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Abstract. The present availability of 18+ years of GNSS dsbonging to the EUREF Permanent

Network (EPN, http://www.epncb.oma.be/) is a valeatatabase for the development of a climate
data record of GNSS tropospheric products over gaurdhis data record can be used as a reference
for a variety of scientific applications (e.g. \ddtion of regional Numerical Weather Prediction

reanalyses and climate model simulations) and haigla potential for monitoring trends and the

variability in atmospheric water vapour. In the niework of the EPN-Repro2, the second

reprocessing campaign of the EPN, five Analysis tf@snhomogenously reprocessed the EPN
network for the period 1996-2014. A huge effort basn made for providing solutions that are the
basis for deriving new coordinates, velocities &ogospheric parameters for the entire EPN. The
individual contributions are then combined to pdevthe official EPN reprocessed products. This
paper is focused on the EPN-Repro2 tropospheridyato The combined product is described

along with its evaluation against radiosonde dathluropean Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis (ERA-Interim) data.

1. Introduction

The EUREF Permanent Network (Bruyninx et al., 20i®2ie et al.,, 2013) is the key geodetic
infrastructure over Europe, currently made up bgra®30 continuously operating GNSS [Global
Navigation Satellite Systems as USA’'s NAVSTAR GlbBasitioning System (GPS) and Russia’s
Global'naya Navigatsionnaya Sputnikovaya Sistemd O$ASS)] reference stations, and
maintained on a voluntary basis by EUREF (Inteovati Association of Geodesy Reference Frame
Sub-Commission for Europe, http://www.euref.eu) rbers. Since 1996, GNSS data collected at
the EUREF Permanent Network have been routinelyysed by several (currently 16) EPN
Analysis Centres (Bruyninx et al., 2015). For ed&PN station, observation data along with
metadata information as well as precise coordinates tropospheric Zenith Total Delay (ZTD)
parameters are publicly available. Since June 2@@4,EPN Analysis Centres (AC) routinely
estimate ZTD in addition to station coordinatese UTD, available in daily SINEX TRO filesire
used by the coordinator of the EPN tropospheridpco to generate each week the final EPN
solution containing the combined tropospheric estém with an hourly sampling rate. The
1
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coordinates, as a necessary part of this filetaden from the EPN weekly combined SINEX file
(http://www.iers.org/IERS/EN/Organization/Analyss@dinator/SinexFormat/sinex.html). Hence,
stations without estimated coordinates in the weStNEX file are not included in the combined
troposphere solution. The generation of the weeakdgnbined products is done for the routine
analysis. Plots of the ZTD time series and ZTD rhigntneans as well as comparisons with respect
to radiosonde data are available in a dedicatetiose@t the EPN Central Bureau web site
(http://www.epncb.oma.be/_productsservices/siteapathdelays/). Radiosonde profiles are
provided by EUMETNET (European Meteorological Seeg Network) as an independent dataset
to validate GNSS ZTD data, and are exchanged betk#&REF and EUMETNET for scientific
purposes, based on a Memorandum of Understanditwgebe the two 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
the applied models, implementation of different piag functions, use of different elevation cut-

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

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

This paper focuses on the tropospheric productairdd in the framework of the second EPN
Reprocessing campaign (hereafter EPN-Repro2), fochy using the latest available models and
analysis strategy, GNSS data of the entire EPN or&tWave been homogeneously reprocessed for
the period 1996-2014. The EPN homogeneous long-t8M$S time series can be used as a
reference dataset for a variety of scientific agilons in meteorological and climate research.
Ground-based GNSS meteorology (Bevis et al.,1992ery well established in Europe and dates
back to the 90s, starting with the EC 4th Framewrtigram (FP) projects WAVEFRONT (GPS
Water Vapour Experiment For Regional Operationahdek Trials) and MAGIC (Meteorological
Applications of GPS Integrated Column Water Vapdi@asurements in the western Mediterranean,
Haase et al., 2001). Early in this century, theitgltio estimate ZTDs in Near Real Time has been
demonstrated (COST-716, 2005), and the EC 5th Eatdec project TOUGH (Targeting Optimal
Use of GPS Humidity Measurements in MeteorologyQ320006) was funded. Since 2005, the
operational production of tropospheric delays ha&enb coordinated and monitored by the
EUMETNET GNSS Water Vapour Programme (E-GVAP, 2@037, Phase 1, Il and I,
http://egvap.dmi.dk). Guerova et al. (2016) refortthe state-of-the-art and future prospects of the
ground-based GNSS meteorology in Europe. On therdihnd, the use of ground-based GNSS

long-term data for climate research is still an egimg field.
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Promoting the use of reprocessed long-term GNS8ebaaspospheric 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 Navigationellae 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 cooperalietween geodesists and climatologists in
order to generate recommendations on optimal GN&§Socessing algorithms for climate
applications, and to standardise for these apphesitthe conversion method between propagation
delay and atmospheric water vapour (Saastamoirgaid; Bevis et al., 1992; Bock et al. 2015). For
climate applications, maintaining the long-termbsgity is a key issue. Steigenberger et al. (2007)
found that the lack of consistencies over time tuehanges in GNSS processing could cause
inconsistencies of several millimetres in the GNfgHved Integrated Water Vapour (IWV),
making climate trend analysis very challenging.eliml. (2007) studied the seasonal variability of
tropospheric GPS ZTD (1994-2006) over 150 inteomati GPS stations and showed its relative
trend in the northern and southern hemisphere disawan coastal and inland areas. Wang and
Zhang (2009) derived GPS Precipitable Water VagBuwV or PW) using the International GNSS
Service (IGS, Dow et al.,2009) tropospheric produattabout 400 global sites for the period 1997-
2006 and analysed the PWV diurnal variations. Milsend Elgered (2008) reported on PWV
changes from -0.2 mm to +1.0 mm in 10 years byguhe data from 33 GPS stations located in
Finland and Sweden. Sohn and Cho (2010) analyseGRBS Precipitable Water Vapour trend in
South Korea for the period 2000-2009 and studied #te relationship between GPS PWV and
temperature. A more thorough knowledge of atmosplinemidity, particularly in climate-sensitive
regions, is essential to improve the diagnosislolba warming, and for the validation of climate
predictions on which socio-economic response gregeare based. Suparta (2012) pointed out that
the validation of PWYV is an essential tool for salimate studies over a tropical region. Ninglet a
(2013) used 14 years of GPS-derived IWV at 99 Eemaopsites to evaluate the regional Rossby
Centre Atmospheric (RCA) climate model. GPS monthlan data were compared against RCA
simulations and ERA-Interim data. Averaged overdbmain and the 14 years covered by the GPS
data, they found IWV differences of about 0.47 kghnd 0.39 kg/rhfor RCA-GPS and ERA-
Interim-GPS, with standard deviations of 0.98 kgand 0.35 kg/h respectively. Alshawaf et al.
(2017) found that GNSS IWV trends estimated at GIN&SS sites in Europe, with 10 and 19 year
temporal coverage, varies between -1.5 and 2 mmadgeavith standard errors below 0.25
mm/decade. At these sites the ERA-Interim datayaedl|over 26 years show positive trends below

0.6 mm/decade, which correlate with the temperateres.
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Against this background, EPN-Repro2 is a uniquesitfor the development of a climate data
record of GNSS tropospheric products over Europ#alsle for analysing climate trends and
variability, and calibrating/validating independedatasets at European and regional scales.
However, although homogenously reprocessed, tinme tseries still suffers from site-related
inhomogeneities due, for example, to instrumentanges (receivers, cables, antennas, and
radomes), changes in the station environmentwdtich might affect the analysis of the long-term
variability (Vey et al., 2009). Therefore, to geflistic and reliable water vapour trend estimates

such change points in the time series need to teetedel and corrected for (Ning et al, 2016a).

This paper describes the EPN-Repro2 reprocessim@aign in Section 2. Section 3 is devoted to
the combined solutions, i.e. the official EPN-Répmroducts, while in Section 4 the combined
solution is evaluated w.r.t. radiosonde, ERA-Intedata and in terms of ZTD trends. The summary

and recommendations for future reprocessing campaige drawn 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 partidpabf all sixteen EPN Analysis Centres (ACs),
reprocessing their own EPN sub-network. This sfatguaranteed that each site was processed by
at least three ACs, which is an indispensable ¢mmdifor providing a combined product. The
second reprocessing campaign covered all the ERfors$, which were operated from January
1996 through December 2013. Then, the participadi@g decided to extend this period until the
end of 2014 for tropospheric products. Data froraual280 stations in the EPN historical database
have been considered. As of December 2014, 23%Pof &ations are between 15-18 years old,
26% are between 10-14 years old, 30% between ®aGwld, and 21% less than 5 years old. Only
five, over sixteen, EPN ACs (see Table 1) took parfEPN-Repro2, each providing at least one
reprocessed solution. One of the goals of the semEprocessing campaign was to test the diversity
of the processing methods in order to ensure thi@oation of the solutions. For this reason, the
three main GNSS software packages Bernese (Daah, @014), GAMIT (King et al., 2010) and
GIPSY-OASIS Il (Webb et al., 1997) have been userkprocess the whole EPN network and, in
addition, several variants have been provided.ohalt eight individual contributing solutions,
obtained using different software and settings, @ncering different EPN networks, are available.
Among them, three are obtained with different safevand cover the full EPN network, while
three are obtained using the same software (naBerlyese), but covering different EPN networks.

In Table 2 the processing characteristics of eamttributing solution are reported. Despite the
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software used and the analysed networks, theréearaliversities among the provided solutions,
whose impact needs to be evaluated before perfgrrithe combination. In the reprocessing
campaign all the ACs used for the GNSS orbits tli#DE (Center for Orbit Determination in
Europe) Repro2 product (Lutz et al., 2014), withe axception (see Table 2) where JPL (Jet
Propulsion Laboratory) Repro2 products (Desai gt24114) are used. For tropospheric modelling
two mapping functions are used: GMF-Global Mapgtogction (Boehm et al., 2006a) and VMF1-
Vienna Mapping Function (Boehm et al., 2006b), véhibspact has been evaluated in Tesmer et al.,
2007.

21  Impact of GLONASS data

During the reprocessing period, the Russian segedlyjstem GLONASS became operational, and
GLONASS observations are available since 2003. Kewenly from 2008 onwards the amount of

GLONASS data (see Figure 1) is significant. The aotpof GLONASS observations has been
evaluated in terms of raw differences between ZBbnetes as well as on the estimated linear
trend derived from the ZTD time series. As a matierfact, GPS data (from the American

navigation satellite system) are used by all AC#hia reprocessing campaign, while two of them
(namely IGE and LPT) reprocessed GPS and GLONASSerghtions. Two solutions were

prepared and compared, using the same softwaretrendame processing characteristics, but
different observation data: one with GPS and GLOBA®&Nnd one with GPS data only. The

difference in ZTD trends (Figure 2) between a Giy-and a GPS+GLONASS solution shows no
significant rates for more than 100 stations (ratssally derived from more than 100000 ZTD

differences). This indicates that the inclusionadtlitional GLONASS observations in the GNSS
processing has a neutral impact on the ZTD treradlysis. Satellite constellations are continuously
changing in time due to satellites being replaced mewly added for all systems. For instance, in
the near future the inclusion of additional Galilgwvigation satellite system in Europe) and
BeiDou (navigation satellite system in China) datid become operational in the GNSS data
processing. These data will certainly improve thalidy of the tropospheric products and our study
here points out that the ZTD trends might be deteethindependently of the satellite systems used

in the processing, and therefore might not intr@dsygstematic changes in terms of ZTD trends.
2.2  Impact of IGStype mean and EPN individual antenna calibration models

According to the processing options listed in thBNEguidelines for the Analysis Centre

(http://lwww.epncb.oma.be/ documentation/quidelingisielines analysis centres.jpdf EPN

individual antenna calibration models have to bedusstead of IGS type mean calibration models,
when available. Currently, individual antenna cailon models are available at about 70 EPN

5
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stations. As reported in Table there are individual solutions carried out withSi@ype mean
antenna calibration models only (Schmid et al.,5}0&hile others use IGS type mean plus EPN
individual antenna calibration models. Thereforer the same station, there are contributing
solutions obtained applying different antenna meddlo evaluate the impact of using these
different antenna calibration models on the ZTDy swlutions were prepared and compared, using
the same software and the same processing, b@reatitf antenna calibration models: the first
solution used the IGS type mean models only, aedsétond one used the individual calibrations
whenever it was possible and the IGS type mearthioirest of the antennas. An example of the
time series of the ZTD differences obtained betwaeplying ‘Individual’ and ‘Type Mean’
antenna calibration models for the EPN station KL®#oppenheim, Frankfurt, Germany) is
shown in Figure 3. KLOP station is included in 8BEN network since June®22002, when a
TRM29659.00 antenna from the Trimble Company with radome was installed. In the
forthcoming years, two major instrumentation changecurred at the station: the first in Jun& 27
2007, when the previous antenna was replaced widwatype of Trimble antenna (TRM55971.00)
and a dedicated hemisphere radome (TZGD) was liedtaind a second change in Jun# 2813
with the installation of another type of Trimbletamna (TRM57971.00) and the same type of
radome. For these three specific hardware setswtinddual calibrations are available at the EPN
Central Bureau (ftp://epncb.oma.be/pub/station/gefepnc_08.atx). Switching between phase
centre corrections from type mean to individual yee versa) causes a disagreement in the
estimated up component of the stations, as wasioneot by Araszkiewicz and Voelksen (2016),
and as a consequence in their ZTD time series. mapg on the antenna model, the offset at
station KLOP in the up component (vertical disptaeet) is -5.2 £+ 0.5 mm, 8.7 + 0.6 mm and 5.6
0.8 mm with a corresponding offset in the ZTD d &. 0.5 mm, -1.5 + 0.5 mm, -1.4 + 0.8 mm,
respectively. Similar values were obtained betws#ations calculated for all stations/antennas for
which individual calibration models are availabléhe corresponding offset in the ZTD has the
opposite sign for the antennas with an offset emup component larger than 5 mm (16 antennas)
and, generally, does not exceed 2 mm. Such indensiges in the ZTD time series are not large
enough to be captured during the combination pso¢ese Section 3), where a 10 mm threshold in
the ZTD bias (about 1.5 kgfiWV) is set in order to flag problematic ACs oatsbns.

2.3  Impact of non-tidal atmospheric loading

As reported in the International Earth Rotation &elerence Systems Service (IERS) Convention
(2010), the diurnal heating of the atmosphere casségace pressure oscillations with diurnal and

semidiurnal variability and even higher harmonid@hiese atmospheric tides induce periodic
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motions of the Earth's surface (Petrov and Boy,4200he conventional recommendation is to
calculate the station displacement using the RalyRonte (2003) tidal model. However, crustal
motion related to non-tidal atmospheric loading basn detected in station position time series
from space geodetic techniqugsn Dam et al., 1994; Magiarotti et al., 2001, Dreigg and Van
Dam, 2005). Several models of station displacemesited to this effect are currently available.
Non-tidal atmospheric loading models are not yetsatered as Class-1 models by the IERS (IERS
2010), indicating that there are currently no ssmddrecommendations for data reduction. To
evaluate their impact, two solutions, one with ame without a non-tidal atmospheric loading
model, have been compared for the year 2013. Isdhgion with the model, the National Centers
for Environmental Prediction (NCEP) model is usédha observation level during data reduction
(Tregoning and Watson, 2009).

Dach et al. (2010) have already found that theatgality of the station coordinates improves by
20% when applying the non-tidal atmospheric loadingection directly on the data analysis and
by 10% when applying a post-processing correctiothé resulting weekly coordinates. However,
the effect on the ZTDs seems to be negligible. G#lyeit causes a difference below 0.5 mm with

a standard deviation not larger than 0.3 mm. THerdnce is thus below the level of confidence.
Figure 4 shows time series of the differences ef ZTDs and the up components between two
solutions obtained with and without non-tidal atptosric loading for two EPN stations: KIRO

(Kiruna, Sweden) and RIGA (Riga, Latvia). Furthersmdhere is no correlation between the values
of estimated differences and vertical displacemeaissed by non-tidal atmospheric loading, as

correlation coefficients for the analysed EPN staiwere below 0.2.

3. EPN-Repro2 combined solutions

The EPN ZTD combined product is obtained applyinggemeralized least square approach
following the scheme described in Pacione et @1112. The first step in the combination process is
the reading and checking of the SINEX TRO filesvakd by the ACs. At this stage, gross errors
(i.e. ZTD estimates with formal standard deviatitarger than 15 mm) are detected and removed.
The combination starts if at least three differgoititions are available for a single site. Thefirsh
combination is performed to compute proper weidbtseach contributing solution, to be used in
the final combination step. In this last step tbenbined ZTD estimates, their standard deviations
and site/AC specific biases are determined. Thebawetion fails if, after the first or second
combination level, the number of ACs becomes |&ss tthree. Finally, ZTD site/AC specific

biases exceeding 10 mm are investigated as pdtentiers.
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The EPN-Repro2 combination activities were carrmgt in two steps. First, a preliminary
combined solution for the period 1996-2014 was qered taken all the available eight
homogeneously reprocessed solutions (see Tablge iBpat. The aim of this preliminary combined
solution is to assess each contributing solutiahtarinvestigate site/AC specific biases priorte t
final combination, flag the outliers and send fesmtkb to the ACs. The agreement of each
contributing solution w.r.t. the preliminary comhtion is given in terms of bias and standard
deviation (not shown). The standard deviation isegally below 2.5 mm, with a clear seasonal
behaviour (larger for larger ZTD values), while thias is generally in the range of +/- 2 mm.
However, there are several GPS weeks for whiclbideand standard deviation exceeded the afore
mentioned limits. To investigate these outlierg, time series of site/AC specific biases have been
studied, since this analysis might be a useful tootletect bad data periods and provide useful
information for cleaning the EPN historical archiva example is given in Figure 5 for the station
VENE (Venice, ltaly) for three contributing soluti® ASO, GO4 and MU2 (GO0 and GO1 are not
shown but are very close to GO4). In the first geaf the acquisition, the station VENE
experienced tracking issues, clearly mirrored ithlibe bias and standard deviation time series.

All the site/AC specific biases are divided intoet groups: the red group contains site/AC specific
biases with values larger than 25 mm, the orangepgcontains site/AC specific biases in the range
of [15 mm, 25 mm] and the yellow group containg/®iC specific biases in the range of [10 mm,
15 mm]. In Table 3 the percentages of red, oramgeyallow biases for each contributing solution
are summarized. The majority of biases belong ¢oytllow group; the percentage of biases in the
orange group ranges from 12% for LPO and LP1 smistio 27% for the ASO solution, while the
percentage of biases in the red group ranges finfad the MU4 solution to 22% for the 1GO

solution.

The final EPN-Repro2 tropospheric combination isdaaon the following input solutions: ASO,
GO4, IGO0, LP1 and MU2. MUT AC provided the MU2 st after the preliminary combination,
its only difference with respect to MU4 is the wddype mean antenna and individual calibration
models, whose effect has already been describsecition 2.2. For those ACs providing more than
one solution, we have chosen the one carried oth tie Vienna Mapping Function. The
agreement in terms of bias and standard deviatfoeaoh contributing solution w.r.t. the final
combination is shown in Figure 6.The standard dmnehad improved significantly with respect to
the preliminary combination (not shown here), duehe removal of outliers detected during this
early combination. The standard deviation is beBomm before GPS week 1055 (26-03-2000) and
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2 mm thereafter. This is related to the worse ¢yali data and products during the first years of
the EPN/IGS activities.

The final EPN-Repro2 tropospheric combination issistent with the final coordinate combination
performed by the EPN Analysis Centre Coordinatariny the coordinate combination all stations
were analyzed by comparing their coordinates fagcgig ACs and the preliminary combined
values. In the cases where the differences wegerdahan 16 mm in the up component (vertical
displacement), the station was eliminated and thelevcombination process was repeated, up to
three times, if necessary. This ensures the cemsigtof the individual contributing solution w.r.t.
the final coordinates at the level of 16 mm in tipecomponent. As internal quality metric, we have
considered the site coordinate repeatability offithel coordinate combination (Figure 7). As a rule
of thumb, 9 mm repeatability in the up componert @ mm in ZTD as explained in Santerre, 1991)
are needed to fulfill the requirement of retrieviVgV at an accuracy level of 0.5 kg/m2 (Bevis et
al., 1994; Ning et al., 2016b). As shown in Figuateonly at one site, MOPI (Modra Piesok,
Slovakia), this threshold is exceeded on the largt As reported at the EPN Central Bureau,
MOPI has been excluded several times from themewtombined solutions because it has very bad
observation periods in the past due to a radomeipulation that caused jumps in the up
component. However, this 9 mm threshold has bempdeary exceeded at several stations during

bad periods, an example is given in Figure 8 foN¥#HVenezia, Italy).

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

The evaluation with respect to other sources odyts, such as radiosonde data from the E-GVAP
and numerical weather re-analysis from the Eurofizamtre 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 GNSS and radiosonde (RS) comparisons d& RN collocated sites, we used profiles from
the World Meteorological Organization (WMO) proviley EUMETNET in the framework of the
Memorandum of Understanding between EUREF and EUNEEI. Radiosonde profiles are
processed using a software by Haase et al. (20@8)checks the quality of the profiles, converts
the dew point temperature to specific humidity,ftshthe radiosonde profile to correct for the
altitude offset between the GPS and the radiosai@s, and determines the ZTD and IWV
compensating for the change of the gravitationeékcation g with height.

A comparison of the GNSS and radiosonde ZTD timésdor the EPN site CAGL (Cagliari,
Sardinia Island, Italy) is shown in Figure 9, witte mean biases and standard deviations reported

in the Figure. Similarly, we computed an overadldh(RS minus GNSS) and standard deviation for
9
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all the 183 EPN collocated sites, using all theadatailable in the considered period (Figure 19). |
this figure, the sites are sorted with increasiisgathice from the nearest radiosonde launch site. Fo
instance, MALL (Palma de Mallorca, Spain) is theselst (0.5 km to the radiosonde site with
WMO code 8301) while GRAZ (Graz, Austria) is the shalistant (133 km to RS WMO code
14015). The amount of data available for the coispas varies between sites, depending on the
availability of the GNSS and radiosonde ZTD estasah the considered epoch, and ranges from
121 pairs for VIS6 (Visby, Sweden, integrated ia PN since 22-06-2014) up to 21226 pairs for
GOPE (Ondrejov, Czech Republic, integrated in tR&lEince 31-12-1995).

The mean relative [(RS-GNSS)/GNSS] bias ranges #aBi%, which corresponds to -21.2 mm in
ZTD (at EVPA, Ukraine, at a distance of 96.5 kmnirthe RS WMO 33946 station) to 0.68%,
which corresponds to 15.4 mm (at OBER, Germanya& Bm from RS WMO 11120). The overall
mean ZTD bias for all sites is -0.6 mm (-0.03%)hnat standard deviation of 4.9 mm (0.19%). For
more than 75% of the stations (178 pairs), theageat is below 5 mm in ZTD and only 5.5% of
the stations (13 pairs) have ZTD biases higher ttdmimm. The higher biases arise mostly for
paired sites over 50 km away from each other, fdiiciv differences in the geographical
representativeness become important. For exampée GPS stations OBER, OBE2 and OBET
located in Oberpfaffenhofen (Germany) are collotdateth the RS WMO 11120 at Innsbruck
Airport in Austria, on the opposite side of the Mo€hain in the Karwendel Alps. Our results are in
accordance with Wang et al. (2007), in which ththexs compared PW (not ZTD) from GPS and
global radiosondes and reported an overall dry @iabout 1.08 mm for the radiosondes. However,
it should be noted that these obtained biases,oth bur and their study, are obtained from a
mixture of radiosonde types, and daytime and niglettRS launches. For instance, in agreement
with Wang et al. (2007), we also found a small mtiega(dry) bias of -1.19 mm for Vaisala
radiosondes (our bias is inversely calculated)ctviis the most common type used in Europe (81%
of all used in this study). In this context, we rien that different Vaisala radiosonde types (e.g.
RS80 vs RS90/RS92) are equipped with different ditgnsensors, resulting in e.g. different RS-
GNSS comparisons in PW, both for nighttime and idagytcomparisons (e.g. Van Malderen et al.,
2014). In addition, it must be kept in mind, thabNg et al. (2007) used global radiosonde data
from 2003 and 2004, while we used all availableadater Europe from 1994 to 2015. For MRZ,
GRAW and M2K2 (from MODEM) radiosonde types, whigpresent 4.6%, 3.4% and 3.0% of the
compared radiosondes types respectively, we ret@i\systematic positive bias for the radiosondes,
which can be interpreted as a moist bias, whicagan in line with the results of Wang et al. (2007
for these radiosonde types. On the other handretbhats for M2K2 are at odds with Bock el al.

(2013), in which a dry radiosonde bias in IWV comgohto GPS was found at a French site.
10
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However, they also indicated that their results rawe consistent with another nearby radiosonde
station and needs further investigation. Furtheestigation in our study is also needed for several
near or moved GNSS stations, or switched radiostypke at one station. For example in Brussels
(Belgium) BRUS station, included in the EPN netwsitkce 1996, was replaced by BRUX in 2012.
Their bias w.r.t. radiosonde (WMO code 6447) hagosfie sign (-1.2 mm and 3.4 mm

respectively). However, the radiosonde type waschwd from RS80 to RS90 in 2007 (Van

Malderen et al., 2014), which makes the bias fotJBRadditionally affected by the change of the

radiosonde type. .

In agreement with Ning et al. (2012), the ZTD s&dddeviation generally increases with the

distance from the radiosonde launch site. It ithanrange of [0.16; 0.76] %, which corresponds to
[3; 18] mm in ZTD, till 15 km (first band in Figurg0); in [0.29; 0.78] %, corresponding to [7; 19]

mm, till 70 km (second band in Figure 10), anddmB; 1.35] %, corresponding to [10; 33] mm till

133 km (third band in Figure 10). The numbers @& #tandard deviation are comparable with
previous studies. Haase et al. (2001) showed ag@oy agreement with biases less than 5 mm in
ZTD and a standard deviation of 12 mm for moshefanalysed sites in the Mediterranean. Similar
results (6.0 mm = 11.7 mm) were obtained also bgieVet al. (2001). Both studies were based on
non-collocated pairs at sites less than 50 km feach other. Pacione et al (2011), considering 1-
year of GPS ZTD and radiosonde data over the E-G¥égr sites network, obtained a standard
deviation of 5-14 mm. Dousa et al. 2012 evaluaté®Zfrom GNSS and radiosondes on a global

scale over a 10-month period and reported a stdraasiation of 5-16 mm.

If we compare both the EPN-Reprol ZTD product (cleteg with the EUREF operational product
after 30 December 2006) and the EPN-Repro2 withhatesonde ZTDs for the same period 1996-
2014, we found an improvement of approximately 3-#%he overall standard deviation for the
second processing.

4.2  Evaluation versus ERA-Interim data

We also compared the EPN-Repro2 ZTDs with the ZG&8sulated from ERA-Interim (Dee et al.,
2011) from the European Centre for Medium-Range tWézaForecasts (ECMWF). The ERA-
Interim is a re-analysis product of a Numerical YMea Prediction (NWP) model and is available
every 6 hours (00, 06, 12, 18 UTC) with a horizbnégolution of 1x1 degree and with 60 vertical

model levels.

For the period 1996-2014 and for each EPN statiom,ZTD and tropospheric linear horizontal
gradients were computed using the GFZ (German Rdsdzentre for Geosciencesy-tracing

software (Zus et al., 2014). Combined EPN-Repral EHAN-Repro2 products as well as individual

11
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ACs tropospheric parameters were assessed witbotinesponding parameters estimated from the
ERA-Interim re-analysis. The evaluation of GNSS &RA-Interim was performed using the GOP-
TropDB (Gyori and Dousa, 2016) by calculating pasten (ZTD, horizontal gradients, see below)
differences for each station, using the valuesvatye6 hours (00:00, 06:00, 12:00 and 18:00), as
available from the ERA-Interim model output. A laretemporal interpolation to those four
timestamps was thus necessarily applied for all SNoducts, which are available in HH:30
timestamps as required for the combination procgssll compared GNSS products have the same
time resolution (1 hour), the interpolation is ased to affect all products in the same way.
Therefore, we assume that all inter-comparisors ¢ommon reference (ERA-Interim) principally
reflect the quality of the products. No verticatreations were applied since ERA-Interim variables

were estimated for the long-term antenna referposéion of each station.

Table 4 summarizes the mean total statistics ofviddal (ACs) and combined (EUREF)
tropospheric parameters, ZTDs and horizontal grdaslieover all available stations. The EUREF
combined solution does not provide tropospheridigrgs and these could therefore be evaluated
for individual solutions only. In Table 4, a commamnD bias (ERA-Interim minus GNSS) of about
1.8 mm is found for all GNSS solutions comparedERA-Interim, but a large station to station
variability could be noted, as is obvious from #stimated uncertainties. ZTD standard deviations
are generally at the level of 8 mm between GNSS BR&-Interim ZTDs, but with the IGO0
solution performing about 25% worse than the otlaesralready detected during the combination.
Two solutions, ASO and LP1 are slightly better tl&a@4 and MU2: with a standard deviation of
7.7 mm, their accuracy is at the level of the EURBmbined solution. The better performance of
the ASO solution can be explained by applying @lsestic troposphere modelling using original
(not double-difference) observations sensitivehi® absolute tropospheric delays, so that the true
dynamics in the troposphere is better taken intmaat. LP1 included roughly one third of the EPN
stations, properly selected according to the stajimlity, hereby making it difficult to interpretis
difference with respect to those solutions procestie full EPN.

The comparison of tropospheric linear horizontaldignts (East and North) from GNSS and ERA-
Interim revealed a problem with the MU2 solutioregsTable 4). This solution shows a high
inconsistency over different stations, which is mstible in the total statistics, but mainly in the
uncertainties, which are an order of magnitude dérighompared to all other solutions. A
geographical plot (not shown here) confirmed thie-specific systematic effect, both in positive
and negative sense. The impact was however notwdssen the MU2 ZTD results. Additionally,

the GO4 solution performed slightly worse than délfgers. This was identified as a consequence of
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estimating 6-hour gradients using a piece-wisealin@nction without any absolute or relative
constraints. In such case, higher correlations wither parameters occurred and increased the
uncertainties of the estimates. For this purpdse,GO6 solution (not shown) was derived, fully
compliant with the GO4, but stacking tropospherradients into 24 hours piece-wise linear
modelling. In comparison with the former GO4 salatiDousa and Vaclavovic, 2016), the GO6
standard deviations dropped from 0.38 mm to 0.28anchfrom 0.40 mm to 0.29 mm for East and
North gradients, respectively, which correspondth&LP1 solution that applied the same settings.
Additionally, Dousa and Vaclavovic (2016) found tosg impact of a low-elevation receiver
tracking problem on the estimation of the horizbgtadients, which was particularly visible when
comparing with ERA-Interim horizontal gradients.dking for systematic behaviour in monthly
mean differences in the gradients therefore se@mseta useful indicator for instrumentation-

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

For completeness, we also evaluated the EPN-Repr@l product with respect to ERA-Interim
using the same period, i.e. 1996-2014 (after conmgie@gain with the EUREF operational product,
see above). Comparing EPN-Reprol and EPN-ReproR th# numerical weather model re-
analysis showed an 8-9% improvement of EPN-Reprdibth overall standard deviation and bias.
Figure 11 shows the distributions of station me&sds and standard deviations of EPN-Reprol
and EPN-Repro2 ZTDs compared to ERA-Interim ZTDsgishe whole period 1996-2014.
Common reductions of both statistical charactesstire clearly visible for the majority of all
stations. From the data of Figure 11, we alsotilis the site-by-site improvements in terms of
ZTD bias, standard deviation and RMS in FigureTl# calculated median improvements for these
statistics reached 21.1 %, 6.8 % and 8.0 %, reispéctwhich corresponds to the above mentioned
improvement of 8-9 %. A degradation of the standddiation was found at three stations: SKES8
(Skellefteaa, Sweden, integrated in the EPN sig@®®2014), GARI (Porto Garibaldi, Italy,
integrated in the EPN since 08-11-2009) and SNEH@&Z£Ka, Czech Republic, former EPN station
since 14-06-2009). These three stations providehmless data compared to other stations,
respectively only 1%, 30% and 3% of data pairslalsbe at other stations. All other stations (290)
showed improvements. We found 72 stations with eéased absolute bias in EPN-Repro2
compared to EPN-Reprol while the other 221 stat{@b%o) had a reduced bias with ERA-Interim
ZTD.

Time series of monthly mean biases and standarttivs for ZTD differences of EPN-Repro2
and ERA-Interim are shown in Figure 13. The smaljative bias slowly decreases towards 2014,

but the high uncertainty of the mean bias indicate#te-specific behaviour, depending mainly on
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latitude and altitude of the EPN station and thalityiof both ERA-Interim and GNSS products.
There is almost no seasonal signal observed itirtteeseries of ZTD mean biases or uncertainties,
but clearly in the ZTD mean standard deviation #mel uncertainties. The increase of standard
deviation in summer is due to more humidity in tysephere which is more difficult to model
accurately in both GNSS and ERA-interim. The sligiricreasing standard deviation towards 2014
can be attributed to the increase of number ofostatin EPN: starting from about 30 in 1996 and
with more than 250 in 2014. A higher number ofieteg reduces the variability in monthly mean

biases, however, site-specific errors then contigilmore to higher values of standard deviation.

Figure 14 displays the geographical distributiortaifl ZTD biases (ERA-Interim minus GNSS)

and standard deviations for all sites. Prevailimgifive biases seem to become lower or even
negative in the mountain areas. There is no latialddependence observed for ZTD biases in
Europe, but a strong one for standard deviatiohss dorresponds mainly to the increase of water

vapour content and its variability towards the e¢qua

4.3 Evaluation of ZTD trends

To illustrate the impact of the new processingtmresulting ZTD trends and related uncertainties,
we considered five EPN stations, among those wighdngest time span: GOPE (Ondrejov, Czech
Republic, integrated in the EPN since 31-12-1998;TS (Kirkkonummi, Finland, integrated in
the EPN since 31-12-1995), ONSA (Onsala, Sweddrgiated in the EPN since 31-12-1995),
PENC (Penc, Hungary, integrated in the EPN sinc®32096) and WTZR (Bad Koetzting,
Germany, integrated in the EPN since 31-12-199&) tlkese five stations, we have computed ZTD
trends using EPN-Repro2, EPN-Reprol (again conmpleith the EUREF operational products),
radiosonde and ERA-Interim data. Furthermore, tliogestations also belong to the IGS Network,
for which IGS Reprol, completed with the IGS operal products, are available and extracted

from the GOP-TropDB, so that we could also cal&AarD trends from this dataset.

First, we removed the annual signal from the oabtime series and marked all outliers according
to the 3-sigma criterion. Then, we tried to remallenhomogeneities in the GNSS ZTD time series,
related to instrumental changes, which might intieda change in the mean of the ZTD time series
and therefore have an impact on the ZTD trendpahticular, for all GNSS ZTD data sets we have
estimated all documented shifts in the mean reldtedhe antenna replacement. No other
unexplained break points has been corrected fobetsure not to introduce any artificial errors.

Based on these cleaned and filtered data, we hsa@, independently, a linear regression model
before and after the considered epoch of the ofidet difference of the mean ZTDs between those

two linear regression models is then consideredhasoffset of the specific epoch. With this
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technique, we removed all the estimated offsets fitwe original GNSS ZTD time series. Generally,
the amplitudes of the offsets are much lower tim@nnoise level and depend on the applied method
of estimation. Therefore, the final ZTD trends amttertainties presented here are affected by the
used methodology and should not be considered solade terms. No homogenization has been
done for the radiosonde data, since reliable m&aat@ not available. Also the ERA-Interim ZTD
time series were not corrected for inhomogeneitt@sally, a Least Squares Estimation method has
been applied to estimate the linear trends andeéhsonal components.

In Figure 15, the ZTD trends and uncertainties @esented for the five sites and for all ZTD
datasets. First of all, it should be noted thatttkads between the three GNSS ZTD data sets are
very consistent (as long as the same homogenigatamedure is applied). The overall RMS among
trends estimated from GNSS measurements is 0.02/@am/If we now consider all five ZTD
sources, the best agreement between the ZTD tisrathieved at ONSA (RMS = 0.04 mm/year)
and WTZR (RMS = 0.02 mm/year). For PENC, we alseeha good agreement of the GNSS ZTD
trends with respect to ERA-Interim (RMS = 0.05 meak), but a large discrepancy with the
radiosonde ZTD trend is found (RMS = -0.31 mm/ye@his large discrepancy is probably due to
the distance to the radiosonde launch site (40.7 R& WMO 12843) and to the lack of
homogenization of the radiosonde data. For the ¢dwmeasidered stations, the agreement of GNSS
ZTD trends with respect to ERA-Interim (RMS = 0.frin/year) is better than with respect to
radiosondes (RMS = 0.16 mm/year). Even althoughtHe five considered stations, EPN-Repro2
do not change significantly the value of the ZTBntits with respect to EPN-Reprol, it has a less
uncertainty (the improvement is 6.9%) of ZTD trentstter agreement with ERA-Interim (the
improvement is 8.0%) ZTD trends and a slightly weomgreement with the radiosonde (the
degradation is 3.8%). However, one should keep indnthat time series from radiosonde
measurements were not homogenized and their tnergysnot be necessarily trustworthy. Over
Europe, the EPN network has a better spatial rasalidhan the IGS and radiosonde networks,
which are used today for an observations-basedtemmg analysis of ZTD/IWV variability. Taking
into account the good consistency among the ZTidse EPN-Repro2 can be used for trend

detection in areas where other data are not availab

5. Conclusions

In this paper, we described the activities caroetl in the framework of the second reprocessing
campaign of the EPN. We focused on the tropospipeaducts homogenously reprocessed by five
EPN Analysis Centres for the period 1996-2014 aeddescribed the ZTD combined product. We

evaluated the impact of few diversities among thavided GNSS solutions. The inclusion of
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additional GLONASS observations in the GNSS praogskas a neutral impact on the ZTD trend
analysis pointing out that the ZTD trends might determined independently of the satellite
systems used in the processing (see Section Z&)intonsistencies in the ZTD time series due to
different antenna calibration models (see Secti@h&e not large enough to be captured during the
combination process (see Section 3), where a 10ttmeshold in the ZTD bias (about 1.5 kg/m
IWV) is set in order to flag problematic ACs or tgtas. The effect on the ZTDs of non-tidal
atmospheric loading correction (see Section 2.8)nseto be negligible. We assessed the quality of
the ZTD combined product, which is below 3 mm bef@&PS week 1055 (26-03-2000) and 2 mm
thereafter. This is related to the worse qualitydata and products during the first years of the
EPN/IGS activities.

Both individual and combined tropospheric produeisng with reference coordinates and other
metadata, are stored in a SINEX TRO format (Ge@di1997), and are available to the users at the
EPN Regional Data Centres (RDC), located at BKGI¢F&l Agency for Cartography and Geodesy,
Germany). For each EPN station, plots on ZTD tieres, ZTD monthly means, comparison with
radiosonde data (if collocated), and comparisosusethe ERA-Interim data will be available at the

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

We showed in section 4.1 that EPN-Repro2 led tingrovement of approximately 3-4% in the
overall standard deviation in the ZTD differenceishwadiosonde data, as compared with EPN-
Reprol.

The assessment of the EPN-Repro2 comparison wetliEBA-Interim re-analysis showed an 8-9%
improvement in both the overall ZTD bias and staddieviation with respect to EPN-Reprol for
the majority of the stations (see Section 4.2). Gansons of the GNSS solutions with ERA-
Interim, showed the agreement in ZTD at the le¥e8-8 mm, however, site performance ranging
from 5 mm to 15 mm for standard deviations and frdnmm to 3 mm for biases when neglecting

outliers (<1%).

The use of ground-based GNSS long-term data fonaté research is an emerging field. For
example, for the assessment of Euro-CORDEX (Coatdth Regional Climate Downscaling

Experiment) climate model simulation, the IGS Répiataset (Byun and Bar-Sever, 2009) has
been used as reference reprocessed GPS produsts (@&aal. 2016). However, this dataset is quite
sparse over Europe (only 85 stations over the 288 Etations) and covers only the period 1996-
2010. As pointed by Baldysz et al. (2015, 2016additional two years of ZTD data can change the
estimated trends up to 10%. Therefore, with datx 2010 and with a better coverage over Europe,
EPN-Repro2 can be used as a reference data se& With potential for monitoring the trends and
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variability in atmospheric water vapour as repoite&ection 4.3. As a matter of fact, a comparison
between GNSS IWV, computed from EPN-Repro2 ZTD dataSOFI (Sofia, Bulgaria) by the
Sofia University, and ALADIN-Climate IWV simulatian conducted by the Hungarian
Meteorological Service, is performed for the per@D3-2008 at the moment. The preliminary
results show a tendency of the model to underestiivdV. Clearly, a larger number of model grid
points needs to be investigated in different region Europe and the EPN-Repro2 data is well
suited for this.

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 il ¥ started in some years from now after
having successfully integrated these new data enctirrent operational near real-time and daily
products of EUREF. The consistent use of identizadlels in various software packages is another
challenge for the future and would enable to imprdéive consistency of the combined solution.
Prior to any next reprocessing, it was agreed ifREB to focus on cleaning and documenting the
data in the EPN historical archive as it shouldhhjidacilitate any future work. For this purposé, a
existing information needs to be collected fromth# levels of data processing, combination and
evaluation, which includes initial GNSS data qualghecking, generation of individual daily
solutions, combination of individual coordinatesdafATDs, long-term combination for velocity

estimates and assessments of ZTDs and gradiettsndépendent data sources.
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Table
Table Captions
Table 1: EPN Analysis Centres providing EPN-Remoltions

Table 2: EPN-Repro2 processing options for eachributing solutions. ASO solution is provided
by ASI/CGS (Matera, Italy), GO0, GO1 and GO4 saolns are provided by GOP (Pecny, Czech
Republic), IGO0 solution by IGE (Madrid, Spain), LRhd LP1 solutions by LPT (Waben,
Switzerland), and MU2 and MU4 solutions by MUT (Waw, Poland). (PPP=Precise Point
Positioning; EGM=Earth Gravitational Model, GMF=G& Mapping Function; VMF=Vienna
Mapping Function; HOI=Higher Order lonosphere, IONEONospheric maps Exchange format,
IGRF=International Geomagnetic Reference Field, #tSite Element Solution).

Table 3. Percentage of red, orange and yellow bigs® text) for each contributing solution

Table 4. Mean statistics and uncertainties, caledl&rom results of individual stations, provided
for AC individuals and EUREF combined (EPN-Reprotl & PN-Repro2) tropospheric parameters
compared to the ERA-Interim re-analysis (ERA-Interminus GNSS). EGRD represents east
gradient and NGRD north gradient.
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756

757

758

N

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 Ba EPN-
Subnetwork

LPT | Federal Office of Topography] Waberr SwitzerlanBernese EPN-
Subnetwork

MUT | Military University of Warsaw | Poland GAMIT Full EPN

Technology

Table 1: EPN Analysis Centres providing EPN-Remol2tions.
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759
760
761
762
763
764
765

766

ASO GO0 | GO1 GO4 1GO LPO LP1 MU2 MU4
SOFTWARE GIPSY 6.2 Bernese 5.2 Bernese 5.2 Bernese 5.2 GAMH 10
GNSS GPS GPS GPS + GLONASS GPS+GLONASS GPS
SOLUTION PPP Network Network Network Network
TYPE
STATIONS Full EPN Full EPN EPN Subnetwor EPN Subnetwor | EFN
ORBITS JPL Repro2 CODE Repro2 CODE Repro? CODE Repro2 CODEoRep
ANTENNAS IGS08 IGS08 + Individual. IGS08+ Individual. IGS08 lG.S.OS " lG.SQS K IGS08
Individual. | Individual
IERS 2010 2010 2010 2010 2010
GRAVITY EGMO08 EGMO08 EGMO08 EGMO08 EGMO08
EE%Z?;PHERE ZTD (5min) ZTD (1h) ZTD (1h) ZTD (1h) 77D (1h)
GRAD (5min) GRAD (6h) GRAD (6h) GRAD (24h) GRAD (24h)
Parameters
MAPPING
FUNCTION VMF GMF | VMF1 | VMF GMF GMF VMF VMF
hh:30 ) . . . . )
ZTD/IGRAD oa 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
ELEVATION
CUTOFF 3 3 3 3 5
Delivered
SNX_TRO Files 0834-1824 0836-1824 0835-1816 0835-1802 0835-1824
[from week to
week]

Table 2: EPN-Repro2 processing options for eachribating solutions. ASO solution is provided
by ASI/CGS (Matera, ltaly), GO0, GO1 and GO4 saolns are provided by GOP (Pecny, Czech
Republic), IGO0 solution by IGE (Madrid, Spain), LRvd LP1 solutions by LPT (Waben,
Switzerland), and MU2 and MU4 solutions by MUT (Waw, Poland). (PPP=Precise Point
Positioning; EGM=Earth Gravitational ModebMF=Global Mapping Function; VMF=Vienna
Mapping Function; HOI=Higher Order lonosphere, IONEONospheric maps Exchange format,
IGRF=International Geomagnetic Reference Field, #&Ste Element Solution).
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Solution | %Red bias % Orange biag % Yellow bias
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

767  Table 3. Percentage of red, orange and yellow bigse text) for each contributing solution.

768
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769
770
771
772

Solution ~ ZTDbias ZTDsdev EGRD bias EGRD sdev NGRD bias NGRD sdev
[mm] [mm] [mm] [mm] [mm] [mm]

ASO (full EPN) 1.7£2.0 7.7£1.9  -0.00+0.06  0.32+0.09-0.09+0.06  0.33+0.10
GO4 (full EPN) 1.9+2.4 8.1+2.1 0.04+0.09 0.38+0.10-0.00+0.09  0.40+0.12
MU2 (full EPN) 1.8+2.0 8.3+2.1 0.03+0.32 0.35+2.46 0.01+0.84 0233%
IGO (part EPN) 1.6+2.3 10.7¢2.2  0.05+0.09 0.33+0.11:0.04+0.12  0.36+0.12
LP1 (part EPN) 1.7x2.4 7.7£1.7 0.02+0.06 0.2840.050.03+0.09  0.27+0.06
EPN-Repro2 1.8+2.1 7.8+2.2 - - - -
EPN-Reprol 2.2+2.3 8.5+2.1 - - - -

Table 4. Mean statistics and uncertainties, caledl&rom results of individual stations, provided
for AC individuals and EUREF combined (EPN-Reprotl @PN-Repro2) tropospheric parameters
compared to the ERA-Interim re-analysis (ERA-Interminus GNSS). EGRD represents east
gradient and NGRD north gradient.
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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 l@od their differences in green. The
difference becomes significant starting from 2008.

Figure 2. ZTD trend differences between GPS onty @RS+GLONASS, computed over 111 sites.
The rate is in violet (primary y-axis) and the nwnbf used differences is in green (secondary y-
axis).

Figure 3. EPN station KLOP (Kloppenheim, Frankfu&ermany) ZTD differences time series
between solutions processed with ‘individual’ amgpé mean’ antenna calibration models. Two
instrumentation changes occurred at the stationmkigdaby vertical dashed red lines): the first in
June 27th 2007, when the previous antenna wascegplavith a TRM55971.00 and a TZGD
radome, and the second in June 28th 2013 withrialiation 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 atmosphericdiog for two EPN stations: KIRO (Kiruna,
Sweden) and RIGA (Riga, LatyiaRight part: Scatter plots between these two patars.

Figure 5: VENE (Venice, ltaly) time series of ZTDakes and standard deviations for the three
contributing solutions ASO, GO4 and MU4 with redptxthe combined solution for the period
July 21st, 1996 - July 28, 2007 (GPS weeks 086314300 and GO1 are not shown here, since
they are very close to GOA4.

Figure 6: Weekly mean ZTD biases (upper part) aaemdard deviations (lower part) of each
contributing solution w.r.t. the final EPN-Repro@abination.

Figure 7. Long term up component repeatabilityha final coordinates for all stations. The site
coordinate repeatability is used as an internalityuaetric. Stations are sorted by name.

Figure 8 VENE (Venice Italy) time series of daiBpeatability (for definition, see Figure. 7) in the
up component for the period July 21st, 1996 - 28y2007 (GPS weeks 0863-1437).

Figure 9 EPN station CAGL (Cagliari, Sardinia Iglaitaly). Upper part: Radiosondes (in red) and
GPS (in blue) ZTD time series. Lower part: ZTD €iffnces, calculated as RS minus GNSS.

Figure 10: RS minus GNSS ZTD biases for all GNSSsR#on pairs. The error bar is the standard
deviation. Sites are sorted with increasing distarfoom the nearest radiosonde launch site.

Figure 11: Distributions of station mean ERA-Intenminus GNSS ZTD biases (left) and standard
deviations (right) of EPN-Reprol and Repro2 comgpaneERA-Interim.

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

Figure 13: Time series of monthly mean biases (fqveet) and standard deviations (upper part) for
ZTD differences between EPN-Repro2 and ERA-Inteieranalysis (ERA-Interim minus GNSS).
Uncertainties are calculated over all stations.
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Figure 14: Geographical distribution of ZTD biagkst) and standard deviations (right) for EPN-
Repro2 compared to ERA-Interim ( ERA-Interim mirGNISS

Figure 15: ZTD trend comparisons at five EPN stadifor 5 different ZTD datasets. The error bars
are the formal errors of the estimated trend values
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823  Figure 2. ZTD trend differences between GPS onty @GRS+GLONASS, computed over 111 sites.
824  The rate is in violet (primary y-axis) and the nanbf used differences is in green (secondary y-
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Figure 3. EPN station KLOP (Kloppenheim, Frankfu&ermany) ZTD differences time series
between solutions processed with ‘individual’ amgpé mean’ antenna calibration models. Two
instrumentation changes occurred at the stationmkigdaby vertical dashed red lines): the first in
June 2% 2007, when the previous antenna was replacedavitRM55971.00 and a TZGD radome,
and the second in June'28013 with the installation of a TRM57971.00 antiZGD radome.
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840 Figure 5: VENE (Venice, ltaly) time series of ZTDases and standard deviations for the three
841  contributing solutions ASO, GO4 and MU4 with regptr the combined solution for the period
842  July 2F' 1996 - July 28, 2007 (GPS weeks 0863-1437). G&D@O1 are not shown here, since
843  they are very close to GO4.
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Figure 6: Weekly mean ZTD biases (upper part) aamdard deviations (lower part) of each

contributing solution w.r.t. the final EPN-Repro@abination.
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850 Figure 7. Long term up component repeatabilityhef final coordinates for all stations. The site
851  coordinate repeatability is used as an internalityuaetric. Stations are sorted by name.
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Radiosonde and EU0O ZTD time series for CAGL
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858

859  Figure 9 EPN station CAGL (Cagliari, Sardinia Islaitaly). Upper part: Radiosondes (in red) and
860 GPS (in blue) ZTD time series. Lower part: ZTD diffinces, calculated as RS minus GNSS.

861

38



862

70 km < GPS-RS distance < 133 km

15 km < GPS-RS distance < 70 km

2%

GPS-RS distance < 15 km

. . .

= &

[96] se19 : SdO snsian apuosojpey

R
&

0vZTITHSO
$920v_SV¥Q
81901_%5N3
ZZ99T_ WYV
0vZ11 g4uL
$€29_4130

5608 YIVIN

LEEZS_OWVY
62992 DIMS
SZTHZINSIE

TPOEE_AIND
00201 913H
1228 SNOS

81009_TSYW
Y191 1VYd

pp09T_3IN3A
LYLTIONSIE
0ZT11_¥380
TE9EE HIAN
85v9_NA3Y
0199 NOS8
02111 9¥z8
€69€_L¥3H
€962_S13N
Lby9 ¥NOa
82801 NVid
85v9_¥NOA
0903~Q1NS
0vZbl ONVD
7809 QINS
SEOTT_IdOW
00201~ L¥SM
Lbv3 IUVM
¥p091_4N0Z
€119 1¥OL
9L¥9_¥NOA
SEZ9_SH3L
009~ IN3Q
vp191_SdOW
SEOTT_ZAML
pr191 " I4VO
96v9_S(13
09297950
00Z07_ 408
02121203y
0199 WIZ
00201 H¥08
£25T_0LdS
18v.”AQIS
vLECT 3201
1228_11A
260175150
S6v87LNID
z90L1-18NL
898012380
pv191-9708
Z90L17 VLS|
0VZE JHOW
Z19LZ_INGN
9v5a1 19V
STPT AVIS
09591_19VD
8€09Z_p¥NS
SZVZT_DOUM
62v91_ONW
€v821_31N8
98v01S3¥Q
0T1Z LS¥g
00EVE_YVH
SYEEE_ASO
0ZTTT 14
1819_daNg
19LLTDVIV
6EEY ¥ODS
TE9EE THZN
P0OT IVAN
£09L1 ODIN
Lyb3_XN¥8
T0E8 TV

863

Figure 10: RS minus GNSS ZTD biases for all GNSSsR#on pairs. The error bar is the standard

864
865
866

deviation. Sites are sorted with increasing distarfcom the nearest radiosonde launch site. The x-

axis shows the GNSS station and the radiosond®\8ue® code.
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869  Figure 11: Distributions of station mean ERA-Intenminus GNSS ZTD biases (left) and standard
870 deviations (right) of EPN-Reprol and Repro2 comghaneERA-Interim.
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874  Figure 12: Site-by-site ZTD improvements of EPN-R&pversus EPN-Reprol compared to ERA-
875  Interim.
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Figure 13: Time series of monthly mean biases (fqveet) and standard deviations (upper part) for
ZTD differences between EPN-Repro2 and ERA-Inteeranalysis (ERA-Interim minus GNSS).
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Uncertainties are calculated over all stations.
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ZTD/Bias: ERA-Interim - EUR ZTD/Sdev: ERA-Interim - EUR
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885  Figure 14: Geographical distribution of ZTD biagkst) and standard deviations (right) for EPN-
886 Repro2 compared to ERA-Interim (ERA-Interim minuN&S).
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890 Figure 15: ZTD trend comparisons at five EPN steitor 5 different ZTD datasets. The error bars
891 are the formal errors of the estimated trend values
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