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Abstract 

This Master thesis aims at proving the applicability of GNSS meteorology technique 

for severe weather forecasting. It provides the analysis of tropospheric products obtained by 

processing data from the network of 210 GNSS station in Bernese GNSS software with PPP 

technique. Dataset was collected for two months period from 1st of May to 30th of June 2016 

when severe weather events occurred in Western Europe, particularly in Netherlands, Germany, 

France, Belgium, southern part of Great Britain and caused flooding. Zenith wet delays and 

horizontal tropospheric gradients estimated from GNSS stations in Bernese GNSS software 

were validated against tropospheric parameters from ERA-Interim NWM and official final 

products from IGS. The results obtained from all independent datasets were statistically 

compared and visually analyzed using animated time series maps. This comparison proves a 

good agreement between tropospheric parameters derived from dataset from GNSS stations, 

from IGS and NWM. Mean bias of zenith total delays estimated from GNSS and NWM at each 

GNSS station is 2.6 mm, mean standard deviation is 11 mm. These results reassure that GNSS 

meteorology technique has a good potential for severe weather event monitoring and 

nowcasting. 
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 Anotace 

Tato diplomová práce se zaměřuje na prokázání použitelnosti techniky GNSS 

meteorologie pro krátkodobou předpověď extrémních jevů počasí spojených se srážkovou 

činností. Poskytuje analýzu troposférických produktů získaných zpracováním dat ze sítě 210 

GNSS stanic v Bernese GNSS software technikou PPP. Byla zpracována dvouměsíční kampaň 

v období od 1. května do 30. června 2016, kdy došlo k povodním v západní Evropě. A to 

zejména v Nizozemí, Německu, Francii, Belgii, jižní části Velké Británie. Hodnoty 

nehydrostatické složky zpoždění signálu v zenitovém směru a horizontální troposférické 

gradienty odhadované z GNSS stanic v Bernese GNSS software byly porovnány s 

troposférickými parametry z numerického modelu počasí ERA-Interim a s oficiálními produkty 

verze final od IGS. Výsledky ze zpracování obou nezávislých datových souborů byly statisticky 

porovnány a vizuálně analyzovány pomocí vytvořených animací vývoje uvedených 

troposférických parametrů. Porovnání ukázuje dobrou shodu mezi troposférickými parametry 

odvozenými z GNSS stanic, IGS a NWM. Průměrný bias nehydrostatické složky zpoždění v 

zenitu mezi GNSS a NWM  byl 2,6 mm, průměrná směrodatná odchylka 11 mm. Výsledky 

celkově ukazují, že technika GNSS meteorologie má velký potenciál pro monitorování a 

nowcasting některých extrémních meteorologických jevů. 

 

Klíčová slova: 

GNSS, meteorologie, troposférické zpoždění, horizontální gradient troposféry, numerický 

model počasí 
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1 Introduction 

Global Navigation Satellite Systems (GNSS) were primarily designed to serve the 

purpose of positioning and navigation. However, nowadays GNSS is widely used for 

atmospheric sounding. The concept of GNSS meteorology was introduced for the first time by 

Bevis et al. in 1992 [42]. 

Microwave signals of GNSS that propagate from satellites to ground-based receivers 

pass through the Earth’s atmosphere which impacts them. Troposphere is a lower part of 

atmosphere placed between earth's surface and an altitude of about 8-12 km. Microwave signal 

experiences a significant delay when traveling through this atmospheric layer. Tropospheric 

delay is a non-dispersive thus non-frequency dependent delay which means it cannot be 

eliminated by combinations of dual-frequency measurements as in the case of the ionosphere. 

Thus, the only solution is to use models or estimate it from observation data. Tropospheric delay 

depends on such meteorological parameters as temperature, humidity and pressure as well as 

the location of the receiver and transmitter. Most of the delay, usually about 90%, comes from 

its hydrostatic part which can be well modelled. However, usually about 10% of the tropospheric 

delays comes from its wet part. Wet delay is caused by water vapor in the troposphere and 

depends on weather conditions. Tropospheric wet delay is typically few tens of centimeters 

which is not as big as hydrostatic delay, however, it is very hard to predict it due to its high and 

rather random spatial and temporal variation. It is possible to determine zenith wet delay which 

is nearly proportional to the integrated precipitable water vapor. 

Various projects have been successfully conducted in order to evaluate the applicability 

of GNSS for weather forecasting. Nowadays, GNSS meteorology is a proved technique which 

bonds meteorological and geodetic communities together.  Even though there are other methods 

for measuring the amount of water vapor in the atmosphere like radiosonde, water vapor 

radiometer, meteorological satellites, GNSS meteorology provides unbeatable benefits. Since 

there are numerous GNSS stations around the world which are continuously collecting 



Khrystyna Bezborodova: GNSS meteorology in support of severe weather forecasting 

 

  

2018 2 

 

observations, GNSS meteorology technique enables high spatial and temporal resolution. 

Moreover, operational expenses are much lower than in the case of other techniques. 

In the past years many significant developments have been observed in the field of 

GNSS which have a great potential to improve its contribution to meteorology. New GNSS are 

emerging like Chinese BeiDou and European Galileo, which have already started providing 

more signals. Availability of official real-time precise products like International GNSS Service 

(IGS) Real-time Service in support for Precise Point Positioning technique enables a higher 

temporal resolution and rapid update of tropospheric parameters. 

In this Master thesis, I present a study of a severe weather event that occurred on the 

territory of Western part of Europe, particularly in Netherlands between 22nd and 24th of June, 

2016. Major rainfalls caused flooding. The data were processed for the period from the 1st of 

May to 30th of June, 2016. Throughout June severe weather events hit various locations in the 

Western part of Europe. The area of interest for this study covers the territories of the following 

countries: Netherlands, Germany, Belgium, France and southern part of Great Britain. Data 

from 210 GNSS stations were processed in Bernese GNSS software with PPP technique in order 

to obtain such tropospheric parameters as zenith wet delay and horizontal gradient. Parameters 

were estimated at each station at 15 minutes interval. Maps with horizontal gradients and zenith 

wet delays at each station and maps with interpolated surfaces of zenith wet delays were 

generated using ArcMap and Python, particularly module ArcPy. These were used to create an 

animation to show how the weather event evolved in space and time. The results were later 

validated against the numerical weather model ERA-Interim outputs which are available at 6 

hour intervals. Validation consisted of two parts: 

-visual comparison of maps with tropospheric parameters estimated in Bernese GNSS 

software to the maps with linearly interpolated in time (to 1hour interval) tropospheric 

parameters derived from ERA-Interim. 

-statistical comparison of tropospheric parameters at 6hour interval. 
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The parameters estimated in Bernese were also statistically compared to official IGS 

final products. 

This thesis aims at proving that GNSS meteorology technique has a potential to 

effectively support weather forecasting including nowcasting. Chapters 1 and 2 describe the 

concept of GNSS in general and GNSS meteorology, in chapter 3 the information about data set 

and weather event can be found. Chapter 4 describes in detail data processing including 

explanation of the settings choice, utilized software and results of campaign. In chapter 5 

obtained in Bernese GNSS software values of zenith wet delay are validated against the official 

International GNSS Service precise products which are the reference in this study along with 

ERA-Interim outputs. Chapter 6 describes the process of the visualization of the results and 

finally chapter 7 is about visual and statistical validation against tropospheric parameters 

derived from ERA-Interim numerical weather model. 
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2 INTRODUCTION TO GLOBAL NAVIGATION SATELLITE SYSTEMS 

GNSS plays an important role in people’s everyday life providing global positioning 

and precise timing services. Moreover, it has changed the field of GIS, drastically improving 

precision and ease of data collection.  

GNSS is a collection of navigation satellite systems that are operated by different 

countries in the world. The systems differ in their design and used frequencies, although all of 

them are L-band. 

GPS 

The Global Positioning System is the GNSS system. The United States Department of 

Defense launched its development in 1973. Its owner is the government of the United States of 

America, however it is operated by United States Air Force. The Initial operational capability 

was achieved in 1993, 24 operating satellites were available for the navigation purposes. 

However, the full functional capability was declared in 1995 when 24 GPS satellites were 

operational in their assigned orbits and were tested for military usage.  

Originally, it was designed in a way that each eight satellites were in three 

approximately circular orbits. Later the design was modified to six orbital planes with an 

inclination angle of 55 degrees, with four satellites in each plane. GPS constellation and 

individual satellite status is updated every working day. The current GPS constellation consists 

of 31 Block II/IIA/IIR/IIR-M/IIF satellites. 

GPS satellites fly in medium Earth orbit (MEO) at an altitude of approximately 20,200 

km (12,550 miles) [1].  

The terrestrial reference system of GPS is World Geodetic System 1984 (WGS-84). 

Satellites use Rubidium and Cesium atomic clocks for precise timing. The GPS time 

system is referenced to coordinate universal time (UTC). 
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GLONASS 

The development of Global Navigation Satellite System was initiated by the former 

Union of Soviet Socialist Republics. Nowadays, GLONASS is operated by the Russian military 

forces. It was declared operational in 1993. In 1996 GLONASS reached its full operational 

capability. 

GLONASS satellite constelation consists of 24 satellites and 3 spares. There are three 

nominally circular orbital planes with an inclination angles of 64.8 degrees with eight equally 

spaced satellites in each. Orbit radius measures 19 140 km, it is about 1060 km lower than GPS 

satellites. 

GLONASS uses a terrestrial coordinate system Parameters of the Earth 1990 (PE-90). 

The time system is maintained by the GLONASS central synchronizer using a set of 

hydrogen masers.[2] The GLONASS time is closely related to the UTC but has a constant offset 

of three hours reflecting the difference between Moscow time and Greenwich time.  

Galileo 

Galileo is a GNSS of European Union, currently still under its construction. In May 

1999, the Ministerial Council of ESA approved the Galileo definition phase, whose contracts 

have been signed in December 1999 [2]. Full operational capability is scheduled for 2022 The 

constellation will consist of 27 satellites and 3 spares in three orbital planes with the orbital 

altitude of 23 222 km and with the inclination of 56 degrees.  

There are 22 satellites in orbit (March, 2018) 14 of them have the status „usable“, 2 are 

at „testing“ status, 4 are at „under commisioning“ status, 1 is at „not usable“ status and 1 is not 

available. In order to make the system operational at full capacity, 24 satellites in orbit are 

needed. 

Galileo GNSS system uses a geocentric Cartesian reference frame which is defined by 

the Galileo terrestrial reference system. 
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The ground based clocks also generate a worldwide time reference called Galileo 

System Time (GST), the standard for the Galileo system and are routinely compared to the local 

realizations of UTC, the UTC(k) of the European frequency and time laboratories.[3] 

BeiDou 

The BeiDou  is a Navigation Satellite System from China which consists of two 

systems. One of them BeiDou-1, a regional test system, has been operational since 2000. A full-

scale system BeiDou-2 which will provide a global coverage is currently under construction 

(since January 2015). The constellation will consist of 35 satellite, five of which are 

geostationary, in three orbital planes with orbital inclination of 55 degrees.  

As of December 2011, the BeiDou system was officially announced to provide Initial 

Operational Service providing initial passive positioning navigation and timing services for the 

whole Asia-Pacific region with a constellation of 10 satellites (5 GEO satellites and 5 IGSO 

satellites) [4][2]. During 2012, 5 additional satellites (1 GEO satellites and 4 MEO satellites) 

were launched increasing to 14 the number of satellites of the constellation. Until 2020, the 

system is going to launch the remaining satellites and evolve towards global navigation 

capability [9]. 
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                      Figure 2.1. Orbital information about GNSS and other systems [4] 

GNSS Architecture 

Each of the GNSS systems described above has three following segments: space 

segment, control segment and user segment as shown in the figure 2.2. 
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Figure 2.2. GNSS segments [5] 

Space segment 

Space segment consists of a constellation of satellites arranged in their orbits. Each 

GNSS has to be designed in such a way that there are minimally four simultaneously visible 

satellites at any place on the Earth with full visibility of sky.  

On their board, each GNSS satellite has a platform for atomic clocks, radio 

transceivers, computers, and other equipment for the operation of the system including solar 

panels for power supply and equipment for stability control and orbit adjustments. 

Each satellite in a GNSS constellation broadcasts a signal to control segments and 

users. These signals incorporate both ranging codes and navigation data messages. The ranging 

codes enable the user equipment to determine the time at which the received signal was 

transmitted, while a data message includes timing parameters, health status, ionospheric 
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parameters, information about the satellite orbits etc. A number of atomic clocks aboard each 

satellite maintain a stable time reference. [6] 

Satellites can be identified by their launch sequence number, the orbital position 

number, the system specific name, the international designation, etc. 

Control segment 

The control segment or the ground segment is responsible for maintenance of the whole 

system, tracking the satellites in order to determinate/predict clock and orbital parameters, 

upload of the data message to the satellites etc. 

Generally, the control segment comprises a master control station coordinating all 

activities, monitor stations forming the tracking network, and ground antennas being the 

communication link to the satellites [2]. 

User segment 

The user segment consists of equipment that processes the received signals from the 

GNSS satellites and uses them to derive and apply location and time information [5]. 

Users can be classified into military (authorized) and civilian (unauthorized). However, 

in case of Galileo, all users are unauthorized. 

Positioning. Pseudorange equation. Errors. 

All the GNSS systems share the same principle. In order to resolve four unknowns 

which are the coordinates X, Y, Z (or given as latitude, longitude and height of a receiver above 

an ellipsoid) and a receiver clock error, the receiver needs to perform measurements to a 

minimum of 4 satellites simultaneously in order to obtain 4 pseudorange measurements. 

The pseudorange equation can be written in the following form: 
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                                        p=ρ+dρ+c(dt−dT)+dion+dtrop+εmp+εp                                                        (2.1)[7] 

where: 

p  - the pseudorange measurement 

ρ - the true range, means geometric distance between a satellite and receiver 

dρ - satellite orbital errors 

c - the speed of light 

dt - satellite clock offset from GPS time 

dT - receiver clock offset from GPS time 

dion - ionospheric delay 

dtrop - tropospheric delay 

εmp - multipath 

εp - receiver noise 

Clock bias is only one of the errors in pseudoranges. Atmospheric effects and other 

errors have to be considered as well.  Due to all of the errors mentioned above, the true range 

and the measured one cannot be equal. 

Receiver clock bias 

If the receiver on ground defined by its geocentric position vector employed a clock 

that was set precisely to system time, the geometric distance or range to each satellite could be 

accurately measured by recording the run time required for the (coded) satellite signal to reach 

the receiver [2].  



Khrystyna Bezborodova: GNSS meteorology in support of severe weather forecasting 

 

  

2018 11 

 

However, receivers use compact and less expensive quartz crystal clock with long life 

spans and low power requirements. On the other hand, satellites use precise atomic clock, which 

are more stable. 

Thus, the clock of the receiver on ground is offset from true system time, and because 

of this offset, the distance measured to the satellite differs from the geometric range [2]. 

Satellite Clock bias 

Even though the clock on satellites are very precise and stable, they drift. This leads to 

significant errors in the determination of the position on the ground. 

The clock on the satellite is monitored by the GNSS ground control system and 

compared to the even more accurate clock used in the ground control system. In the downlink 

data (navigation message), the satellite provides the user with an estimate of its clock offset [5]. 

One way of compensating for clock error is to download precise satellite clock 

information from an Spaced Based Augmentation System (SBAS), from real-time correction 

streams provided by IGS, from analytical centers or from precise products with ephemerides 

and satellite clock errors [5]. 

Another way of compensating for clock error is to use a Differential GNSS technique 

[5]. 

Satellite Orbital Problems 

The orbits of GNSS satellites can vary. Even though, the variation is very small, it can 

cause non-negligible errors in computation of receiver position. The ground control segment is 

responsible for computing ephemerides and sending them to satellites at a regular time rate.  

One way of compensating for satellite orbit errors is to download precise ephemeris 

information from an SBAS system), from real-time correction streams provided by IGS, from 
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analytical centers or from precise products with ephemerides and satellite clock errors. Another 

way of compensating for satellite orbit errors is to use a Differential GNSS [5]. 

Ionospheric delay 

The ionosphere is ionized plasma comprised of negatively charged electrons which 

remain free for long periods before being captured by positive ions. It extends from about 50 

km to 1000 km above the earth’s surface and is the first part of the atmosphere that the signal 

encounters on his path from the satellite [7]. 

When traveling through the ionosphere, GNSS signals get refracted due to the free 

electrons in the ionosphere. Thus, it causes significant errors in position. 

Ionospheric delay varies with solar activity, time of year, season, time of day and 

location. This makes it very difficult to predict how much ionospheric delay is impacting the 

calculated position [5]. 

Since the ionosphere is a dispersive medium, the propagation velocity varies with 

frequency. Thus, this error can be eliminated by using a linear combination of two or more 

frequencies, for example L1 and L2. Also the ionospheric error can be modeled, although using 

multiple frequencies should be preferred over using ionospheric models due to complexity of 

the ionosphere. 

Troposphere 

Troposphere is the closest to the Earth layer of the atmosphere. Since it is a non-

dispersive medium, its effect on the signal cannot be eliminated by using two or more 

frequencies.  

The tropospheric delay is divided into a hydrostatic (dry) part and a nonhydrostatic 

(wet) part.  
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Although tropospheric delay cannot be eliminated by using two or more frequencies, it 

can be modeled or its effect can be estimated from signals. 

Variations in tropospheric delay are caused by the changing humidity, temperature and 

atmospheric pressure in the troposphere [5]. 

Examples of such models are the Hopfield and Saastamoninen models [8]. 

Multipath 

Multipath occurs when a GNSS signal is reflected off an object to the GNSS antenna. 

The signals can be reflected off building walls and roof, trees, etc. The reflected signals are 

always delayed because it takes more time for them to travel to the antenna. Thus, the calculated 

position will be incorrect. Low elevation angles are affected by multipath the most. 

Receiver noise 

Receiver noise is directly related to thermal noise, dynamic stress, and so on in the GPS receiver 

itself. Receiver noise is also an uncorrelated error source [7]. The error is about 1% of the 

wavelength of the signal involved [7]. In other words, in code solutions, the size of the error is 

related to chip width. For example, the receiver noise error in a C/A code solution can be around 

3 m which is about an order of magnitude more than it is in a P code solution, about 3 cm [7]. 

And in carrier phase solutions, the receiver noise error contributes only with millimeters to the 

overall error [7]. 

Applications 

Initially, GNSS was developed for the military purposes. Later in time, with GNSS 

signals becoming freely available and with the emerging of widely affordable GNSS equipment, 

the GNSS technology became an essential in civil, scientific and industrial areas.  

Among the applications are the following: 
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Location-Based Services. Depending on the user’s location applications, mostly mobile 

ones, provide relevant information. The information can be of different kinds: tourist 

information, transport etc. 

Civil applications. Among these are road applications, rail applications, aviation 

applications, maritime applications, industry applications, precision agriculture applications and 

finally, personal applications. 

Surveying, mapping and Geographical information systems (GIS). Nowadays, GNSS 

is widely used for land and aerial surveying, cartography, GIS. 

Scientific applications. GNSS has become an essential part of scientific research.  It is 

widely used in the earth sciences. Among the fields which use this technology the most are the 

following:  geodesy and geodynamics, remote sensing, physics of the ionosphere and 

troposphere.  

Military applications. As it was stated before, the primary objective for the GNSS 

development was the improvement of military field. To this day, GNSS plays a crucial role in 

this field and is used for target acquisition and military navigation. 

Autonomous applications. Autonomous driving and flying technology rely on GNSS 

technology. With precise positioning, GNSS can be used for track determination. 

Precise time referencing. High precision positioning is impossible without accurate 

timing. Each navigation satellite has atomic clocks that are synchronized from a master clock 

on the ground and the navigation messages are timestamped with the transmission time of the 

signal. This allows GNSS receivers to act as a worldwide synchronized time source with a 

precision that could only be maintained during long periods by expensive equipment. This 

enabled a wide set of applications that rely on GNSS synchronized precise time sources. These 

applications can range from network synchronization and optimization to encryption and digital 

signature of electronic data [9]. 
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Atmospheric sounding. The processes in the Earth’s upper atmosphere predetermine 

the weather. As it was stated before, atmosphere affects the signals. Thus, continuous 

observations from GNSS receivers provide an excellent tool for atmosphere sounding. Collected 

observation data are being processed in near-real time and estimated tropospheric products are 

then assimilated into numerical weather prediction forecasting models. 
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3 GNSS meteorology 

3.1. Concepts of GNSS meteorology 

The primary use of Global Navigation Satellite System is positioning and navigation. 

However, new applications have been emerging over the past years, among them is atmospheric 

sounding. 

Microwave signals of GNSS take a rough trip through the atmosphere while traveling 

from satellites to receivers on the ground. The waves are significantly delayed by the ionosphere 

and troposphere. Thus, GNSS can be used to retrieve information about the state of atmosphere.    

The atmosphere is not physically uniform and is divided into layers by pressure and 

temperature, which change with the altitude. The troposphere is the closest to the Earth’s surface 

layer of the atmosphere. It ranges in thickness from 8 km at the poles to 16 km over the equator. 

The troposphere is the densest and the heaviest layer, holding approximately 75 % of all the 

mass of the atmosphere. The troposphere is composed of oxygen nitrogen (78 %), oxygen (20.9 

%) and argon (0.9 %). Nearly all atmospheric water vapor is found in this layer. All the weather 

occurs in troposphere. 

The troposphere is a non-dispersive, refractive medium, which affects the propagation 

of microwave signals of GNSS.  Traveling through the troposphere signals experience a path 

delay, which varies from about 2.30 m to 2.60 m at sea level in the zenith direction and can 

reach up to 50 m for a satellite at an elevation angle of 3 degrees. The tropospheric path delay 

can be divided into two parts: a hydrostatic  one and a non-hydrostatic one. 90 % of the delay is 

caused by the dry atmosphere with typical values of about 2 m at zenith. The wet atmosphere 

causes significantly smaller delays, which range from 0 m to 0.40 m. The sum of hydrostatic 

and non-hydrostatic delay makes the total signal delay. 

The non-hydrostatic delay depends on the atmospheric pressure and temperature and 

most of the time does not have significant variations in space and time therefore is easier to 
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model. On the other hand, the hydrostatic delay depends on the content of water vapor in the air 

hence its spatiotemporal variation is notably faster. 

As it was stated above, the hydrostatic delay is easily and rather accurately predicted. 

Together with a known mapping function, which gives the relation between the vertical (zenith) 

and slant delay, the zenith wet delay (ZWD) is computed. [34] The zenith wet delay is related 

to the Integrated Water Vapor (IWV) or Precipitable Water Vapor: the amount of water vapor 

in a column of the atmosphere, expressed in kg/m2 or mm precipitable water vapor [34]. 

The Zenith Total Delay, Zenith Wet Delay, or Integrated Water Vapor, can be 

assimilated into numerical weather prediction models to improve weather forecasting [34]. 

In the majority of cases, signals from satellites to GNSS receivers come from slant 

directions. The tropospheric propagation delays depend on the actual path of signals through the 

atmosphere, therefore the propagation delays are the function of satellite elevation angle. The 

closer the satellite is to the horizon, the bigger the signal’s path through the atmosphere hence 

the microwave signal is delayed by the troposphere more.  

The total slant delay can be expressed with the following formula: 

             )()()()(),( ,,,
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Atot zmftzmftzt   +G                     (3.1) 

Where 

mfdry – hydrostatic mapping function 

mfwet – non-hydrostatic mapping function 

Δρz
dry,A – zenith hydrostatic delay 

Δρz
wet,A – zenith non-hydrostatic delay 

t – elevation angle 
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z -  azimuth angle 

G – horizontal gradients 

A priory tropospheric models 

Zenith tropospheric a priori models require such meteorological parameters as 

pressure, temperature and humidity which can be derived from meteorological observations or 

standard atmospheric models. These models are divided into wet and dry. 

There are two major models for the dry component of the tropospheric delay - 

Saastamoinen [39] and the Hopfield [40].  

Hopfield’s model is based on a refractivity model. The zenith hydrostatic delay of the 

Hopfield model can be written as following: 

                    (3.2) 

Where p0 is the total ground/antenna pressure and T0 is the surface temperature. The air 

is treated as an ideal gas, although it is not very critical. However, this models assume constant 

temperature lapse rate. This approximation means that the gravity is not modeled with 

dependence on the height.  

The Saastamoinen model overcomes this drawback. This model is more accurate and 

does not need temperature measurements on the input. However, for the gravity correction the 

height of the station and its latitude are needed. It is based on a theoretical definition of 
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hydrostatic delay and a hydrostatic equilibrium assumption:                                      

                                                    (3.3)                                        

Where φ is ellipsoidal latitude, h is surface/antenna height above the ellipsoid and p0 is 

the surface/antenna pressure. 

Zenith wet delay is affected by the distribution of water vapor in the troposphere, which 

is difficult to obtain therefore the wet tropospheric delays often remain unsatisfactory estimated 

by any a priori model. It is highly recommended to only include an a priori model for the dry 

component and to account for the non-hydrostatic part by estimating the site-specific 

tropospheric parameters based on the GNSS observations. These parameters are station and time 

dependent. 

Still there are models for the non-hydrostatic delay such as Ifadis and Saastamoinen 

models.  

Integrated Water Vapor and Zenith Wet Delay 

If the vertically integrated water vapor overlying a receiver is stated in terms of 

precipitable water (PW), that is, as the length of an equivalent column of liquid water, then this 

quantity can be related to the ZWD at the receiver; thus, 

                                                                                                           (3.4)[15] 

Where the ZWD is given in units of length, and the dimensionless constant of 

proportionality П is given by 
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                                                                                            (3.5)[41] 

 where ρ is the density of liquid water, Rv is the specific gas constant for water vapor, 

and Tm is  weighted mean temperature of atmosphere [15]. 

Water vapor plays an extremely important role in weather forecasting, since such 

meteorological phenomena as clouds, rain and snow require water vapor to form. 

Mapping functions 

Lots of effort have been put into developing mapping functions, which are used to map 

a tropospheric zenith delay to an arbitrary line-of-sight. Virtually all mapping functions are 

based on data from numerical weather models (NWM) [10]. 

In this chapter the following mapping functions are discussed: Niell mapping function, 

Vienna Mapping Function and Global Mapping function. 

All of them use continued fraction term according to the formula below. E is the 

elevation and a, b and c are coefficients dependent on at least latitude and day of year: 

                                                                   (3.6) 

Niell mapping functions, 1996 [46] 

The mapping function that does not require any surface meteorological measurements 

and as an input uses only the coordinates of the station and the time of the measurement as an 

input. The mapping function separates dry and wet component. 

Hydrostatic mapping function: 
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                                                 (3.7) 

Where E is the elevation of a ray and H is the height of a receiver. 

Non-hydrostatic mapping function: 

                                                                             (3.8) 

Where m (E, a, b, c) is the mapping normalized to unity at zenith [47]: 

                                                            (3.9) 

The Hydrostatic parameters, ad, bd, cd are time- and latitude-  dependent parameters. 

Vienna Mapping Functions, 2005 

The Vienna mapping functions VMF are based on a direct raytracing through actual 

NWMs fields without taking any intermediate parameters [10]. So to use VMF the user has to 

always download a set of mapping function parameters valid for the epochs of his observation 

data. 

Input parameters for the raytracing are initial elevation angle, height, temperature and 

water vapor pressure at 15 pressure levels of the NWM field. The raytracing then yields the 

outgoing (= vacuum) elevation angle, and the values for the hydrostatic and the wet mapping 

function. The hydrostatic mapping function includes the geometric bending effect [10]. 
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Global Mapping Functions 

The global mapping function was introduced by Bohm et al. [2006].  

It is based on data from the global ECMWF numerical weather model. The coefficients 

of the GMF were obtained from an expansion of the Vienna Mapping Function (VMF1) 

parameters into spherical harmonics on a global grid. Similar to NMF, the values of the 

coefficients require only the station coordinates and the day of year as input parameters. 

Compared to the 6-hourly values of the VMF1 a slight degradation in short-term precision 

occurs using the empirical GMF. However, the regional height biases and annual errors of NMF 

are significantly reduced with GMF [11]. 

Horizontal tropospheric gradients 

ZTD values do not supply any information on the horizontal distribution of water vapor 

in the troposphere. The horizontal gradients provide information to describe the first order 

tropospheric asymmetry and increase the useful meteorological information content. Especially, 

high-resolution gradient parameters can help with nowcasting of severe rainfall because the 

tropospheric gradient is higher correlated with strong rainfall than precipitable water vapor [12]. 

The estimation of horizontal gradients has become a common part of GNSS processing 

since they also increase the quality of ZTD and coordinates estimates. Gradient parameters are 

estimated in north and east directions for each station in pre-defined time intervals. In order to 

model an asymmetric part of the troposphere, various models are used. One of them is Davis 

model that is based on the assumption of linear variation of refractivity with horizontal distance. 

Gradient model is the following: 

                           (3.10) 
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where (ε) msym is a symmetric mapping function (i.e. not a function of azimuth), ε ′is 

the refracted elevation angle, α is azimuth angle and GN and GE are the delay gradients in the 

north and east directions respectively. 

Gradient mapping functions are used to map a horizontal gradient to an arbitrary line-

of-sight. According to Chen and Herring [30] the gradient mapping function can be expressed 

approximately as a continued fraction expansion in the form of sin ε: 

                                                    (3.11) 

Or: 

                                                                                                (3.12) 

Where: 

                                                                                                   (3.13) 

where ∇N is the gradient of refractivity, h is the height and R is the radius of Earth. 

3.2. Methods for measuring the amount of water vapor in the air 

There is a variety of choices when it comes to measuring the amount of water vapor in 

the air. 

The oldest method uses radiosonde. It is a small, expendable instrument package 

(weighs 250 to 500 grams) that is suspended below a large balloon inflated with hydrogen or 
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helium gas [35]. As the radiosonde rises at about 300 meters/minute , sensors on the radiosonde 

transmit pressure, temperature, relative humidity and GPS position data each second back to the 

ground [35]. The data are processed, correlated with data from other radiosondes, and used to 

create an instantaneous picture of weather conditions throughout the world [36]. The data are 

used not only to understand current weather patterns but also as inputs for longer-range 

computer-based forecasting models [36]. 

Sounding can last in excess of two hours. In that time, the radiosonde can ascend to an 

altitude exceeding 35 km and drift horizontally more than 300 km from the release point [35]. 

When released, the balloon is about 1.5 meters in diameter and gradually expands in size as it 

rises owing to the decrease in air pressure. When the balloon reaches a diameter of 6 to 8 meters 

(20 to 25 feet) in diameter, it bursts [35]. There are over 800 [35] upper-air observation stations 

around the world. The observations are usually taken at the same time each day (up to an hour 

before 00:00 and/or 12:00 UTC), 365 days a year [35]. It is clear that radiosonde looses to GNSS 

meteorology when it comes to spatial and temporal resolution. There are dense networks of 

GNSS stations around the world which provide continuous observations. Radiosonde 

measurements are expensive. When the balloon bursts radiosonde falls on the ground. Some 

organizations ask people who found the device to return it for refurbishment and reuse, other 

organizations advise simply disposing of found radiosonde. However, a radiosonde has a great 

advantage over GNSS meteorology, since it provides a complete vertical profile above the 

station.  

Water vapor radiometer is another way of measuring precipitable water vapor in the 

troposphere. WVR uses microwave spectral range between 1 and 300 GHz. The atmosphere is 

semi-transparent in the microwave spectral range. This means its components like dry gases, 

water vapor, or hydrometeors interact with microwave radiation but overall even the cloudy 

atmosphere is not completely opaque in this frequency range [37]. For weather and climate 

monitoring, microwave radiometers are operated from space as well as from the ground [37]. 

They allow to derive important meteorological quantities such as vertical temperature and 
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humidity profile, columnar water vapor amount, or columnar liquid water path with a high 

temporal resolution in the order of seconds to minutes under nearly all weather conditions. 

Weather satellites are primarily used for weather and climate monitoring. Observation 

is typically made using visible and infrared spectrum. Pollution, wind, clouds and cloud systems 

are detected by visible spectrum. Infrared images can be used to determine cloud heights and 

types, to calculate land and surface water temperatures, and to locate ocean surface features. 

Infrared satellite imagery can also be used effectively for tropical cyclones. 

3.3. Current state of GNSS meteorology 

Advantages of GNSS meteorology technique over all of the described methods is high 

spatial and temporal resolution and relatively low cost operation. This made GNSS meteorology 

a focus of a set of European projects in the past years. In the figure 3.1 the timeline of the 

projects is presented. 

 

Figure 3.1. European GNSS meteorology projects [12] 

COST action ES1206 Advanced Global Navigation Satellite Systems tropospheric 

products for monitoring severe weather events and climate (GNSS4SWEC) and E-GVAP are 

the latest European projects dedicated to GNSS meteorology in support of weather forecasting. 

Nowadays, the usability of GNSS meteorology in support of now-casting and severe weather 

monitoring is tested. 
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4 DATASET 

4.1. Spatiotemporal frame 

To examine mainly the severe weather event which occurred in Netherlands on 22nd 

and 23rd of June 2016, the period from the 1st of May 2016 to 30th of June 2016 was studied.  

Such a long time frame is required since the GNSS meteorology outputs from this study are 

expected to be assimilated to NWM in various testing scenarios. To identify and remove 

systematic biases between GNSS meteorology outputs and model background and to use the 

mentioned above outputs to improve weather forecasting, NWM model requires quiet long 

period of time, including the period free of extreme weather events. The study area covers 

northern part of France, Belgium, Netherlands, a part of southern United Kingdom and a part of 

the northwestern Germany. 

4.2. Description of weather events 

4.2.1. Severe weather events throughout the study period 

From the end of May until the beginning of June for about a week heavy rain has caused 

serious flooding across much of central and northern France, as well as part of Germany, 

Romania and Belgium. In Paris, France the river level stood at about 4.5 meters above average 

[24]. In Belgium flooding reported in several areas across the country, including northern 

Antwerp and the west of Flanders, and areas around Limburg and Liege [25]. 

The Baden-Württemberg village of Braunsbach in Germany was heavily affected by 

the flood [22]. After flash floods on 29th of May 2016, small tributaries of the river Kocher 

flooded the streets of the village within minutes, and the roadways were buried under rocks, 

trees and car wrecks [22].  On 3rd and 4th  of June, heavy storms were reported in Southern 

Germany [22]. On 4th of June there were floods in the region around Bonn on tributaries of the 

river Rhine [22]. 
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Starting from June 5th the Great Britain experienced numerous local floods. On 7th of 

June strong thunderstorms caused heavy rainfall and flash flooding across the south of England, 

particularly in London, where 35 mm of rain was recorded in one hour [23]. On the 8th of June 

severe flooding was also reported across the Midlands. Several towns in Greater Manchester 

were flooded. East Sussex which is located in the south near the shore was also affected by 

flooding [22]. Further thunderstorms on 10th of June lead to flash flooding mainly across 

northern England and the Midlands [22].  From 10th of June to 16th of June flooding were 

reported in many areas of the country. 

4.2.2. 22nd – 24th of June 2016 

On 22nd and 23rd  of June 2016 in Netherlands, mainly in the western and the south-

eastern part of the country, a severe thunderstorm occurred. It caused floods, wind and hail 

damage. 

The heavy thunderstorms were the result of the south-western movement that occurred 

on 22nd of June between a low-pressure area to the west of the British Isles and a high-pressure 

area with a nucleus above the Baltic States. The air was hot, humid and unstable (so-called 

Spanish plume). This caused the development of heavy rains in Netherlands on the night from 

22nd to 23rd  of June and on the night from 23rd to 24th  of June. The weather map for 23rd of June 

is shown in the figure 4.1. 
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Figure 4.1. Weather map 23rd of June 2016 [16] 

On the evening of 22nd of June the rain started in Belgium and in the north of France.  

At midnight showers reached New Zealand. On the morning of 23rd of June a storm cluster went 

over Netherlands, mainly over the south of the country and the city of Utrecht. In many 

provinces the rains brought from 30 up to 60 mm of rain in a short period of time. Precipitation 

map is shown in the figure 4.2 below. 
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   Figure 4.2. Precipitation 23rd of June 2016[16] 

During the morning of 23rd of June rains moved from the western part to the eastern 

part of Netherlands. Although the rainfall decreased, still yet it brought from 10 up to 30 mm of 

rain in a short period of time. The precipitation 

After the thunderstorm described above, the temperatures started rising quickly. At the 

same time the air was very humid. At many places the dew point rose up to 22 degrees Celsius, 

in Arcen up to more than 25. On the evening of 23rd of July a few isolated thunderstorms passed 
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across the eastern border of Netherlands and moved to Germany. On that evening thunderstorms 

approached Netherlands from France. At the same time heavy showers occurred above Belgium 

and started approaching Netherlands. The showers reached Brabant at 20:00. The storm in the 

southeastern Brabant evolved into a supercell storm. This caused a great damage. The rains 

caused more than 50 millimeters of precipitation in the southeastern part of Netherlands. 

 

                      Figure 4.3. Precipitation, 24th of June 08:00 (UT)[16] 

4.3. Network of selected GNSS reference stations 

Initially, 396 permanent GNSS stations from United Kingdom, France, Belgium, 

Netherlands and Germany had been chosen for the further processing, however, the station list 

was filtered either to get rid of redundant stations located very close to each other or due to 

unavailability of data. The final list contained 210 stations. Typical distance between two 
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stations is 30-70 km. In the figure 4.4 presented below the stations are classified according to 

their altitude (height above ellipsoid). 

 

Figure 4.4. Ellipsoidal heights of the GNSS reference stations in the study area 

The chosen stations belong to the following networks: SONEL (numerous institutions 

contribute GNSS data to SONEL), Institut Géographique National (IGN), British Isles 

continuous GNSS Facility (BIGF), EUREF (numerous institutions contribute GNSS data to 

EUREF). The majority of GNSS stations in the territory of France belong to IGN network. The 

stations in the Great Britain mostly belong to the BIGF network.  The stations in the territory of 

Germany, Belgium and Netherlands in their majority belong to EUREF network, however 

GNSS stations at the coast belong to SONEL. In the figure 4.5. below stations are classified 

according to the data provider. 
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   Figure 4.5. GNSS network providers in the study area 

4.4. Observation data 

All GNSS data files were provided in RINEX format with a 30s sampling interval. In 

the graph 4.1 the stations are divided into two groups according to GNSS systems they provided. 

It clearly shows the majority of stations provided GPS+GLONASS signals. 
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Graph 4.1 Classification of GNSS stations according to type of observations 

 

In the graph 4.2 data completeness is analyzed. Not each station has complete dataset 

for each day of 61 days and not each station has a complete set of measurements for 24 hours at 

every single day. 

   Graph 4.2. Data availability 
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5 DATA PROCESSING 

5.1. Precise Point Positioning Fundamentals 

In the past decades new techniques emerged in the field of advanced GNSS signal 

processing thanks to major rapid developments in the world of space geodesy and computer 

science. In the 1990s it was only possible to obtain an accurate position with GPS using at least 

two receivers and differential technique. Nowadays a centimeter level accuracy in static and 

first decimeter level in kinematic mode has become possible using just one receiver thanks to 

Precise Point Positioning (PPP) technique [28].  

PPP uses observations without differencing and is more computationally efficient than 

Precise Network Positioning. This technique uses such precise products as satellite orbits, clocks 

and signal biases from either commercial or/and public services (e.g., International GNSS 

service, IGS;  Center for Orbit Determination in Europe, CODE ).  

As already mentioned PPP does not require observations from other GNSS reference 

stations which means we are talking about absolute positioning rather than relative. Thus, PPP 

is a perfect solution in case of remote areas with no reference stations in the vicinity. 

The PPP algorithm uses on input code and phase observations from (typically) a dual-

frequency receiver, and precise satellite orbits and satellite clock error corrections (CODE, IGS) 

instead of broadcast ones, to calculate precise receiver coordinates, clock error and optionally 

other parameters. Ionospheric effect is typically eliminated by using linear combination of 

signals on two frequencies, in cases where only one frequency is used, ionospheric maps from 

modelling are the solution. Hydrostatic part of the troposphere is usually modeled, and the wet 

part is an estimated parameter as well as the receiver clock error. PPP method does not require 

a prior knowledge about coordinates of the receiver. In the first step, coordinates of the receiver 

from code measurements only and a priori values of optional parameters are estimated. The 

estimation of all parameters with a usage of Kalman filter or least-squares method (only in case 

of post-processing mode) improves in time until the convergence time is not reached what 
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usually takes about 30 minutes. Since in the beginning ambiguity resolution remains impossible, 

solution is based on the code measurements only. With time phase measurements are added, 

float ambiguities and coordinates (in case of static measurements) converge to constant values 

and only receiver clock errors and zenith wet delays change.  Ambiguity resolution to integer 

values is a challenge for PPP due to uncalibrated phase delays (UPD) that are completely 

eliminated in double-difference measurements. Classic PPP is based on float ambiguity solution, 

although new methods that determine UPDs are emerging. These methods allow to fix 

ambiguities. This significantly improves parameters estimation and reduces convergence time. 

The mathematical model of observations used by the method is the following: 

                                      (5.1)[18] 

Li
k, Pi

k - undifferenced carrier phase and code observations (meters) 

ρi
k  - geometric distance (satellite-receiver) 

Bi
k  - carrier phase bias, where    

Ni
k  , δNi

k - integer carrier phase ambiguity and non-zero initial fractional phase 

Δti, 𝛥tk  - receiver and satellite clock offsets 

Ti – tropospheric total zenith delay 

αi
k – troposphere mapping function 

Ii
k – slant ionospheric delay 

bi, 𝑏k  ; di, 𝑑k  - receiver and satellite code and phase hardware delays 

λ - corresponding carrier wavelength 
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c – speed of light 

e -random error or residual 

The accuracy can be at centimeter level [9] in static mode and around a few decimeters 

in kinematic mode. Even a 1cm level accuracy in static mode is possible in post-processing 

mode if high quality observations for at least a several hours long campaign are available. As 

already drafted, reaching the highest possible accuracy requires some convergence time which 

generally depends on current satellite constellation, quality of observation and products etc. 

The most important factors affecting the quality of PPP are the amount and quality of 

observations and the satellite orbits and clock products. There are many other effects that are 

affecting accuracy of PPP. Errors, magnitude and methods of dealing with them are introduced 

in the figure 5.1. 

 

Figure 5.1. Errors in PPP [18] 

5.2. Software 

There are several scientific software packages which have been developed by various 

research groups to process precise GNSS data for research and operational purposes. For this 
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study Bernese GNSS software in version 5.2 has been chosen. The Bernese GNSS Software is 

a commercial scientific, high-precision, multi-GNSS data processing software developed at the 

Astronomical Institute of the University of Bern (AIUB). It is, e.g., used by CODE (Center for 

Orbit Determination in Europe) for its international (IGS) and European (EUREF/EPN) 

activities [20] and by many GNSS data analytical centers worldwide.  

Bernese GPS SW allows processing of all principal observables recorded by geodetic 

receivers. Single and dual frequency data may be processed in the same estimation step [21]. 

Bernese allows processing and combining data from various receiver types in the same 

processing step (including establishing and use of receiver type specific antenna phase center 

variations) [21]. The software is capable of modelling station motions for plate movements, 

solid earth tides and ocean tidal loading.  

Bernese GNSS software was and still is mainly developed for double-differenced 

network solution, however it supports also PPP technique. Moreover, it allows to work with 

large amounts of data collected from GNSS stations in an automated mode - for processing large 

campaigns the Bernese Processing Engine can be utilized. It is based on server-client 

architecture where the server is written in C++ and integrated into the menu program and the 

client is written in Perl and can be used under diverse operating systems such as Windows, 

UNIX, and Mac OS. On Windows platforms scripts are written in Perl. The tasks can be 

performed sequentially or in parallel. The BPE processing tasks are defined by the user in so–

called Process Control Files (PCFs) [26]. There are two complete processing schemes (PCFs) 

tailored to process PPP, one of them is basic version PPP_BAS and the other one is extended 

version PPP_DEMO which can be utilized to estimate extra parameters.  

Bernese GPS SW allows to combine processing of data from GPS, GLONASS, and 

GPS/GLONASS receivers. A broad list of standard formats is supported including following: 

RINEX with LEO extension, SP3, SINEX, IONEX, clock RINEX, troposphere SINEX, 

ANTEX and IERS ERP. 
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Among typical users are scientists researching in geodesy, meteorology and 

geosciences, universities (for educational purposes), survey agencies responsible for high-

accuracy GPS surveys, agencies responsible to maintain networks of permanent GNSS 

receivers, commercial users with complex applications demanding high accuracy, reliability, 

and high productivity. 

User database of Bernese GNSS software counts more than 700 institutions. The 

registered users are shown in the figure 5.2 below. 

 

Figure 5.2. Geographical distribution of institutions using the Bernese GNSS software to the date of 19th of January 

2018 [20] 

Bernese software provides tools which allow to deal with various tasks. Among them 

are: 

-rapid processing of small-size single and dual frequency surveys [4] 

-automatic processing of permanent networks [4] 

-processing of data from a large number of receivers [4] 

-ambiguity resolution on long baselines (2000 km and longer) [4] 
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-ionosphere and troposphere monitoring [4] 

-clock estimation and time transfer [4] 

-orbit determination and estimation of Earth orientation parameters [4] 

5.3. Data Processing. Applied settings 

The data were processed using PPP method in Bernese GNSS software. Due to the big 

amount of data the automatic BPE was used. Finally, after testing (see chapter 5) the basic 

version of PPP processing scheme with some modifications regarding troposphere parameters 

estimation process was applied.  To perform PPP processing it was necessary to download the 

files listed in the table 5.1. 

Table 5.1. Files for PPP processing 

Files Format Source  

Observational files RINEX Reference stations 

Orbit files, satellite clock 

corrections (15 min interval) 

SP3 CODE final 

Earth Rotation Parameters ERP CODE final 

Antenna calibration ANTEX IGS 

Apriori coordinates of stations CRD GNSS network provider 

Differential Code Biases DCB CODE 

Ionosphere parameters IONEX CODE 

Satellite clock correction, 

shorter interval (30 s) 

CLK CODE final 

Velocity files VEL  

Ocean tide loading BLQ Generated, 

http://holt.oso.chalmers.se 
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Observation data from GPS and GLONASS satellites were processed. Ionosphere-free 

linear combination (LC) L3 was used. This LC eliminates the first order ionospheric refraction 

effects and is thus recommended for most applications [26]. To improve the estimation of 

tropospheric zenith delay low-elevation data was used with elevation cut-off angle set to 5 

degrees. However low-elevation observations are affected by multipath and tropospheric 

refraction the most. To compensate for it and optimize the use of low-elevation observations, 

an elevation-dependent observation weighting model COSZ was activated with weighting 

function cos(z)**2.  A priori sigma for unit weight was set to 0.001 meters.  

In the process of troposphere parameters estimation rather free constraints were applied 

to reduce outliers in estimation, but on the other hand do not tie the solution too much. Relative 

constraining of 0.001 meters was set for zenith path delay and 0.0001 meters for horizontal 

gradients. 

For zenith path delay Vienna Mapping Function (VMF) [29] was used and horizontal 

gradients were estimated using Chen and Herring gradient estimation model [30].  

The resulting files with ZTDs and tropospheric horizontal gradients can be provided in 

TRP and TRO SINEX formats. These files were generated for each station for each of 61 days. 

TRP files contain values of Zenith Total Delay as a sum of estimated Zenith Wet Delay and 

modelled Zenith Hydrostatic Delay separately, northern and eastern components of horizontal 

gradients in meters and standard errors of each of the mentioned values at 15minutes interval. 

TRO files contain Zenith Total Delay, northern and eastern components of horizontal gradients 

in millimeters and standard errors for each of the values. 
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6 COMPARISON OF ESTIMATED ZTDs TO IGS FINAL ZTDs 

International GNSS Service (IGS) is a voluntary federation of over 200 self-funding 

agencies, universities, and research institutions in more than 100 countries working together to 

provide open and free access to the highest precision products available for scientific 

advancement and public benefit. IGS relies on a global network of more than 400 permanent, 

continuously operating, geodetic quality GNSS stations tracking GPS and some of them also 

GLONASS, Galileo, BeiDou, QZSS or SBAS signals. Among IGS products are GNSS satellite 

ephemerides, Earth rotation parameters, global tracking station coordinates and velocities, 

satellite and tracking station clock information, zenith tropospheric path delay estimates and 

global ionosphere maps. Moreover, IGS operates GNSS orbit and clock correction Real-time 

Service that enables Precise Point Positioning (PPP) in real-time mode at worldwide scales. The 

above mentioned service enables various applications among which is weather forecasting 

support. 

IGS final tropospheric zenith total delay product was used to evaluate the quality of 

zenith total delays that were computed in Bernese GNSSS SW in this study. Final products have 

the highest quality and internal consistency of all IGS products. Accuracy of official zenith total 

delay (ZTD) is referenced to be 4 mm, sample interval is 5 minutes [43]. 

In the beginning of the study IGS ZTDs were used to validate two BPE processing 

modes and different variants of tropospheric parameter constraining settings to allow a selection 

of optimal processing settings of PPP in Bernese GNSS SW. In the chapter 5 it was mentioned 

that there are two pre-tailored PCFs which can be utilized to process the PPP – PPP_BAS and 

PPP_DEMO. A Python tool was used to compute statistic evaluation with IGS ZTD product to 

make an optimal choice between different combinations of basic (PPP_BAS) and extended 

(PPP_DEMO) version with relative constraints for zenith total delay.  Constraining is necessary 

here since horizontal gradients and zenith wet delays are parameters that would be estimated 

with a very high root mean square error. Relative constraining means that the improvements of 

parameters are constrained with respect to each other using the fictitious observation.  The 

experiment was conducted using a part of a complete dataset. Observations from 22days (from 
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8th of May, 2016 to 30th of May, 2016) at seven GNSS reference stations (BRST, BRUX, OPMT, 

DLF1, HERT, REDU, WSRT) included in IGS network were processed for each combination. 

Results were compared to IGS final solution for ZTD as well as to each other. Standard deviation 

and bias were computed. The first experiment was conducted with no relative constraints 

applied on ZTD estimation, the second one with the relative constraints set to 0.0001 m (tight 

constraints) and the last one with the relative constraints set to 0.001 (rather loose constraints) 

m. Each variant was processed in basic and in extended mode. In the figures 6.1 and 6.2 the 

graphs for the experiments results with constraints and PCFs are presented.  

 

Figure 6.1. Comparison between IGS final ZTD solution and Bernese ZTD solutions. Basic (BASI) and extended 

(EXTE), no relative constraints of ZTD 

According to the figure 6.1, the solution where no constraints were set for the zenith 

total delay, for both extended and basic version, can be considered satisfactory. The accuracy 

of the official IGS product is referenced to be 4 mm. The systematic difference between it and 

obtained zenith total delays shown by bias is at the level of 2 mm. This systematic shift over all 
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seven stations is not a positive phenomenon however while taking into consideration the typical 

values of ZTD of about 2.3 meters, it is a minimal value. In the terms of standard deviation, 

both solutions (extended and basic version) behave equally well. Standard deviations are well 

between 3 and 4 mm. Only at the station OPMT, the value of SD slightly exceeds 4 mm. The 

difference between the results obtained in basic version of processing and the results obtained 

in extended version is virtually negligible, close to 0 mm. Bias’s maximum does not reach 1 

mm. SD reaches 1 mm only at one station, at the other stations it stays below 0.5 mm. 

 

Figure 6.2. Comparison between IGS final ZTD solution and Bernese ZTD solutions. Basic (BASI) and extended 

(EXTE), relative constraints of ZTD set to 0.0001 

According to the figure 6.2, while using relative constraints of 0.0001 m, the agreement 

between ZTDs obtained in Bernese zenith total delays and official ZTDs remains good, no 

changes are observed in comparison to the experiment with no relative constraints. The biases 

are again between 2 and 3 mm.  Standard deviations behave in the same manner as the ones in 
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the previous experiment, meaning they are between 3 and 4 mm. The difference between basic 

and extended processing versions remains little. 

The difference between basic and extended versions is minimal. Thus, the choice was 

made in favor of basic version of PPP processing since it provides similar results as the extended 

version of PPP processing and its computation time is significantly lower. 

The third experiment was conducted in basic mode with relative constraint for zenith 

total delay set to 0.001 m.  The standard deviations did not significantly change in comparison 

to the previous experiments, although biases were slightly lower.  Therefore, the final decision 

was to process the whole dataset in basic mode and set relative constraint for the zenith total 

delay to 0.001 meters. In the figure 6.3 the graph for a comparison between the final solution 

(relative constraining for ZTD set to 0.001 m and for gradients to 0.0001 m) and the IGS ZTD 

product is shown. This graph is based on data processing from the whole study period of 60 

days from 1st of May 2016 to 30th of July 2016.  
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Figure 6.3. Comparison between IGS final ZTD solution and Bernese ZTD solutions (basic version, relative 

constraint for ZTD set to 0.001 meters) 

Standard deviation values were again between 3 and 4 mm while the systematic 

difference between ZTDs from IGS and ZTDs obtained in Bernese was now within 1 mm while 

previously being around 2 mm. This can be due to including ZTDs from whole 61 days long 

period in figure 6.3 in contrast to figures 6.1 and 6.2 where only 23 days were included in the 

statistic comparison. Generally, IGS final ZTDs are systematically slightly above own ZTDs 

from Bernese GPS SW, however the difference of 1 mm is essentially negligible. As it was 

stated before the accuracy of IGS final solution for zenith path delays is 4 mm. Therefore, the 

results obtained in Bernese for the set of seven validated GNSS reference stations can be 

considered a good quality and therefore it can be expected that the built processing scheme 

should provide good results also for whole network of 210 stations. 
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7 VISUALIZATION AND EVALUATION OF TROPOSPHERIC 

PRODUCTS  

To understand the obtained results and show how the GNSS tropospheric parameters 

during various weather event evolved in time and space, three types of maps were created: 

• Maps showing the size and direction of tropospheric horizontal gradients at each 

station 

• Maps showing zenith wet delays at each station 

• Maps with interpolated surfaces of zenith wet delays and horizontal gradients 

Maps of each type were created for the time period from 1st  of May 2016 to 30th of 

July 2016 with one-hour interval. Maps of the third type were used to create an animation to 

show the time evolution of mentioned tropospheric parameters. 

The results from Bernese processing were stored in the files of TRP and TRO format. 

These files are simply text files that can be opened in any text editor. The basis of the created 

visualization is TRP files which contain the name of each station, datestamp, timestamp, values 

of zenith total delays, zenith wet delays and zenith hydrostatic delays in meters, northern and 

eastern components of horizontal gradients in meters and standard deviations of each of the 

mentioned values at 15minutes interval.  

The maps were created using software ArcMap, version 10.5. ArcMap is one of the 

primary applications for mapping and visualization of ArcGIS Desktop. ArcGIS is a powerful 

desktop GIS that comprises applications for map creation and analytics. Due to the large amount 

of data, map creation was automated via a set of scripts written in Python. It is a high-level 

programming language for general-purpose programming. Python is the best choice for writing 

scripts in ArcGIS according to ESRI. ArcPy is a package that enables performing GIS functions 

available in ArcGIS. 
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Activity diagram 7.1 shows the visualization workflow. Later in the chapter each 

created Python tool is explained in detail. 

 

Diagram 7.1. Visualization workflow 

ArcMap works with the geospatial data which can be stored i.e. in ESRI shapefile 

format. To create hourly maps showing values of gradients and wet delays at each station, 

shapefiles containing values of troposphere parameters were created, one per each day. Bernese 
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PPP processing creates daily TRO and TRP files for each station. Before creating shapefiles, 

TRP files had to be concatenated so that one daily TRP file contained troposphere parameters 

for all the stations. Although TRP files contain values of all the visualized parameters, it lacks 

coordinates of stations. The X, Y, Z coordinates were retrieved from TRO files. Tools that create 

the files with essential for the further visualization data were built in Python 2.7.  

The tool Concatenation_TRO_TRP was created to concatenate files and to retrieve 

coordinates from TRO files. Input files are TRO and TRP files. Each TRO file contains 

coordinates of the station to which the file belongs. Lines with the coordinates were extracted 

from the file and written to a separate file.  The TRO and TRP files were concatenated into daily 

files containing parameters for every station at 15minutes interval. The headers and unnecessary 

lines were erased from the output files.   

The tool Final_files creates files which were then used to create shapefiles. Input files 

are concatenated TRP files and a file with retrieved coordinates of the stations. The tool iterates 

through TRP files and through lines of each file, from each line it extracts station name, date 

and timestamps, zenith wet delay, zenith total delay, computes size and direction of gradients 

from their northern and eastern composites. The formula for computing gradient size is the 

following: 

                                      𝑆 = √((𝐺𝑁 × 𝐺𝑁) + (𝐺𝐸 × 𝐺𝐸))                                                 (7.1) 

Where GN  - northern component of a gradient 

GE – eastern component of a gradient 

The formula for computing gradient angle is the following: 

                                                          𝐴 = tan−1
𝐺𝐸

𝐺𝑁
                                                                (7.2) 
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The extracted and computed values are written into daily files line by line. Before 

proceeding to the next line in the resulting file the tool searches for the coordinates of an 

appropriate station in the files that stores coordinates and copies them to the line. 

The tool Txt_to_shp creates shapefiles from text files. Input files are output files from 

Final_files tool.  This tool uses module ArcPy. The coordinates of the stations in the TRO files 

are in a Cartesian form of XYZ with meters as units. Txt_to_shp includes a function 

XYZ_to_LatLonH that converts cartesian coordinates to longitude, latitude and ellipsoidal 

height. The tool iterates through text files that contain data and creates a shapefile from each of 

them. The following ArcPy functions were utilized:  

-CreateFeatureclass_management to create a feature class (shapefile). The specified 

parameters were the location of a newly created feature class, its name, geometry type “Point”, 

spatial reference “104257” (Geographical coordinate system ITRF 2008 in which the Bernese 

GPS SW processing was performed) 

-AddField_management to add new fields to an attribute table of the created feature 

class. Passed parameters: feature class, to its attribute table fields are added, field name, field 

type (data type). In each shapefile the following fields have been created: STA (station name, 

data type TEXT), field for each coordinate (longitude, latitude and ellipsoidal height, data type 

FLOAT), YMD (specifies the date for which the tropospheric parameters were computed, data 

type LONG), HMS (specifies the time for which the tropospheric parameters were computed, 

data type LONG), ZHD (zenith hydrostatic delay in meters, data type FLOAT), ZWD (zenith 

wet delay in meters, data type FLOAT), ZTD (zenith total delay in meters, data type FLOAT), 

GRAD_SIZE (size of a horizontal gradient in mm, data type FLOAT), GRAD_ANGLE (angle 

of a horizontal gradient in degrees, data type FLOAT) 

-InsertCoursor and its method InsertRow were used to fill out attribute tables of 

shapefiles with data. 

The next three scripts automate the map creation. Each script has the same inputs which 

are the following: 
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- mxd map document. Initially, the map layout comprises the following elements: map 

title, scale bar, north arrow, legend (the same for all the layers within one map type), text element 

that is changing according to the date and time to which belongs the data in the map, shapefile 

with the borders of European countries. An example of the template is presented in the figure 

7.1 below. 

 

Figure 7.1. Map template 

-shapefiles for each processed day 

-layer files with reference symbology. It was important to set the symbology in a way 

that it enables consistent data representation within the whole time period. To ensure that, first 

the minimum and maximum values for visualized tropospheric parameters within the whole 

time period and stations had to be found. This was done using a Python tool, the results are 
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shown in the table 7.1. In the reference symbology layer for zenith wet delays, the intervals 

according to which a symbol size changes were predefined considering minimum and maximum 

within the whole dataset. In the reference symbology layer for the interpolation of zenith wet 

delays, minimum and maximum were set manually to minimum and maximum within the whole 

data set (initially these values are set to the minimum and maximum found within a current 

layer). In the reference symbology layer for horizontal gradients, the size of a symbol was 

defined as the value in the field “GRAD_SIZE” multiplied by 7 – this setting was found to be 

optimal one. 

Table 7.1. Tropospheric parameters statistics  

Parameter Minimum value  Maximum value 

Horizontal gradient 0.01 mm 7.78 mm 

Zenith wet delay 0.003 m 0.300 m 

Script horizontal_gradients creates maps with horizontal gradients. Two Python 

modules were used in this part of work - ArcPy and datetime. The tool iterates over files created 

in the previous step (daily shapefiles), creates a layer with horizontal gradients for each hour, 

modifies its symbology according to the reference layer, adds the created layer and a text with 

information about date and time to which belongs the data to a map document and exports a 

layout to PNG format.  

A shapefile stores the location, shape, and attributes of geographic features whereas 

layer file (.lyr) stores properties, including symbology. Therefore, to create a map with desired 

symbology, layers for each hour of each day within the selected timeframe had to be created. 

MakeFeatureLayer_management from ArcPy creates a feature layer from an input feature. 

Passed parameters are daily shapefiles, name of a newly created layer and a condition that 

defines what data are included into a layer from a shapefile. The condition is important here 

since input shapefiles contain data for the whole day and the layers are supposed to be created 
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for each hour.  A condition is basically a rule that dictates which rows from the attribute table 

of a shapefile must be selected and copied to the attribute table of a layer. When the layer is 

created, its symbology gets modified. The tool from ArcPy 

ApplySymbologyFromLayer_management applies the symbology of a reference layer to the 

input layer. The layer created with the tool MakeFeatureLayer_management is temporary. Tool 

SaveToLayerFile_management saves the layer.  

When a layer is created, it is added to a map layout with Python scripting module 

Arcpy.mapping that enables manipulation of the contents of the map documents and layer files. 

To change the map documents using Python, firstly it has to be referenced. The MapDocument 

function of Arcpy.mapping returns a MapDocument object reference to a variable called mxd. 

Then ListDataFrames is used to return a Python list of DataFrame objects which exist within a 

referenced in a previous step map document. With SpatialReference function the spatial 

reference of a map document is changed to GCS_ITRF_2008 (Geographical coordinate system 

International Terrestrial Reference System realization 2008), worldwide area of use, EPSG code 

104257. Created layers are accessed with the function Layer and added to a map layout with the 

function AddLayer.  

To change the text element in a map layout to provide i.e. date and time stamp, firstly 

it must be accessed. ListLayoutElements return a Python list of the layout elements, to access 

the text element a wildcard “TEXT” must be used. When the access is enabled, the text can be 

changed. The text provides information about the date and time for which a particular map is 

created. The time was retrieved from the attribute table, field “HMS”. A month and a day were 

retrieved from the name of the input shapefile. Name of the shapefile contains information about 

the day of the year (DOY) for which the shapefile was created. With the Python datetime 

module, the day of the year was converted to a day and a month. The year is constant because 

only data from one year were processed in this study. 

Finally, when the map layout is prepared, it can be exported to PNG with the function 

ExportToPNG of Arcpy.mapping module. An example of an output map is shown in the figure 



Khrystyna Bezborodova: GNSS meteorology in support of severe weather forecasting 

 

  

2018 53 

 

7.2. The rotation of the arrow representing horizontal gradient is defined by the value in the field 

“GRAD_ANGLE” and the its size by the value in the field “GRAD_SIZE”. 

 

            Figure 7.2. A map showing horizontal gradients estimated at GNSS stations on 24th June, 2016 (04:00 UTC) 

Script ZWD creates maps with values of zenith wet delay at each station. It works in 

the exactly same way as the script for creating maps with horizontal gradients. The difference 

is in the data which layers represent. The previous script creates layers with the values from the 

fields “GRAD_SIZE” and “GRAD_ANGLE”, ZWD script takes the values from the field 

“ZWD”. An example of an output map is shown in the figure 7.3. The color of a symbol at each 

station is defined by the interval to which the value of zenith wet delay belongs at the hour and 

the date in the textbox. 
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                 Figure 7.3 Map showing  zenith wet delays estimated at GNSS stations on 24th June, 2016 (04:00 UTC) 

The last tool HG_ZWD creates maps with horizontal gradients at each station and 

interpolated surface of zenith wet delays. Basically, the script behaves in the same manner as 

two previously described scripts. The data are retrieved from three fields “GRAD_SIZE”, 

“GRAD_ANGLE” and “ZWD” as two layers are created and added to the map layout. The first 

layer is the layer with horizontal gradients. The second layer is an interpolation created from the 

point data, values of zenith wet delay at each station and at each hour. 3D Analyst extension 

license has to be enabled to perform interpolation.  Inverse distance weighting (IDW) technique 

has been chosen to create interpolation surfaces. IDW interpolation determines cell values using 

a linearly weighted combination of a set of sample points [27]. The weight is a function of 

inverse distance [27]. The further the point with the known value is located from the  

interpolated point, the less influence it has on it . ArcPy function Idw_3d performs interpolation. 
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When the interpolation surface is created, it should be clipped so that the surface does not go 

beyond the own area where data are provided. Clipping is performed with the ArcPy function 

Clip_management. The interpolation is clipped to a polygon (that was previously manually 

created) and its borders were smoothed. An example of an output map is shown in the figure 

7.4. 

 

Figure 7.4. A map showing interpolated zenith wet delay and horizontal gradients on 24thJune, 2016 (04:00 UTC) 
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8 COMPARISON TO NWM ERA-INTERIM 

To validate the quality and level of agreement of tropospheric products estimated in 

Bernese GNSS SW (horizontal gradients and zenith wet delays), they were compared to same 

tropospheric products, but derived from numerical weather model (NWM) ERA-Interim 

produced by European Centre for Medium-Range Weather Forecasts (ECMWF). ECMWF is 

an independent intergovernmental organization producing and disseminating numerical weather 

predictions to its 34 member states.  Meteorological services of member states have free access 

to the data. Among ECMWF’s activities are provision of medium-range, monthly and seasonal 

forecasts and research aimed at the development of numerical models. 

ERA-Interim is a dataset, showing the results of a global climate reanalysis from 1979 

to date [31]. ERA-Interim continues to be updated in near-real-time as new data becomes 

available [31]. Gridded data products include a large variety of 3-hourly surface parameters, 

describing weather as well as ocean-wave and land-surface conditions, and 6-hourly upper-air 

parameters covering the troposphere and stratosphere. [32] The product is available at 6h 

intervals (00:00, 06:00, 12:00, 18:00 UTC) with a horizontal resolution of 1° × 1° and 60 vertical 

model levels with no assimilation of any GNSS tropospheric products [33]. 

GNSS tropospheric products derived from ERA-Interim for network of GNSS stations 

processed in this study were provided by Geodetic Observatory Pecny within RIGTC (Research 

Institute of Geodesy, Topography and Cartography). They were determined using G-Nut/Shu 

software, see Douša and Eliaš (2014) [44]. Provided text data files contained the following 

parameters that were derived from ERA-Interim data set: 

-zenith hydrostatic and zenith wet delay 

-horizontal tropospheric gradients 

-coefficients of hydrostatic mapping functions 
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Two data sets, the one estimated in Bernese GNSS SW and the other derived from 

ERA-Interim, were compared visually and statistically. 

Parameters derived from NWM were stored in simple text files. These text files contain 

values of tropospheric parameters, as well as station names and time at which these parameters 

were estimated. In order to create shapefiles that are essential for the visualization within the 

prepared tool mentioned in previous section, the text files have to contain not only station names 

but also coordinates of each station. The coordinates were added to the files with a Python tool. 

Tropospheric parameters were estimated at 15minutes interval in Bernese GNSS software 

though for the visualization the time interval was reduced to 1 hour. As it was mentioned before, 

parameters derived from ERA-Interim are estimated at 6hour interval. This time resolution is 

not good from the point of view of GNSS tropospheric parameters time changes however the 

NWM model ERA-Interim provides its output only in it. Therefore, to visually compare both 

datasets, zenith wet delays and tropospheric horizontal gradients from NWM were linearly 

interpolated in time with a Python tool to 1hour interval. Even though the simplifications were 

implied due to basic linear interpolation, the obtained results should be satisfactory usable for 

visual comparison as was already shown in Douša et al. (2014) [44]. Maps with tropospheric 

gradients and ZWD estimated from NWM were generated for the period from 1st May to 30th 

July 2016. These maps were used to create an animation to show how the weather events 

captured by tropospheric parameters evolved during the studied time period. An example of a 

generated map with interpolated zenith wet delays and horizontal gradients is shown in the 

figure 8.1 (up). 
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Figure 8.1. Interpolated zenith wet delays and horizontal gradients estimated from ERA-Interim (up) and GNSS 

stations (bottom) on 24thJune, 2016 (06:00 UTC) 
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Figure 8.2. Interpolated zenith wet delays and horizontal gradients estimated from ERA-Interim (up) and GNSS 

stations (bottom) on the 1st of June, 2016 (18:00 UTC) 
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Figure 8.3. Interpolated zenith wet delays and horizontal gradients estimated from ERA-Interim (up) and GNSS 

stations (bottom) on the 1st of May, 2016 (00:00 UTC) 
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Figure 8.1 shows a situation during the severe rainfall in Netherlands on 24th June, a 

weather event that is a main focus of this study. Figure 8.2  shows the meteorological situation 

in Western Europe on 1st of June, in the beginning of June storms hit Germany, Belgium and 

France. Finally, figure 8.3 shows a day when no severe weather events were reported and ZTD 

values were very low. 

The visual comparison of tropospheric parameters derived from ERA-Interim and from 

GNSS stations proves a good agreement between two independent data sources. Over the 

studied time period, the best agreement is observed between values of zenith wet delays.  

However, a small disagreement in terms of ZWD is observed in the north-western part of France. 

The disagreement grows with the severity of the weather, thus the biggest difference is observed 

on 24th of June and the smallest on the 1st of May when no severe weather events took place in 

Western Europe.  It can be explained by the fact that in this area GNSS stations with the highest 

altitude in the network are situated.  Horizontal gradients represent the effect of the first-order 

asymmetry in the troposphere providing valuable additional information about the distribution 

of ZWD values. The gradients point to the azimuth of the local maxima of tropospheric (wet) 

delay correction, which corresponds to the increasing amount of water vapor in the troposphere. 

The horizontal gradients estimated from GNSS tend to be higher than the ones derived from 

NWM.  The lower magnitudes of the values derived from NWM can be partly a result of a low 

spatial resolution of NWM (1°×1°).  The same effect was observed in the article [33]. For 

example, Zus [45] in his paper shows how an increased horizontal resolution of the NWM 

amplifies the gradient components under severe weather conditions. Observed consistency in 

the directions of horizontal gradients is good. However, the main differences occur in the south-

western part of France. This the same area where the biggest disagreement between two datasets 

in the terms of ZWDs occurs. 

Distribution of ZWD values can be considered adequate, horizontal gradients estimated 

from GNSS stations produce a homogenous field providing valuable information for 

meteorologists about the state of troposphere. Good agreement between both data sources is 

observed. GNSS-derived tropospheric parameters behave adequately according to the weather 
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events that occurred on the studied days. It proves that tropospheric parameters estimated from 

GNSS stations are applicable for the weather forecasting. 

The statistical comparison of two datasets (GNSS and NWM) over all stations and time 

period was performed using Python tools. Bias and standard deviation were computed for every 

GNSS station of the network in the study area. 

Figure 8.7 shows each station’s bias of zenith total delays and figure 8.8 shows standard 

deviation computed at each station. The biggest bias is observed at the stations MAKS (30 mm), 

AUBU (29 mm) and PERX (30 mm) in the south-western part of France. These stations have 

one of the highest altitudes in the network (AUBU 1151.82 m, MAKS 1236.5m, PERX 1135.82 

m) and the true orography of NWM model in this area can be degraded with the poor horizontal 

resolution of used NWM. These biases truly stand-out, the closest extreme is -7 mm at BSCN 

in France, the station located close to the stations with the highest biases. Majority of stations 

has bias approximately between -0.5 and +1 mm. One of the biggest standard deviations is again 

observed at AUBU (16 mm) and the maximum standard deviation reaches 17 mm at CT3G in 

France. Minimum standard deviation of 7 mm is observed at BAYF in Great Britain. 
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Figure 8.7. Overall bias (mm) computed for ZTDs estimated from GNSS data processing and NWM ERA-Interim  

at all  stations of the network over all time period 
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Figure 8.8. Overall standard deviation (mm) of differences between ZTDs estimated from GNSS data processing 

and NWM ERA-Interim at all stations of the network over all time period 

Figure 8.9 shows each station’s bias of horizontal gradient and figure 8.10 shows 

computed at each station standard deviation. The biggest bias is observed at the station AUBU 

(-1.2 mm) in the south-western part of France. The altitude of this station is one of the highest 

in the network. The smallest bias is computed at KEYW in the middle part of Great Britain. 

Majority of stations has bias between -0.4 - - 0.2 mm. The biggest standard deviation is again 

observed at AUBU and is 0.9 mm. Minimum standard deviation of 0.4 mm is observed at 

EUREF network station WSRT in Netherlands. 

 

 

Figure 8.9. Mean bias (mm) computed for horizontal gradients estimated from GNSS data processing and NWM 

ERA-Interim at all  stations of the network over all time period 
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Figure 8.10. Mean standard deviation (mm) of differences between horizontal gradients estimated from GNSS data 

processing and NWM ERA-Interim at all stations of the network over all time period 

Average bias of ZTDs for all GNSS stations is 2.6 mm and average standard deviation 

of ZTDs is 11 mm. In the paper Douša et al. (2016) [33] similar statistics was calculated for the 

tropospheric parameters estimated from GNSS stations in Bernese GNSS software and 

tropospheric parameters derived from ERA-Interim. Average bias presented in the paper is 

slightly lower though, it equals -0.4 mm, standard deviation is 9.4 mm.  

Average bias of horizontal gradients for all GNSS stations is -0.33 mm and average 

standard deviation of horizontal gradients is 0.53 mm. 
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9 CONCLUSION 

The aim of this thesis was to prove that GNSS meteorology technique is applicable for 

severe weather event monitoring and nowcasting. Data from 210 permanent GNSS stations were 

collected for the time period from 1st of May, 2016 to 30th of June, 2016 when severe weather 

events occurred in the Western part of Europe, particularly rainfall that caused flooding in 

Netherlands on 22nd-24th of June, 2016 was studied. The study area covers the territory of 

France, Belgium, Germany, south of Great Britain and Netherlands. The data for campaign was 

checked and cleaned of redundant data before processing in Bernese GNSS software. Estimates 

from GNSS tropospheric horizontal gradients and zenith wet delays were compared to official 

precise products from International GNSS Service. The agreement between these two products 

tested on a subset of seven stations included in IGS network is good. Standard deviations ranged 

between 3 and 4 mm and biases were close to 0 mm. Since the accuracy of IGS final solution 

for zenith path delays is reference to be 4 mm, the results obtained in Bernese for the network 

of GNSS reference stations can be considered a good quality.  

The results were also visually and statistically compared to tropospheric products 

derived from NWM ERA-Interim. Horizontal gradients estimated from GNSS are generally 

larger than the ones retrieved from ERA-Interim probably due to the coarse resolution of NWM 

which tends to smooth the local structures. Otherwise, a very good agreement can be observed 

between both independent datasets showing similar structures in tropospheric parameters during 

various situations 

The tropospheric parameters estimated from GNSS stations were compared to two 

independent data sources. Statistical and visual comparison shows the good quality of the results 

which make GNSS meteorology a proved technique for severe weather forecasting. However, 

this study could be improved by validating the estimated from GNSS stations tropospheric 

parameters against a numerical weather model with a higher spatial resolution. Moreover, a 

visual comparison of created maps from GNSS data processing with meteorological radar 

images should be performed. This step was planned to be done within this thesis however the 

meteorological radar images were unfortunately finally not provided. With the available real-
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time products from IGS, the possibility of real-time estimation of ZTD and its further conversion 

to IWV emerges, this could be also a topic of the further research. 
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Annex 1 – List of GNSS stations 

STATION LONGITUDE LATITUDE HEIGHT COUNTRY PROVIDER 

ABEP -4.57131 52.1394 188.495 UK BIGF 

ABYW -4.00438 52.4241 111.142 UK BIGF 

ADAR -4.74134 52.7892 148.392 UK EUREF 

ALU2 3.62681 47.0419 324.05 France IGN 

AMER -0.559358 51.6772 134.131 UK BIGF 

AMNS 2.23836 49.8588 90.0628 France IGN 

ANDE 4.95433 48.7908 221.08 France IGN 

APPL -4.19966 51.0569 68.6819 UK BIGF 

ARDL 0.961884 51.9158 91.4743 UK BIGF 

ARDN 1.87244 47.7783 191.333 France IGN 

ASAP -3.48012 53.2513 103.332 UK BIGF 

ATHI 3.67453 49.5801 125.2 France IGN 

ATTL 0.988126 52.5168 81.4459 UK BIGF 

AUBU 7.1967 48.2168 1151.81 France IGN 

AUTN 4.28897 46.9538 353.603 France EUREF,IGN 

AVAL 3.91532 47.494 312.38 France IGN 

BADH 8.60985 50.228 261.248 Germany EUREF 

BAL2 7.5403 47.9309 264.483 France IGN 

BAYF -0.094922 51.775 121.6 UK BIGF 

BEAV 2.10263 49.4461 147.2 France IGN 

BLFT 6.8585 47.6259 416.489 France IGN 

BLVR 6.61127 47.3235 714.533 France IGN 

BMHG -1.82962 49.6592 231.243 France IGN 

BREC -3.38174 51.9529 242.294 UK BIGF 

BRST -4.49659 48.3805 65.8156 France EUREF 

BRUX 4.35856 50.7981 158.26 Belgium EUREF 

BSCN 5.98938 47.2469 359.535 France EUREF,IGN 

BUXT -1.9199 53.2292 441.778 UK BIGF 

BVOI 2.23862 50.3695 189.316 France IGN 

CACI 3.93283 47.0569 610.197 France IGN 

CAEN -0.457134 49.1827 113.554 France EUREF,IGN 

CARQ -1.50906 47.299 88.0927 France IGN 

CAUD 3.40127 50.1249 167.585 France IGN 

CEVY 5.28712 49.2877 246.229 France IGN 

CHAS 4.55944 47.8627 299.4 France IGN 

CHIO -1.43832 51.149 128.298 UK EUREF 

CHLD 4.76384 49.7121 208.309 France IGN 

CHLN 2.8016 49.8097 146.265 France IGN 

CONN 3.91781 48.7302 157.027 France IGN 

CREI 2.51182 49.2629 145.592 France EUREF,IGN 

CT16 0.755228 48.3662 208.495 France IGN 

CT17 1.15748 48.2005 257.403 France IGN 



 

  
 

STATION LONGITUDE LATITUDE HEIGHT COUNTRY PROVIDER 

CT18 1.88193 48.0793 198.061 France IGN 

CT1C 1.12382 48.5387 289.723 France IGN 

CT21 1.5986 49.3825 215.703 France IGN 

CT24 1.73675 48.8972 221.717 France IGN 

CT30 0.6301 48.9434 269.171 France IGN 

CT35 0.882612 49.236 232.501 France IGN 

CT3D 1.27567 49.5572 242.149 France IGN 

CT3E 1.00712 49.6408 229.751 France IGN 

CT3G 0.704941 49.7592 183.758 France IGN 

CT3I 0.351707 49.3419 199.957 France IGN 

CT3M 1.90672 49.8396 257.366 France IGN 

CT40 0.778296 48.6982 282.48 France IGN 

CT42 1.26534 48.9079 234.108 France IGN 

CT5B 2.98054 48.9032 221.245 France IGN 

CT70 1.90238 48.333 219.519 France IGN 

CT73 2.32442 48.3463 198.968 France IGN 

CTB2 2.54466 48.0015 183.486 France IGN 

CTB9 2.85783 48.1159 186.2 France IGN 

CTX5 1.9828 48.6548 230.775 France IGN 

CULA 2.34744 46.5489 330.129 France IGN 

DARE -2.6405 53.3448 88.4004 UK EUREF 

DELF 4.38758 51.9861 74.3588 Netherlands EUREF 

DENT 3.39966 50.9337 63.8783 Belgium EUREF 

DIEP 8.34222 52.5881 81.6777 Germany EUREF 

DILL 6.69966 49.3716 227.589 Germany EUREF 

DIPL -2.07598 48.5899 116.111 France IGN 

DIPP 1.08446 49.9292 55.2472 France IGN 

DLF1 4.38746 51.986 75.8101 Netherlands EUREF 

DOCO 5.93453 49.1402 296.416 France IGN 

DOJX 5.16052 48.3628 287.932 France IGN 

DOLB -1.73417 48.5535 74.2172 France IGN 

DOUL 2.35208 50.1621 111.8 France IGN 

DOUR 4.59495 50.0949 282.694 Belgium EUREF 

DRUS 7.95064 48.7674 184.495 France IGN 

DUNG 0.976468 50.9266 55.987 UK BIGF 

EIJS 5.6836 50.7582 103.784 Netherlands EUREF 

ENTZ 7.6399 48.5494 204.259 France EUREF, IGN 

EQHE 1.56755 50.6803 89.5818 France IGN 

ERCK 7.3642 48.873 296.126 France IGN 

EUSK 6.76353 50.6741 245.295 Germany EUREF 

EXMO -3.41006 50.6134 65.6681 UK BIGF 

FDET 0.622777 47.407 153.41 France IGN 

FETA 3.50931 49.2008 168.387 France IGN 

FLDW 8.30762 53.7186 58.9827 Germany SONEL 



 

  
 

STATION LONGITUDE LATITUDE HEIGHT COUNTRY PROVIDER 

FOUC 1.58074 49.842 237.537 France IGN 

FRTT 5.5663 47.6803 373.469 France IGN 

GDIJ 5.04474 47.3327 315.197 France IGN 

GIE1 2.78154 47.613 212.205 France IGN 

GIGG -2.30884 54.0759 284.137 UK BIGF 

GRON 2.70821 47.1067 222.837 France IGN 

HARD -0.528683 50.9497 65.8619 UK BIGF 

HEL2 7.87652 54.1863 92.1811 Germany EUREF 

HELG 7.89309 54.1745 48.3844 Germany EUREF 

HERT 0.334353 50.8675 83.3357 UK EUREF 

HOLY -4.64207 53.3177 67.8788 UK BIGF 

HOOB -1.37969 53.4829 186.033 UK BIGF 

HRSN 4.07326 49.9254 232.43 France IGN 

HUNG -1.51394 51.4043 183.223 UK BIGF 

IJMU 4.55605 52.462 54.0521 Netherlands EUREF 

JARG 2.12062 47.8622 158.252 France IGN 

KARL 8.41125 49.0112 182.898 Germany EUREF 

KEYW -1.07812 52.8789 122.833 UK BIGF 

KING 0.401533 52.7514 66.4137 UK BIGF 

KLOP 8.72993 50.2198 222.436 Germany EUREF 

KONE -3.90242 47.8657 80.4221 France IGN 

KOS1 5.81823 52.1734 104.792 Netherlands EUREF 

LANN -3.43262 48.7349 117.469 France IGN 

LEED -1.66379 53.8002 215.593 UK BIGF 

LETO 1.61907 50.5139 62.1227 France IGN 

LIL2 3.13595 50.6135 96.1957 France EUREF 

LMCU 3.07676 50.6428 111.094 France IGN 

LOFT -0.863426 54.5629 209.344 UK BIGF 

LONS 5.55701 46.6785 325.634 France IGN 

LPAS -3.17422 47.3414 99.5264 France IGN 

LPPZ -4.7604 48.4463 98.5476 France IGN 

LRTZ 6.1915 48.6905 262.284 France IGN 

LUCE 7.26819 47.4383 741.612 France IGN 

MACH -1.80285 46.9782 64.5625 France IGN 

MAGR 3.32243 48.1869 144.389 France IGN 

MAIS 0.48344 51.3037 54.3448 UK BIGF 

MAKS 7.03152 47.923 1237.2 France IGN 

MAN2 0.155279 48.0186 167.95 France EUREF, IGN 

MERY 3.88689 48.5145 139.837 France IGN 

MIRE 6.12133 48.2949 351.054 France IGN 

MLVL 2.5873 48.8411 160.461 France EUREF,IGN 

MONB 4.33807 47.619 303.877 France IGN 

MONS 3.28557 46.5485 312.982 France IGN 

MTBT 4.56401 48.4903 227.087 France IGN 



 

  
 

STATION LONGITUDE LATITUDE HEIGHT COUNTRY PROVIDER 

NOGT 5.34797 48.0353 453.159 France IGN 

NOYL -1.50737 48.1054 114.005 France IGN 

NSLG -1.43257 55.0089 53.6497 UK BIGF 

OOST 2.92228 51.2254 70.3432 Belgium SONEL 

OTER 1.0381 46.9149 154.734 France IGN 

PANA 2.39358 48.8547 120.643 France IGN 

PBIL -2.45749 50.5218 107.453 UK SONEL,BIGF 

PERX 6.45622 46.9601 1134.05 France IGN 

PETE -0.263185 52.5838 72.8211 UK BIGF 

PLEM -2.59799 48.171 197.288 France IGN 

PMTH -4.12619 50.4165 175.552 UK EUREF 

PNTV -2.93218 48.0545 153.075 France IGN 

POOL -1.91056 50.7759 68.7226 UK BIGF 

PRRS -1.41701 49.1897 86.9326 France IGN 

PTRC 0.305628 47.274 89.6232 France IGN 

RANT 8.29074 54.8105 47.1137 Germany EUREF 

RENN -1.66735 48.1086 93.2635 France IGN 

RGNC 0.908286 47.218 146.224 France IGN 

RIXH 7.378 47.7333 366.781 France IGN 

ROMY 3.76872 49.1738 274.197 France IGN 

ROTG -3.96573 48.7184 56.1016 France IGN 

SARL 7.03129 49.0025 275.251 France IGN 

SARZ -2.76981 47.5245 83.8034 France IGN 

SAUN 0.931735 47.5813 169.33 France IGN 

SBLS -0.330184 47.8447 97.4512 France IGN 

SEES 0.171196 48.5932 251.175 France IGN 

SEUR 5.15152 46.9943 245.16 France IGN 

SHAP -2.6852 54.5018 305.687 UK BIGF 

SHOE 0.827012 51.5548 48.9456 UK BIGF 

SMNE 2.42502 48.8444 126.236 France EUREF,IGN 

SMSP 4.58138 49.1152 199.877 France IGN 

SNEO -0.112501 52.1854 120.018 UK EUREF 

SOTN -1.47044 50.9377 73.7143 UK BIGF 

STBR -2.75335 48.5068 150.036 France IGN 

STLO -1.05502 49.1173 146.604 France IGN 

STMA 1.65572 46.8223 205.863 France IGN 

STNA -2.203 47.2708 75.4563 France IGN 

STRU -2.30078 51.7392 76.1796 UK BIGF 

SWAN -0.505034 53.7365 148.957 UK BIGF 

SWAS -3.98177 51.5656 89.9603 UK EUREF 

TANZ 7.46259 48.2549 232.336 France IGN 

TAUT -3.07872 51.0234 80.5213 UK BIGF 

TERS 5.21938 53.3627 56.0863 Netherlands EUREF 

TGBH 8.56818 53.545 50.8451 Germany SONEL 



 

  
 

STATION LONGITUDE LATITUDE HEIGHT COUNTRY PROVIDER 

TGBU 8.85917 54.1217 51.2033 Germany SONEL 

TGCU 8.71747 53.8677 48.7935 Germany SONEL 

TGD2 6.92621 53.4336 51.758 Germany SONEL 

TGDA 8.68705 54.7305 50.3165 Germany SONEL 

TGME 8.09264 53.7717 73.2844 Germany SONEL 

TGPA 7.36558 53.1082 47.8618 Germany SONEL 

TGWH 8.17017 53.5383 49.3007 Germany SONEL 

THNV 6.17033 49.3639 212.23 France IGN 

TREM -0.794035 47.1159 166.428 France IGN 

TRYS 4.01181 48.2942 168.354 France IGN 

TXE2 4.85117 53.0411 51.3057 Netherlands SONEL 

VAUD 5.62685 46.9812 271.508 France IGN 

VDOM 1.05712 47.8016 134.683 France IGN 

VFCH 1.71967 47.2942 153.24 France EUREF,IGN 

VIN1 3.62695 47.7057 164.311 France IGN 

VLGN -1.49173 49.5102 90.9509 France IGN 

VLIS 3.59732 51.4429 54.3994 Netherlands EUREF 

WARE 5.2453 50.6899 187.868 Belgium EUREF 

WEAR -2.23037 54.7491 408.395 UK BIGF 

WELL -0.624644 52.3075 97.4506 UK BIGF 

WEYB 1.13033 52.9449 74.1027 UK BIGF 

WSRT 6.60451 52.9146 82.2811 Netherlands EUREF 

YPOR 0.321009 49.738 134.175 France IGN 

ZEEB 3.20822 51.3359 60.2366 Belgium SONEL 

DUNK -3.23989 50.8605 305.734 UK BIGF 

CT36 2.1359 49.1008 185.747 France IGN 

SHRE -2.71645 52.7179 110.573 UK BIGF 

BARK 0.096901 51.5154 105.872 UK BIGF 

VLPL -1.23404 48.8267 258.501 France IGN 

DUNQ 2.3667 51.0481 52.5012 France IGN 

CTBD 3.11771 47.8442 251.655 France IGN 

BORJ 6.67 53.58 53.02 Germany EUREF 

REDU 5.14 50.99 369.89 Belgium EUREF 

SCIL -6.3 49.91 85.38 UK BIGF 

HERS 0.34 50.87 76.47 UK BIGF 

NEWL -5.54 50.1 66.2 UK EUREF 

 

 

 

 



 

  
 

Annex 2 – Comparison to NWM. Average bias of ZTDs estimated for each GNSS 

station 

Station name Average bias of ZTD (mm) 

LPAS -1.7 

MTBT -0.8 

DOUR -2.4 

LOFT -1.9 

DOLB -2.1 

BLVR -4.6 

CT70 -1.8 

PBIL 0.4 

CT73 -1.8 

ENTZ -0.3 

DOUL -3.5 

CT21 -4.0 

CONN -2.2 

MONB -0.9 

BRUX -3.2 

NOYL -3.3 

TGPA -1.5 

BRST -2.7 

HERT -0.6 

AVAL -4.3 

MONS -0.6 

MIRE -4.6 

LMCU -2.7 

LONS -4.2 

PERX 300.6 

LRTZ -2.0 

TGWH -0.3 

MAN2 -1.1 

HARD -0.5 

CTB2 -2.9 

CULA 1.1 

MLVL -3.3 

EXMO -0.9 

VAUD -5.3 

CAEN -2.2 

ALU2 0.5 

TREM -2.7 

PMTH -2.9 

MAIS -2.3 

RANT -1.4 



 

  
 

Station name Average bias of ZTD (mm) 

TGD2 -0.9 

STLO -1.6 

HRSN -2.8 

LETO -3.4 

BUXT -1.5 

TGME 0.2 

FETA -0.5 

BMHG -4.9 

BORJ -1.6 

FOUC -3.3 

ABEP 0.3 

PNTV -1.9 

HELG -2.3 

DILL 0.5 

TGDA 0.2 

EIJS -2.6 

GDIJ -3.6 

BVOI -1.7 

SHAP 0.1 

EUSK -0.6 

TGBH 0.1 

ADAR -0.2 

FRTT 0.0 

ABYW 3.4 

DENT -2.2 

TANZ 2.7 

TAUT 0.6 

MAGR -0.8 

SMSP 1.1 

AMNS -1.9 

BADH 1.8 

VLGN -5.4 

REDU -3.6 

DIPP 2.9 

CEVY -2.7 

SOTN -0.1 

HUNG -2.9 

DIPL -1.8 

LIL2 -6.3 

BLFT 0.1 

STBR -1.7 

PLEM -2.7 

CTX5 -2.6 

CT40 -1.4 



 

  
 

Station name Average bias of ZTD (mm) 

CT42 -4.0 

WSRT -1.5 

CHLN -3.4 

BREC -1.9 

CHLD 1.8 

JARG -0.4 

CREI -4.1 

NSLG 3.3 

ATHI -3.3 

VLIS -1.8 

SHOE -3.3 

MERY -0.5 

SWAN -2.4 

FDET -2.6 

GIE1 -2.6 

FLDW -0.6 

SCIL 2.1 

KLOP 1.2 

TXE2 -0.8 

CHAS -0.3 

CHIO -0.9 

CT30 -2.9 

SEUR -2.5 

OTER -3.8 

CT35 -3.0 

WARE -2.4 

THNV 2.8 

ANDE -2.1 

LANN -3.4 

IJMU -2.9 

ROMY -4.4 

APPL 2.1 

WEYB -1.7 

POOL -0.7 

SWAS -0.3 

EQHE -0.6 

VIN1 -3.1 

DARE 0.4 

BAL2 -2.5 

KOS1 -2.0 

CT5B -4.8 

GRON -0.3 

DIEP -1.0 

CARQ -0.1 



 

  
 

Station name Average bias of ZTD (mm) 

YPOR -2.6 

OOST -2.5 

RGNC 2.2 

WEAR -0.6 

VDOM -2.4 

CT24 -3.6 

CT3I -2.8 

ATTL -2.4 

CT3M -4.6 

SARL 1.3 

SNEO -0.6 

CT3D -4.0 

CT3E -2.8 

TRYS -0.1 

CT3G -5.3 

SARZ -2.5 

LUCE -2.7 

HEL2 0.2 

CT16 -4.5 

CT17 -3.0 

SEES -2.7 

NEWL -1.0 

ASAP -1.3 

TGBU 0.1 

CTB9 0.3 

CT18 -3.6 

AUBU 294.0 

DOJX 0.3 

HOOB -1.2 

STMA -0.3 

NOGT -3.5 

KARL -0.6 

LPPZ -2.6 

PETE -0.6 

VFCH -1.8 

AMER -0.4 

CAUD -2.5 

WELL -1.2 

LEED -1.5 

TGCU -1.7 

DRUS 2.0 

TERS -1.1 

SAUN 1.7 

ROTG -1.2 



 

  
 

Station name Average bias of ZTD (mm) 

CT1C -3.1 

HOLY -0.5 

DELF -2.5 

AUTN -3.6 

DUNG -0.6 

BEAV -3.0 

PRRS -3.7 

KEYW -1.1 

KONE -1.1 

STRU 0.7 

PANA -0.8 

DOCO 1.5 

KING -2.4 

RENN -1.3 

CACI -1.8 

STNA -1.5 

MACH -3.0 

SBLS -4.0 

RIXH -0.3 

BAYF -2.5 

DLF1 -4.0 

ARDL -1.9 

ARDN 3.3 

ERCK -1.0 

BSCN -7.1 

SMNE -2.2 

GIGG 0.6 

MAKS 301.9 

PTRC 2.2 

 

 

 

 

 

 



 

  
 

Annex 3 – Comparison to NWM. Average bias of horizontal gradients estimated for 

each GNSS station 

Station name Average bias of horizontal gradient (mm) 

LPAS -0.3 

MTBT -0.2 

DOUR -0.2 

LOFT -0.3 

DOLB -0.4 

BLVR -0.3 

CT70 -0.6 

PBIL -0.2 

CT73 -0.8 

ENTZ -0.2 

DOUL -0.2 

CT21 -0.4 

CONN -0.5 

MONB -0.8 

BRUX -0.2 

NOYL -0.4 

TGPA -0.2 

BRST -0.2 

HERT -0.3 

AVAL -0.5 

MONS -0.6 

MIRE -0.4 

LMCU -0.2 

LONS -0.3 

PERX -0.2 

LRTZ -0.3 

TGWH -0.3 

MAN2 -0.3 

HARD -0.2 

CTB2 -0.7 

CULA -0.3 

MLVL -0.2 

EXMO -0.2 

VAUD -0.4 

CAEN -0.3 

ALU2 -0.7 

TREM -0.2 

PMTH -0.3 

MAIS -0.2 

RANT -0.2 



 

  
 

Station name Average bias of horizontal gradient (mm) 

TGD2 -0.4 

STLO -0.2 

HRSN -0.2 

LETO -0.2 

BUXT -0.3 

TGME -0.2 

FETA -0.3 

BMHG -0.3 

BORJ -0.2 

FOUC -0.2 

ABEP -0.3 

PNTV -0.5 

HELG -0.2 

DILL -0.2 

TGDA -0.2 

EIJS -0.2 

GDIJ -0.5 

BVOI -0.3 

SHAP -0.3 

EUSK -0.2 

TGBH -0.4 

ADAR -0.2 

FRTT -0.5 

ABYW -0.8 

DENT -0.2 

TANZ -0.3 

TAUT -0.2 

MAGR -0.6 

SMSP -0.2 

AMNS -0.5 

BADH -0.2 

VLGN -0.6 

REDU -0.3 

DIPP -0.3 

CEVY -0.3 

SOTN -0.2 

HUNG -0.3 

DIPL -0.2 

LIL2 -0.2 

BLFT -0.2 

STBR -0.2 

PLEM -0.2 

CTX5 -0.3 

  



 

  
 

Station name Average bias of horizontal gradient (mm) 

CT40 -0.6 

CT42 -0.4 

WSRT -0.2 

CHLN -0.2 

BREC -0.3 

CHLD -0.2 

JARG -0.3 

CREI -0.2 

NSLG -0.2 

ATHI -0.6 

VLIS -0.2 

SHOE -0.2 

MERY -0.3 

SWAN -0.2 

FDET -0.2 

GIE1 -0.7 

FLDW -0.3 

SCIL -0.2 

KLOP -0.3 

TXE2 -0.2 

CHAS -0.3 

CHIO -0.2 

CT30 -0.4 

SEUR -0.3 

OTER -0.4 

CT35 -0.4 

WARE -0.2 

THNV -0.5 

ANDE -0.7 

LANN -0.3 

IJMU -0.2 

ROMY -0.5 

APPL -0.5 

WEYB -0.3 

POOL -0.2 

SWAS -0.3 

EQHE -0.4 

VIN1 -0.7 

DARE -0.2 

BAL2 -0.5 

KOS1 -0.2 

CT5B -0.6 

GRON -0.4 

  



 

  
 

Station name Average bias of horizontal gradient (mm) 

DIEP -0.2 

CARQ -0.4 

YPOR -0.3 

OOST -0.2 

RGNC -0.4 

WEAR -0.3 

VDOM -0.3 

CT24 -0.5 

CT3I -0.3 

ATTL -0.2 

CT3M -0.6 

SARL -0.2 

SNEO -0.2 

CT3D -0.4 

CT3E -0.6 

TRYS -0.4 

CT3G -0.5 

SARZ -0.3 

LUCE -0.4 

HEL2 -0.2 

CT16 -0.5 

CT17 -0.6 

SEES -0.3 

NEWL -0.4 

ASAP -0.2 

TGBU -0.3 

CTB9 -0.5 

CT18 -0.5 

AUBU -1.2 

DOJX -0.3 

HOOB -0.2 

STMA -0.5 

NOGT -0.4 

KARL -0.3 

LPPZ -0.2 

PETE -0.2 

VFCH -0.3 

AMER -0.4 

CAUD -0.2 

WELL -0.3 

LEED -0.2 

TGCU -0.3 

DRUS -0.2 

  



 

  
 

Station name Average bias of horizontal gradient (mm) 

TERS -0.2 

SAUN -0.5 

ROTG -0.4 

CT1C -0.6 

HOLY -0.2 

DELF -0.3 

AUTN -0.3 

DUNG -0.2 

BEAV -0.2 

PRRS -0.4 

KEYW -0.2 

KONE -0.2 

STRU -0.2 

PANA -0.4 

DOCO -0.3 

KING -0.2 

RENN -0.6 

CACI -0.3 

STNA -0.3 

MACH -0.3 

SBLS -0.4 

RIXH -0.4 

BAYF -0.3 

DLF1 -0.3 

ARDL -0.3 

ARDN -0.7 

ERCK -0.3 

BSCN -0.5 

SMNE -0.2 

GIGG -0.3 

MAKS -0.2 

PTRC -0.6 

 

 

 

 

 

 



 

  
 

Annex 4 – Comparison to NWM. Average standard deviation of  ZTDs estimated for 

each GNSS station 

Station name Average standard deviation of ZTDs (mm) 

LPAS 12.9 

MTBT 11.7 

DOUR 11.6 

LOFT 9.3 

DOLB 11.5 

BLVR 11.2 

CT70 10.1 

PBIL 10.9 

CT73 10.3 

ENTZ 12.0 

DOUL 12.1 

CT21 11.0 

CONN 11.4 

MONB 13.5 

BRUX 11.4 

NOYL 11.6 

TGPA 10.6 

BRST 10.3 

HERT 10.2 

AVAL 13.3 

MONS 13.4 

MIRE 11.9 

LMCU 12.8 

LONS 13.7 

PERX 14.1 

LRTZ 11.6 

TGWH 10.6 

MAN2 12.6 

HARD 10.8 

CTB2 10.5 

CULA 13.9 

MLVL 10.2 

EXMO 10.8 

VAUD 13.5 

CAEN 11.7 

ALU2 13.8 

TREM 11.1 

PMTH 11.6 

MAIS 10.0 

RANT 9.7 



 

  
 

Station name Average standard deviation of ZTDs (mm) 

TGD2 11.6 

STLO 11.6 

HRSN 11.0 

LETO 11.1 

BUXT 8.6 

TGME 10.1 

FETA 11.1 

BMHG 11.0 

BORJ 10.6 

FOUC 11.4 

ABEP 10.9 

PNTV 11.2 

HELG 10.0 

DILL 11.0 

TGDA 9.9 

EIJS 10.8 

GDIJ 13.9 

BVOI 12.3 

SHAP 10.5 

EUSK 11.4 

TGBH 12.3 

ADAR 10.8 

FRTT 13.4 

ABYW 8.7 

DENT 12.6 

TANZ 12.7 

TAUT 11.4 

MAGR 11.1 

SMSP 11.9 

AMNS 12.4 

BADH 10.8 

VLGN 11.9 

REDU 11.0 

DIPP 10.8 

CEVY 11.0 

SOTN 11.4 

HUNG 10.9 

DIPL 10.3 

LIL2 12.7 

BLFT 11.2 

STBR 10.8 

PLEM 10.8 

CTX5 9.9 

CT40 11.2 



 

  
 

Station name Average standard deviation of ZTDs (mm) 

CT42 10.5 

WSRT 10.3 

CHLN 11.1 

BREC 10.1 

CHLD 11.1 

JARG 10.6 

CREI 10.6 

NSLG 9.6 

ATHI 10.9 

VLIS 12.6 

SHOE 10.7 

MERY 11.4 

SWAN 10.3 

FDET 11.2 

GIE1 12.1 

FLDW 9.0 

SCIL 13.7 

KLOP 11.0 

TXE2 10.1 

CHAS 13.0 

CHIO 11.2 

CT30 11.5 

SEUR 13.6 

OTER 13.2 

CT35 11.4 

WARE 10.8 

THNV 11.7 

ANDE 12.5 

LANN 10.8 

IJMU 10.2 

ROMY 11.3 

APPL 11.3 

WEYB 10.9 

POOL 10.6 

SWAS 12.4 

EQHE 10.9 

VIN1 12.3 

DARE 9.5 

BAL2 12.4 

KOS1 10.4 

CT5B 10.5 

GRON 15.8 

DIEP 9.8 

CARQ 12.9 



 

  
 

Station name Average standard deviation of ZTDs (mm) 

YPOR 13.3 

OOST 12.7 

RGNC 12.6 

WEAR 9.7 

VDOM 11.1 

CT24 10.5 

CT3I 12.6 

ATTL 10.7 

CT3M 12.3 

SARL 12.1 

SNEO 10.6 

CT3D 11.6 

CT3E 11.4 

TRYS 12.1 

CT3G 17.4 

SARZ 11.1 

LUCE 11.0 

HEL2 10.2 

CT16 11.4 

CT17 10.7 

SEES 11.2 

NEWL 14.8 

ASAP 9.9 

TGBU 9.7 

CTB9 11.3 

CT18 11.1 

AUBU 16.4 

DOJX 13.4 

HOOB 10.1 

STMA 12.8 

NOGT 12.8 

KARL 11.2 

LPPZ 10.6 

PETE 10.2 

VFCH 12.2 

AMER 9.7 

CAUD 11.3 

WELL 9.5 

LEED 9.8 

TGCU 11.0 

DRUS 11.7 

TERS 10.5 

SAUN 12.0 

ROTG 10.3 



 

  
 

Station name Average standard deviation of ZTDs (mm) 

CT1C 10.7 

HOLY 9.9 

DELF 10.8 

AUTN 13.2 

DUNG 11.5 

BEAV 11.3 

PRRS 11.4 

KEYW 10.5 

KONE 10.3 

STRU 10.8 

PANA 10.0 

DOCO 13.0 

KING 11.2 

RENN 11.6 

CACI 12.9 

STNA 12.3 

MACH 12.7 

SBLS 12.2 

RIXH 12.4 

BAYF 7.1 

DLF1 11.0 

ARDL 10.4 

ARDN 11.8 

ERCK 11.7 

BSCN 13.0 

SMNE 10.4 

GIGG 10.1 

MAKS 15.0 

PTRC 12.3 

 

 

 

 

 

 



 

  
 

Annex 5 – Comparison to NWM. Average standard deviation of  horizontal gradients 

estimated for each GNSS station 

Station name Average standard deviation of horizontal gradients (mm) 

LPAS 0.5 

MTBT 0.5 

DOUR 0.4 

LOFT 0.5 

DOLB 0.6 

BLVR 0.4 

CT70 0.7 

PBIL 0.5 

CT73 0.7 

ENTZ 0.5 

DOUL 0.4 

CT21 0.6 

CONN 0.6 

MONB 0.6 

BRUX 0.5 

NOYL 0.6 

TGPA 0.5 

BRST 0.5 

HERT 0.5 

AVAL 0.5 

MONS 0.6 

MIRE 0.6 

LMCU 0.5 

LONS 0.5 

PERX 0.5 

LRTZ 0.5 

TGWH 0.5 

MAN2 0.5 

HARD 0.5 

CTB2 0.6 

CULA 0.5 

MLVL 0.5 

EXMO 0.5 

VAUD 0.5 

CAEN 0.5 

ALU2 0.7 

TREM 0.5 

PMTH 0.5 

MAIS 0.5 

RANT 0.5 



 

  
 

Station name Average standard deviation of horizontal gradients (mm) 

TGD2 0.6 

STLO 0.5 

HRSN 0.4 

LETO 0.5 

BUXT 0.4 

TGME 0.5 

FETA 0.5 

BMHG 0.5 

BORJ 0.4 

FOUC 0.5 

ABEP 0.5 

PNTV 0.6 

HELG 0.5 

DILL 0.5 

TGDA 0.5 

EIJS 0.4 

GDIJ 0.5 

BVOI 0.5 

SHAP 0.5 

EUSK 0.5 

TGBH 0.7 

ADAR 0.5 

FRTT 0.6 

ABYW 0.8 

DENT 0.5 

TANZ 0.5 

TAUT 0.5 

MAGR 0.7 

SMSP 0.4 

AMNS 0.6 

BADH 0.5 

VLGN 0.7 

REDU 0.5 

DIPP 0.5 

CEVY 0.5 

SOTN 0.4 

HUNG 0.6 

DIPL 0.5 

LIL2 0.5 

BLFT 0.4 

STBR 0.5 

PLEM 0.5 

CTX5 0.5 

CT40 0.6 



 

  
 

Station name Average standard deviation of horizontal gradients (mm) 

CT42 0.5 

WSRT 0.4 

CHLN 0.4 

BREC 0.6 

CHLD 0.4 

JARG 0.5 

CREI 0.4 

NSLG 0.5 

ATHI 0.7 

VLIS 0.5 

SHOE 0.4 

MERY 0.5 

SWAN 0.5 

FDET 0.4 

GIE1 0.6 

FLDW 0.5 

SCIL 0.5 

KLOP 0.5 

TXE2 0.4 

CHAS 0.5 

CHIO 0.5 

CT30 0.5 

SEUR 0.5 

OTER 0.5 

CT35 0.6 

WARE 0.4 

THNV 0.6 

ANDE 0.6 

LANN 0.5 

IJMU 0.4 

ROMY 0.5 

APPL 0.6 

WEYB 0.5 

POOL 0.5 

SWAS 0.5 

EQHE 0.6 

VIN1 0.7 

DARE 0.5 

BAL2 0.6 

KOS1 0.4 

CT5B 0.7 

GRON 0.6 

DIEP 0.4 

CARQ 0.6 



 

  
 

Station name Average standard deviation of horizontal gradients (mm) 

YPOR 0.6 

OOST 0.5 

RGNC 0.6 

WEAR 0.5 

VDOM 0.5 

CT24 0.6 

CT3I 0.7 

ATTL 0.5 

CT3M 0.7 

SARL 0.5 

SNEO 0.5 

CT3D 0.6 

CT3E 0.6 

TRYS 0.4 

CT3G 0.6 

SARZ 0.5 

LUCE 0.5 

HEL2 0.4 

CT16 0.6 

CT17 0.6 

SEES 0.5 

NEWL 0.7 

ASAP 0.5 

TGBU 0.5 

CTB9 0.6 

CT18 0.7 

AUBU 0.9 

DOJX 0.5 

HOOB 0.5 

STMA 0.6 

NOGT 0.5 

KARL 0.5 

LPPZ 0.5 

PETE 0.5 

VFCH 0.5 

AMER 0.5 

CAUD 0.4 

WELL 0.6 

LEED 0.4 

TGCU 0.5 

DRUS 0.5 

TERS 0.4 

SAUN 0.6 

ROTG 0.6 



 

  
 

Station name Average standard deviation of horizontal gradients (mm) 

CT1C 0.6 

HOLY 0.4 

DELF 0.5 

AUTN 0.4 

DUNG 0.5 

BEAV 0.5 

PRRS 0.6 

KEYW 0.5 

KONE 0.5 

STRU 0.5 

PANA 0.5 

DOCO 0.5 

KING 0.5 

RENN 0.7 

CACI 0.4 

STNA 0.5 

MACH 0.5 

SBLS 0.5 

RIXH 0.5 

BAYF 0.5 

DLF1 0.5 

ARDL 0.5 

ARDN 0.7 

ERCK 0.5 

BSCN 0.5 

SMNE 0.5 

GIGG 0.5 

MAKS 0.4 

PTRC 0.6 

 

 

 

 

 


