheric water vapor content. J. Atmospheric 
Environment 49, 85–93 (2012).

 29. Benevides, P., Catalao, J. & Miranda, P. M. A. On the inclusion of GPS precipitable water vapour in the nowcasting of rainfall. 
Natural Hazards and Earth System Sciences 15(12), 2605–2616 (2015).

 30. Yao, Y., Shan, L. & Zhao, Q. Establishing a method of short-term rainfall forecasting based on GNSS-derived PWV and its 
application. Scienti�c reports 7(1), 12465 (2017).

 31. Zhao, Q., Yao, Y. & Yao, W. GPS-based PWV for precipitation forecasting and its application to a typhoon event. Journal of 
Atmospheric and Solar-Terrestrial Physics 167, 124–133 (2018).

 32. Solheim, F. S., Vivekanandan, J., Ware, R. H. & Rocken, C. Propagation delays induced in GPS signals by dry air, water vapor, 
hydrometeors, and other particulates. Journal of Geophysical Research: Atmospheres (1984–2012) 104(D8), 9663–9670 (1999).

 33. Hajj, G. A., Kursinski, E. R., Romans, L. J., Bertiger, W. I. & Leroy, S. S. A technical description of atmospheric sounding by GPS 
occultation. Journal of Atmospheric and Solar-Terrestrial Physics 64(4), 451–469 (2002).

 34. Hop�eld, H. S. Two‐quartic tropospheric refractivity pro�le for correcting satellite data. J. Journal of Geophysical research 74(18), 
4487–4499 (1969).

 35. Marini, J. W. Correction of laser range tracking data for atmospheric refraction at elevations above 10 degrees. Laser & Infrared 
55(4), 220–220 (1975).

 36. Herring, T. A. Modeling atmospheric delays in the analysis of space geodetic data. J. Proceedirws of Refraction of Transatmospheric 
simals in Geodesy, eds De Munck, J. C. & Spoelstra, T. A. Netherlands Geodetic Commission Publications on Geodesy, 36, 157–164 
(1992).

 37. Brenot, H., Ducrocq, V., Walpersdorf, A., Champollion, C. & Caumont, O. GPS zenith delay sensitivity evaluated from high‐
resolution numerical weather prediction simulations of the 8–9 September 2002 �ash �ood over southeastern France. Journal of 
Geophysical Research: Atmospheres (1984–2012), 111(D15) (2006).

 38. Schmid, R. How to use IGS antenna phase center corrections. GPS World Tech Talk Blog. Available, http://www.gpsworld.com/
tech-talk-blog.how-to-use-igs-antenna-phase-center-corrections-11369 (2010).

 39. Gusfarienza, H., Yuwono, B. D., Awaluddin, M. & Susilo, S. Penentuan zenith tropospheric delay dan precipitable water vapor 
menggunakan perangkat lunak gamit. J. Jurnal Geodesi Undip 4(2), 78–86 (2015).

 40. Wilgan, K. zenith total delay short-term statistical forecasting for GNSS precise point position. J. Acta Geodyn. Geomater. 12(4), 1–9 
(2015).

 41. Park, H. E. et al. Quality Assessment of Tropospheric Delay Estimated by Precise Point Positioning in the Korean Peninsula. Journal 
of Positioning, Navigation, and Timing 3(4), 131–141 (2014).

 42. Behrend, D., Cucurull, L., Vilà, J. & Haas, R. An inter-comparison study to estimate zenith wet delays using VLBI, GPS, and NWP 
models. Earth, planets and space 52(10), 691–694 (2000).

http://acc.igs.org/UsingIGSProductsVer21.pdf
http://acc.igs.org/UsingIGSProductsVer21.pdf


www.nature.com/scientificreports/

1 2SCIENTIFIC REPORTS |  (2018) 8:7939  | DOI:10.1038/s41598-018-26299-3

 43. Snajdrova, K., Böhm, J., Willis, P., Haas, R. & Schuh, H. Multi-technique comparison of tropospheric zenith delays derived during 
the CONT02 campaign. Journal of Geodesy 79(10-11), 613–623 (2006).

 44. Shi, J., Xu, C., Guo, J. & Gao, Y. Real-Time GPS Precise Point Positioning-Based Precipitable Water Vapor Estimation for Rainfall 
Monitoring and Forecasting. Geoscience and Remote Sensing, IEEE Transactions on 53(6), 3452–3459 (2015).

Acknowledgements
�e authors would like to thank IGS and Zhejiang administration of surveying mapping and geoinformation 
for providing GPS experimental data. The International VLBI Service for Geodesy & Astrometry is also 
acknowledged for access to the web-based VLBI data. �is research was supported by the Excellent Youth Science 
and Technology Fund Project of Xi’an University of Science and Technology (2018YQ3–12) and the Startup 
Foundation for Doctor of Xi’an University of Science and Technology (2017QDJ041).

Author Contributions
ZHAO and YAO participated in the design of this study, and they both performed the statistical analysis. ZHAO 
carried out the study and collected important background information. All authors read and approved the �nal 
manuscript. ZHAO and YAO carried out the concepts, design, de�nition of intellectual content, literature search, 
data acquisition, data analysis and manuscript preparation. ZHAO, YAO and LI carried out literature search, data 
acquisition and manuscript editing. LI performed manuscript review. All authors have read and approved the 
content of the manuscript.

Additional Information
Competing Interests: �e authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

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. �e 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/.
 
© �e Author(s) 2018

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

	Real-time precise point positioning-based zenith tropospheric delay for precipitation forecasting
	Tropospheric delay parameter: ZTD
	The retrieval of ZTD and accuracy-testing
	Data and processing strategy. 
	Evaluation of post-processed PPP-derived ZTD. 
	Comparison between post-processed GPS-derived ZTD and VLBI-derived ZTD. 
	Evaluation of the real-time satellite orbit and clock products. 
	Comparison of GPS-derived ZTD time series using IGS real-time and final orbit and clock products. 

	Relationship between ZTD and precipitation
	Feasibility of replacing PWV by ZTD for precipitation forecasting. 
	Relationship between ZTD and precipitation. 

	A method for precipitation forecasting based on ZTD time series data
	Feasibility analysis of precipitation forecasting based on ZTD time series data. 
	Determination of threshold for ZTD slope. 
	Validation of the precipitation forecasting method. 

	Conclusion and Discussion
	Acknowledgements
	Figure 1 Geographical location of GNSS, and precipitation, stations in the CORS network of Zhejiang Province.
	Figure 2 ZTD residuals time series derived from GAMIT and PPP: 1 May to 31 May, 2015.
	Figure 3 ZTD residual time series derived from Bernese PPP and PPP: 1 May to 30 June, 2015.
	Figure 4 Comparison of ZTD residuals derived from GPS and VLBI at collocated station NAYL:2013 and 2014.
	Figure 5 Statistical coordinate accuracy between IGS real-time and final orbit product from 25 June to 19 July, 2015.
	Figure 6 Statistical clock accuracy between IGS real-time and final orbit product from 25 June to 19 July, 2015.
	Figure 7 Comparison of GPS PPP-derived ZTD time series using real-time and final orbit and clock products: 1 February to 31 July, 2015.
	Figure 8 Time series of hourly ZTD, ZHD, PWV, and accumulated rain for LJSL: 1 September, 2014 to 31 August, 2015.
	Figure 9 Comparison of ZTD, ZTD increment, and hourly accumulated precipitation at station ZJZS: 6–11 April, 2015.
	Figure 10 Comparison of ZTD, ZTD increment, and hourly accumulated precipitation at station ZJZS: 9–11 June, 2015.
	Figure 11 2-d interpolated maps of the temporal variation in ZTD for Zhejiang Province (top) compared with precipitation maps accumulated (bottom), 16 to 17 June, 2015.
	Figure 12 Relationship between ZTD slope and the percentage of forecast times, false alarms (left-hand plot), and mean accumulated rainfall in the well-, and badly-forecast precipitation events (right-hand plot).
	Table 1 Relationship between ZTD slope and the number of rainfall events, unit: mm/h.
	Table 2 Statistical results: forecast rain times based on the proposed method for ten stations.


