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SUMMARY 

 
 

It is known that the tropospheric delay is one of the most important factors that reduce GNSS 

measurements accuracy. The aim of the work is to analyze the change of both hydrostatic and wet 

components of zenith tropospheric delay. Today, zenith tropospheric delay components are determined 

mainly in two ways. The hydrostatic component determined by using analytical models, such as 

Saastamoinen model. The wet component of ZTD is obtained from GNSS measurements using 

simulated value of hydrostatic component. The study evaluated the accuracy of the both hydrostatic and 

wet components of ZTD according to sounding data. For this, two pairs of aerological and GNSS 

reference stations was selected. First pair of stations is Praha-Libus aerological station and GOPE GNSS 

reference station, which located in Czech Republic. The second pair is Legionowo aerological station 

and GOPE GNSS reference station, located in Poland. 
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Introduction 

 

Global navigation satellite systems (GNSS) are widely used in various fields, especially in geodesy and 

navigation. They provide quite high accuracy of measurements results, high efficiency and all-weather 

performance. Such accuracy achieved by adjusting a ton of errors, most of which is successfully 

corrected (Hofmann-Wellenhof et al, 2001). Nevertheless, there remains one that is difficult to correct 

– this is an error caused by the lower atmosphere (troposphere and stratosphere). It is called tropospheric 

delay and consists of two components – hydrostatic component and wet one. The magnitude of total 

zenith tropospheric delay (ZTD) value (hydrostatic plus wet component) at sea level varies from 2.2 to 

2.6 m. About 90% of the total ZTD value is the hydrostatic component. Fortunately, this component 

can be simulated quite accurately. For this purpose, it is enough to have   the magnitude of atmospheric 

pressure value at the GNSS receiver altitude. The Saastamoinen model is mostly used for modelling the 

hydrostatic component of ZTD (Mendes, 1999; Saastamoinen, 1972). Many programs for the GNSS 

measurement processing use this model in their algorithms. 

 

Despite this, the wet component remains the main problem in the accurate determination of ZTD. This 

component cannot be determined with enough accuracy by modelling, because the space/time 

distribution of water vapor in the atmosphere does not follow any pattern. Only the use of massive and 

expensive technologies allows determining the wet component with enough accuracy (Zablotskyi, 

2013). Therefore, until recently, the wet component was determined by empirical models (Mendes, 

1999). Nevertheless, no existing model can provide enough accuracy in determining the wet component 

of zenith tropospheric delay. A new scientific field, GPS meteorology, can provide an opportunity to 

solve this problem (Bevis et. al., 1992). This method has recently been called the GNSS meteorology. 

 

Method 

 

The wet component of zenith tropospheric delay, derived from GNSS measurements (Bevis et. al., 

1992), is determined as follows: by using GNSS solutions, obtained from GNSS measurements, for the 

basic formula of phase or code pseudodistance from GNSS observations, for certain time-interval 

solutions, a full tropospheric delay value is obtained for average zenith distance of GNSS satellite 

location. After that, the total value of ZTD is calculated using mapping function (Mendes, 1999; 

Schueler et. al., 2002). The hydrostatic component is determined using analytical (empirical) model, 

such as Saastamoinen model. The wet component of the ZTD is determined by subtracting the total 

ZTD value, derived from GNSS measurements, and hydrostatic component, determined by using 

Saastamoinen model. 

 

Algorithms for calculating the hydrostatic component according to the Saastamoinen model and both 

the hydrostatic and wet components obtained from radio sounding data are described in the work 

(Zablotskyi et al., 2021). Note that components of ZTD calculated according to the sounding data are 

most accurate because sounding provides direct measured values of meteorological variables at altitudes 

from 30 to 35 km, therefore they can be used to reliable estimate the accuracy of both the hydrostatic 

component determined by the Saastamoinen model and the wet component derived from GNSS 

measurements. 

 

Input data 

 

As the input data in the study the vertical profiles of atmospheric pressure, temperature and relative 

humidity were chosen. These variables were obtained from sounding in period from 1st to 10th of middle 

month of each season 2021 at 12h UT (Department of atmospheric science. University of Wyoming). 

Sounding was carried out at the two aerological stations: Praha-Libus and Legionowo. These stations 

were chosen because they both use modern sounding equipment. Whereas the total value of ZTD 

derived from GNSS measurements is needed for wet component determining, its data can be taken from 

(NASA’s Archive of Space Geodesy Data). Therefore, for each aerological station, the nearest GNSS 

reference station was selected – GOPE and BOGI, respectively. The station coordinates, their height 

and the distance between them are given in table 1. 
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The Praha-Libus aerological station belongs to The Czech Hydrometeorological Institute (CHMI, 

Prague). The Legionowo station belongs to The Institute of Meteorology and Water Management 

(IMGW-PIB, Warsaw). Both aerological stations carry out measurements using modern Vaisala RS41-

SG radiosondes, which with 1 second frequency provide data with the following accuracy: air 

temperature – 0.2 °C, atmospheric pressure – from 0.04 hPa to 1 hPa (depending on altitude), relative 

humidity – 3 %RH (Vaisala, 2020). The GOPE GNSS reference station is located in The Geodetic 

Observatory Pecny, Czech Republic. The responsible agency of the station is The Research Institute of 

Geodesy, Topography and Cartography (RIGTC, Zdiby). The BOGI GNSS reference station is located 

in Borowa Gora Geodetic-Geophysical Observatory, Poland. The responsible agency of the station is 

The Institute of Geodesy and Cartography (IGIK, Warsaw). The following equipment is used at these 

stations: GOPE: receiver – TRIMBLE ALLOY, antenna – TPSCR.G3 TPSH; BOGI: receiver – JAVAD 

TRE_G3T DELTA, antenna – TPSCR.G5 TPSH. 

 

Table 1 Aerologic and GNSS station coordinates 

Station Name Country Latitude, ° Longitude, ° 
Height, 

m 

Distance, 

km 

Aerologic  Praha-Libus Czech 

Republic 

50.00 14.45 303.00 
26.31 

GNSS  GOPE 49.91 14.79 547.70 

Aerologic  Legionowo 
Poland 

52.40 20.96 96.00 
9.49 

GNSS  BOGI 52.47 21.04 109.50 

 

Results 

 

According to data described above, we calculated the hydrostatic component of ZTD using 

Saastamoinen model. We also determined both the hydrostatic and wet components obtained from 

sounding as described in the paper (Zablotskyi et al., 2021). Note that since the aerological and GNSS 

stations are located at different altitudes, in order to obtain reliable results, the vertical profiles of 

atmospheric pressure, air temperature and relative humidity of aerological stations were adjusted to the 

height of the GNSS stations. In figure 1 and 2 the errors of both hydrostatic and wet component 

differences of ZTD for Praha-Libus and GOPE stations are shown. As can be seen, the hydrostatic 

component error has a clear seasonal change. In winter it takes mostly positive values from -0.9 to 

2.2 mm. In summer, on the contrary, only negative values from -3.2 to -6.6 mm are observed. In spring 

and autumn, the error of the hydrostatic component ranges from -2.8 to 0.2 mm. As for the wet 

component error for this pair of stations, it can be noted that no regularity between the seasons was 

observed. It reaches its lowest values in winter within the range of -8.9 to 1.7 mm. During other month, 

it takes mostly positive values in range of -2.7 to 19.4 mm. The maximum values in October and July 

are 19.4 and 17.4, respectively. 

 

  

Figure 1 The errors of 
z

h SA
d∆   for the first 10 

days of the middle month of the seasons 

(Praha-Libus and GOPE stations) 

Figure 2 The errors of 
z

w GNSS
d∆  for the first 10 

days of the middle month of the seasons 

(Praha-Libus and GOPE stations) 
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Figure 3 and 4 shows the errors of components differences of ZTD for the same dates, but now for the 

Legionowo and BOGI stations. As can be seen, the error of hydrostatic components for this pair of 

stations also has clear seasonal change, but it has shift towards positive values compared to the previous 

pair of stations. In winter, values of hydrostatic component errors are from 4.5 to 7.1 mm. In summer it 

has almost all negative values and range from -2.6 to 0.5 mm. In spring and autumn its values are only 

positive from 0.2 to 3.1 mm. As for the accuracy of the wet component, as for the previous pair of 

stations, no regularity was observed. Similar o the previous pair of stations, in winter the wet component 

errors have negative values from -1.0 to -7.6 mm. In other seasons, this error has only positive values 

from 1.5 to 22.6 mm. 

 

  

Figure 3 The errors of 
z

h SA
d∆   for the first 10 

days of the middle month of the seasons 

(Legionowo and BOGI stations) 

Figure 4 The errors of 
z

w GNSS
d∆  for the first 10 

days of the middle month of the seasons 

(Legionowo and BOGI stations) 

 

Table 2 presents the hydrostatic and wet components mean absolute error according to Praha-Libus 

aerological station and GOPE GNSS reference station data. As we can see, the hydrostatic component 

mean error values during almost all month are negative, while the wet component error values, on the 

contrary, are positive. Also, the error amplitudes are shown in table. Both the hydrostatic and wet 

components amplitude values are greatest in summer. 

 

Table 2 Hydrostatic and wet components mean absolute error according to Praha-Libus aerologic 

station and GOPE reference station data 

Month 
z

h SA mean
d∆  

min

z

h SA
d∆  

max

z

h SA
d∆  A 

z

w GNSS meand∆  
min

z

w GNSS
d∆  

max

z

w GNSS
d∆  A 

I 0.7 -0.9 2.2 3.1 -5.4 -8.9 1.7 10.6 

IV -1.6 -2.6 -0.7 1.9 7.7 2.1 12.6 10.5 

VII -4.2 -6.6 -3.2 3.4 7.8 -2.6 17.4 20.0 

X -1.7 -2.8 0.2 3.0 7.3 -2.7 13.0 15.7 

 

Table 3 shown the similar data as in previous one, but for the second pair of stations. In contrast to the 

previous pair of stations, both components mean error are positive for almost all month. The hydrostatic 

component error amplitudes, as for the first pair of stations, are the largest in the summer. The wet 

component error amplitudes are the largest in the autumn. 

 

Table 3 Hydrostatic and wet components mean absolute error according to Legionowo aerologic 

station and BOGI reference station data 

Month 
z

h SA mean
d∆  

min

z

h SA
d∆  

max

z

h SA
d∆  A 

z

w GNSS meand∆  
min

z

w GNSS
d∆  

max

z

w GNSS
d∆  A 

I 5.7 4.5 7.1 2.6 -3.8 -7.6 -1.0 6.6 

IV 1.7 0.6 2.8 2.2 8.5 1.5 16.7 15.2 

VII -1.4 -2.6 0.5 3.1 13.9 9.5 22.6 13.1 

X 1.8 0.2 3.1 2.9 9.5 2.1 19.9 18.8 
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Conclusions 

 

This study, based on the data of two pairs of aerological and GNSS stations, showed a clear systematic 

annual change of the hydrostatic component error of zenith tropospheric delay. The shift is to negative 

values in winter and to positive values in summer. As for the wet component error, its only shift to 

negative values in winter, in other seasons it behaves unpredictably. Both pairs of stations correlate well 

with each other, with one difference – the error of both hydrostatic and wet components at Legionowo 

and BOGI stations is shifted towards positive values. The mean absolute error and error amplitudes was 

determined. The maximum error amplitude of hydrostatic component is 3.4 mm and 3.1 mm 

respectively. The maximum error amplitude of wet component is 20.0 mm and 18.8 mm respectively. 
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