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Relevance of the research 

We use GNSS (Global Navigation Satellite Systems) in more and more areas of our daily 

lives. In addition to the well-known navigation on mobile phones, it plays an important role in 

the development of self-driving cars and in the landing of airplanes. Satellite positioning is 

affected by various error sources related to the satellite, the atmosphere and the reception of 

the signals. The significance of the study is that, besides the ionospheric effect caused by the 

atmosphere - which can be eliminated by measuring at two frequencies - the tropospheric delay 

is the largest error. Troposphere causes a significant error of 2.5-45 m depending on the 

elevation angle of the satellite and cannot be eliminated from our measurements. However, it 

can be accounted for by increasingly accurate tropospheric models built into the receivers. For 

the above reasons, the troposphere and the delay it causes is still an internationally widely 

researched topic. 

The troposphere is the layer that extends from the Earth's surface to an average height of 

11 km and contains a significant part of the mass of the atmosphere, including almost all the 

water vapour. The effect of the troposphere can be divided into two parts: the hydrostatic delay 

due to the "dry" air in hydrostatic equilibrium and the wet delay due to water vapour on the 

order of decimeters. The wet part of the tropospheric delay, which is dependent on the water 

vapour, and the integrated water vapour, which is the upper limit of the precipitable water 

vapour, are related. Thus, tropospheric studies have an important role in estimating near-real-

time precipitable water vapour.  

The tropospheric models built into the receivers are mostly used to determine the delay in 

zenith direction for positioning, which can then be converted to satellite direction using the 

mapping functions associated with the models. The mapping function can be interpreted as the 

ratio of the slant and the zenith tropospheric delay. Most of the models can be used in two 

modes: blind and augmented. In blind mode, the models can be calculated without measured 

meteorological parameters, while in augmented mode, the models can be calculated using 

parameters measured near the receiver. For a more accurate determination of the tropospheric 

delay, the principle of ray tracing can be used instead of these models. The method assumes 

different overlying layers of air, in which meteorological parameters are available at a certain 

density: temperature, surface pressure and data for the calculation of water vapour pressure, 

such as dew point, relative humidity or specific humidity. These can be derived from numerical 

weather model data or from radiosonde measurements.  



2 

 

Objectives, methods 

My research is focused on the refinement of the tropospheric delay determination, which also 

has meteorological aspects. 

• Derivation of new models that consider better local climate specificities for the 

relationship between wet tropospheric delay and integrated water vapour, which can 

be used in near real-time GNSS meteorological applications. 

• Development of a ray-tracing method for the refinement of slant tropospheric delays 

for high-resolution meteorological data. 

• I will investigate whether the accuracy of the preliminary values of the tropospheric 

delay and the VMF1 mapping function can be improved using Hungarian high-

resolution weather models. 

Summary of research work and thesis statement 

THESIS 1./a 

I have derived new parameters for the calculation of the scale factor describing the 

relationship between the wet tropospheric delay and the integrated water vapour. I have used 

the empirical models of Bevis et al and Emardson and Derks to define the new Linear and 

Polynomial models. These are derived from 10 years of ECMWF ERA-Interim reanalysis data 

at 1°x1° resolution, so that regional climate variability can be taken into account instead of 

global constant parameters in the empirical models. 

THESIS 1./b 

Using NOAA and GRUAN in situ radiosonde measurements, and a completely 

independent 6-year period of ECMWF ERA-Interim data, I performed a total of four checks 

on the derived models. I have shown that it is worth using the new models outside the latitudes 

of the original models of radiosonde measurements, in the tropical zone and close to the poles. 

This is because local radiosonde measurements are a good model of reality, they can be more 

accurate than numerical weather models derived from processing. 

Related publications: [1], [2] 

The thesis is related to the meteorological role of the tropospheric delay: a scale factor 

provides the link between the wet delay and the integrated water vapour, which is the upper 

limit of the precipitable water vapour. I derived new models based on the empirical formulas 

of the Bevis and Emardson-Derks models to determine the scale factor, these are the Linear 
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and the Polynomial models. In contrast to the original models, the derived models can take into 

account local climatic specificities, because the parameters are calculated from monthly means 

of ECMWF ERA-Interim reanalysis data with 1°x1° resolution from 2001-2010. At any location 

and time, the scale factor can be calculated with the new parameters, and the integrated water 

vapour can be determined in near real time using the wet delays.  

I validated the scale factor values with NOAA and GRUAN radiosonde data too. The 

results showed a mixture of minor improvements and deterioration, partly because less 

improvement can be expected in the northern hemisphere for stations at the original model 

derivation site or at the same latitude. On the other hand, none of the station networks used 

for monitoring is perfect, the same type of radiosonde would be needed within the NOAA 

station network, while GRUAN would need global coverage. Thus, instead of pointwise in situ 

measurements, which reflect reality well, I also checked the new models with a 6-year global 

ECMWF dataset, independent of the model derivation, first only for regular errors and later 

also for random errors in addition to the regular ones. Overall, I found that the second-order 

Polynomial model based on the Emardson-Derks model gives better results than the Linear 

model derived according to the Bevis model, and I used global maps to show where new 

parameters need to be applied to the derived models (Figure 1.). 

 

a) 
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b) 

Figure 1. a)/b) Difference in the mean of the deviations of the Bevis/Emardson-Derks 
and Linear/Polynomial models from the reference model compared to the mean of the 

reference model [%] 

THESIS 2. 

I derived a model to refine the determination of the slant tropospheric delay based on the 

ray tracing method. The developed model makes up for the shortcoming of the ray-tracing 

method by continuously following the path of the ray. It takes into account when the ray leaves 

the vertical profile of the meteorological data of the origin, always calculates the current position 

on the horizontal grid and bilinearly interpolates between the meteorological data of the 

adjacent grid points in the vertical profile. Typically, the model benefits from the use of regional, 

high-resolution weather forecast data. 

Related publications: [3], [4], [5] 

The other part of my research focuses on refining the ray tracing method. Among other 

things, the improved ray tracing method refines the slant tropospheric delay by continuously 

tracking the path of the ray, taking into account when it leaves the vertical profile of the origin, 

always calculating the current position on the horizontal grid. Using data from four adjacent 

grid points, it determines the value of the meteorological parameters by bilinear interpolation.  



5 

 

The accuracy enhancing effect of the new ray tracing model is better on a higher resolution 

grid, so, for this calculation, I used the ALADIN high-resolution local weather forecast model, 

which covers the area between latitude 37°-56° and longitude 2°-31°. The 4 daily data series 

(00, 06, 12, 18 h) include temperature, specific humidity and geopotential values at a dense 

horizontal resolution of 0.1°x0.1° (between 7 and 8 km in Hungary) and pressure levels between 

1000 hPa and 10 hPa. To account for the delay effect of the neutral atmosphere above the 10 

hPa pressure level, I used ISA data up to an altitude of 86 km. 

I used the improved ray tracing model as a reference model in the ESA INTRO (European 

Space Agency Integrity of Troposphere Models) project to validate the developed models under 

extreme weather conditions. For safety-of-life critical applications of GNSS (e.g. self-driving 

and airborne vehicles), we need to know not only the position accuracy, but also assess the 

integrity of the positioning service. Integrity provides information on the maximum positioning 

error, which in the aforementioned application areas should be defined at an extremely low 

probability level (10–7). In this project, we derived a new integrity model taking into account the 

geographical location. In contrast, the old integrity model was an overly conservative constant 

value that could be used globally. Some of the results obtained in the integrity model test are 

presented below. (Figure 2.). 
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Figure 2. Residual error values based on the hydrostatic and the wet delay calculated with 
ESA GALTROPO blind and augmented tropospheric models (in blue the most precipitous 

period 11.25) together with the maximum residual errors of the two investigated integrity 
models 

THESIS 3. 

I have developed a methodology for the application of high-resolution regional weather 

models to precise GNSS coordinate determinations. Firstly, I derived new parameters for the 

VMF1 mapping function using regional high-resolution ALADIN weather prediction model 

data for a one-week period over the area of Hungary. Then, using the mapping functions and 

the derived hydrostatic delays as a priori values from the Hungarian permanent station network 

data, I estimated zenith tropospheric delays by constraining the station coordinates in Bernese 

5.2 GNSS software. My tests have shown that this approach can improve the accuracy of the 

mapping functions and the tropospheric delay a priori values.  

Related publications: [6] 

Finally, I investigated the possibility of using regional high-resolution weather models to 

refine tropospheric delay. Using high-resolution 0.5°x0.5° ALADIN numerical weather model 

data, I derived new ah, aw VMF1 parameters for a one-week period in Hungary. To investigate 

the impact of the regional and global weather models, I estimated zenith tropospheric delay 
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using both the derived and the original VMF1 mapping function parameters using data from 

the Hungarian permanent station network using Bernese 5.2 GNSS software. My results showed 

that I obtained with the regional model the closest results to the tropospheric delay products 

estimated by PENC station of the IGS (International GNSS Service) and the 4 stations of the 

EPN (EUREF Permanent GNSS Network), with an average deviation improvement of about 

1.5 cm in the zenith direction. Further verification was done with radiosonde measurements at 

BUTE station, which showed an improvement of around 1 cm (Figure 3.). My tests also showed 

that at larger distances the magnitude of tropospheric delay can vary significantly between 

stations, so it is particularly important to estimate tropospheric delay with coordinates when 

processing larger networks. 
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Figure 3. Difference between total delays of reference and derived models for PENC and 
BUTE stations 
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