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Abstract: This paper discusses the in near–real time processing of Global Navigation

Satellite System observations at the Department of Theoretical Geodesy at the Slovak

University of Technology in Bratislava. Hourly observations from Central Europe are

processed with 30 minutes delay to provide tropospheric products. The time series and

maps of tropospheric products over Slovakia are published online. Zenith total delay is

the most important tropospheric parameter. Its comparison with zenith total delays from

IGS and E–GVAP solutions and the validation of estimated zenith total delay error over

year 2018 have been made. Zenith total delays are used to improve initial conditions of

numerical weather prediction model by the means of the three–dimensional variational

analysis at Slovak Hydrometeorological Institute. The impact of assimilation of differ-

ent observation types into numerical weather prediction model is discussed. The case

study was performed to illustrate the impact of zenith total delay assimilation on the

precipitation forecast.
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1. Introduction

The processing of Global Navigation Satellite System (GNSS) observations
has a long tradition at the Department of Theoretical Geodesy at the Slo-
vak University of Technology in Bratislava. Since 2009, the sub network
of EUREF Permanent Network (EPN) and Central European Permanent
(CEPER) network were designed to estimate coordinates, tropospheric and
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ionospheric parameters for site velocities estimates and for the determina-
tion of Precipitable Water Vapour (PWV) over the observing stations (Hefty
et al., 2009).

The tropospheric parameters express the impact of refraction of trans-
mitted signals from GNSS satellites to receivers on Earth. This refraction
is denoted as tropospheric delay and it is a consequence of the propagation
of GNSS signals through dry gases and water vapour in the atmosphere.
The delay caused by dry gases is stable and can be modelled with high
precision: Saastamoinen (1972), Niell (1996), Hopfield (1969), Henriksen
et al. (1972), Global Mapping Function (Böhm et al., 2006a) combined with
Global Model of Pressure and Temperature (Böhm et al., 2007) and with
Vienna Mapping Function (Böhm et al., 2006b) combined with ECMWF
model. On the other hand, the delay caused by water vapour is not stable
and the distribution does not correspond to the dry gases. Nearly half of
the total atmospheric water vapour is accumulated between sea level and
about 1.5 km altitude, the other 45% of the water vapour is distributed up
to the altitude of 5 km.

The GNSS observation processing at the Department of Theoretical
Geodesy focused mainly on tropospheric parameters was described in Igon-
dová and Cibulka (2010). This network consisted of 58 GNSS permanent
stations, it was processed four times per day (at 03, 09, 15, 21 Univer-
sal Coordinated Time (UTC)) from four one-hour GNSS data files with
a two hours delay. We have developed a new system for estimating the
tropospheric parameters1 in near real–time and their conversion to various
tropospheric products.

Multiple GNSS networks are nowadays processed at the Department of
Theoretical Geodesy. In general the networks can be distinguished accord-
ing to the latency. The final solutions of the sub network of EPN and
CEPER network are estimated with two and three weeks latency based on
daily observation files with the Precise Network Positioning (PNP) method.
On the contrary, the networks processed in near–real time have latency in
minutes after the hourly observation files are downloaded.

The requirements for tropospheric parameters estimated in near–real
time are following: (i) the tropospheric parameters should representatively
describe the state of troposphere, (ii) the latency should be small to satisfy

1 with addition of tropospheric gradients
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the needs of numerical weather nowcasting systems. These two requirements
are in contradiction. Therefore a balance between these two requirements
and optimal processing strategy should be implemented to satisfy these re-
quirements.

The GNSS tropospheric products are becoming an important source of
information that is improving the description of the water vapour distribu-
tion in the atmosphere. Many meteorological institutes utilize Zenith Total
Delay (ZTD) estimates in their global and limited area Numerical Weather
Prediction (NWP) models (Guerova et al., 2016). ZTD data enter the data
assimilation systems as a valuable complementary observation of humid-
ity with high spatial and temporal resolution. These features are essential
to describe the high impact weather phenomena associated with moisture
processes. Recently, the benefit of the utilization of the GNSS tropospheric
products in numerical weather prediction in Europe has been widely demon-
strated. Poli et al. (2007) developed an assimilation methodology of ZTD
data in the global model and observed their positive impact over differ-
ent meteorological regimes. In limited area NWP models various improve-
ments in moisture-related parameters by ZTD data assimilation were shown
as well. In Storto and Randriamampianina (2010) improvement in short–
range humidity forecasts in winter period was discussed. The paper Mile
et al. (2019) shows the error reduction of NWP derived values of two me-
ter temperature and humidity. Mahfouf et al. (2015) demonstrates better
localisation and intensity of forecasted precipitation for Application de la
Recherche à l’Opérationnel à Méso-Échelle (AROME)/France NWP model.

At Slovak Hydrometeorological Institute (SHMU) currently only the mea-
surements from the surface weather stations are used operationally for data
assimilation purposes (Derková et al., 2017). However, in the preparation
of the future setup of the convection resolving numerical weather prediction
system there are several activities ongoing to explore the potential of high
resolution data assimilation. Among others, in the frame of cooperation
between SHMU and the Department of Theoretical Geodesy the ZTD data
assimilation procedure is being investigated.

The aim of this paper is to summarize the current state of GNSS process-
ing activities at the Department of Theoretical Geodesy and to demonstrate
the potential of application of GNSS products in the numerical weather
analysis and prediction system at the SHMU. The influence of the atmo-
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sphere on the propagation of the GNSS signals is described in the Sec. 2.
The Sec. 3 presents the setup of routine processing of GNSS measurements.
Validation of estimated ZTD is discussed in the Sec. 4. Various tropospheric
products and transformation of ZTD to PWV are described in the Sec. 5.
Exploitations of tropospheric products in meteorology are presented in the
Sec. 6.

2. GNSS observations and the atmosphere

The signals from GNSS are bent while propagating through the atmosphere
due to ionospheric and tropospheric refraction. This bent causes delay,
which affects the measured pseudorange and carrier phase from satellites
to receiver on the ground. Ionospheric delay can be effectively removed
by processing strategy or with ionospheric correction. The tropospheric
delay has to be modelled and estimated together with other parameters
e.g. coordinates, clock correction etc.

The pseudorange measurement P i
k for satellite i and receiver k may be

expressed as:

P i
k = ρik +Δρik + Iik + T i

k + cδk − cδi, (1)

where

ρik is the geometric range between satellite i and receiver k,
Δρik is the sum of relativistic effects, instrumental delays, multipath and

receiver noise,
T i
k is the tropospheric delay for satellite i and receiver k,

Iik is the ionospheric delay for satellite i and receiver k,
c is the speed of light in vacuum,
δk is the receiver clock offset from the GNSS time scale,
δi is the satellite clock offset from the GNSS time scale.

Besides the pseudorange, carrier phase Li
k is also used to obtain a measure

of the apparent distance between the satellite and receiver. These carrier
phase measurements are much more precise than the code measurements
(typically two orders of magnitude more precise), but they are ambiguous
by an unknown integer number of wavelengths (λni

k). The carrier phase
measurement Li

k for satellite i and receiver k may be expressed as:
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Li
k = ρik +Δρik − Iik + T i

k + cδk − cδi + λni
k , (2)

where

λ is the wavelength of transmitted signal,

ni
k is the integer ambiguity.

From now on only the tropospheric delay will be discussed in this pa-
per. The ionospheric delay, relativistic effects, instrumental delays, multi-
path and receiver noise etc. can be eliminated by processing strategy or
by precomputed corrections from global analysis center International GNSS
Service (IGS). The tropospheric delay, denoted as Slant Total Delay (STD),
can be expressed as:

T i
k = mfh(e)ZHD +mfw (e)ZWD +mfg(e) [GN cos(A) +GE sin(A)] , (3)

where

e is the elevation of measurement,

A is the azimuth of measurement,

mfh is the coefficient of hydrostatic mapping function,

mfw is the coefficient of wet mapping function,

mfg is the coefficient of gradient mapping function estimated as:

mfg(e) =
1

sin(e) tan(e) + 0.0032
according to Chen and Herring (1997),

ZHD is the zenith hydrostatic delay,

ZWD is the zenith wet delay,

GN is the north tropospheric gradient,

GE is the east tropospheric gradient.

The terms of Eq. (3) express slant hydrostatic delay (mfh(e)ZHD), slant
wet delay (mfw(e)ZWD) and gradient delay (mfg(e) [GN cos(A) +GE

sin(A)]) from satellite i to receiver k respectively. In the estimation of
parameters it is not possible to obtain the tropospheric delay for each mea-
surement (the design matrix would be singular). Hence, the ZTD of receiver
is estimated from longer time period. The ZTD can be divided, similarly
to tropospheric delay, to hydrostatic Zenith Hydrostatic Delay (ZHD) and
wet component Zenith Wet Delay (ZWD) (Davis et al., 1985). The ZHD is
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caused by the dry gases present in the atmosphere. This component is rela-
tively stable and can be sufficiently modelled by climatological or numerical
weather prediction model. The hydrostatic delay is about 2.3 meters in
zenith and about 10 meters in 10◦ elevation. On the other hand, the ZWD
varies more with change of local weather conditions. The delay caused by
water vapour and condensed water in form of clouds is ranging from 0.1
meters in winter to 0.3 meters in summer.

Tropospheric products are widely exploited in the NWPmodelling. These
data can be used to improve initial conditions of NWP model.

3. Estimation of zenith total delay

The processing of the hourly GNSS measurements is carried out in near
real–time each hour with PNP method at the Department of Theoretical
Geodesy at the Slovak University of Technology (SUT) in Bratislava2 from
2016. The network consists of 59 permanent GNSS stations (Fig. 1). Hourly
data are downloaded from regional data centre Federal Office of Metrology
and Surveying Austria (Sehnal et al., 2019), Bundesamt für Kartographie
und Geodäsie (Bruyninx et al., 2012) and local data centre at the Depart-
ment of Theoretical Geodesy. The data files are stored in Receiver IN-
dependent EXchange format (RINEX) version 2.11 (IGS, 2019) which in-
cludes Global Positioning System (GPS) and Globalnaya Navigatsionnaya
Sputnikovaya Sistema (GLONASS) measurements only. The coordinates
and tropospheric parameters are estimated by multi–GNSS data processing
software developed at the Astronomical Institute of the University of Bern
version 5.2 (Dach et al., 2015). All mandatory files required for processing
are downloaded from Center for Orbit Determination in Europe (CODE)
data centre. The rapid Earth orientation parameters, ionospheric correc-
tions and satellite clock corrections (Dach et al., 2018) are downloaded from
the CODE data centre as well. The rapid satellite positions are primarily
downloaded from IGS. In case the combined solution is not available the
CODE solution is downloaded.

The a priori coordinates of permanent GNSS stations are interpolated
to processing epoch from EPN multi–year position and velocity solution

2 described as SUT solution
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Fig. 1. Map of GNSS permanent stations and NWP domain of AROME/SHMU (blue
polygon).

in reference frame IGS14. A priori coordinates for stations not included
in EPN are computed from stable ten days long time series. The position
from site log file is used as a priori coordinates if the station has not long
enough time series of coordinates, or the time series have standard devia-
tion more than 10 mm. The station is excluded from processing if there
are any data gaps in last eight hours. This restrictions should provide only
estimation of reliable ZTD from the stations without data issues. The PNP
method is using baselines to differ observations between permanent GNSS
stations. The baselines are created with the OBS–MAX optimization crite-
rion. This method creates baselines upon amount of common time epochs
of the same satellite measurements between two stations. The outputs from
the Global Model of Pressure and Temperature (Böhm et al., 2007) and
Global Mapping Function (Böhm et al., 2006a) are used as a priori ZHD
and coefficients of mapping functions in parameter estimation. The model
Chen and Herring (1997) is chosen for estimation of tropospheric gradients
GN and GE .
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4. Validation of estimated zenith total delay

Multiple validations of zenith total delays estimated in near real–time were
done. First one year long error analysis of ZTD was performed. The sec-
ond comparison was done between ZTD of SUT and The EUMETNET EIG
GNSS water vapour programme (E–GVAP) solutions. The last comparison
of ZTD was carried out between SUT and IGS solutions. The choice of per-
manent stations for validations depended on the status of GNSS network at
the time of comparison and on the availability of the tropospheric products
from other sources.

4.1. Zenith total delay error analysis

The analysis of ZTD was carried out for the year 2018. This analysis
was performed over several GNSS permanent stations chosen to represent
various regions and to cover the whole network (Fig. 1). The mean error of
ZTD at GNSS permanent stations varies from the 0.80 mm in the winter
to 1.56 mm in the summer. Mean time series of ZTD error are displayed in
Table 1 of individual permanent stations in the winter and in the summer
2018.

Table 1. Statistics of ZTD errors in summer and winter period of the year 2018 [mm].

Winter Summer

Station Mean Standard Mean Standard
deviation deviation

BASV 0.91 0.094 1.14 0.158

BBYS 0.87 0.102 1.06 0.154

BUCU 1.03 0.102 1.31 0.197

DEVA 1.22 0.121 1.51 0.235

GANP 0.85 0.090 1.06 0.153

GRAZ 0.83 0.082 1.04 0.155

TUBO 0.80 0.086 1.01 0.150

WTZR 0.84 0.090 1.08 0.312

ZIMM 1.23 0.140 1.56 0.245

The mean ZTD errors are 25% higher in the summer than in the winter.
This difference is caused by increased content of water vapour in the atmo-
sphere in the summer period. The hot air has bigger water vapour capacity
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than the cold air and contains more water vapour. The ZTD errors at 00
and 12 UTC were compared for the whole year. No significant increase due
to diurnal cycle was detected. Fig. 2 displays the ZTD error time series of
the station TUBO (Vysoké učeńı technické v Brně, Czech Republic). This
station has the lowest mean error in the winter and in the summer.

Fig. 2. Zenith total delay error time series [mm] of the year 2018 for the permanent
station TUBO.

On the other hand, the permanent station ZIMM (Zimmerwald, Switzer-
land) has the highest mean winter and summer error of estimated ZTD.
Fig. 3 displays the ZTD error time series of the station ZIMM.

The mean winter and summer ZTD error is about 53% and 54% higher at
the permanent GNSS station ZIMM than at the station TUBO respectively.
This increase might be caused by two reasons. The minor reason might be
the different orographic obstacles in horizon and the environment in which
the stations are located. While station TUBO is located on flatland in
city, permanent station ZIMM is in agricultural environment in Alps. The
main reason may be related to the received measurements from satellite
systems. While the station ZIMM receives only signals from navigational
system GPS, the other stations receive signals also from satellite system
GLONASS. The lack of GLONASS observations has impact on the estima-
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Fig. 3. Zenith total delay error time series [mm] of the year 2018 for the permanent
station ZIMM.

tion of ZTD. Stations receiving multiple GNSS have better space coverage of
the atmosphere from different directions. This assumption was affirmed by
error of station DEVA (Deva, Romania), which has also about 50% higher
error of estimated ZTD compared to stations receiving signals from multiple
GNSS (Table 1). This stations is also not receiving signals from GLONASS.
Overall, the error of estimated zenith total delay is only 0.05% of its abso-
lute value. Therefore we can consider estimated ZTD suitable for further
comparison with ZTD from other sources.

4.2. Comparison of SUT and E–GVAP solutions

The comparison with ZTD obtained from independent E–GVAP project
(Guerova et al., 2016) was done. This programme collects and processes
GNSS data from over 1800 European permanent stations in near real–time
with PNP method. The comparison was done between 1 and 26 Octo-
ber 2016 on three permanent stations BBYS (Banská Bystrica, Slovakia),
CFRM (Frýdek Mı́stek, Czech Republic) and TUBO. Time series of SUT
and E–GVAP ZTD for station TUBO is plotted in Fig. 4. The differences
are computed as E–GVAP solution minus SUT solution.
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Fig. 4. Comparison of ZTD [mm] between SUT and E–GVAP solutions from 1 to 26
October 2016 at station TUBO.

These differences are shown in Table 2. Mean values of differences are
relatively small (only 0.05% of absolute value) and they are comparable to
the estimated ZTD error (Table 1). The positive correlations were found
for all stations. Small mean differences and positive correlation coefficients
declares high fit between SUT and E–GVAP solution. The highest peaks in
differences are caused by different time of detection of the ZTD change. The
absolute values of ZTD are approximately the same. When a sudden change
of weather occurs the SUT and E–GVAP solutions are slightly shifted.

Table 2. Statistics of ZTD differences between SUT and E–GVAP solutions [mm].

BBYS CFRM TUBO

Mean value −1.8 −1.6 −1.0

Standard deviation 8.17 7.30 7.18

Correlation coefficient +0.980 +0.978 +0.975

4.3. Comparison of SUT and E–GVAP solutions

The comparison was made between SUT and IGS solutions. The IGS service
provides final solution with 21 days delay estimated with Precise Point
Positioning (PPP) method for permanent GNSS stations included in IGS
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network. The following GNSS permanent stations from IGS network are
processed in the SUT solution: BUCU (Bucuresti, Romania), GANP (Gá-
novce, Slovakia), GRAZ (Graz, Austria), GOPE (Ondřejov, Czech Repub-
lic), PENC (Penc, Hungary), WROC (Wroclaw, Poland), WTZR (Bad
Koetzting, Germany) and ZIMM (Zimmerwald, Switzerland). The IGS so-
lution is estimated with different approach and the most precise corrections.
This makes IGS solution suitable for comparison. Comparison was done on
one month period of February 2019. The time series of ZTD and differences
for GANP station are displayed in Fig. 5. The differences are computed as
IGS solution minus SUT solution.

Fig. 5. Comparison of ZTD [mm] at station GANP between SUT and IGS solutions from
1 to 28 February 2019.

The gaps in time series are the consequence of the temporal data unavail-
ability at the station. The mean absolute values of differences for stations
are approximately twice bigger than in E–GVAP comparison, but it is only
0.2% of the ZTD. The differences are mainly caused by different processing
approach. In PPP method there are no baselines created, so the estimated
parameters are independent from measurements of another station. Mean
differences, standard deviations and correlation coefficients are shown in
Table 3.
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Table 3. Statistics of ZTD [mm] differences between SUT and IGS solutions [mm].

GANP GRAZ WTZR

Mean value 4.5 4.2 4.4

Standard deviation 5.60 5.50 5.15

Correlation coefficient +0.965 +0.971 +0.978

The decrease of standard deviation of differences is about 30% in re-
spect to E–GVAP. Positive and high correlation coefficients declare very
good agreement of ZTD between SUT and IGS solution. Nowadays, the
comparison is available after each processing for all IGS stations processed
in SUT solution. This comparison is available on public web page together
with other tropospheric products, more in section 5.

5. Tropospheric products

As demonstrated in the previous sections, the SUT solution provides reliable
ZTD comparable quality to the products from E–GVAP and IGS. There-
fore, based on this conclusion, the SUT data are further processed, visualised
and made available via public web page http://space.vm.stuba.sk/pwv

graph/space.vm.stuba.sk/pwvgraph/ hosted on local server at the De-
partment of Theoretical Geodesy. Multiple products and additional infor-
mation about the processing for chosen stations are online:

• 31 day long time series of ZTD,
• 31 day long time series of PWV,
• 31 day long time series of GN and GE ,
• last 5 hours of ZTD maps (see Fig. 6),
• last 5 hours of PWV maps (see Fig. 7),
• vertical and horizontal cross sections of GNSS tomography valid for last

processing,
• time series of position differences between SUT and EPN solutions,
• station data availability statistic for last day, last 7 and 31 days,
• complete processing summary from Bern GNSS software valid for last

processing.

The GNSS tomography is a technique to estimate three–dimensional in-
formation about a humidity distribution in the troposphere. This estimation
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is based on intersection of GNSS signals from different satellites and per-
manent stations. The tomographic reconstruction is carried out every hour
and it is based on Bender et al. (2011). The STD (Eq. 3) is computed from
azimuth and elevation to satellites and Global Mapping Function with atmo-
spheric parameters. Azimuth and elevation to satellite is derived from satel-
lite position and station coordinates. The atmospheric parameters are de-
rived from operational Aire Limitée Adaptation dynamique Développement
InterNational (ALADIN)/SHMU NWP model (Derková et al., 2017).

The ZTD values in maps over Slovakia are transformed to mean sea
level pressure for better visualization. The dependency of ZTD on station
altitude is reduced to minimum by adding model zenith total delay corre-
sponding to its altitude. After this transformation the isolines are smooth
and the values are more consistent3 as it is displayed in Figs. 6 and 7.

Fig. 6. Map of zenith total delay [mm] over Slovakia on 3 October 2017.

The transformation of ZTD to PWV is proposed in Bevis et al. (1994).
Meteorological data are required for this transformation. The SHMU is
providing temperature, pressure, relative humidity and other atmospheric

3 maps are without big gradients
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parameters from operational NWP products for permanent GNSS stations
in Slovakia and its vicinity. For this transformation the ZHD is [m] required
(Henriksen et al., 1972):

ZHD = 10−7 k1
Rd

gϕ,H
p , (4)

where

k1 is the physical constant of refraction [77.604 KhPa−1],

Rd is the specific gas constant of dry air Rd =
R

Mh
[287.058 kg−1 K−1],

R is the gas constant [8.3144621 Jmol−1 K−1],
Mh is the molar mass of the hydrostatic air [0.0289645 kgmol−1],

p is the atmospheric pressure [hPa] at station,

gϕ,H is the gravity acceleration [m s−2],

gϕ,H = 9.784 (1 − 0.00266 cos(2ϕ) − 0.00000028H), (5)

H is the orthometric height [m],
ϕ is the ellipsoidal laitude of station.

The ZWD is defined as:

ZWD = ZTD − ZHD . (6)

Bevis et al. (1994) proposed the transformation of ZWD to PWV [m]:

PWV =
κZWD

ρw
, (7)

where

κ is the transformation coefficient κ =
108

Rw

(
k3
Tm

+ k2 −mk1

) ,

k2 is the physical constant of refraction 22.1 KhPa−1],
k3 is the physical constant of refraction 3.766 × 105 K2 hPa−1],
Tm is the mean temperature of atmosphere [K] estimated as:
Tm = 70.2 + 0.72T ,
T is the temperature [K] at station,
m is the molar mass ratio of the water vapour and hydrostatic air:

m =
Mw

Mh
,
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Imrǐsek M. et al.: Estimation of GNSS tropospheric products . . . (83–111)

Mw is the molar mass of the water vapour [0.0180152 kgmol−1],
Rw is the specific gas constant of the water vapour, estimated as:

Rw =
R

Mw
[kg−1 K−1],

ρ is the density of water [998 kgm−1].

The PWV represents the amount of water contained in a column of
atmosphere above permanent station. Fig. 7 displays the PWV distribution
over Slovakia in [mm]. One millimetre of PWV is equal to one litre of water
per square meter.

Fig. 7. Map of precipitable water vapour [mm] over Slovakia on 3 October 2017.

6. Usage of tropospheric products

The ZTD or derived products can be exploited in detection of large scale
atmospheric systems in form of time series, maps and tomographic recon-
struction of troposphere (Sec. 6.1). The tomographic reconstruction of fields
of wet refractive indexes of the troposphere, which can be transformed to
the water vapour content, is not discussed in this paper. The exploitation
of ZTD in NWP models is described from Sec. 6.2.3 to 6.2.5.
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6.1. Detection of large scale atmospheric systems

Zenith total delays can be used for detection of movement of large scale at-
mospheric systems. Change of zenith total delay occurs when a large scale
atmospheric system is passing above permanent stations. This case study of
passing atmospheric system was carried out for a time window from the 27
September to the 3 October 2017. The wet air was pushing dry air contain-
ing small amount of water vapour toward south east direction. The amount
of water vapour is included in ZTD as ZWD (Eq. 6). This phenomenon is
illustrated in map of ZTD over Slovakia (Fig. 6) and derived map of PWV
over Slovakia (Fig. 7). The time series of ZTD at selected stations located
along the atmospheric system trajectory are plotted in Fig. 8. The individ-
ual time series are reduced by their minimum values for better comparison.
The approaching atmospheric system is detected by rapid increase of zenith
total delay on permanent stations. At first, the atmospheric system moved
over station TUBO (Vysoké učeńı technické v Brně, Czech Republic), then
over SKTN (Trenč́ın, Slovakia), then over GANP (Gánovce, Slovakia) and
at last over the station KOSE (Košice, Slovakia).

The station SKTN is not present in Figs. 6 and 7 because the atmospheric
data were not available at the moment of case study.

Fig. 8. Time series of differenced ZTD for the selected permanent stations from 27 Septem-
ber to 5 October 2017.
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6.2. ZTD assimilation into NWP model

In order to illustrate the potential of exploitation of the ZTD in the high
resolution numerical weather forecasting the multiple experiments were con-
ducted at SHMU. The first experiment was a single observation experiment,
where we demonstrated impact of one assimilated zenith total delay on nu-
merical weather prediction model. The second experiment compares the
impact of assimilation of ZTD with respect to other types of observations.
The last experiment demonstrates the impact of ZTD assimilation on pre-
cipitation forecast.

6.2.1. Numerical weather prediction model

At SHMU the ALADIN NWP model (Termonia et al., 2018) – config-
uration AROME (Seity et al., 2011) is used for data assimilation. The
AROME NWP model is adapted to the limited area geometry and the
physical parameterization schemes are derived from Meso–NonHydrostatic
research model (Lafore et al., 1998). AROME NWP model is experimen-
tally exploited at the SHMU (Derková et al., 2017). The AROME domain
covers Slovakia and vicinity. The size and position of AROME domain is
displayed in Fig. 1. The horizontal resolution is 2.0 km on a Lambert pro-
jection with λ = (11.73◦, 25.40◦), φ = (45.27◦, 51.93◦) which results to 501
and 373 physical4 grid points in the east–west and north–south directions
respectively. The domain is vertically divided into 73 levels using a hybrid
pressure terrain–following coordinate system. The height of the lowest level5

is about 11 m above the ground. The size and resolution of the domain de-
pends on computing capacities of supercomputer at SHMU. This setup of
NWP model is referred to as AROME/SHMU. For NWP forecasting6 the
boundary conditions are mandatory. The AROME/SHMU model is nested
in ALADIN/SHMU (Derková et al., 2017) with hourly coupling frequency.

6.2.2. Assimilation method

The initial conditions7 for numerical weather forecast can be improved using

4 the most model computation are in spectral space
5 model level number 73
6 denoted as integration
7 the initial state for the integration of the atmospheric model
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data assimilation methods. These provide the best possible estimation of the
current state of the atmosphere based on the various types of observations
and measurements of the atmospheric parameters. Data assimilation is
an analysis method in which the observed information is accumulated into
the model state by taking advantage of consistency constraints with laws
of time evolution and physical properties (Courtier et al., 1991). In the
experimental setup of AROME/SHMU the Three–Dimensional Variational
analysis (3D–Var) method is used to obtain NWP analysis xa (Fischer et
al., 2005). The principle of 3D–Var method is to estimate an approximate
solution to the equivalent minimization problem defined by the cost function
(Eq. 8). The solution is sought iteratively by performing several evaluations
of the cost function:

J(x) = (x− xb)
T B−1 (x− xb) + (y−H(x))T R−1 (y−H(x)) ,

J(x) = Jb + Jo ,
(8)

where

x is the model state,

xb is the background model state8,

y is the vector of observations,

H is the observation operator,

B is the covariance matrix of background model state,

R is the covariance matrix of observations,

Jo is the observation cost function,

Jb is the background cost function.

An analysis is the production of an accurate image of the true state of
the atmosphere at a given time, represented in a model as a collection of
numbers. An analysis can be useful in itself as a comprehensive and self–
consistent diagnostic of the atmosphere. It can also be used as input data
for a numerical weather forecast, or as a data retrieval to be used as a
pseudo-observation. It can provide a reference against which to check the
quality of observations (Bouttier and Courtier, 2002).

Zenith total delays can be used stand alone or together with other ob-
servations as y in the 3D–Var method.

8 denoted as guess
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6.2.3. Single ZTD assimilation experiment

The first experiment was an assimilation of a single observation into AROME
/SHMU NWP model to demonstrate the impact of ZTD observations on
the NWP analysis. The ZTD was from station GANP (Gánovce, Slovakia)
estimated in near–real time on 15 August 2018 at 12 UTC. This station was
chosen due to the stable time series of estimated tropospheric products,
due to successful validation with ZTD from other sources and due to ap-
proximate position in the middle of NWP domain. The NWP analysis was
created by assimilation of the ZTD with 3D–Var method to the background
model state of NWP model. The impact of single observation assimila-
tion is computed as difference of analysis and background model state9 to
show how the information from the assimilated observation propagates hor-
izontally and vertically in space. The impact of single ZTD assimilation on
specific humidity is displayed in Fig. 9. As it is shown, the increments at the
65th model level are concentric isolines around the position of assimilated
ZTD. Height of the 65th model level is about 209 m above terrain.

Fig. 9. Increments of specific humidity [1× 10−4 kg kg−1] on 15 August 2018 12 UTC at
model level 65.

The maximum increments of specific humidity reached 1.18×10−4 kg kg−1

at the 65th model level in the position of permanent station GANP. Whereby

9 the differences are denoted as increments
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the increments are close to zero about 100 km away from permanent sta-
tion. The Fig. 10 displays 155 km east–west direction vertical cross section
of increments of specific humidity.

Fig. 10. Specific humidity [1× 10−4 kg kg−1].

The impact of single ZTD assimilation is located in the bottom layers of
the troposphere – below the first 5 km of atmosphere. This result of 3D–Var
assimilation method is in agreement with Mockler (1995), who declared that
90% of water vapour is accumulated in the first 5 km of troposphere. The
difference between estimated ZTD from SUT solution and from the model
state estimated by observation operator H decreased after assimilation from
3.79 mm to 0.35 mm. This decrease illustrates, that the analysis of NWP
model has been adapted to assimilated ZTD.

6.2.4. Impact of ZTD assimilation

The impact analysis of ZTD assimilation on AROME/SHMU NWP model
with respect to other different observation types was carried out. The ex-
periment was performed for two days. First selected day (19 July 2018)
represents rainy weather with locally measured precipitation of 110 mm in
24 h. On the contrary no precipitation were recorded on the second selected
day 27 July 2018. For both days the Degrees of Freedom for Signal (DFS)
diagnostic was calculated. DFS diagnostic is the derivative of the analysis
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increments in the observation space with respect to the observations used
in the analysis system. As proposed by Chapnik et al. (2006) DFS can be
computed through the perturbations of observations:

DFS = (yp − y)R−1
((

Δp
g −Δp

a

)
− (Δg −Δa)

)
, (9)

where

Δg are the differences between perturbed and non–perturbed observations
and background model state,

Δa are the differences between perturbed and non–perturbed observations
and analysis model state.

The upper index p denotes perturbed differences. Perturbation is done
by modifying the assimilated observations by adding small value with nor-
mal distribution. The absolute DFS represent the impact of assimilating
different observation types into the NWP model, in terms of amount, dis-
tribution, instrumental accuracy and observation operator definition. The
results are displayed in Figs. 11 and 12. Five data types were assimilated
to AROME/SHMU NWP model: observations from ground based mete-
orological stations (Surface Synoptic Observations (SYNOP) ∼5000 obs.),
meteorological observations from air planes (AMDAR ∼2000 obs.), obser-
vations from radiosondes (TEMP ∼4000 obs.), wind speed and direction es-
timated from geostationary meteorological satellites (Atmospheric Motion
Vector (AMV) ∼250 obs.) and zenith total delays estimated from hourly
processing in near real–time with PNP method at SUT (ZTD ∼120 obs.).

The absolute impact of ZTD assimilation is low compared to other ob-
servation types. The ZTD are outnumbered by factor ∼42 compared to
SYNOP observations and by factor ∼33 to TEMP observations. The rela-
tive DFS illustrates the impact of one assimilated observation compared to
other observation types. The impact of one assimilated ZTD is dominant
compared to other observation types. The decrease of relative impact of
the SYNOP and TEMP observation could be related to space overlapping
increments from different observations of the same type (two different ob-
servations have impact in the same spatial location). Based on these results
the network densification of assimilated GNSS stations is proposed, as there
are still uncovered areas in AROME/SHMU model domain (Fig. 1). The
overlapping of increments shall be avoided by model tuning.
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Fig. 11. Absolute DFS of observation types on 19 and 27 July 2018.

Fig. 12. Relative DFS of observation types on 19 and 27 July 2018.

6.2.5. ZTD assimilation impact case study on precipitation fore-
cast

The impact case study of ZTD assimilation on precipitation forecast was
performed on heavy rain situation on 24 and 25 August 2019. The accu-
mulated precipitation over 24 hours were compared to INCA analysis, rep-
resenting the real state. This INCA analysis is based on radar reflectivity
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Imrǐsek M. et al.: Estimation of GNSS tropospheric products . . . (83–111)

measurements (which correspond to the intensity of rain) combined with
automatic ground weather rain gauge measurements. Three experiments
were performed. All experiments have common domain, AROME/SHMU
configuration and forecasting length 24 hours. First experiment is without
any data assimilation10. The second experiment is with data assimilation of
SYNOP, AMDAR, TEMP and AMV observations. The zenith total delays
were assimilated on top of other observations in the third experiment. The
results of 24 hour precipitation forecasts are displayed in Fig. 13.

Fig. 13. Accumulated precipitation [mm] from 24 August 2019 12 UTC to 25 August 2019
12 UTC. Top left picture displays INCA analysis. Top right picture displays the experi-
ment without data assimilation. Bottom left picture displays the experiment with ZTD
assimilation. Bottom right picture displays the experiment without ZTD assimilation.

The INCA analysis is regarded as a representation of the true state of
accumulated precipitation (top left). The AROME/SHMU model with-
out data assimilation (top right) has in this case the most unrealistic 24
hour precipitation forecast compared to INCA analysis. The rain that has
occurred in south-western Slovakia was not predicted at all and the precip-
itation over the mountains in northern Slovakia were overestimated. The

10 denoted as dynamic adaptation
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implementation of observation assimilation (without ZTD) with the 3D–Var
method results in more realistic total amount of precipitated water (bottom
right). The precipitation patterns in eastern Austria and western Slovakia
are captured better, albeit still not fully correct. The best result in this
case study was achieved by assimilation of all available data types (ZTD
included). The ZTD have major impact on spatial location of precipita-
tion. The extent of the territory hit by rain is more realistic with ZTD data
utilization.

7. Conclusion and perspectives

New advanced in near–real time system for the GNSS tropospheric pa-
rameters estimation and their post processing has been developed at the
Department of Theoretical Geodesy at the Slovak University of Technology
in Bratislava. Its improvements with respect to the previously exploited one
(Igondová and Cibulka, 2010) can be quantified as follows:

• the GNSS network is more dense in Slovakia (area per one station de-
creased from 8200 km2 to 2300 km2),

• the latency of processing is reduced four times (from 2 hours to 30 min-
utes),

• the frequency of processing is quadrupled (parameters are estimated every
hour),

• the time span of processed datasets are two times larger (from 4 to 8 hour
dataset),

• additional tropospheric parameters are estimated (north and east tropo-
spheric horizontal gradients GN and GE).

The most important estimated tropospheric parameter, zenith total de-
lay, was compared to ZTD from E–GVAP and IGS solutions. These com-
parisons confirmed high standard of SUT solution. Furthermore, new tro-
pospheric products were introduced on top of the standard ZTD and PWV
time series and maps. The tomography of the atmosphere and the time
series of tropospheric gradients are available on public web page.

We will also focus on estimation and a posteriori analysis of tropospheric
horizontal gradients. These gradients are used in the estimation of STD,
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which are experimentally assimilated in AROME NWP model.
Tropospheric products derived from the GNSS network processing can

provide useful complementary humidity measurements that are essential in
the numerical weather prediction to forecast the high impact events associ-
ated with the moisture (Guerova et al., 2016). This was recently explored at
the Slovak Hydrometeorological Institute in its experimental high resolution
limited area AROME/SHMU NWP model. The potential of meteorologi-
cal exploitation of ZTD data was demonstrated using Three–Dimensional
variational data assimilation method. ZTD were analyzed together with
other measurements to improve the NWP model initial conditions. The
academic experiment assimilating only single observation showed how this
measurement is horizontally and vertically propagated in the analysis. Ded-
icated DFS diagnostics after Chapnik et al. (2006) was applied to quantify
the absolute and relative impact of various observation types within the
data assimilation. Although the absolute impact of the ZTD assimilation
on NWP analysis is small because the ZTD are outnumbered by other ob-
servation types, their relative impact is dominant. These results are in
agreement with other studies, see Mile et al. (2019). The ZTD impact
on precipitation forecast was demonstrated on the case study. The most
realistic accumulated precipitation in terms of maxima as well as their spa-
tialisation were predicted with model where all data including ZTD were
used in data assimilation. This confirms the conclusions of of Mahfouf et
al. (2015). Achievements described in this article suggest that a coopera-
tion between the geodetic and meteorological communities in Slovakia shall
continue. When more computer resources are acquired at SHMU, addi-
tional case studies as well as the parallel suites will be carried out to assess
and quantify the impact of GNSS tropospheric products in the assimila-
tion and forecasts of the AROME/SHMU system. Furthermore, the pilot
implementation of the slant total delays data assimilation at the SHMU is
planned.
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