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Abstract. The near real-time (NRT) high resolution wa-
ter vapour distribution models can be constructed based on
GNSS observations delivered from Ground Base Augmenta-
tion Systems (GBAS) and ground meteorological data. Since
2008 in the territory of Poland, a GBAS system called ASG-
EUPOS (Active Geodetic Network) has been operating. This
paper addresses the problems concerning construction of the
NRT model of water vapour distribution in the troposphere
near Poland. The first section presents all available GNSS
and ground meteorological stations in the area of Poland and
neighbouring countries. In this section, data feeding scheme
is discussed, together with timeline and time resolution. The
high consistency between measured and interpolated tem-
perature value is shown, whereas some discrepancy in the
pressure is observed. In the second section, the NRT GNSS
data processing strategy of ASG-EUPOS network is dis-
cussed. Preliminary results show fine alignment of the ob-
tained Zenith Troposphere Delays (ZTDs) with reference
data from European Permanent Network (EPN) processing
center. The validation of NRT troposphere products against
daily solution shows 15 mm standard deviation of obtained
ZTD differences. The last section presents the first results
of 2-D water vapour distribution above the GNSS network
and application of the tomographic model to 3-D distribution
of water vapour in the atmosphere. The GNSS tomography
model, working on the simulated data from numerical fore-
cast model, shows high consistency with the reference data
(by means of standard deviation 4 mm km−1 or 4 ppm), how-
ever, noise analysis shows high solution sensitivity to errors
in observations. The discrepancy for real data preliminary so-
lution (measured as a mean standard deviation) between ref-
erence NWP data and tomography data was on the level of
9 mm km−1 (or 9 ppm) in terms of wet refractivity.

Keywords. Meteorology and atmospheric dynamics
(Mesoscale meteorology; Synoptic-scale meteorology) –
Radio science (Remote sensing)

1 Introduction

Global Navigation Satellite System (GNSS) was originally
designed for positioning and navigation. Amongst other pos-
sible applications it can also be used to derive information
about the state of the atmosphere, what is now recognised as
GNSS meteorology. Particularly GNSS meteorology is the
remote-sensing of the atmosphere from a satellite platform
(GNSS radio occultation meteorology) (Anthes et al., 2008;
Wickert et al., 2009) and ground permanent stations (ground
based GNSS meteorology) (Bevis et al., 1992, 1994; Bender
et al., 2011).

Continuous observations from GNSS receivers provide an
excellent tool for monitoring water vapour content in the
Earth’s atmosphere. Several research projects were initiated
in Europe and overseas to derive the water vapour con-
tent in the atmosphere from ground-based GNSS observation
data, for example: COST Action 716 (European Cooperation
in the field of Scientific Technical Research-exploitation of
ground-based GPS for climate and numerical weather predic-
tion applications, 1998–2004) (van der Marel, 2004; Dousa,
2004), TOUGH (Targeting Optimal Use of GPS Humidity
Data in Meteorology, 2003–2006) (Vedel and Huang, 2004;
Järvinen et al., 2007) and E-GVAP (The EUMETNET GPS
Water Vapour Programme, 2004–) (Dousa, 2010a; Bennitt
and Jupp, 2012). The near real-time (NRT) GNSS water
vapour monitoring for numerical weather prediction services
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are active in Germany (Heise et al., 2009) and Austria (Kara-
batic et al., 2011).

The GNSS meteorology is based on the results of GNSS
data processing represented by the Zenith Total Delay (ZTD).
The ZTD can be split into hydrostatic ZHD and wet ZWD
component of the delay:

ZTD= ZHD+ZWD (1)

The hydrostatic component ZHD is modelled based on the
pressure or pressure and temperature at the GNSS stations
which might be obtained from deterministic atmosphere
models, as well as Numerical Weather Prediction (NWP)
models or from ground meteorological observations.

The wet component of Zenith Tropospheric Delay (ZWD)
is the foundation for the computing of water vapour content
in the atmosphere. The integrated content of water vapour
above GNSS stations (2-D model), represented by Integrated
Water Vapour (IWV), is obtained directly from ZWD apply-
ing empirical equations (Bevis et al., 1992, 1994).

The spatial structure and temporal behaviour of the water
vapour in the troposphere (3-D) can be modelled using the
GNSS tomography method. In principle, GNSS tomography
is founded on the linear equation relating Slant Wet Delay
(SWD) with the wet refractivity in voxelsNw along the ray-
path which reads as follows (i.e.,Flores et al., 2000):

SWD= A ·Nw (2)

whereA is the design matrix.
Wet refractivityNw is a dimensionless quantity and by def-

inition of refraction contains 10−6 term, therefore, may be
presented either in ppm or in mm km−1 (interchangeable). In
this study, authors choose to present wet refractivity results
in mm km−1.

The design matrix construction is at the focal point of all
tomography applications (Perler et al., 2011; Nilsson and
Gradinarsky, 2006), because it relates to the SWD sum of
all wet refractivities voxels along the path multiplied by the
distance that the signal resides in each voxel, which is a lin-
ear operator. Currently several methods exist to solve Eq. (2).
The first is to add horizontal and vertical constraints into the
system of equations (2) and then solve it (Hirahara, 2000),
the second is to use a Kalman filter with the same equa-
tion system (Flores et al., 2000), the third is to find the so-
lution directly from the GNSS phase measurement equation
(Nilsson and Gradinarsky, 2006) and another is Algebraic
Reconstruction Technique (ART) (Bender et al., 2011). In
previous papers byRohm and Bosy(2009, 2011), the au-
thors showed GNSS tomography methodology studies based
on minimum constraint solution and Singular Value Decom-
position (SVD) algorithm (Anderson et al., 1999) to find the
wet refractivity (Eq.2) above the network of GNSS receivers.

A number of GNSS applications require precise position-
ing with high accuracy in real-time or rapid static postpro-
cessing mode. Precise positioning in real-time or rapid static

Stations:
EPN
National
Foreign

Fig. 1. Reference stations of ASG-EUPOS system
(www.asgeupos.pl): 15 EPN, 85 national, 25 foreign (7 Novem-
ber 2011).

mode is currently being implemented in two methods: dif-
ferential and autonomous. The positioning using the above
methods can be supported by Ground Base Augmentation
System (GBAS), which provides better results stability in
the area of the GBAS network (Kee et al., 1991). One of
the elements supporting precise positioning, especially for
height component, is a model of the neutral atmosphere (tro-
posphere), computed for the GBAS network area (Wielgosz
et al., 2011; Grejner-Brzezinska et al., 2009). The Poland ter-
ritory is covered by dense network of GNSS stations in the
frame of a GBAS system called ASG-EUPOS.

The first part of the paper contains the procedure of inte-
gration and validation of ground-based meteorological obser-
vations delivered from various sources on the area of GBAS
ASG-EUPOS network. The second part presents the method-
ology of NRT GNSS data processing of ASG-EUPOS sta-
tions for ZTD estimation with reference data and products
from EPN/IGS processing centers. The third part presents
the procedure of water vapour 2-D distribution above GNSS
stations and tomographic model application to estimate 3-D
distribution of water vapour in the atmosphere.

2 GNSS and meteorological data

The ASG-EUPOS system permanently collects the GNSS
data from 125 stations (Fig.1).

Complying with the EUPOS organisation (www.eupos.
org) and the project of the ASG-EUPOS system stan-
dards, the distances between neighbouring reference sta-
tions should be 70 km which gives the number of stations
100 in the area of Poland. According to the rules of the
EUPOS organisation (in the frame of cross-border data
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Fig. 2. Ground stations of meteorological networks (ASG-EUPOS:
15, METAR: 22, SYNOP: 84) in the area of Poland (7 Novem-
ber 2011).

exchange) the reference stations from Lithuania (LITPOS),
Germany (SAPOS), Czech Republic (CZEPOS) and Slo-
vakia (SKPOS) were added to the regular processing of the
ASG-EUPOS network (Fig.1) (Bosy et al., 2008).

In all localisations of the EUREF Permanent Network
(EPN) stations (Fig.1) in 2008, the new uniform meteorolog-
ical infrastructure was installed. In all stations the basic me-
teorological parameters (pressure with precision±0.08 hPa
from 500 to 1100 hPa, temperature with precision±0.2◦C
from −50 to+60◦C and relative humidity with precision
±2 % from 0 to 100 %) are measured close to the GNSS an-
tenna. This set of meteorological sensors are considered the
most unified, homogenous (available with 1 h time resolu-
tion) and most consistent, therefore, in this study they are
regarded as reference.

The ground meteorological observations in the area
of Poland and neighbouring countries are also available
from meteorological stations acting as a support for avi-
ation: METAR (Meteorological Terminal Aviation Routine
Weather Report or Meteorological Aerodrome Report) mes-
sages stations, or as a country meteorological data supply:
SYNOP (surface synoptic observations) messages stations
(Fig. 2).

The data are available with different time resolution
(SYNOP: 3 h, METAR: 0.5 h). While the spatial distribution
of METAR, SYNOP stations is complying with near real-
time estimation of water vapour needs, the actual quality of
the data remains unknown. This set of sensors is more dense
than the previously mentioned and could be used to interpo-
late meteorological parameters for the rest of ASG-EUPOS
GNSS stations not equipped with meteorological instrumen-
tation.
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Fig. 3. Interpolation of the atmospheric parameters (T – tempera-
ture,H – relative humidity,P – pressure) from the known meteo-
rological stations (Si ) to a known location (Pi ).

The values of temperatureT , relative humidityH and
pressureP are interpolated from the known (Si) meteoro-
logical stations according to procedure, in which the idea is
depicted in Fig.3.

The value of the particular parameter is calculated as a
weighted average:

s =

n∑
i=1

siwi

n∑
i=1

wi

, (3)

where the values of weightswi are calculated, using empiri-
cal formulas given byBorkowski et al.(2002), differently for
temperature, relative humidity and pressure:

– Temperature:s←− T

wi = (h−hi)
−4, (4)

whereh andhi are heights of the interpolated point and
known points, respectively.

– Relative humidity:s←−H

wi = [(x− xi)
2
+ (y− yi)

2
+ (h−hi)

2
]
−2, (5)

where x,y are planar coordinates of the interpolated
point andxi,yi are coordinates of the known points used
for the interpolation.

– Pressure:s←− P

wi = [(x− xi)
2
+ (y− yi)

2
]
−2 (6)

In this case, in the first step the values of pressure
are calculated from known (Si) points data (Fig.3) us-
ing barometric levelling formula (Rankine and Bamber,
2009):
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Fig. 4. Measured (black circles) and interpolated (blue diamonds) meteorological parameters for three stations: BPDL, BYDG, ZYWI on
7 November 2011.

logPi = logPSi +
hi −h

18400(1+ T+Ti
546 )

. (7)

In the next step, the weighted average is determined
from the calculated values.

In order to ascertain the quality of METAR and SYNOP ob-
servations, the values of meteorological parameters at the
ASG-EUPOS meteorological sensors has been calculated us-
ing the procedure given above. Attained values were com-
pared against observations, the residual statistics (average
discrepancy and standard deviation) is shown in Table1.

Temperature interpolation on most of the stations (in 8 out
of 9) shows no large average discrepancies, but the other two
parameters, mainly relative humidity and pressure, shows
significant discrepancies. The lower accuracy for pressure
and relative humidity is attributed to the spatial distribution
of SYNOP, METAR stations (Fig.2), which affects interpo-
lation weights as follows in Eqs. (5), (6).

Figure4 shows the results of a daily comparison (between
measured and interpolated values) at the three selected mete-
orological stations: BPDL, BYDG and ZYWI.

As shown on Fig.4, the temperature interpolation was suc-
cessful, achieving high consistency with observations. Sta-
tion BYDG is the example of the pressure point observa-
tions that shows systematic bias linked with low SYNOP,
METAR stations density in BYDG station vicinity. Negative
bias is observed in stations located in the mountainous part
of Poland, with the example shown on Fig.4 as ZYWI.

Maps (Fig.5) show the 2-D distribution of temperature,
relative humidity and air pressure interpolated from all avail-
able meteorological stations (METAR, SYNOP and GNSS)
(Fig. 2).

Attained results (Table1 and Fig.4), shows unhomogenity
of meteorological data, and some deficiencies in the interpo-

lation procedure. Future work will focus on finding the op-
timal methods of interpolation and meteorological data vali-
dation.

3 NRT ZTD estimation

The NRT ZTD estimation service is organised to monitor the
state of troposphere from GPS observations for the area of
Poland. The only and best source of data for that purpose
in Poland is the ASG-EUPOS network (Fig.1). Service is
based on capturing real-time streams of RTCM GPS data
via the NTRIP protocol using theBNC 2.5software (BKG,
2011). RINEX 2.11 files generated from RTCM streams are
then supplemented with the latest station information data
from the IGS and ASG-EUPOS station log files. Software for
downloading the station information data, IGS products and
Bernese GPS Software 5.0 Processing Engine (BPE) (Dach
et al., 2007) scripts are written in Perl script language and
initialised fromcron Linux service. The schedule of collec-
tion of input data (GPS data and parameters) is presented in
Table2.

During the development of Bernese batch processing en-
gine for ZTDs estimation, two methods of ambiguity reso-
lution were established and tested: the standard QIF (Quasi
Ionosphere-Free) method (Mervart, 1995) and L5/L3 method
(Bosy et al., 2003; Dach et al., 2007). In the second method,
the wide-lane L5 phase combination was used in the SIGMA
ambiguity resolution strategy (Dach et al., 2007) and then re-
solved wide-lane ambiguities were introduced into a narrow-
lane L3 solution. Primarily for that purpose the GPS data
was gathered from Polish EPN stations belonging to the
ASG-EUPOS as well as from EPN solution fiducial stations
BOR1, JOZE, METS, ONSA, POLV, POTS, WTZR, ZIMMfor
referencing the solution according to the ITRF2005 com-
bined EPN solution. Processing of GPS data were run in
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Table 1.Discrepancies of interpolated and real atmospheric parameters on selected ASG-EUPOS stations.

Average discrepancy Standard deviation

Station Temp [deg. C] Rel. hum. [%] Pressure [mbar] Temp [deg. C] Rel. hum. [%] Pressure [mbar]

BPDL 0.87 7.67 −0.10 1.03 9.78 0.36
BYDG 0.39 2.16 4.77 0.69 3.77 0.30
GWWL 0.20 −1.79 11.90 1.31 3.79 0.35
KATO 3.91 −13.35 −11.98 2.50 6.24 0.22
REDZ −0.39 4.61 6.17 0.69 4.81 0.46
SWKI −1.61 −0.85 10.08 1.24 5.88 0.40
USDL −0.01 −14.01 −17.50 4.12 12.94 0.52
WROC 1.82 −10.48 2.12 1.09 4.53 0.33
ZYWI −0.40 −10.54 −5.54 1.52 6.23 0.41
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Fig. 5. Meteorological parameters interpolation for the area of
Poland on 7 November 2011. Each map combines interpolated and
measured data.

Table 2. Input data for the NRT processing of ZTD at Institute of
Geodesy and Geoinformatics in Wroclaw.

Data Source Update

Input

GPS data NTRIP RTCM real-time
stored to RINEX

Precise Orbits IGS Ultra-rapid 6 h
ERP IGS Ultra-rapid 6 h
Satellite health info. IGS 1 h

Output

ZTD files TRO SINEX 1 h
Coordinate files CRD and SINEX 1 h

12 h windows each hour. The results from both strategies
were compared and L5/L3 strategy was recognised as better,
because of greater average ambiguity resolution percentage
(82.0 % L5/L3 against 80.0 % QIF) and shorter average com-
putation time for the processing window for 21 EPN stations
(3min 53s L5/L3 against 4 min 2 s QIF). The resultant ZTDs
were compared to the EPN combined ZTD solution for 19
stations of 21 stations presented in Fig.7 and the 9.3 mm
standard deviation of obtained differences was achieved with
average bias of−0.2 mm. The comparison of ZTDs for April
and November of year 2011 is shown in Fig.6. This figure
depicts also the percentage of ZTD differences within double
standard deviation boundaries and the range of obtained dif-
ferences. It is visible, that for analysed stations 4 to 10 % of
data are outliers exceeding double standard deviation value.

GPS data processing was based on the solution of the set
of independent baselines (Fig.7) connecting 14 Polish and
6 foreign EPN stations. Other stations in the further pro-
cessing were connected to this network of baselines using
the SHORTEST strategy (Dach et al., 2007). Final mini-
mum constrained solution was referenced to ITRF2005 by
the epoch coordinates of EPN fiducial stations. The results
of such a solution are then comparable to ASG-EUPOS and

www.ann-geophys.net/30/1379/2012/ Ann. Geophys., 30, 1379–1391, 2012
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Fig. 6. Comparison of estimated NRT ZTDs with EPN combined
ZTD solution for 19 EPN stations, during April and November of
2011.

EPN/IGS daily solutions and allows for the network consis-
tency monitoring. Obtained differences of NRT ZTDs with
EPN combined product (for April and November of 2011)
shows the repeatability of ellipsoidal height component with
standard deviation of 28.4 mm and average for all stations
bias of−13 mm. This rather big value of bias was considered
as the problem of the incorrect constraining of solutions and
improved during the processing of entire network consisting
of EPN and ASG-EUPOS stations.

Processing of whole the network consisting of 97 Polish
ASG-EUPOS stations and 6 foreign EPN stations was also
tested. The processing strategy description is presented in
Table 3. The moving computation window was shortened
first from 12 to 4 h due to the server limited processing
performance and next to last one hour. Processing a priori
ZTD model is Saastamoinen with Dry Niell mapping func-
tions with the final estimation of Wet Niell model values
which is a standardBernese GPS Softwareprocessing pro-
cedure (Dach et al., 2007). Taking into account height bias
(−13 mm) obtained during testing period, constraining of so-
lutions was made on ITRF2008 coordinates of 23 EPN sta-
tions obtained from the Military University of Technology in
Warsaw (MUT) ASG-EUPOS Analysis Centre.

Resultant ZTD estimates and ellipsoidal heights from
hourly NRT sessions of 120 days of 2012 were com-
pared to EPN combined estimates. As expected, the average

Fig. 7. Baseline skeleton (21 stations) for ASG-EUPOS network
solution.

height bias for 30 EPN stations decreased from−13 mm to
2.8 mm. Obtained standard deviation of height differences is
25.8 mm. Comparison of NRT ZTD product with EPN com-
bined ZTDs results in average bias of−0.2 mm with stan-
dard deviation of 13.5 mm. NRT ZTD results from the ASG-
EUPOS network are also compared to the daily solutions of
MUT ASG-EUPOS Analysis Centre, based on IGS Rapid
products. The standard deviation of obtained differences over
consecutive 120 days of 2012 is 15.5 mm and the average
bias for all processed stations is 0.5 mm.

The sources of presented discrepancies (Fig.8) may be
as follows: the quality of gathered real-time GPS data, used
SHORTEST strategy of baselines design, the quality of
Ultra-Rapid IGS products, different baseline design and dif-
ferent solution’s reference stations. The overall quality of
achieved solutions given by standard deviations of ZTDs
discrepancy are twice as bad compared to the results com-
ing from GOP (Dousa, 2010b). Achieved results may not be
qualified as bad considering the processing of only the last
hour of GPS data without combining with previous results
and using forced baselines design supported with SHORT-
EST strategy. This indicates the need for further processing
procedure development, especially for the GPS and orbit data
quality monitoring.

Ann. Geophys., 30, 1379–1391, 2012 www.ann-geophys.net/30/1379/2012/
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Table 3.Summary of basic information on the NRT GPS data processing at Institute of Geodesy and Geoinformatics in Wroclaw.

L5/L3 (code & phase) strategy

Reference frame ITRF 2008 (for the epoch of measurements)
Number of stations 103 (97 ASG-EUPOS/Polish EPN & 6 foreign EPN)
Length of processing window 1 h
A priori ZTD model/mapping function Saastamoinen/Dry Niell
Estimated ZTD model Wet Niell
Ionosphere model CODE ultra-rapid
Baseline design Forced for core network and based on IGS/EPN stations,

for other stations SHORTEST
Ambiguity resolution wide-lane (L5) & narrow-lane (L3)
Average percentage of resolved ambiguities 91.4 % (L5) & 79.4 % (L3)

Fig. 8. Comparison statistics of estimated NRT ZTDs for 30 EPN stations with EPN combined weekly solution for a period of 120 days in
2012.

4 Water vapour modelling

The information about contents of water vapour (2-D model)
above GNSS stations, represented by Integrated Water
Vapour (IWV), is obtained directly from ZWD. The rela-
tion between ZWD and the water vapour content in the at-
mosphere is expressed by IWV and given by the equation
(Bevis et al., 1992, 1994; Kleijer, 2004):

IWV =
ZWD

10−6 ·Rw

(
k′2+

k3

TM

)−1

(8)

where Rw = 461.525±0.003 [J kg−1 K−1
] is the specific

gas constant for water vapour,k′2= 24±11 [K hPa−1
],

k3= 3.75±0.03 [105 K2 hPa−1
] are refraction constants

(Boudouris, 1963) and TM ≈ 70.2±0.72· T0 is weighted
mean water vapour temperature of the atmosphere,T0 is the
surface temperature (Mendes, 1999; Kleijer, 2004).

The ZWD values is derived from equation:

ZWD= ZTD−ZHD (9)

where the calculation procedure of ZTD was described in the
previous section, and ZHD are derived from Saastamoinen
model (1972). The input parameters for ZHD calculations
are surface meteorological parameters (temperature, pres-
sure) interpolated for ASG-EUPOS stations as described ear-
lier. Therefore, it is possible to derive IWV for any location
inside the GBAS network as presented in Fig.9. There are
no assumptions about the temperature or air-pressure pro-
files, since only surface values are used. Information about
humidity, which is usually derived with insufficient quality
and resolution, is unused in this case.

To estimate the 3-D distribution of water vapour in the
troposphere, a tomography method was applied. The input
data of GNSS tomography are: the signal Slant Wet Delays

www.ann-geophys.net/30/1379/2012/ Ann. Geophys., 30, 1379–1391, 2012
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Fig. 9.Example of the Integrated Water Vapour (IWV) 2-D distribution over the area of Poland calculated for 7 November 2011, shown as a
time series with 4 h interval.

(SWD) from GNSS stations, the meteorological observations
from synoptic stations and the NWP models data. The NWP
models data are also used for GNSS data verification and cal-
ibration of the tomography model (Bosy et al., 2010a). The
SWD is computed from know equation:

SWD=mw(ε)ZWD (10)

where ZWD is Zenith Wet Delay,ε is the satellite eleva-
tion angle andmw(ε) is the mapping function (Niell, 1996;
Boehm et al., 2006). In this study, no horizontal variability
has been considered, and Double Difference (DD) residuals
has not been applied. The GNSS signal delays due to the wa-
ter vapour are evaluated for a large number of different views
through the atmosphere (Bender and Raabe, 2007). The con-
cept of GNSS tomography model for Poland is presented in
Fig. 10 (Bosy et al., 2010b).

The tomographic method presented in this paper uses
GNSS SWD in conjunction with the minimum constraint
conditions imposed on the unknowns (constraintsW ) or a
priori observationsAapriori, or all three components together,
what converts the system (2) into: SWD

Naprioir
0

=
 A

Aapriori
W

 ·Nw (11)

The Eq. (11), is solved for unknownNw with the pseudoin-
version procedure applying SVD. Singular Value Decompo-
sition (Anderson et al., 1999). According to previous find-
ings based on theory of error propagation (Rohm, 2012), the
precision of unbiased solution for a single epoch should stay
well below 2.0 mm km−1 in terms of wet refractivity, and as-
suming standard troposphere temperature gradients, should
not be worse than 1 hPa in terms of water vapour partial pres-
sure.

sf

tb

10

Up [km]

Fig. 10. The ray path in consecutive voxels. Two cases are con-
sidered, the first when the ray is coming out of the model’s side
face (sf), and the second, when ray is coming out of the model top
boundary (tb).

The present stage of development of tomography model
(TOMO2) is the combined effort of consecutive research
stages:
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Fig. 11. The setup of tomography nested models, green line rep-
resents outline outer model, while red line shows limits of inner
model.

– development of algorithm for tomographic inversion
based on simulated data (Rohm and Bosy, 2009),

– constructing the method to effectively interpolate mete-
orological variables (p, T , RH) (Bosy et al., 2010a),

– validation of the method with external data like Numer-
ical Weather Prediction model (Rohm and Bosy, 2011),

– conceptualisation of NRT processing (Bosy et al.,
2010b),

– determination of method precision (Rohm, 2012).

Voxels in the tomography model are organised similarly to
the structure of NWP model, and consistent with previous
findings (Rohm, 2012), stating that tomography model above
7 km in height is unable to detect any changes of water
vapour content due to precision lower than the usual amount
of water vapour in this region of troposphere. Thus, the
model in a vertical direction has been separated into 1 km
thick layers, up to 7 km height.

Another important characteristics related to the model
construction is an outer model (Fig.11), as in forecasting
NWP models, covering the state of the atmosphere outside
the domain of study, but still having impact on processes
observed in the inner model. The reason behind appending
the inner model with the outer model is to consider all scan-
ning rays leaving the inner model side faces (sf in Fig. 10).
Although this approach increases the number of unknown
parameters in the solution step, but at the same time pre-
vents the solution from large biases introduced by low ele-
vation signals. The outer model is populated with forecasts

5 10 20 30 40 50 60 70 80 90
0

0,5

1,0

1,5

Elevation [ ]o

S
W

D
 [

m
]

SWD GNSS

SWD NWP

Fig. 12. The SWDs stemming from raytracing through the NWP
model (blue), overlayed on SWDs from GNSS processing (red).
Each point represents one SWD in relation to the elevation angle,
the number of points equals the amount of SWD observations per
day in AGS-EUPOS network.

by NWP wet refractivity data and introduced as an a priori
values in Eq. (11) the values are estimated in each update
step of kalman filter, loose constraints are imposed on this
parameter.

To assess the capability in obtaining precise and unbiased
estimates of wet refractivity in the troposphere over the ter-
ritory of Poland, the ZWD for each station in each epoch
and SWD for each station satellite couple in each epoch
have been validated against raytraced observations from
COAMPS (Coupled Ocean/Atmosphere Mesoscale Predic-
tion System) NWP model (Hodur, 1997). The NWP model
outputs comprises of pressure, temperature and water vapour
pressure in node points of terrain following grid points. Verti-
cally the model has 30 layers while the horizontal resolution
for fine grid in nested model equals roughly 22 km. Model
delivers full solution every 1 h, consistent with the ZTD es-
timation process, meteorological parameters were interpo-
lated to the central point of each voxel applying methodol-
ogy given inBosy et al.(2010a). The same procedure was
applied on the pressure values to derive ZHD and attained
ZWD according to Eq. (1), the final solution would be based
on ground meteorological observations or forecasts, to keep
the model bias free.

As seen in Figs.12 and 13, the difference between ob-
served and raytraced SWD is rather low with typical statis-
tics, expressed as a standard deviation ofσSWD= 0.049 m
and mean ofµSWD=−0.002 m. The discrepancies are
growing larger in low elevation angles (Fig.12). It is also of
interest to see (Fig.12) that real observations give a some-
what broader spectrum than raytraced, probably resulting
from the fact that the NWP model is a smoothed version of
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Fig. 13.The residual (SWD GNSS− SWD NWP) histogram show-
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spective SWD from raytracing through the NWP model, roughly
700 000 scanning rays considered.

Table 4. The error settings (µSWD – bias,σSWD – standard devi-
ation) for noise analysis (second and third column), with the noise
responses from the model (µNw – bias,σNw – standard deviation)
in the fourth and fifth column. Last column shows condition number
k of design matrix.

Epochs µSWD σSWD µNw σNw k

[m] [m] [mm km−1
] [mm km−1

]

96 0.000 1×10−6
−0.5 4.3 5×103

96 −0.002 5×10−2
−0.2 5.2 5×103

96 −0.002 5×10−1 1.6 27.0 5×103

the troposphere and might not capture all water vapour struc-
tures present in the troposphere. To effectively test the impact
of noise in the observations, tomographic solution in a con-
trolled environment was performed, results are shown in the
Table4.

The reference value for noiseσNw andµNw for given de-
sign matrix A (Eq. 11) was established using zero noise
assumption in the observationsσSWD= 1×10−6 m and
µSWD= 0.000 m. The noise of the solution measured as a
standard deviation of discrepancy between reference wet re-
fractivity (NWP) and tomography derived wet refractivity is
in the order ofσNw = 4 mm km−1 (first row in Table4).

From the error propagation analysis, described inRohm
(2012), and Figs.13, 12, the noise in the GNSS derived
SWDs is in the order ofσSWD= 0.005−0.05 m. Hence,
random noise of similar magnitude was applied to the ob-
servations (SWDs), due to the high condition numberk

and not reduced with any constraints equations, the output
noise was amplified to the unacceptable measure ofσNw =

27.0 mm km−1, almost 30 % of wet refractivity value on the
ground level (last row of Table4).

The intermediate level of noise in the order ofσSWD=

0.001–0.01 m applied on the same SWD observations with
the same observation setup, shows only slightly less precise
σNw = 5.2 mm km−1 (second row of Table4) results while
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Fig. 14.The selected solution for one epoch, with different magni-
tude of applied noise, from top to bottom zero, intermediate, realis-
tic.

compared with benchmark observations with no additional
noiseσNw = 4.3 mm km−1. Practically, it means that the in-
termediate level of noise (σSWD= 0.001–0.01 m) is accept-
able in the current tomography model setup.

The same patterns as in Table4 are shown in Fig.14,
where three different observation noise setups were depicted,
but only for one selected epoch of observations. The first
two top panels look almost the same, they correspond to the
first two rows of Table4, so with no noise, or with a low-
intermediate level of noise. It is clearly seen that both plots
are following the same patterns and discrepancies are minor.
The bottom panel of the Fig.14represents the solution based
on simulated observations with realistic random noise, in this
case, the solution shows major discrepancies between NWP
derived and tomography derived values.

In the final stage of this section, results of processing the
real GNSS derived SWDs data are discussed in the context of
noise analysis given above. The overall noise of GNSS NRT
ZTD data (Fig.8), and error analysis (Rohm, 2012), shows
that the noise of SWD is in the order ofσSWD= 0.005–
0.05 m, according to simulation (Fig.14, bottom panel),
wet refractivity from tomography processing should be very
noisy. Indeed, the overall solution for 240 epochs 10 days
for 24 h shows discrepancy, measured as a standard devia-
tion between NWP and tomography in the order ofσNw =

27 mm km−1. There are two main reasons for such inaccurate
results: first is the quality of the input data, and second is the
high condition numberk. The data quality should be seen as
a combination of noise, bias and residual outliers. The noise
reduction in this study is limited to increasing cut off angle
from 5 degrees to 10 degrees, while other paths would be
explored in future (gradients, differential observations). The
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Fig. 15.The example of tomographic solution for one epoch during
experiment. Cyan dots represent solution derived with Kalman filter
and based on GNSS derived SWDs; blue dots obtained from NWP
model.

bias, on the other hand, as shown in this study is more related
to discrepancy between NWP data and GPS data (Fig.15),
and according to Table4 has a small impact on overall solu-
tion. Outliers reduction scheme is based on ZTD estimation
precision, all observations with larger than a certain thresh-
old value was excluded. The other side of this ill-conditioned
tomography problem is the condition score here equals to
5×103. This is a result of many factors like: ASG-EUPOS
network sites location, GPS system only observations, and
100 voxels in one layer with 7 consecutive layers of 1 km.

The condition number by definition is a difference be-
tween first and last singular values in the design matrix. To
reduce this score the maximum value for condition number
was fixed, due to a rather high noise in data the threshold
score was set to 100. The overall solution improved, the dis-
crepancy between NWP wet refractivities and GNSS tomog-
raphy wet refractivities measured as a mean standard devia-
tion was reduced toσNw = 8.9 mm km−1. Future investiga-
tions will focus on noise reduction and an increasing number
of observations, high frequency observations, new satellite
constellations and new satellite based observations.

5 Conclusions

In this study, ground-based GBAS network equipped with
GNSS and meteorological sensors and external meteorolog-
ical stations are utilised to derive the estimate water vapour
distribution in the troposphere in near real-time.

The NRT ZTD estimation results are comparable with
EPN analysis centres postprocessing solution, the results
show a consistency between developed strategy for NRT pro-
cessing and the reference EPN solution. The final average
bias for ZTD is on the level of 0.5 mm for all processed sta-
tions with 15 mm of standard deviation.

Interpolation procedure presented in this paper was ap-
plied to extract ZHD from ZTD and finally deliver IWV pa-
rameter for all GNSS ASG-EUPOS stations. This standard
GNSS meteorology product shows daily distribution of wa-
ter vapour above operation area of ASG-EUPOS GBAS.

The tomography model on the study area has been setup
and initial run has been performed. Simulation of bias and
random error imposed on perfect simulated observations re-
veals the maximum acceptable level of SWD data noise to
be 5 mm in order to achieve 5 mm km−1 standard deviation
of resulting parameter (wet refractivity).

The ZHD calculation procedure based on ground meteo-
rological observations requires pressure information with ac-
curacy not less than 1 hPa, to sustain accuracy of ZTD esti-
mation. This study shows that meteorological station spatial
distribution and unhomogenity of sensor results in interpo-
lation procedure not able to deliver expected high accuracy
pressure values. Therefore, future investigations should be
focused on the meteorological data validation and interpola-
tion with use of NWP models outputs.

The GNSS tomography method gives the possibility to
build the 3-D distribution of the water vapour in the neu-
tral atmosphere qualitatively consistent with the NWP mod-
els outputs. Therefore, the model of neutral atmosphere cre-
ated from GNSS and ground meteorological data, could be
competitive to NWP models, especially for nowcasting.
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