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Abstract. The present availability of 18+ years of GNSS dahonging to the EUREF Permanent
Network (EPN, http://www.epncb.oma.be/) is a valaalatabase for the development of a climate
data record of GNSS tropospheric products over fiurdhis data record can be used as a reference
for a variety of scientific applications and hasigh potential for monitoring trend and variability
atmospheric water vapour, improving the knowlediyelimatic trends of atmospheric water vapour
and being useful for regional Numerical Weatherdigteon (NWP) reanalyses as well as climate
model simulations. In the framework of the EPN-R&pithe second reprocessing campaign of the
EPN, five Analysis Centres homogenously reprocetisedEPN network for the period 1996-2014.
A huge effort has been made for providing solutitired are the basis for deriving new coordinates,
velocities and troposphere parameters for the eeiPN. The individual contributions are then
combined in order to provide the official EPN regssed products. This paper is focused on the
EPN Repro2 tropospheric product. The combined modudescribed along with its evaluation
against radiosonde data and European Centre foiukteRange Weather Forecasts (ECMWF)

reanalysis (ERA-Interim) data.

1. Introduction

The EUREF Permanent Network (Bruyninx et al., 20i@te et al., 2013) is the key geodetic

infrastructure over Europe currently made by ov@® Zontinuously operating GNSS reference
stations maintained on a voluntary basis by EUREfehational Association of Geodesy Reference
Frame Sub-Commission for Europe, http://www.eutgf.enembers. Since 1996, GNSS data
collected at the EUREF Permanent Network have beaimely analysed by several (currently 16)

EPN Analysis Centres (Bruyninx C. et al., 2015). €ach EPN station, observation data along with
metadata information as well as precise coordinatesZenith Total Delay (ZTD) parameters are
publicly available. Since June 2001, the EPN Anal@entres (AC) routinely estimate tropospheric
Zenith Tropospheric Delays (ZTD) in addition totgta coordinates. The ZTD, available in daily

SINEX TRO files are used by the coordinator of the EPN troposplpeaduct to generate each week

the final EPN solution containing the combined tgphere estimates with an hourly sampling rate.
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The coordinates, as a necessary part of thisdike taken from the EPN weekly combined SINEX
(http://www.iers.org/IERS/EN/Organization/Analyss@dinator/Sinex Format/sinex.html) file.
Hence, stations without estimated coordinates envileekly SINEX file are not included in the
combined troposphere solution. The generation efvileekly combined products is done for the
routine analysis. Plots of the ZTD time series Zil@ monthly mean as well as comparisons with
respect to radiosonde data are available in a digicsection at the EPN Central Bureau web site
(http://www.epncb.oma.be/_productsservices/siteapathdelays/). Radiosonde profiles are
provided by EUMETNET as an independent datasedlidate GPS (NAVSTAR Global Positioning
System) ZTD data, and are exchanged between EURBFREBIMETNET for scientific purposes
based on a Memorandum of Understanding between tiébee mentioned organisations,
(http://www.euref.eu/documentation/MoU/EUREF-EUMEEN-MoU. pdf).

However, such time series are affected by incogstsés due to updates of the reference frame and
applied models, implementation of different mappfogctions, use of different elevation cut-off

angles and any other updates in the processing@ta, which causes inhomogeneities over time.
To reduce processing-related inconsistencies, aogenous reprocessing of the whole GNSS data

set is mandatory and, for doing it properly, waltdmented, long-term metadata set is required.

This paper is focused on the tropospheric prodaobtained in the framework of the second EPN
Reprocessing campaign (hereafter EPN-Repro2), whesiag the latest available models and
analysis strategy, GNSS data of the whole EPN né&tWwave been homogeneously reprocessed for
the period 1996-2014. The EPN homogeneous long-®¥8S time series can be used as a reference
dataset for a variety of scientific applicationsmeteorological and climate research. Ground-based
GNSS meteorology, Bevis et al. (1992), is very wsthblished in Europe and dates back to the 90s.
It started with the EC 4th Framework Program (F®jgrts WAVEFRONT (GPS Water Vapour
Experiment For Regional Operational Network Triasyl MAGIC (Meteorological Applications of
GPS Integrated Column Water Vapour Measuremerttseinvestern Mediterranean) Project (Haase
et al., 2001). Early this century the ability tdiestes ZTDs in Near Real Time was demonstrated
(COST-716, 2005), and the EC 5th FP scientific gmbjfOUGH (Targeting Optimal Use of GPS
Humidity Measurements in Meteorology) funded. Sir2@05, the operational production of
tropospheric delays has been coordinated and nmeditoy the EUMETNET EIG GNSS Water
Vapour Programme (E-GVAP, 2005-2017, Phase |, dl ki http://egvap.dmi.dk). Guerova et al.
(2016) report on the state-of-the-art and futuespects of the ground-based GNSS meteorology in
Europe. On the other hand, the use of ground-b@dERIS long-term data for climate research is still

an emerging field.
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To promote the use of reprocessed long-term GNS8ebaopospheric delay data sets for climate
research is one of the objectives of the Workingupr3 ‘GNSS for climate monitoring’ of the EU
COST Action ES 1206 ‘Advanced Global Navigationelldae Systems tropospheric products for
monitoring severe weather events and climate (GNS®4C)’, launched for the period of 2013-
2017. The Working Group 3 enforces the cooperdigiween geodesists and climatologists in order
to generate recommendations on optimal GNSS regsowpalgorithms for climate applications and
standardise the method of conversion between peatipagdelay and atmospheric water vapour,
Saastamoinen, (1973), Bevis et al., (1992), Bo&k.g2015), with respect to climate standards. For
climate application, maintaining long-term stalyiié a key issue. Steigenberger et al. (2007) found
that the lack of consistencies over time due tongha in GNSS processing could cause
inconsistencies of several millimetres in GNSSaddi Integrated Water Vapour (IWV) making
climate trend analysis very challenging. Jin ef2007) studied the seasonal variability of GPSithen
Tropospheric Delay (1994-2006) over 150 internatidBPS stations and showed the relative trend
in northern hemisphere and southern hemispheresfhisas/in coastal and inland areas. Wang and
Zhang (2009) derived GPS Precipitable Water VagBuV) using the International GNSS Service
(IGS), Dow et al. (2009), tropospheric productaladut 400 global sites for the period 1997-2006
and analysed PWV diurnal variations. Nilsson angekdd (2008) showed PWV changes from -0.2
mm to +1.0 mm in 10 years by using the data fron®3® stations located in Finland and Sweden.
Sohn and Cho (2010) analysed GPS Precipitable Watgour trend in South Korea for the period
2000-2009 and examined the relationship between BNS and temperature, which is the one of
the climatic elements. Better information about @dpheric humidity, particularly in climate-
sensitive regions, is essential to improve thermbag of global warming, and for the validation of
climate predictions on which socio-economic respossategies are based with strong societal
benefits. Suparta (2012) reported on the validatib®PWV as an essential tool for solar-climate
studies over tropical region. Ning et al. (2013¢did44 years of GPS-derived IWV at 99 European
sites to evaluate the regional Rossby Centre Athnersp (RCA) climate model. GPS monthly mean
data were compared against RCA simulation and B mBterim data. Averaged over the domain
and the 14 years covered by the GPS data, theyl M differences of about 0.47 kgfrand 0.39
kg/m? for RCA-GPS and ECMWF-GPS, with a standard demmatif 0.98 kg/miwhereas it is 0.35
kg/m? respectively. Using GNSS atmospheric water vagime series, Alshawaf et al. (2016) found
a positive trend at more than 60 GNSS sites in igimith an increase of 0.3-0.6 mm/decade with a
temporal increment correlated with the temporatease in the temperature levels.

In this scenario, EPN Repro2 tropospheric prodsiatunique dataset for the development of a climate

data record of GNSS tropospheric products over fjreuitable for analysing climate trends and
3
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variability, and calibrating/validating independeat#tasets at global and regional scales. However,
although homogenously reprocessed, this time sguiésr from site-related inhomogeneity due, for
example, to instrumental changes (receivers, cabtgennas, and radomes), changes in the station
environment, which can affect the analysis of tihregtterm variability (Vey et al. 2009). Therefore,
to get realistic and reliable climate signals sclesAnge points in the time series needs to be eeltect
(Ning et al, 2016a).

This paper describes the EPN-Repro2 reprocessmpgaign in Section 2. Section 3 is devoted to the
combined solutions, i.e. the official EPN-Repro@darcts, while in Section 4 the combined solutions
is evaluated w.r.t. Radiosonde and ERA-Interim d&ammary and recommendations for future

reprocessing campaign are drown in Section 5.

2. EPN second reprocessing campaign

EPN-Repro2 is the second EPN reprocessing campaganized in the framework of the special
EUREF project “EPN reprocessing”. The first repssieg campaign, which covered the period
1996-2006, Voelksen (2011), involved the partiagraof all sixteen EPN Analysis Centres (ACs)
reprocessing their own EPN sub-network. This guaesithat each site is processed by three ACs at
least which is an indispensable condition for pngva combined product. The second reprocessing
campaign covered all the EPN stations, which weesated from January 1996 through December
2013. Then, participated ACs decided to extend plisod until the end of 2014 for troposphere
products. Data from about 280 stations in the ERltbhcal database have been considered. As of
December 2014, 23% of EPN stations are betweerb}drs old, 26% are between 14-10 years old,
30% between 10-5 years old, and 21% less thants wéd Only five, over sixteen, EPN ACs (see
Table 1) took part in EPN-Repro2 each providing mprocessed solution at least. One of the goal
of the second reprocessing campaign was to testivkesity of the processing methods in order to
ensure verification of the solutions. For this rgaghe three main GNSS software packages Bernese
(Dach et al., 2014), GAMIT (King et al., 2010) aBtPSY-OASIS Il (Webb et al., 1997) have been
used to reprocess the whole EPN network and sevargnts have been provided in addition. In
total, eight individual contributing solutions, abted using different software and settings, and
covering different EPN networks, are available. Amahem, three are obtained with different
software and cover the full EPN network while theze obtained using the same software (namely
Bernese) and covering different EPN networks. Ibl@& the processing characteristics of each
contributing solution are reported. Despite thevgafe used and the analysed networks, there are a
few diversities among the provided solutions, whogeact needs to be evaluated before performing

the combination. As far as the GNSS products usebé reprocessing campaign all the ACs used



135
136
137
138

139

140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

158

159
160
161
162
163
164
165
166
167

CODE Repro2 product (Lutz et al., 2014) with oneeption (see Table 2) where JPL Repro2
products (Desai et al., 2014) are used. For trdpesp modelling two mapping functions are used:
GMF (Boehm et al., 2006a) and VMF1 (Boehm et &06b), whose impact has been evaluated in
Tesmer et al., 2007.

21 Impact of GLONASS data

GPS data are used by all ACs in this reprocessangpaign, while two of them (namely IGE and
LPT) reprocessed GPS and GLONASS (Global'naja Na&iegnaja Sputnikovaja Sistema)
observations. The impact of GLONASS observatiorssbieen evaluated in terms of raw differences
between ZTD estimates as well as on the estimatedrltrend derived from the ZTD time series.
Two solutions were prepared and compared. Both wktained using the same software and the
same processing characteristics except the obsamadta: one with GPS and GLONASS, and one
with GPS data only. GLONASS observations are alskdlaince 2003, but only from 2008 onwards
the amount of GLONASS data (see Figure 1) is sicgmit. The difference in terms of the ZTD trends
(Figure 2) between a GPS-only and a GPS+GLONASG&isal shows no significant rates for more
than 100 stations (rates usually derived from ntlea®@ 100000 ZTD differences. This indicates that
the inclusion of additional GLONASS observationshe GNSS processing has a neutral impact on
the ZTD trend analysis. Satellite constellations @ontinuously changing in time due to satellites
being replaced are newly added for all systemss Tésult is a positive sign that climate trends can
be determined independently of the satellite systeised in the processing. In near future the
inclusion of additional Galileo (Satellite Systemiurope) and BeiDou (Satellite system in China)
data will become operational in the GNSS data @siog. These data will certainly improve the
quality of the tropospheric products but, hopefuli§ll not introduce systematic changes in terms of
ZTD trends as a possible climate indicator.

2.2  Impact of IGStype mean and EPN individual antenna calibration models

According to the processing options listed in thENEguidelines for the Analysis Centre
(http://www.epncb.oma.be/_documentation/guideligesielines_analysis_centres.pdf), when
available EPN individual antenna calibration modedse to be used instead of IGS type mean
calibration models. Currently, individual antenrailaration models are available at about 70 EPN
stations. As reported in Table 2 there are indigidwlutions carried out with IGS type mean antenna
calibration models (Schmid et al., 2015) only atitecs with IGS type mean plus EPN individual
antenna calibration models. It may happen thatHersame station there are contributing solutions
obtained applying different antenna models. To @atal the impact of using these different antenna
calibration models on the ZTD, two solutions weregared and compared. Both were obtained using

5
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the same software and the same processing chastcteexcept the calibration models. First one
used the IGS type mean models only, while secorduged the individual calibrations whenever it
was possible and IGS type mean for the rest ohtitennas. An example of the time series of the
ZTD difference obtained applying ‘Individual’ an@lype Mean’ antenna calibration models for the
EPN station KLOP (Kloppenheim, Frankfurt, Germais/)shown in Figure 3. KLOP station is
included in the EPN network since Jun& 2002, a TRM29659.00 antenna with no radome was
installed. Two instrumentation changes occurretth@tstation: the first in June 22007, when the
previous antenna was replaced with a TRM55971.@0aafiZGD radome, the second in Jun& 28
2013 with the installation of a TRM57971.00 and ZGD radome. For all of them the individual
calibrations are available through the data setswpded by the EPN Central Bureau
(ftp://epncb.oma.be/pub/station/general/epnc_08.&witching between phase centre corrections
from type mean to individual (or vice versa) caugadisagreement in the estimated height of the
stations, as it mentioned by Araszkiewicz and Veetk(2016), as well as in their ZTD time series.
Depending on the antenna model, the offset abstdtl OP in the up component is -5.2 + 0.5 mm,
8.7 £ 0.6 mm and 5.6 = 0.8 mm with a correspondifiget in the ZTD of 0.2 £ 0.5 mm, -1.5 £ 0.5
mm, -1.4 + 0.8 mm, respectively. Similar situatepears also for all stations/antennas for which
individual calibration models are available. Theresponding offset in the ZTD has opposite sign
for the antennas with offset in the up componemgdathan 5 mm (16 antennas) and, generally, not
exceeding 2 mm for ZTD. Such inconsistence in th® Zime series are not large enough to be
captured during the combination process (see Se8jiavhere 10 mm threshold in the ZTD bias
(about 1.5 kg/rhIWV) is set in order to flag problematic ACs oatsbns.

2.3  Impact of non-tidal atmospheric loading

As reported in the IERS Convention (2010), the mhliheating of the atmosphere causes surface
pressure oscillations at diurnal S1, semidiurngl&l higher harmonics. These atmospheric tides
induce periodic motions of the Earth's surface r(Retand Boy, 2004). The conventional
recommendation is to calculate the station dispiec# using the Ray and Ponte (2003) S2 and S1
tidal model. However, crustal motion related to +#iolal atmospheric loading has been detected in
station position time series from space geodetbriguesvan Dam et al., 1994; Magiarotti et al.,
2001, Tregoning and Van Dam, 2005). Several maafedsation displacements related to this effect
are currently available. Non-tidal atmospheric ingdmodels are not yet considered as Class-1
models by the International Earth Rotation and Refee Systems Service (IERS 2010) indicating
that there are currently no standard recommendafiendata reduction. To evaluate their impact,

two solutions, one without and one with non-tidmhaspheric loading, have been compared for the
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year 2013. In the last one, the National Centar&fvironmental Prediction (NCEP) model is used

at the observation level during data reduction géreng and Watson, 2009).

Dach et al. (2010) have already found that theatgidity of the station coordinates improves by
20% when applying the effect directly on the datalgsis and by 10% when applying a post-
processing correction to the resulting weekly cowtkés compared with a solution without

considering these corrections. However, the efféeipplying non-tidal atmospheric loading on the
ZTD seems to be negligible. Generally, it causekffarence below 0.5 mm with a scattering not

larger than 0.3 mm. The difference is thus belosviivel of confidence. Figure 4 shows time series
of the differences of the ZTD and up component ketwtwo time series obtained with and without
non-tidal atmospheric loading for two EPN statiddiR0 (Kiruna, Sweden) and RIGA (Riga, Latvia).

There is also no correlation between values oimeged differences and vertical displacements
caused by non-tidal atmospheric loading. Corraetatioefficients for analysed EPN stations were
below 0.2.

3. EPN Repro2 combined solutions

The EPN ZTD combined product is obtained applyingaeralized least square approach following
the scheme described in Pacione et al. (2011)fiidtestep in the combination process is readirgy an
checking the SINEX TRO files delivered by the A@sthis stage, gross errors (i.e. ZTD estimates
with formal sigma larger than 15 mm) are detected i @moved. The combination starts if at least
three different solutions are available for a sngite. Then, a first combination is performed to
compute proper weights for each contributing solutio be used in the final combination step. In
this last step the combined ZTD estimates, thaimdard deviations and site/AC specific biases are
determined. The combination fails if, after thestfior second combination level, the number of ACs
become less than three. Finally, ZTD site/AC spedifases exceeding 10 mm are investigated as

potential outliers.

The EPN-Repro2 combination activities were cardetlin two steps. First, a preliminary combined
solution for the period 1996-2014 was performeeeks input all the available eight homogeneously
reprocessed solutions (see Table 2). The aim sfati@liminary combined solution is to assess each
contributing solution and to investigate site/A@gific biases prior to the final combination, fidg
outliers and send a feedback to the ACs. The agreenf each contributing solution w.r.t. the
preliminary combination is given in terms of biaglastandard deviation (not showed) As far as the
standard deviation is concerned, it is generallpwe.5 mm with a clear seasonal behaviour, while
the bias is generally in the range of +/- 2 mm. ldeer, there are several GPS weeks for which the

bias and standard deviation values exceeded tbedx@ientioned limits. To investigate these outliers

7
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the time series of site/AC specific bias has bdadied, since it can be a useful tool to detect bad
periods of data and provide information usefuldi@aning the EPN historical archive. An example
is given in Figure 5 for the station VENE (Venidtaly) for three contributing solutions AS0O, GO4
and MU2 (GO0 and GO1 are not shown but are versecto GO4). In the first years of acquisition,

tracking issues were experienced at VENE, whictckearly mirrored in the bias time series.

All the site/AC specific biases are divided intoeth groups: the red group contains site/AC specific
biases whose values are larger than 25 mm, thgemuoup contains site/AC specific biases in the
range of [15 mm, 25 mm] and the yellow group cargaite/AC specific biases in the range of [10

mm, 15 mm]. In Table 3 summarizes percentages @f oeange and yellow biases for each

contributing solution. The majority of biases beajdo the yellow group; the percentage of biases in
the orange group ranges from 12% for LPO and LRdtisas to 27% for ASO solution, while

percentage of biases in the red group ranges fférfioB MU4 solution to 22% for IGO0 solution.

The final EPN Repro2 tropospheric combination sdabon the following input solutions: ASO, GO4,
IGO0, LP1 and MU2. MUT AC provided the MU2 solutiafter the preliminary combination, its only
difference with respect to MU4 is the use of typeam antenna and individual calibration models,
whose effect is shown in section 2.2. The agreenneierms of bias and standard deviation of each
contributing solution w.r.t. the final combinatia® shown in Figure 6. As regard as the standard
deviation, there is a clear improvement with resgecthe preliminary combination due to the
removal of the outliers detected during the pretany combination. The standard deviation is below
3 mm from GPS week 835-1055 and 2 mm after. Tresimsehow related to the worse quality of data
and products during the first years of the EPN/Hg&8Vvities.

The final EPN Repro2 tropospheric combination iaststent to the final coordinate combination
performed by the EPN Analysis Centre Coordinatariiy the coordinate combination all stations
were analyzed by comparing their coordinates fecgg ACs and the preliminary combined values.
In case where the differences were larger than@mthe up component, the station was eliminated
and the whole combination was repeated, up to thmess, if necessary. This ensures the consistency
of final coordinates at the level of 16 mm in thppeaomponent (Figure 7). As a rule of thumb, 9 mm
in the height component (i.e. 3 mm in ZTD as expdiin Santerre, 1991) are needed to fulfill the
requirement of retrieving IWV at an accuracy lew€l0.5 kg/m2 (Bevis et al., 1994), Ning et al
(2016b). As shown in Figure 7, only one site, M@Rbdra Piesok, Slovakia), exceed this threshold
on a long term. As reported at the EPN Central 8ur&OPI has been excluded several times from
the routine combined solutions. MOPI has very badogs of observations in past due to radome
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manipulation that caused jumps in the height corapobnHowever, several stations exceeded it

temporary during bad periods, as shown in Figua & ENE (Venezia, Italy).

4. Evaluation of the ZTD Combined Productswith respect to independent data set

The evaluation with respect to other sources odyets, such as Radiosonde data from the E-GVAP
and numerical weather re-analysis from the Euroj@rtre for Medium-Range Weather Forecasts,
ECMWEF (ERA-Interim), provides a measure of the aacy of the ZTD combined products.

4.1  Evaluation versusradiosonde

For the GPS and Radiosonde comparisons at the BFd¢tated sites, we used profiles from the
World Meteorological Organization provided by EUMBET in the framework of the Memorandum

of Understanding between EUREF and EUMETNET. Ramfids profiles are processed using the
software (Haase et al.,, 2003) that checks the tguah the profiles, converts the dew point

temperatures to specific humidity, transforms @diosonde profile to correct for the altitude offse

between the GPS and the radiosonde sites and de¢srdirD, ZWD and IWV compensating for the

change of gravitational acceleration, g, with heigh

Figure 9 shows an example for the EPN site CAGLg(i@g, Sardinia Island, Italy). For all the 183
EPN collocated sites, and using all the data aviail@a the considered period, we computed an olveral
bias and standard deviation (Figure 10). The sitessorted according to the increasing distances
from the nearest Radiosonde launch site. MALL r{Ratle Mallorca, Spain) is the closest (0.5 km
to Radiosonde code 8301) while GRAZ (Graz, Austsahe most distant (133 km to Radiosonde
code 14015). The amount of data available for traparisons varies between sites depending on
the availability of the GPS and Radiosonde ZTDnestes in the considered epoch and it ranges from
121 for VIS6 (Visby, Sweden, integrated in the EBINce 22-06-2014) up to 21226 for GOPE
(Ondrejov, Czech Republic, integrated in the ERidesi31-12-1995).

The bias ranges from -0,87%, which correspond21®-mm, (at EVPA, Ukraine, and distance from
the Radiosonde launch site 96.5 km, Radiosonde 88846) to 0,68%, which corresponds to 15,4
mm, (at OBER, Germany, and distance from the Radids launch site 90.8 km, Radiosonde code
11120). The mean bias for all sites is -0,6 mm witindard deviation of 4.9 mm. For the more than
75% (178 pairs), the agreement is below 5 mm amyg @8% (13 pairs) have bias higher than 10
mm. The higher biases concern mostly the pairs 50dmm away from each other, like GPS stations
OBER, OBE2 and OBET located in Oberpfaffenhofenr{@ey) and collocated with Radiosonde
(VRS90L code 11120) launched from Innsbruck AirgarAustria on the opposite side of North
Chain in the Karwendel Alps. Our results are atsoddth Wang et al. (2007), where authors

compared PW from GPS and global Radiosonde. Irastitb them, we received small negative bias
9
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-1.19 mm for Vaisala Radiosondes, which is the mmostmon type used in Europe (81% of all used
in this study). For MRZ, GRAW and M2K2 Radiosonglpd, which represent 4.6%, 3.4% and 3.0%
of compared Radiosondes respectively, we receiysidisatic positive bias. However, Wang et al.
(2007) used global Radiosonde data from 2003 ard,2@hile we used all available data over
Europe from 1994 to 2015. This can partly expl&ie tisagreement even though more analysis
deserves to be done. Further investigation isradsaled for several near or moved GPS stations. For
example in Brussels (Belgium) BRUS station, inchidethe EPN network since 1996, was replaced
by BRUX in 2012. Their bias w.r.t. the same Radimso(VRS80L code 6447) has opposite sign (-
1.2 mm and 3.4 mm respectively). A possible exglands the different time span over which the
bias has been computed (1996-2012 for BRUS, 2013-&ff BRUX).

In agreement with Ning et al. 2012, the standaxdati®n generally increases with the distance from
the Radiosonde launch site. It is in the rang®dfg; 0,76] % ,which corresponds to [3; 18] mn, til

15 km (first band in Figure 10); [0,29;0,78] % ,einicorresponds to [7; 19] mm, till 70 km (second
band in Figure 10) and [10; 33] mm till 133 km (thband in Figure 10). The evaluation of the
standard deviation is comparable with previous istidHaase et al. (2001) showed very good
agreement with biases less than 5 mm and the sthddwiation of 12 mm for most of analysed sites
in Mediterranean. Similar results (6.0 mm = 11.7vmaye obtained also by Vedel et al. (2001). Both
of them based on non-collocated pairs distanttless 50 km. Pacione et al (2011), considering 1-
year of GPS ZTD and Radiosonde data over the E-G¥#yfer sites network, obtained a standard
deviation of 5-14 mm. Dousa et al. 2012 evaluatéd® And Radiosonde on a global scale over 10-

month period and reported a standard deviatior-&65mm.

The assessment of the EPN Reprol ZTD product wghact to Radiosonde using the same period,
i.e. 1996-2014 when completed with the EUREF opamat product after GPS week 1407
(December 30, 2006), and EPN Repro2 with respeittecdradiosonde data has an improvement of

approximately 3-4% in the overall standard devratio

4.2  Evaluation versus ERA-Interim data

ERA-Interim (Dee et al., 2011) from the Europeami@e for Medium-Range Weather Forecasts
(ECMWEF) are used as Numerical Weather Predictio’W)l model data. The ERA-Interim is a re-

analysis product available every 6 hours (00, @,1B UTC) with a horizontal resolution of 1x1

degree and 60 vertical model levels.

For the period 1996-2014 and for each EPN stafi®d, and tropospheric linear horizontal gradients
were computed using the GFZ (German Research Clenttzeosciencesgay-tracing software (Zus
et al., 2014). Combined EUREF Reprol and Repro@umts as well as individual ACs tropospheric
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parameters were assessed with the correspondiagptars estimated from the NWM re-analysis.
The evaluation of GNSS and NWM was performed ugiegcOP-TropDB (Gyori and Dousa, 2016)
via calculating parameter differences for pairstations using values at every 6 hours (00:00,,6:00
12:00 and 18:00s available from the NWM product. A linear intdgimn from values -/+ 30 min
was thus necessarily applied for all GNSS prodpatsiding HH:30 timestamps as required for the
combination proces#s all compared GNSS products has the same tinwdutes (1 hour), the
interpolation is assumed to affect all productdhia same way. Therefore, we assume all inter-
comparisons to a common reference (NWM) principadiffects the quality of the products. No
vertical corrections were applied since NWM pararetvere estimated for the long-term antenna

reference position of each station.

Table 4 summarizes the mean total statistics afiedal (ACs) and combined (EUREF) tropospheric
parameters, ZTDs and horizontal gradients, overaadlilable stations. The EUREF combined
solution does not provide tropospheric gradientsthase could be evaluated for individual solutions
only. In Table 4, we can observe a common ZTD biaabout -1.8 mm for all GNSS solutions
compared to the ERA-Interim, however still highlgrying for individual stations as obvious from
estimated uncertainties. ZTD standard deviatioegganerally at the level of 8 mm between GNSS
and NWM products, but for IGO0 solution performirgpat 25% worse than others as already detected
during the combination. Two solutions, ASO and L&#& slightly better than GO4 and MU2 —
reaching the standard deviation of 7.7 mm theiusaxy is at the level of the EUREF combined
solution. The better performance of the ASO sotutian be considered due to its theoretical better
capability of the modelling true dynamics in thepsphere as the solution applied a stochastic
troposphere modelling using undifference obsermatgensitive to the absolute tropospheric delays.
On the other hand, LP1 included roughly one thiodtfof EPN stations which were properly selected
according to the station quality thus making aidifity to interpret the difference with respect to

those processing full EPN.

The comparison of tropospheric linear horizontaldignts (East and North) from GNSS and NWM
revealed a problem with the MU2 solution showingigh inconsistency of results over different
stations, which is not visible in the total statist but mainly in the uncertainties by an ordgyhler
compared to all others. Geographical plot (not sfdjveonfirmed this site-specific systematic, but in
both positive and negative senses. The impact wasVer not observed in MU2 ZTD results.
Additionally, the GO4 solution performed slightlyorge than the others. It was identified as a
consequence of estimating 6-hour gradients usiagptace-wise linear function and without any

absolute or relative constraints. In such casehdrigorrelations with other parameters occurred
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raising uncertainties of the estimates. For thippse, the GO6 solution (not showed) was derived
fully compliant with the GO4, but stacking tropospie gradients into 24 hours piece-wise linear
modelling. By comparing the GO6 (Dousa and Vaclayo®016), the standard deviations dropped
from 0.38 mm to 0.28 mm and from 0.40 mm to 0.29 fonEast and North gradients, respectively
which corresponds to the LP1 solution applying #@ne settings. Additionally, Dousa and
Vaclavovic, 2016 found a strong impact of a lowvalion receiver tracking problem on estimation
of horizontal gradients which was particularly isiwhen compared to the ERA-Interim. Systematic
behaviour in monthly mean difference in gradiertnse to be a useful indicator for instrumentation-

related issues and should be applied as one etbtiefor cleaning the EPN historical archive.

For completeness, we evaluated also EPN Reprol @dbuct with respect to the ERA-Interim
using the same period, i.e. 1996-2014 when conpheith the EUREF operational product after
GPS week 1407 (December 30, 2006). Comparing ERi¥oReand EPN Repro2 with the numerical
weather re-analysis showed the 8-9% improvemeititeiatter in both overall standard deviation
and systematic error. Figure 11 shows distributmfrstation means and standard deviations of EPN
Reprol and EPN Repro2 ZTDs compared to NWM ZTDsiqushe whole period 1996-2014.
Common reductions of both statistical charactessdre clearly visible for the majority of all stets.
From data of Figure 11, we also expressed siteitbyiraprovements in terms of ZTD bias, standard
deviation and RMS (Figure 12). Calculated mediaashed 21.1 %, 6.8 % and 8.0 %, respectively,
which corresponds to the abovementioned improveroé@-9 %. The degradation of standard
deviation was found at three stations: SKE8 (Skel&, Sweden, integrated in the EPN since 28-09-
2014), GARI (Porto Garibaldi, Italy, integratedtiee EPN since 08-11-2009) and SNEC (Snezka,
Czech Republic, former EPN station since 14-06-20410 of them providing much less data
compared to others, 1%, 30% and 3%, respectivdlyther stations (290) showed improvements.
We also found 72 stations with increased absolhateih EUREF Reprol compared to Repro2 while

all others, 221 stations (75%), resulted in reduwedematic error.

Time series of monthly mean biases and standarndtttaws for ZTD differences of EPN Repro2 and
the ERA-Interim is showed in Figure 13. The smaljative bias slowly decreases towards 2014, but
a high uncertainty of the mean indicates site-gjgebehaviour depending mainly on latitude and
altitude of the EPN station and the quality of bblWM and GNSS products. There is almost no
seasonal signal observed in time series of ZTD nhéases or the uncertainty, but clearly in ZTD
standard deviation and the uncertainty. Slightlyréasing standard deviation towards 2014 can be
attributed to the increase of number of stationSPMN starting from about 30 in 1996 and with more

12



397
398

399
400
401
402
403

404

405
406
407

408
409
410
411
412
413

414
415

416
417
418
419
420
421

422
423
424
425
426
427
428

than 250 in 2014. More stations reduces a vartghilimonthly mean biases, however, site-specific

errors then contribute more to higher values aicaad deviation.

Figure 14 displays the geographical distributionadél ZTD biases and standard deviations for all
sites. Prevailing negative biases seem to becower lor even positive in the mountain areas. There
is no latitudinal dependence observed for ZTD lsaseEurope, but a strong one for standard
deviations. This corresponds mainly to the incrediseater vapour content and its variability towsard
the equator.

5. Conclusion

In this paper, we described the activities caroetin the framework of the EPN second reprocessing
campaign. We focused on the tropospheric produstelgenously reprocessed by five EPN Analysis
Centres for the period 1996-2014 and we describedTD combined products.

Both individual and combined tropospheric produaisng with reference coordinates and other
metadata, are stored in SINEX TRO format, Gend{1897), and are available to the users at the
EPN Regional Data Centres (RDC), located at BKGIéF& Agency for Cartography and Geodesy,
Germany). For each EPN station, plots on ZTD tieres, ZTD monthly mean, comparison versus
Radiosonde data (if collocated), and comparisoausethe ERA-Interim data will be available at the

EPN Central Bureau (Royal Observatory of Belgiumy€3els, Belgium).

Assessment of the EPN Reprol and Repro2 with respéte Radiosonde data has an improvement
of approximately 3-4% in the overall standard deera

Assessment of the EPN Reprol and Repro2 with respéte ERA-Interim re-analysis showed the
8-9% improvement of the latter over the former athboverall standard deviation and systematic
error which was obvious for majority of the stasoComparisons of the GNSS solutions with the
NWM, i.e. independent source, showed the overa#agent at the level of 8-9 mm, however, rather
site-specific ranging from 5 mm to 15 mm for stamddeviations and from -7 mm to 3 mm for biases

considering 99% of results roughly.

The use of ground-based GNSS long-term data foraté research is an emerging field. For the
assessment of Euro-CORDEX (Coordinated Regionah&& Downscaling Experiment) climate
model simulation IGS Reprol, Byun and Bar-Seved0@2, has been used as reference reprocessed
GPS products (Bastin et al. 2016). However, thia dat is quite sparse over Europe (only 85 station
over the 280 EPN stations) and covers the peri®@b-P2910. According to Wang et al. (2007) IGS
ZTD products are valuable source of water vapaa f&tclimate and weather studies. The GPS PW

is useful also for monitoring the quality of theli@sonde data. However, a better spatial coverage o
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the GNSS PW data is needed to investigate and eeslygiematic biases in comparison with the
global radiosonde humidity data (Wang and Zhand)9200n the other hand extending the
observation period and complement of temporal @yers necessary to calculate more reliable mean
values and trends. As it was pointed by Baldysd.§2015, 2016) additional two years of ZTD data
can change estimated trends up to 10%. Therefata,after 2010 and with a better coverage over
Europe are required for improving the knowledgelwhatic trends of atmospheric water vapour in
Europe. In this scenario, EPN-Repro2 can be usedraterence data set with a high potential for

monitoring trend and variability in atmospheric eratapour.

Considering five EPN stations, among those withltmgest time span, GOPE (Ondrejov, Czech
Republic, integrated in the EPN since 31-12-198ETS (Kirkkonummi, Finland, integrated in the
EPN since 31-12-1995), ONSA (Onsala, Sweden, iatedrin the EPN since 31-12-1995), PENC
(Penc, Hungary, integrated in the EPN since 03362 and WTZR (Bad Koetzting, Germany,
integrated in the EPN since 31-12-1995), we hawepttied ZTD trends using EPN Repro2, EPN
Reprol completed with the EUREF operational progluetdiosonde and ERA-Interim data. All of
them are also in the IGS Network, for which IGS Rédpcompleted with the IGS operational products
are available and extracted from the GOP-TropDBstRve have removed annual signal from the
original time series and marked all outliers acoggdo 3-sigma criteria. Then for all GPS ZTD data
sets we have estimated all well-known and recoghshgfts related to the antenna replacement. No
other unexplained breaks has been removed to leetilsar we not introduce any artificial errors.
Based on the cleaned and filtered data we have lussat regression model before and after the
considered epoch independently. The difference dmtwthose two models in specific epoch is
considered as a shift. Then, we have removed alestimated shifts from the original time series.
Generally, the size of the shifts is much lowenthaise level and depends on the applied method of
its estimation. Therefore, the final results afe@ed by used methodology and cannot be considered
as an absolute values. No homogenization has bm®n fdr radiosonde since radiosonde metadata
are not available. Finally, a LSE method have begplied to estimate linear trends and seasonal
component. ZTD trends (Figure 15) for all three GA® data sets are consistent, as soon as the
same homogenisation procedure is applied. TherathWS is 0.02 mm/year. Among all five ZTD
sourced, we find the best agreement for ONSA (RM&h@m/year) and WTZR
(RMS=0.02mm/year). For PENC we have good agreematht respect to ERA-Interim (0.05
mm/year), but a large discrepancy versus radios¢+@81 mm/year). This large discrepancy is
probably due to the distance to the radiosondeclasitie (40.7 km, radiosonde code 12843) and to
the lack of the homogenisation stage. Over thedovgsidered stations the agreement with respect to

ERA-Interim (RMS = 0.11 mml/year) is better thantthath respect to radiosonde (RMS = 0.16
14
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mm/year). Even though for the five considered stetiEPN Repro2 do not change significantly the
detection of ZTD trends, it has a better agreemathi respect to radiosonde and ERA-Interim data
than EPN Reprol.lt has also the best spatial regnlthan IGS Reprol and radiosonde data, which
are used today for long-term analysis over Eurdp&ing into account the good consistency among

trends, EPN Repro2 can be used for trend deteittiareas where other data are not available.

Comparisons with regional climate model simulationone of the application of EPN-Repro2.

Ongoing at Sofia University is comparison betwe®SS IWV, computed from EPN-Repro2 ZTD

data for SOFI (Sofia, Bulgaria), and ALADIN-Climai&V simulations conducted by the Hungarian
Meteorological Service, for the period 2003-2008e Preliminary results show a tendency of the
model to underestimate IWV. Clearly, larger numislemodel grid points need to be investigated in
different regions in Europe and the EPN-Repro2 dateell suited for this. Climate research is not
only limited to comparison with climate model aretigdation of trends. At the Met Office, the UK's

national weather service, within the frameworkhsd European FP7 project UERRA (Uncertainties
in Ensembles of Regional Re-analysis, http://wwwaieu/), assimilation trials of reprocessed ZTD
into a 12 km European climate reanalysis beginnin@ 979 are ongoing. To account for any
systematic bias or bias change, the reprocessed ZWilD have a bias correction applied before

assimilation.

The reprocessing activity of the five EPN ACs wdsuge effort generating homogeneous products
not only for station coordinates and velocitiest &lso for tropospheric products. The knowledge
gained will certainly help for a next reprocessengivity. A next reprocessing will most likely
include Galileo and BeiDou data and therefore it lvé started in some years from now after having
successfully integrated these new data in the suogerational near real-time and daily products of
EUREF. The consistent use of identical models nousa software packages is another challenge for
the future to be able to improve the consistendii@®@tombined solution. Prior any next reprocessing
it was agreed in EUREF to focus on cleaning andioh@nting data in the EPN historical archive as
it should highly facilitate any future work. Forighpurpose, all existing information need to be
collected from all the levels of data processirgnbination and evaluation which includes initial
GNSS data quality checking, generation of individdaily solutions, combination of individual
coordinates and ZTDs, long-term combination fooeily estimates and assessments of ZTDs and

gradients with independent data sources.
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Table
Table Captions
Table 1: EPN Analysis Centres providing EPN Remol2tions

Table 2: EPN Repro2 processing options for eaclriboing solutions. ASO solutions provided by
ASI/CGS (Matera, Italy), GO0, GO1 and GO4 solutipnasvided by GOP (Pecny, Czech Republic),
IGO solution provided by IGE (Madrid, Spain), LP@daLP1 solutions provided by LPT (Waben,
Switzerland), MU2 and MU4 solutions provided by M0WWarsaw, Poland

Table 3. Percentage of red, orange and yellowfbiasach contributing solution

Table 4. Mean statistics and uncertainties, caledl&om results of individual stations, provided
for AC individuals and EUREF combined (Reprol amgpi®?2) tropospheric parameters compared
to the ERA-Interim re-analysis.
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689

690

AC Full name City Country SW EPN Network
ASI Agenzia Spaziale Italiana Matera Italy GIPSY- Full EPN
OASIS I
GOP | Geodetic Observatory Pecny Czech | Bernese Full EPN
Republic
IGE National Geographic Institute|  Madrid Spain Bmye EPN-
Subnetwork
LPT | Federal Office of Topography, Wabern SwitzerlanBernese EPN-
Subnetwork
MUT | Military University of Warsaw | Poland GAMIT Full EPN
Technology
Table 1: EPN Analysis Centres providing EPN Remoltions.
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ASO GO0 | GO1 GO4 1GO LPO LP1 MU2 MuU4

SwW GIPSY 6.2 Bernese 5.2 Bernese 5.2 Bernese 5.2 GAMHA 10
GNSS G G G+R G+R G
SOLUTION PPP Network Network Network Network
TYPE
STATIONS Full EPN Full EPN EPN Subnetwor EPN Subnetwork | ERN
ORBITS JPL R2 CODE R2 CODE R2 CODE R2 CODE R2
ANTENNAS IGS08 IGS08 + Individual. IGS08+ Individugl. IGS08 lG.S.OS * lG.SQS * 1IGS08
Individual. | Individual

IERS 2010 2010 2010 2010 2010
GRAVITY EGMO08 EGMO08 EGMO08 EGMO08 EGMO08
EE%Z?;PHERE ZTD (5min) ZTD (1h) ZTD (1h) 77D (1h) ZTD (1h)

GRAD (5min) GRAD (6h) GRAD (6h) GRAD (24h) GRAD (24h)
Parameters
MAPPING
EUNCTION VMF1 GMF | VMF1 | VMF1 GMF GMF VMF1 VMF1

hh:30 ) . . ) . .

ZTD/GRAD o4 hh:30 (and hh:00) hh:30 hh:30 (and hh:00) hh:30
time stamp . 24(+24) estimates/day| 24 estimates/day| 24(+24) estimates/day 24 estimates/day

estimates/day|

CODE (HO!I CODE IONEX +
IONOSPHERE HOI included CODE, HOI included . CODE (HOI included) IGRF11 (HOI
included) .
included)

REFERENCE.
FRAME IGb08 IGb08 IGb08 IGb08 IGb08
OCEAN TIDES FES2004 FES2004 FES2004 FES2004 FES2004
TIDAL-
ATMOSPHERIC NO NO YES YES YES YES
LOADING
NON-TIDAL-
ATMOSPHERIC NO NO NO YES NO NO YES NO
LOADING
ELEVEVATION
CUTOFF 3 3 3 3 5
Delivered
SNX_TRO Files 0834-1824 0836-1824 0835-1816 0835-1802 0835-1824
[from week to
week]

691 Table 2: EPN Repro2 processing options for eaclribening solutions. ASO solutions provided by
692  ASI/CGS (Matera, Italy), GO0, GO1 and GO4 solutiprevided by GOP (Pecny, Czech Republic),
693 IGO0 solution provided by IGE (Madrid, Spain), LP@daLP1 solutions provided by LPT (Waben,
694  Switzerland), MU2 and MU4 solutions provided by M0WVarsaw, Poland).

695
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Solution | %Red bias % Orange biag % Yellow biag
ASO 17 27 56
GO0 10 22 67
G01 12 23 65
G04 12 23 65
IGO 22 14 64
LPO 10 12 79
LP1 10 12 78
MU2 3 15 82

696 Table 3. Percentage of red, orange and yellowfbrasach contributing solution.

697
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699
700

701

Solution ZTD ZTD EGRD EGRD NGRD NGRD
bias sdev bias sdev bias sdev
[mm] [mm] [mm] [mm] [mm] [mm]

ASO (full EPN) -1.722.0 7.7+1.9 0.00+0.06  0.32+0.09  0.09+0.06 630
GO4 (full -1.9+2.4  8.1+2.1 -0.04+0.09 0.38+0.10 0.00+0.09 06M12
EPN)

MU2 (full  -1.842.0 8.3x2.1 -0.03+x0.32 0.35+2.46 -0.01+0.84 3462.37
EPN)

IGO (part EPN) -1.6+2.3 10.7#2.2 -0.05+0.09 0.3340. 0.04+0.12 0.36+0.12
LP1 (part EPN) -1.7x2.4  7.7#1.7 -0.02+0.06 0.28+0.05  0.03+x0.09 78®06
EUR Repro2 -1.8+2.1  7.8+£2.2 - - - -
EUR Reprol -2.242.3 8.5+2.1 - - - -

Table 4. Mean statistics and uncertainties, caledl&rom results of individual stations, provided
for AC individuals and EUREF combined (Reprol argpi®?2) tropospheric parameters compared
to the ERA-Interim re-analysis.
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Figure
Figure Captions

Figure 1. Time series of the number of GNSS obsemns for the period 1996-2014. GPS
observations are shown in red, GPS+GLONASS in dihgktheir differences in green. The difference
is significant starting 2008.

Figure 2. ZTD trend difference GPS — GPS/GLO, commgover 111 sites. The rate in violet (primary
y-axis) and the number of used difference is iregresecondary y-axis).

Figure 3. EPN station KLOP (Kloppenheim, FrankfuBermany) ZTD time series difference
between ‘individual’ and ‘type mean’ calibration de. Two instrumentation changes occurred at
the station (marked by red lines): the first ind@@th 2007, when the previous antenna was replaced
with a TRM55971.00 and a TZGD radome, the secontuire 28th 2013 with the installation of a
TRM57971.00 and a TZGD radome.

Figure 4. Left part: Time series of the ZTD andaagpnponent differences between two time series
obtained with and without Non-Tidal Atmospheric dogy for two EPN stations: KIRO (Kiruna,
Sweden) and RIGA (Riga, Latyia

Figure 5 VENE (Venice ltaly) time series of biaglatandard deviation for the three contributing
solutions ASO, GO4 and MUA4 for the period July 21896 - July 28, 2007 (GPS week 0863-1437).
GO0 and GO1 are not shown since they are very t¢to&©4.

Figure 6 Weekly mean bias (upper part) and standawhtion (lower part) of each contribution
solutions w.r.t. the final EPN Repro2 combination.

Figure 7. The final consistency in up componentalbstations. Stations are sorted by name.

Figure 8 VENE (Venice ltaly) time series of totainsistency in up component for the period July
21st, 1996 - July 28, 2007 (GPS week 0863-1437).

Figure 9 EPN station CAGL (Cagliari, Sardinia Islaiftaly). Upper part: Radiosondes (in red) and
GPS (in blue) ZTD time series. Lower part differesc

Figure 10 GPS versus Radiosonde Bias. The erroisbiire standard deviation. Sites are sorted
according to the increasing distances from theestd&adiosonde launch site.

Figure 11: Distributions of station means (leftdatandard deviations (right) of EPN Reprol and
Repro2 ZTDs compared to ERA-Interim ZTDs.

Figure 12: Site-by-site ZTD improvements of EPN Rpversus EPN Reprol compared to ERA-
Interim

Figure 13: Time series of monthly mean biases (fqveet) and standard deviations (upper part) for
ZTD differences of EPN Repro2 and NWM re-analySiscertainties are calculated over all stations.

Figure 14: Geographical display of ZTD biases )laftd standard deviations (right) for EPN Repro2
products compared to the ERA-Interim.

Figure 15: ZTD trend comparisons at five EPN steidlhe error bars are the formal error of the
trend values.
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741  Figure 1. Time series of the number of GNSS obsiemns for the period 1996-2014. GPS
742  observations are shown in red, GPS+GLONASS in ahetheir differences in green. The
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Figure 2. ZTD trend difference GPS — GPS/GLO, comguwver 111 sites. The rate in violet

(primary y-axis) and the number of used differeisc@ green (secondary y-axis).
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Figure 3. EPN station KLOP (Kloppenheim, FrankfuBlermany) ZTD time series difference
between ‘individual’ and ‘type mean’ calibration ded. Two instrumentation changes occurred at
the station (marked by red lines): the first ind@#" 2007, when the previous antenna was replaced
with a TRM55971.00 and a TZGD radome, the secontlire 28 2013 with the installation of a
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Figure 5 VENE (Venice ltaly) time series of biaglastandard deviation for the three contributing
solutions ASO, GO4 and MU4 for the period July', 21996 - July 28, 2007 (GPS week 0863-1437).

GO0 and GO1 are not shown since they are very tto&O4.
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767
768

769

32



MOPI
|

(millimeters)
(o)

|
et S T T

771 Figure 7. The final consistency in up componenialbstations. Stations are sorted by name.
772

dl||
770 0

33



773

774
775

776

15
12

(millimeters)

o W o LV

900 1000 1100 1200 1300 1400
Figure 8 VENE (Venice Italy) time series of totahsistency in up component for the period July
215 1996 - July 28, 2007 (GPS week 0863-1437).

34



777

778
779

780

Radiosonde and EUO ZPD time series for CAGL

T T T T T T F T

2550
2500 3 :
E 2450 &Mk o e R Gl F s m ) B
g : : :
O 2400+
[a
N 2350
23001Y 4. [ ! L B e

= T
Radiosonde 16546
Radiosonde 16560

1 | 1 1 | 1 | 1 1
1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

ZPD difference Radiosonde minus EUO for CAGL

T T T T T T T T T
RS 16546:6.1 4 130 :mm (# 956, glist = 2T G KMot e Lo

RS 1$560: 5.1 +- 13.1:mm (# 12350, dist = 15.2 km)

Difference [mm]
o

Figure 9 EPN station CAGL (Cagliari, Sardinia Islattaly). Upper part: Radiosondes (in red) and
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Figure 10 GPS versus Radiosonde Bias. The erras bz standard deviation. Sites are sorted
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according to the increasing distances from theastdRadiosonde launch site. The x-axis

reports the GPS station and the Radiosonde code.
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789  Repro2 ZTDs compared to ERA-Interim ZTDs.

790

37



791

100 -
sdev mmm
bias
80 | rms
S 60 |
<)
>
on
2 40
20
O - 2 . l.. - P
<-50 -40 -30 -20 -10 0 10 20 30 40 >50
792 site-by-site improvements in ZTD bias/sdev/rms [%)]

793  Figure 12: Site-by-site ZTD improvements of EPN R&pversus EPN Reprol compared to ERA-
794  Interim

795

38



796

20.0
E 150
c
S 10.0
2 .
>
3 50
>
¥
c
(=]
=
o
K
10.0 : ——— ~ i
1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
797 EUR - ZTD sdev EUR - ZTD mean
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802  Figure 14: Geographical display of ZTD biases )laftd standard deviations (right) for EPN Repro2
803  products compared to the ERA-Interim.
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