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Abstract. The present availability of 18+ years of GNSS dmhonging to the EUREF Permanent
Network (EPN, http://www.epncbh.oma.be/) is a valeatatabase for the development of a climate
data record of GNSS tropospheric products over [irdhis 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 Haglapotential for monitoring trends and the
variability in atmospheric water vapour. In the mfrawork of the EPN-Repro2, the second
reprocessing campaign of the EPN, five Analysis t@snhomogenously reprocessed the EPN
network for the period 1996-2014. A huge effort baen 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 pdevihe official EPN reprocessed products. This
paper is focused on the EPN-Repro2 tropospheridymto The combined product is described
along with its evaluation against radiosonde dathBuropean Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis (ERA-Interim) data.

1. Introduction

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

infrastructure over Europe, currently made up bgrd®80 continuously operating GNSS reference

stations, and maintained on a voluntary basis byREKE (International Association of Geodesy

Reference Frame Sub-Commission for Europe, httgMieuref.eu) members. Since 1996, GNSS

data collected at the EUREF Permanent Network baea routinely analysed by several (currently

16) EPN Analysis Centres (Bruyninx C. et al., 20F%)r each EPN station, observation data along

with metadata information as well as precise cowttis and troposphefic Zenith Total Delay (ZTD) | commentato [g1]: The acononym ZTD is having two

. . . . . different explanations here. Please be consistent and choose
[parameters are publicly available. Since June 2@0d,EPN Analysis Centres (AC) routinely | gpe.

estimate ZTD in addition to station coordinatese ATD, available in daily SINEX TRO filesre ) TCommentato [PR2R1]: We have chosen Zenith Total
Delay

used by the coordinator of the EPN tropospheridped to generate each week the final EPN
Commentato [g3]: See comment 1.

solution containing the combined tropospheric estés with an hourly sampling rate. The
coordinates, as a necessary part of this filetaten from the EPN weekly combined SINEX file
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(http://www.iers.org/IERS/EN/Organization/Analysis@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 weadynbined products is done for the routine
analysis. Plots of the ZTD time series and ZTD rhiynineans as well as comparisons with respect
to radiosonde data are available in a dedicatetioseat the EPN Central Bureau web site
(http://wvww.epncb.oma.be/_productsservices/sitéapathdelays/). Radiosonde profiles are
provided by EUMETNET (European Meteorological Seeg Netwerk) as an independent dataset
to validate GPS (NAVSTAR Global Positioning SysteAT)D data, and are exchanged between
EUREF and EUMETNET for scientific purposes, based ao Memorandum of Understanding
between the two mentioned organisations (http://mewnef.eu/documentation/MoU/EUREF-
EUMETNET-MoU.pdf).

However, such time series are affected by incogrsisés 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 procesdiategies, 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 vaelcumented, 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), fochw using the latest available models and
analysis strategy, GNSS data of the entire EPN oré&tivave been homogeneously reprocessed for
the period 1996-2014. The EPN homogeneous long-B8M$S time series can be used as a
reference dataset for a variety of scientific aggilons in meteorological and climate research.
Ground-based GNSS meteorology(Bevis et al.,1992¢ig well established in Europe and dates
back to the 90s, starting with the EC 4th FramewRmbgram (FP) projects WAVEFRONT (GPS
Water Vapour Experiment For Regional Operationaindek Trials) and MAGIC (Meteorological
Applications of GPS Integrated Column Water Vapidaasurements in the western Mediterranean,
Haase et al., 2001). Early in this century, thditgtio estimate ZTDs in Near Real Time has been
demonstrated (COST-716, 2005), and the EC 5th Ehtde projecd TOUGH (Targeting Optimal

S

Commentato [g4]: Add a date here.

operational production of tropospheric delays ha&enb coordinated and monitored by th\e\\'

Commentato [AA5R4]: Done, but Rosa please check it. ‘

EUMETNET GNSS Water Vapour Programme (E-GVAP, 2@037, Phase |, Il and IIl, T

Commentato [PR6R4]: Checked, the time frame added is

correct.

http://fegvap.dmi.dk). Guerova et al. (2016) remortthe state-of-the-art and future prospects of the
ground-based GNSS meteorology in Europe. On therdiand, 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 GNS8ebaspospheric 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 (G$$84C)’, 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&§S8ocessing algorithms for climate
applications, and to standardise for these appicatthe conversion method between propagation
delay and atmospheric water vap@Baastamoinen, 1973; Bevis et al., 1992; Bock.&Gil5). For
climate applications, maintaining the long-termbgity is a key issue. Steigenberger et al. (2007)
found that the lack of consistencies over time ttuehanges in GNSS processing could cause
inconsistencies of several millimetres in the GNf&Bved Integrated Water Vapour (IWV),
making climate trend analysis very challenging.liml. (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 disaweén coastal and inland areas. Wang and
Zhang (2009) derived GPS Precipitable Water VagBuMyV or PW) using the International GNSS
Service (IGS, Dow et al.,2009) tropospheric produdtabout 400 global sites for the period 1997-
2006 and analysed the PWV diurnal variations. Mitsend Elgered (2008) reported on PWV
changes from -0.2 mm to +1.0 mm in 10 years bygiffie data from 33 GPS stations located in
Finland and Sweden. Sohn and Cho (2010) analyse@&RS Precipitable Water Vapour trend in
South Korea for the period 2000-2009 and studisd #te relationship between GPS PWV and
temperature. A more thorough knowledge of atmospiemidity, particularly in climate-sensitive
regions, is essential to improve the diagnosislabag warming, and for the validation of climate
predictions on which socio-economic response giie¢ée Suparta (2012) pointed out that the
validation of PWV is an essential tool for solairr@te studies over a tropical region. Ning et al.
(2013) used 14 years of GPS-derived IWV at 99 Eemapsites to evaluate the regional Rossby
Centre Atmospheric (RCA) climate model. GPS monthiyan 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 kgand 0.39 kg/thfor 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 GNS&SS sites in Europe, with 10 and 19 year
temporal coverage, varies between -1.5 and 2 mrmaddeavith standard errors below 0.25
mm/decade. At these sites the ERA-Interim datayaedlover 26 years show positive trends below

0.6 mm/decade, which correlate with the temperaterels.
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Against this background, EPN-Repro2 is a uniquagstitfor the development of a climate data
records of GNSS tropospheric products over Eurspé&able for analysing climate trends and
variability, and calibrating/validating independedatasets at European and regional scales.
However, although homogenously reprocessed, thie tseries still suffer 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 getlistic and reliable water vapour trend estimates

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

This paper describes the EPN-Repro2 reprocessimgaign in Section 2. Section 3 is devoted to
the combined solutions, i.e. the official EPN-Répgroducts, while in Section 4 the combined
solution is evaluated w.r.t. radiosonde, ERA-Imtedata 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 campaggmized in the framework of the special
EUREF project “EPN reprocessing”. The first repsxirg campaign, which covered the period
1996-2006(Voelkser2011), involved the participation of all sixteenNERnalysis Centres (ACs),
reprocessing their own EPN sub-network. This stiatparanteed that each site was processed by
at least three ACs, which is an indispensable ¢mmdior providing a combined product. The
second reprocessing campaign covered all the ERfrss, which were operated from January
1996 through December 2013. Then, the participati@g decided to extend this period until the
end of 2014 for tropospheric products. Data froraudt280 stations in the EPN historical database
have been considered. As of December 2014, 23%Pdf &ations are between 15-18 years old,
26% are between 10-14 years old, 30% between 4G wld, and 21% less than 5 years old. Only
five, over sixteen, EPN ACs (s@able, 1Fable-Jltook part in EPN-Repro2, each providing gylg/astw

one reprocessed solution. One of the goals of ¢éeersl reprocessing campaign was to test the
diversity of the processing methods in order touemshe verification of the solutions. For this
reason, the three main GNSS software packages e(Dach et al., 2014), GAMIT (King et al.,
2010) and GIPSY-OASIS Il (Webb et al., 1997) haeerb used to reprocess the whole EPN
network and, in addition, several variants haventievided. In total, eight individual contributing
solutions, obtained using different software antirsgs, and covering different EPN networks, are
available. Among them, three are obtained withedéht softwares and cover the full EPN network,

while three are obtained using the same softwaaenély Bernese), but covering different EPN W

/
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Despite the software used and the analysed netwbrdue are few diversities among the provided
solutions, whose impact needs to be evaluated defamrforming the combination. In the

reprocessing campaign all the ACs used for the GM#fts the CODE (Center for Orbit

Formattato: Colore carattere: Testo 1, Inglese (Regno
Unito)

2) where JPL (Jet Propulsion Laboratory) Repro2 petsl (Desai et al., 2014) are used. For.
Formattato: Tipo di carattere: Non Corsivo, Colore

tropospheric modelling two mapping functions aredJKEMFF-Global Mapping Function (Boehm | carattere: Testo 1, Inglese (Regno Unito)

|

evaluated in Tesmer et al., 2007. | Commentato [AABR7: Done.

Commentato [g9]: Write out this acronym.

21  Impact of GLONASS data | Commentato [AA10R9)]: Done.

During the reprocessing period, the Russian segelsystem GLONASS (Global'naja

Navigacionnaja Sputnikovaja Sistema) became operati and GLONASS observations are

available since 2003. However, only from 2008 ordsahe amount of GLONASS data (gégure _ - -

Formattato: Tipo di carattere: (asiatico) Times New
Roman, Colore carattere: Nero

JAFigure] is significant. The impact of GLONASS observatidras been evaluated in terms of raw
. . . . . ~ | Formattato: Tipo di carattere: (asiatico) Times New
differences between ZTD estimates as well as orestienated linear trend derived from the ZTD | Roman, Non Corsivo, Colore carattere: Nero, Controllo

ortografia e grammatica

time series. As a matter of fact, GPS data (froenAmerican navigation satellite system) are used
by all ACs in this reprocessing campaign, while wfdhem (namely IGE and LPT) reprocessed
GPS and GLONASS observations. Two solutions weepgred and compared, using the same

software and the same processing characteristitsjitferent observation data: one with GPS and

GLONASS, and one with GPS data only. The differeinc&TD trends Eigure, 2Figure-Pbetween W Formattato: Tipo di carattere: (asiatico) Times New

Roman, Colore carattere: Nero

a GPS-only and a GPS+GLONASS solution shows nafiignt rates for more than 100 stations -
i . o . . Formattato: Tipo di carattere: (asiatico) Times New
(rates usually derived from more than 100000 ZTietences). This indicates that the inclusion of | roman, Non Corsivo, Colore carattere: Nero, Controllo

ortografia e grammatica

additional GLONASS observations in the GNSS prdogskas a neutral impact on the ZTD trend
analysis. Satellite constellations are continuow$iginging in time due to satellites being replaced
and newly added for all systems. For instancehénntear future the inclusion of additional Galileo
(navigation satellite system in Europe) and Beilavigation satellite system in China) data will

become operational in the GNSS data processingeTtata will certainly improve the quality of

the tropospheric products and our study here paiatshat the ZTD trends might be determined
independently of the satellite systems used inpiteeessing, and therefore might not introduce

systematic changes in terms of ZTD trends.
22  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/quidelingslglines_analysis_centres.pdf EPN

individual antenna calibration models have to beduastead of IGS type mean calibration models,

5
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when available. Currently, individual antenna caltton models are available at about 70 EPN

Formattato: Colore carattere: Testo 1, Inglese (Regno
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N

mean antenna calibration models only (Schmid et2@l15) while others use IGS type mean plus.

\‘ Formattato: Tipo di carattere: Non Corsivo, Colore

EPN individual antenna calibration models. Therefdior the same station, there are contributing | carattere: Testo 1, Inglese (Regno Unito)

solutions obtained applying different antenna meddlo evaluate the impact of using these
different antenna calibration models on the ZTDg swolutions were prepared and compared, using
the same software and the same processing, b@ratiff antenna calibration models: the first
solution used the IGS type mean models only, aadséitond one used the individual calibrations
whenever it was possible and the IGS type mearthrest 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

when a TRM29659.00 antenna from the Trimble Compaitly no radome was installed. In the ~-2rcdrafia e grammatica

forthcoming years, two major instrumentation changecurred at the station: the first in Jun& 27
2007, when the previous antenna was replaced witwatype of Trimble antenna (TRM55971.00)
and a dedicated hemisphere radome (TZ@D) was liedtalnd a second change in Jun# 2813 Commentato [g11]: Add a bookmark here explaining that

. . . o \ TRMS5971.00 points to the provider and the type of th
with the installation of another type of Trimbletamna (TRM57971.00) and the same type of antenna,Simi.a"f’f'c",,iz‘nga’;f:;,e'a” e ypeotine

radome. For these three specific hardware setmtieidual calibrations are available at the EPN | Commentato [AA12R11]: Done.

Central Bureau (ftp://epncb.oma.be/pub/station/gefepnc_08.atx). Switching between phase | Commentato [g13]: Another TZGD radome?
centre corrections from type mean to individual yare versa) causes a disagreement in the
estimated height of the stations, as was mentitayefiraszkiewicz and Voelksen (2016), and as a
consequence in their ZTD time series. Dependintherantenna model, the offset at station KLOP
in the up component (vertical displacement) is -5@5 mm, 8.7 £ 0.6 mm and 5.6 + 0.8 mm with
a corresponding offset in the ZTD of 0.2 + 0.5 mm5 £ 0.5 mm, -1.4 £ 0.8 mm, respectively.
Similar -values were obtained between solutions calculatedall stations/antennas for which
individual calibration models are available. Theresponding offset in the ZTD has the opposite
sign for the antennas with an offset in the up comemt larger than 5 mm (16 antennas) and,
generally, does not exceed 2 mm. Such inconsigetiicithe ZTD time series are not large enough
to be captured during the combination process$setion 3), where a 10 mm threshold in the ZTD

bias (about 1.5 kg/fWV) is set in order to flag problematic ACs oatsbns.
23  Impact of non-tidal atmospheric loading

As reported in the International Earth Rotation &ederence Systems Service (IERS) Convention

(2010), the diurnal heating of the atmosphere cagse€ace pressure oscillations with diurnal and
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semidiurnal variability and even higher harmonid@hese atmospheric tides induce periodic
motions of the Earth's surface (Petrov and Boy,4200he conventional recommendation is to
calculate the station displacement using the Raly Ronte (2003) tidal model. However, crustal
motion related to non-tidal atmospheric loading been detected in station position time series
from space geodetic technigu@sn Dam et al., 1994; Magiarotti et al., 2001, Dregg and Van
Dam, 2005). Several models of station displacemeaiéded to this effect are currently available.
Non-tidal atmospheric loading models are not yeisatered as Class-1 models by the IERS (IERS
2010), indicating that there are currently no ssaddrecommendations for data reduction. To
evaluate their impact, two solutions, one with am# without a non-tidal atmospheric loading
model, have been compared for the year 2013. Iisdheion 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 theatgdlity 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. Galyeit causes a difference below 0.5 mm with
a standard deviation not larger than 0.3 mm. THerénce is thus below the level of confidence.

two solutions obtained with and without non-tidahaspheric loading for two EPN stations: KIRO -

(Kiruna, Sweden) and RIGA (Riga, Latvia). Furthermyahere is no correlation between the values | roman, Non Corsivo, Colore carattere: Nero, Controllo

of estimated differences and vertical displacemeatssed by non-tidal atmospheric loading, as

correlation coefficients for the analysed EPN stagiwere below 0.2.

3. EPN-Repro2 combined solutions

The EPN ZTD combined product is obtained applyingyemeralized least square approach
following the scheme described in Pacione et @1(3. The first step in the combination process is
the reading and checking of the SINEX TRO fileswagkd 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 differsltitions are available for a single site. Thefirsa
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. Thebauetion fails if, after the first or second
combination level, the number of ACs becomes léss tthree. Finally, ZTD site/AC specific

biases exceeding 10 mm are investigated as pdtentigrs.
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The EPN-Repro2 combination activities were carrmad in two steps. First, a preliminary

combined solution for the period 1996-2014 was qrened taken all the available eight

. e I . . . o tografi ti
combined solution is to assess each contributihgisn and to investigate site/AC specific biases ->—J o & grammeatica

prior to the final combination, flag the outlieracasend feedback to the ACs. The agreement of
each contributing solution w.r.t. the preliminagnaination is given in terms of bias and standard
deviation (not shown). The standard deviation isegelly below 2.5 mm, witlh a clear seasonal

behaviour (larger for larger ZTD valueis), while thias is_generally in the range of +/- 2 mm.- | commentato [g14]: | assume?

However, there are several GPS weeks for whiclbideeand standard deviation exceeded the afofe{ Commentato [PR15R14]: Yes }

mentioned limits. To investigate these outliers, 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 archiven example is given ilrigure, SFigure-Sor _ /TFormattato: Tipo di carattere: Non Corsivo, Controllo J
the station VENE (Venice, Italy) for three contrilig solutions ASO, GO4 and MU2 (GO0 and -2"°drafia e grammatica

GO1 are not shown but are very close to GO4). &fifst years of the acquisition, the station

VENE experienced tracking issues, clearly mirrd'medboth the bias and standard deviation time

series. Commentato [g16]: | assume?

Commentato [PR17R16]: Yes }

All the site/AC specific biases are divided intoeth 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]. InTable, 3Fable-3he percentages of red, orange and yellow biawesaich contributing W Formattato: Tipo di carattere: (asiatico) Times New ‘

. . - . > | Roman, Col ttere: Nero, Inglese (Regno Unit
solution are summarized. The majority of biasesmglito the yellow group; the percentage of. —ioman Colore carattere: Nero, Inglese (Regno Unito)

biases in the orange group ranges from 12% fordrRDLP1 solutions to 27% for the ASO solution, | Roman, Non Corsivo, Colore carattere: Nero, Inglese

Formattato: Tipo di carattere: (asiatico) Times New
(Regno Unito), Controllo ortografia e grammatica

while the percentage of biases in the red grougesifrom 3% for the MU4 solution to 22% for the

IGO0 solution.

The final EPN-Repro2 tropospheric combinat[ion isdohon the following input solutions: ASO,

Commentato [g18]: On which grounds? Please comment!

its only difference with respect to MU4 is the udeype mean antenna and individual calibration { Commentato [PR19R18]: Added }

models, whose effect has already been describeddition 2.2. For those AC providing more than
one solution, we have chosen that carried out thighVienna Mapping Function. The agreement in
terms of bias and standard deviation of each dmutirig solution w.r.t. the final combination is

shown inFigure, 6Figure-GThe standard deviation had improved significamtith respect to the W Formattato: Tipo di carattere: (asiatico) Times New ‘

- - . | Roman, Col tere: N
preliminary combination (not shown here), due t tamoval of outliers detected during this early. o ~010r€ cararere: Tero

combination. The standard deviation is below 3 nefole GPS week 1055 and 2 mm thereafter. | Roman, Non Corsivo, Colore carattere: Nero, Controllo
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This is related to the worse quality of data anddpcts 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 Coordinatariiy the coordinate combination all stations
were analyzed by comparing their coordinates fac#jg ACs and the preliminary combined
values. In the cases where the differences wegeddahan 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 IeveI[of 16 mm in tipecomponent. As internal quality metric, we have

EPN Central Bureau, MOPI has been excluded setiatak from the routine combined solutioﬁ§
because it has very bad observation periods ip#sé due to a radome manipulation that caused

jumps in the height component. However, this 9mmeshold has been temporary exceeded at

\

Italy) SN

7

4. Evaluation of theZTD Combined Productswith respect to independent data sets 3

The evaluation with respect to other sources odyets, such as radiosonde data from the E-GVAP

and numerical weather re-analysis from the Euroggemtre for Medium-Range Weather Forecasts,

ECMWEF (ERA-Interim), provides a measure of the aacy of the ZTD combined products.

4.1
For the GPS and radiosonde (RS) comparisons &R collocated sites, we used profiles from
the World Meteorological Organization (WMO) provitby EUMETNET in the framework of the
Memorandum of Understanding between EUREF and EUNEN. Radiosonde profiles are

Evaluation ver susradiosonde

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 radiosmids, and determines the ZTD and IWV

compensating for the change of the gravitationeékeration g with height.

/
/

A comparison of the GNSS and radiosonde ZTD timéesdor the EPN site CAGL (Cagliari,///

9
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Commentato [PR21R20]: 16 mm is the threshold in the
up component used by the EPN ACC when combining site
coordinates.
http://www.epnacc.wat.edu.pl/storage/comb_strateg.pdf
While 9 mm is the repeatability considered as internal
quality metric.

| Hope it is now clear.
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reported in the Figure. Similarly, we computed amrall bias (RS minus GNSS) and standard

deviation for all the 183 EPN collocated sitesngsall the data available in the considered period

radiosonde launch site. For instance, MALL (Palreavthllorca, Spain) is the closest (0.5 km to the.
radiosonde site with WMO code 8301) while GRAZ&GrAustria) is the most distant (133 km to

RS WMO code 14015). The amount of data availabtetfe comparisons varies between sites,

depending on the availability of the GPS and raahide ZTD estimates in the considered epoch,
and ranges from 121 pairs for VIS6 (Visby, Swedetegrated in the EPN since 22-06-2014) up to
21226 pairs for GOPE (Ondrejov, Czech Republiegrdated in the EPN since 31-12-1995).

The mean bias ranges from -0.87%, which corresptme®l.2 mm in ZTD (at EVPA, Ukraine, at

a distance of 96.5 km from the RS WMO 33946 stattorD.68%, which corresponds to 15.4 mm
(at OBER, Germany at 90.8 km from RS WMO 11120k ®kierall mean ZTD bias for all sites is -
0.6 mm with a standard deviation of 4.9 mm. For enttran 75% of the stations (178 pairs), the
agreement is below 5 mm in ZTD and only 5.5% ofdtations (13 pairs) have ZTD biases higher
than 10 mm. The higher biases arise mostly foregagites over 50 km away from each other, for
which differences in the geographical represergatdgs become important. For example, the GPS
stations OBER, OBE2 and OBET located in Oberpfdftéan (Germany) are collocated with the
RS WMO 11120 at Innsbruck Airport in Austria, oretbpposite side of the North Chain in the
Karwendel Alps. Our results are in accordance Withng et al. (2007), in which the authors
compared PW (not ZTD) from GPS and global radiossrahd reported an overall dry bias about
1.08 mm for the radiosondes.. However, it shoulchbied that these obtained biases, in both our
and their study, are obtained from a mixture ofiosdnde types, and daytime and nighttime
launches. For instance, in agreement with Wand} ¢2@07), we also found a small negative (dry)
bias -1.19 mm for Vaisala radiosondes (our biasviersely calculated), which is the most common
type used in Europe (81% of all used in this studiy)this context, we mention that different
Vaisala radiosonde types (e.g. RS80 vs RS90/RS82¢quipped with different humidity sensors,
resulting in e.g. different RS-GPS comparisons\v, Both for nighttime and daytime comparisons
(e.g. Van Malderen et al., 2014). In addition, iilshbe remembered, that Wang et al. (2007) used
global radiosonde data from 2003 and 2004, whileused all available data over Europe from

4.6%, 3.4% and 3.0% of the compared radiosondesstypspectively, we received a systemaiic L

positive bias for the radiosondes, which can berpmeted as a moist bias, which is again in line
with the results of Wang et al. (2007) for thes#igaonde types. On the other hand, the results for
M2K2 are at odds with Bock el al. (2013), in whieklry radiosonde bias in IWV compared to GPS
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in France.
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was found at a French site. However, they alsocatdd that their results are not consistent with
another nearby radiosonde station and needs furthestigation. Further investigation in our study

is also needed for several near or moved GPS rsattw switched radiosonde type at one station.
[For example in Brussels (Belgium) BRUS stationjuded in the EPN network since 1996, was
replaced by BRUX in 2012. Their bias w.r.t. radiode (WMO code 6447) has opposite sign (-1.2
mm and 3.4 mm respectively). However, the radiosdyge was switched from RS80 to RS90 in
2007 (Van Malderen et al., 2014), which makes tizes lior BRUS additionally affected by the

In agreement with Ning et al. (2012), the ZTD stmdddeviation generally increases with the
distance from the radiosonde launch site. It ithemrange of [0.16; 0.76] %, which corresponds to
[3; 18] mm in ZTD, till 15 km (first band in Figur&0); in [0.29; 0.78] %, corresponding to [7; 19]
mm, till 70 km (second band in Figure 10), and1if;[33] mm till 133 km (third band in Figure 10).
The numbers of the standard deviation are companalth previous studies. Haase et al. (2001)
showed a very good agreement with biases less&mam in ZTD and a standard deviation of 12
mm for most of the analysed sites in Mediterrané&imilar results (6.0 mm + 11.7 mm) were
obtained also by Vedel et al. (2001). Both studvese based on non-collocated pairs at sites less
than 50 km from each other. Pacione et al (201dnsidering 1-year of GPS ZTD and radiosonde
data over the E-GVAP super sites network, obtamsthndard deviation of 5-14 mm. Dousa et al.
2012 evaluated ZTDs from GNSS and radiosondes giolzl scale over a 10-month period and

reported a standard deviation of 5-16 mm.

If we compare both the EPN-Reprol ZTD product (cletepl with the EUREF operational product
after 30 December 2006) and the EPN-Repro2 withiad®sonde 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&leulated from ERA-Interim (Dee et al.,
2011) from the European Centre for Medium-Range tzaForecasts (ECMWF). The ERA-
Interim is a re-analysis product of a Numerical Wea Prediction (NWP) model and is available
every 6 hours (00, 06, 12, 18 UTC) with a horizbn¢éaolution of 1x1 degree and with 60 vertical

model levels.

For the period 1996-2014 and for each EPN statioe,ZTD and tropospheric linear horizontal
gradients were computed using the GFZ (German Resé2entre for Geosciencesgy-tracing
software (Zus et al., 2014). Combined EUREF Remmod Repro2 products as well as individual
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ACs tropospheric parameters were assessed witbotinesponding parameters estimated from the
ERA-Interim re-analysis. The evaluation of GNSS &RtA-Interim was performed using the GOP-
TropDB (Gyori and Dousa, 2016) by calculating pagten (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 SN®oducts, which are available in HH:30
timestamps as required for the combination proc&ssll compared GNSS products have the same
time resolution (1 hour), the interpolation is assd to affect all products in the same way.
Therefore, we assume that all inter-comparisores tommon reference (ERA-Interim) principally
reflect the quality of the products. No verticatreztions were applied since ERA-Interim variables

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

tropospheric parameters, ZTDs and horizontal grasjeover all available stations. The EUREF

Formattato: Tipo di carattere: Non Corsivo, Controllo
ortografia e grammatica

combined solution does not provide tropospheridigras and these could therefore be evaluated

for individual solutions only. ITable, 4Fable-4a common ZTD hias (GNSS minus ERA-Interim)- | commentato [g28]: Please specify how the bias is
calculated.

e S S N Formattato: Tipo di carattere: Non Corsivo, Controllo
station variability could be noted, as is obviowsnf the estimated uncertainties. ZTD standard | ortografia e grammatica
N

deviations are generally at the level of 8 mm betw&NSS and ERA-Interim ZTDs, but with the {C°mme"tat° [j29R28]: YES, GNSS minus ERA-Interim J

IGO solution performing about 25% worse than theer® as already detected during the

combination. Two solutions, ASO and LP1 are sligitter than GO4 and MU2: with a standard
deviation of 7.7 mm, their accuracy is at the leskthe EUREF combined solution. The better
performance of the ASO solution can be explaine@ylying a stochastic troposphere modelling

using original (not double-differedce) observatigessitive to the absolute tropospheric delays, SO| commentato [g30]: What do you mean by “undifference”

that the true dynamics in the troposphere is bétteen into account. LP1 included roughly one. { Commentato [j31R30]: Original (not double-difference) }

third of the EPN stations, properly selected adogrdo the station quality, hereby making it

difficult to interpret this difference with respedctthose solutions processing the full EPN.

The comparison of tropospheric linear horizontadignts (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 mible in the total statistics, but mainly in the
uncertainties, which are an order or magnitude drigbompared to all other solutions. A
geographical plot (not shown here) confirmed tliie-specific systematic effect, both in positive
and negative sense. The impact was however notvazséen the MU2 ZTD results. Additionally,

the GOA4 solution performed slightly worse thandhtgers. This was identified as a consequence of
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estimating 6-hour gradients using a piece-wisealinfeinction 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 tropospheriadients into 24 hours piece-wise linear
modelling. In comparison with the former GO4 saatiDousa 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 correspondh#&lLP1 solution that applied the same settings.
Additionally, Dousa and Vaclavovic (2016) found taosg 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 seenseta useful indicator for instrumentation-

related issues and should be applied as one ¢bdhefor 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 cotimgexgain with the EUREF operational product,
see above). Comparing EPN-Reprol and EPN-Repro2 thi2 numerical weather model re-

analysis showed a 8-9% improvement of EPN-Reprd2oih overall standard deviation and bias.

Reprol and EPN-Repro2 ZTDs compared to ERA-Intefiids using the whole period 1996-2014.
Common reductions of both statistical charactesstre clearly visible for the majority of all

terms of ZTD bias, standard deviation and RMSFigure, 12Figure12The calculated median_ - { Formattato: Tipo di carattere: Non Corsivo

improvements for these statistics reached 21.1.8¢/®%and 8.0 %, respectively, which corresponds
to the abovementioned improvement of 8-9 %. A ddafian of the standard deviation was found at
three stations: SKE8 (Skellefteaa, Sweden, integrat the EPN since 28-09-2014), GARI (Porto

Garibaldi, Italy, integrated in the EPN since 0820D9) and SNEC (Snezka, Czech Republic,
former EPN station since 14-06-2009). These ths¢ations provide much less data compared to
other stations, 1%, 30% and 3%, respectively, td gairs of other stations. All other stations (290

showed improvements. We found 72 stations with déased absolute bids in EPN-Repro2

compared to Reprol while the other 221 stationgt)#ad a reduced bias with ERA-Interim ZTD. - | commentato [g32]: | guess the order of Repro2 and
Repro 1 should be changed in this sentence (otherwise EPN-

\
Time series of monthly mean biases and standarititews for ZTD differences of EPN-Reproéx\ Elerl ‘:]’Ouk'f”be closentolERAInter mithanlERN Repr02);
ease check!!!

77777777777777777777777777777777777 C { Commentato [j33R32]: YES, thank you.

towards 2014, but the high uncertainty of the mdédas indicates a site-specific behaviou?,\{pormauato; Tipo di carattere: Non Corsivo

depending mainly on latitude and altitude of theNESRation and the quality of both ERA-Interim
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432 and GNSS products. There is almost no seasonalsidpserved in the time series of ZTD mean

433 biases or uncertaintids, but clearly in the ZTD mestandard deviation and the uncertairﬁigg.jhe Commentato [g34]: Explain shortly where this seasonality
comes from.

434  increase of standard deviation in summer is dusdoe humidity in troposphere which is more -
Commentato [j35R34]: explained

435  difficult to model accurately in both GNSS and ER®erim. The slightly increasing standard
436 deviation towards 2014 can be attributed to theem®e of number of stations in EPN: starting from
437  about 30 in 1996 and with more than 250 in 2014higher number of stations reduces the
438  variability in monthly mean biases, however, sppedfic errors then contribute more to higher

439  values of standard deviation.

’440 Figure , 14Figure—14displays the geographical distribution of total XTbiases and standqtd/{ Formattato: Tipo di carattere: Non Corsivo

441  deviations for all sites. Prevailing negative bgéaseem to become lower or even positive in the
442  mountain areas. There is no latitudinal dependebserved for ZTD biases in Europe, but a strong
443  one for standard deviations. This corresponds mainthe increase of water vapour content and its

444  variability towards the equator.

445 4.3 Evaluation of ZTD trends

446  To illustrate the impact of the new processinglaaresulting ZTD trends and related uncertainties,
447  we considered five EPN stations, among those wghldngest time span: GOPE (Ondrejov, Czech
448  Republic, integrated in the EPN since 31-12-1998TS (Kirkkonummi, Finland, integrated in
449  the EPN since 31-12-1995), ONSA (Onsala, Sweddegiated in the EPN since 31-12-1995),
450 PENC (Penc, Hungary, integrated in the EPN sinc®32096) and WTZR (Bad Koetzting,
451 Germany, integrated in the EPN since 31-12-199%i) tirese five stations, we have computed ZTD
452  trends using EPN-Repro2, EPN-Reprol (again compleith the EUREF operational products),
453  radiosonde and ERA-Interim data. Furthermore, tlioge stations also belong to the IGS Network,
454  for which IGS Reprol, completed with the IGS operstl products, are available and extracted
455  from the GOP-TropDB, so that we could also caleulaED trends from this dataset.

456 First, we removed the annual signal from the oebitime series and marked all outliers according
457  to the 3-sigma criterion. Then, we tried to remalléenhomogeneities in the GPS ZTD time series,

458  related to instrumental changes, which might intiz@la change in the mean of the ZTD time series
459  and therefore have an impact on the ZTD trendpahticular, for all GPS ZTD data sets we have
460 estimated all documented shifts in the mean relatedhe antenna replacement. No other
461  unexplained break points has been corrected fobetsure not to introduce any artificial errors.

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

464  two linear regression models is then considerethasoffset of the specific epoch is. With this
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technique, we removed all the estimated offsets fiiwe original GPS ZTD time series. Generally,
the amplitudes of the offsets are much lower thennoise 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 solate terms. No homogenization has been
done for the radiosonde data, since reliable médaat@ not available. Also the ERA-Interim ZTD
time series were not corrected for inhomogeneitgwrlly, a Least Squares Estimation method has
been applied to estimate the linear trends andeheonal components.

In Figure, 15Figure-15the ZTD trends and uncertainties are presentethéfive-sites and for all _ - w
ZTD datasets. First of all, it should be noted ti trends between the three GPS ZTD data sets

are very consistent (as long as the same homogenigarocedure is applied). The overall RMS
sources, the best agreement between the ZTD tisradthieved at ONSA (RMS = 0.04 mm/year)
and WTZR (RMS = 0.02 mm/year). For PENC, we alseeha good agreement of the GPS ZTD
trends with respect to ERA-Interim (RMS = 0.05 meds), but a large discrepancy with the
radiosonde ZTD trend is found (RMS = -0.31 mm/ye@hjis 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 thedoresidered stations, the agreement of GPS ZTD
trends with respect to ERA-Interim (RMS = 0.11 meds) is better than with respect to
radiosondes (RMS = 0.16 mml/year). Even althoughitfe five considered stations, EPN-Repro2
do not change significantly the value of the ZTBntis with respect to EPN-Reprod, it has a less
uncertainty (the improvement is 6.9%) of ZTD trendstter agreement witlEERA-Interim (the
degradation is 3.8%). However, one should keep indnthat time series from radiosonde -
measurements were not homogenized and their tnergsnot be necessarily trustworthy. Over
Europe, the EPN network has a better spatial réeoldhan the IGS and radiosonde networks,
which are used today for an observations-basedtiemg analysis of ZTD/IWV variability. Taking

into account the good consistency among the ZTBdse EPN-Repro2 can be used for trend

5. Conclusions

In this paper, we described the activities carr@d in the framework of the EPN second

reprocessing campaign. We focused on the troposppesducts homogenously reprocessed by (

five EPN Analysis Centres for the period 1996-2@hd we described the ZTD combined product.

We evaluated the impact of few diversities amorgghovided GNSS solutions. The inclusion of
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additional GLONASS observations in the GNSS prdogskas a neutral impact on the ZTD trend
analysis pointing out that the ZTD trends might deermined independently of the satellite
systems used in the processing (see Section hhg)iritonsistencies 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 10thmeshold in the ZTD bias (about 1.5 kg/m
IWV) is set in order to flag problematic ACs ortedas. The effect on the ZTDs of non-tidal
atmospheric loading correction (see Section 2.8jnseto be negligible. We assessed the quality of
the ZTD combined product, which is below 3 mm bef@GPS week 1055 and 2 mm thereafter. This
is related to the worse quality of data and prasldating the first years of the EPN/IGS activities.

Both individual and combined tropospheric produeieng with reference coordinates and other
metadata, are stored in a SINEX TRO format (GeBdt,997), and are available to the users at the
EPN Regional Data Centres (RDC), located at BKGI¢Fa Agency for Cartography and Geodesy,
Germany). For each EPN station, plots on ZTD tieres, ZTD monthly means, comparison with
radiosonde data (if collocated), and comparisosuethe ERA-Interim data will be available at the

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

We showed in section 4.1 that EPN-Repro2 led targrovement 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 wathEERA-Interim re-analysis showed a 8-9%
improvement in both the overall ZTD bias and staddteviation with respect to EPN-Reprol for
the majority of the stations (see Section 4.2). Gamsons of the GNSS solutions with ERA-

Interim, showed the agreement in ZTI’D at the leve3-0 mm\, however, site-specific performance- {Commentato [RVM42]: For which parameter?

ranging from 5 mm to 15 mm for standard deviati@msl from -7 mm to 3 mm for biases ) { Commentato [PR43R42]: yes

considering 99% of results roughly.

The use of ground-based GNSS long-term data fonaté research is an emerging field. For
example, for the assessment of Euro-CORDEX (Coatdith 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 289 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 dater 2010 and with a better coverage over Europe,
EPN-Repro2 can be used as a reference data sea Wwigh potential for monitoring the trends and

variability in atmospheric water vapour as repotte@ection 4.3. As a matter of fact, a comparison
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between GNSS IWV, computed from EPN-Repro2 ZTD dataSOFI (Sofia, Bulgaria) by the
Sofia University, and ALADIN-Climate IWV simulatien 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 underetgitvdV. Clearly, a larger number of model grid
points need to be investigated in different regionSurope and the EPN-Repro2 data is well suited

for this.

The reprocessing activity of the five EPN ACs wdwige effort generating homogeneous products
not only for station coordinates and velocitiest &lso for tropospheric products. The knowledge
gained will certainly help for a next reprocessegivity. A next reprocessing will most likely
include Galileo and BeiDou data and therefore il v 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 identiwadiels 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 iflREB to focus on cleaning and documenting the
data in the EPN historical archive as it shouldhhidacilitate 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 quyalithecking, generation of individual daily
solutions, combination of individual coordinatesdafiTDs, long-term combination for velocity
estimates and assessments of ZTDs and gradiefiténdépendent data sources.
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Table Captions

Table,1: EPN Analysis Centres providing EPN-RepsoRitionstable—1-—EPN-Anal tres- ‘[Formattato: Inglese (Regno Unito)

NS
prey ieli g-EPN-Repro2-so ations \\\ 1 Formattato: Tipo di carattere: Non Corsivo, Inglese

Table_2: EPN-Repro2 processing options for eachritoring solutions. ASO solution is provided'. + -®egne Unito)

by ASI/CGS (Matera, Italy), GO0, GO1 and GO4 sainsi are provided by GOP (Pecny, Czech Formattato: Inglese (Regno Unito)

Republic), IGO0 solution by IGE (Madrid, Spain), LRhd LP1 solutions by LPT (Waben S {Formattato Inglese (Regno Unito)

Swnzerland) and MU2 and MU4 solutlons bv MUT (Wauv Poland)—'Fable—Z—EFlN-ReprOZ WFormattato. Tipo di carattere: Non Corsivo, Controllo

ortografia e grammatica

|
|
|
|
|

Table 3. Percentade of red, orange and veIIow bigsee text) for each contrlbutlnq solutierFable | Formattato: Tipo di carattere: Non Corsivo, Controllo
y Ay ortografia e grammatica

J

for AC |nd|V|dua|s and EUREF combined (Reprol arepf2) tropospheric Darameters compared
to the ERA-Interim re- anaIVS|s (EGRD = east dradletGRD = north qradlent)lable—4—Mean

23



762

763

AC Full name City Country SwW 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 B=a EPN-
Subnetwork

LPT | Federal Office of Topography] Waber SwitzerlgnBernese EPN-
Subnetwork

MUT | Military University of Warsaw | Poland GAMIT Full EPN

Technology

Table 1: EPN Analysis Centres providing EPN-Remol2itions.
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764
765
766
767
768

769

ASO GO0 | GO1 | GO4 1GO LPO LP1 MuU2 MU4
SOFTWAREOofte GIPSY 6.2 Bernese 5.2 Bernese 5.2 Bernese 5.2 GANIS
GNSS GPS GPS GPS + GLONASSS GPS+GLONASY GPS
SOLJTION PPP_ | Network | Network [ Nework | Network _
TYPE
STATIONS Full EPN Full EPN EPN Subnetwor EPN SubnetworK | ERN
ORBITS JPLR2 CODE R2 CODE R2 CODE R2 CODE R2
ANTENNAS 1GS08 IGS08 + Individual. IGS08+ Individugl. IGS08 IG_S_O8 * IG_SQB * 1GS08
Individual. | Individual
|IERS 2010 2010 2010 2010 2010
GRAVITY EGMO08 EGMO08 EGMO08 EGMO08 EGMO08
Ezawpa?esd')” BRE | 21D (5min) 27D (1h) ZTD (1h) ZTD (1h) 27D (1h)
GRAD (5min) GRAD (6h) GRAD (6h) GRAD (24h) GRAD (24h)
Parameters
MAPPING
FUNCTION VMF GMF | VMF1 | VMF GMF GMF VMF VMF
hh:30 . . . . . .
ZTDI/GRAD 24 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 (HOI CODE IONEX +
IONOSPHERE HOI included CODE, HOl included . CODE (HOI included) IGRF11 (HOI
included) )
included)
REFERENCE.
ERAME 1Gb08 1Gb08 1Gb08 1Gb08 1Gb08
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 8 3 3 3 5
Delivered
SNX_TROFiles | g3 1594 0836-1824 0835-1816 0835-1802 0835-1824
[from week to
week]

Table 2: EPN-Repro2 processing options for eacltribating solutions. ASO solution is provided

~ | Commentato [RVMS50]: Precise Point Positioning, write
N out or use a footnote.

|

{Commentato [PR51R50]: Done in the caption

)

by ASI/CGS (Matera, Italy), GOO, GO1 and GO4 sons are provided by GOP (Pecny, Czech

Republic), 1GO solution by IGE (Madrid, Spain), LRthd LP1 solutions by LPT (Waben,

Switzerland), and MU2 and MU4 solutions by MUT (Waw, Poland). (PPP=Precise Point
Positioning; GMF=Global Mapping Function; VMF=ViemMapping Function).
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Solution | %Red bias % Orange biag % Yellow bias
ASO 17 27 56
GO0 10 22 67
GO01 12 23 65
G04 12 23 65
IGO 22 14 64
LPO 10 12 79
LP1 10 12 78
MU2 3 15 82

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

771
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Solution ZTD bias ZTDsdev EGRD bias EGRD sdev  NGRD bias NGRD sdev
[mm] [mm] [mm] [mm] [mm] [mm]
ASO (fullEPN. -1.7#2.C  7.7+#1.¢  0.00+0.0t  0.32+0.0¢ 0.09+0.0t  0.33+0.1(
GO4 (full EPN) -1.9+24  8.1+x2.1  -0.04+0.09 0.38#D.1 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 34&2.37
IGO (part EPN)  -1.6¥2.3 10.7#2.2 -0.05x0.09 0.33#0. 0.04+0.12 0.36+0.12

LP1 (part EPN) -1.7x2.4 7.7+1.7  -0.02+0.06  0.28%0.0 0.03+0.09 0.27+0.06
EUR Repro2 -1.8+2.1 7.8+2.2 - - -

EUR Reprol -2.2+2.3 8.5+2.1 - - - -
772 Table 4. Mean statistics and uncertainties, caledl&om results of individual stations, provided

773 for AC individuals and EUREF combined (Reprol arpf®?2) tropospheric parameters compared
774  to the ERA-Interim re-analysis (EGRD = east gragiBiGRD = north gradient)

775
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Figure Captions
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Figure 2. ZTD trend differences between GPS onty @GRS+GLONASS, computed over 111 S|tes {Formamto; Colore carattere: Automatico
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Figure,3. EPN station KLOP_(Kloppenheim, FrankfuBtermany) ZTD differences time series- {Formauam: Tipo di carattere: Non Corsivo
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852  Figure 1. Time series of the number of GNSS obsema for the period 1996-2014. GPS
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857  Figure 2. ZTD trend differences between GPS onty @RS+GLONASS, computed over 111 sites.
858  The rate is in violet (primary y-axis) and the naniof used differences is in green (secondary y-
859  axis).
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Figure 3. EPN station KLOP (Kloppenheim, FrankfuBermany) ZTD differences time series
between solutions processed with ‘individual’ afgbé mean’ antenna calibration models. Two
instrumentation changes occurred at the statiomkigdaby vertical dashed red lines): the first in
June 2% 2007, when the previous antenna was replacedavitRM55971.00 and a TZGD radome,
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they are very close to GO4.
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893 [Figure 9 EPN station CAGL (Cagliari, Sardinia Islaftaly). Upper part: Radiosondes (in red) and
894 GPS (in blue) ZTD time series. Lower part: ZTD diinces, calculated as RS minus @P,S, o Commentato [g54]: In this figure, you use ZPD instead of
N ZTD. You do not explain what it stands for and this is also
895 \\ very inconsistent with the rest of the paper. Please change

\\ the titles and the label in the figure!

{Commentato [PR55R54]: Done

38



896

70 km < GPS-RS distance < 133 km

15 km < GPS-RS distance < 70 km

2%

GPS-RS distance < 15 km

£ B %

[9%] 5819 : SdD snsian apuosojpey

2%

OVZIT_T¥SO
S9Z05OVY¥Q
81901735n3
22991 NEV
OVZTI 9L
S€29_4130
618 VIVIN
LEEZI_ONVY
62952_DIMS
STYTIONSIE
THOEEAIND
00201 913H
1228 SNOS
81009_ISYW
YPIST_IVYd
PPOIT_INIA
LoLTIONSI8
0ZT11_¥380
TEGEE YIAN
85b9_NA3Y
0199 NDS8
0ZIT1 OWz8
£69€_LY3H
£962_S13N
Lbv9"¥NOQ
82801 NVid
85v9_4NOQ
0905~01NS
OVZbT ONVD
2809 QIS
SEOTT_IdOW
00201 ™ LYSM
LYb9 IWYM
vp091_3N0Z
119171801
9v9_4N0a
SEZ9_S¥3L
00v9”IN3Q
PI9T_SdOW
SEOTT_ZML
[GNE)
96v9_S/13
0929950
00201_ 1408
02121 Z03¥
0199 WA Z
00201 H¥08
£252_0LdS
1862 AQIS
vLEZT 3201

S6Y8”LND
Zo0LT_IanL
89801_2380
vb191-9708
Z90L1 VIS
0vZE_d¥OW
ZI9LZ_INOW
9vSST19VD
STYT AVIS
0959119V
8£097_PUNS
SZVZT D0¥M
6291_OTIW
£48Z1_31N8
98601”5340
OT1L 1s¥8
00EVE_YVH)
SYEEE_ASTO
0ZITT ¥T3H
1819_daN8
19LLDVIY
6EEY ¥ODS
TESEE THZN
00T _TVAN
£03LT ODIN
Lyb9XN¥8
T0€8T TV

)

897
898
899
900

Figure 10: GPS minus RS ZTD biases for all GPS-R8os pairs. The error bar is the standard

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

axis shows the GPS station and the radiosond&&w® code.
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903  Figure 11: Distributions of station mean ZTD biagle$t) and standard deviations (right) of EPN-
904 Reprol and Repro2 compared to ERA-Interim.
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908  Figure 12: Site-by-site ZTD improvements of EPN-Rpversus EPN-Reprol compared to ERA-
909 Interim.
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913  Figure 13: Time series of monthly mean biases (fqveet) and standard deviations (upper part) for
914 ZTD differences between EPN-Repro2 and ERA-IntemmnaIysisl (GPS minus ERA-interidj), /{Commentato [RVM56]: Please confirm or modify.

915  |Uncertainties are calculated over all stations. . {COmmentato [PR57R56]: yes
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918  Figure 14: Geographical distribution of ZTD biagkst) and standard deviations (right) for EPN-
919  Repro2 compared to ERA-Interim.
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923  Figure 15: ZTD trend comparisons at five EPN stetifor 5 different ZTD datasets. The error bars
924  are the formal errors of the estimated trend values
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