Interactive comment on “EPN Repro2: A reference GNS tropospheric
dataset over Europe” by Rosa Pacione et al.

Response to Review #1.
Overview

As the GNSS tropospheric products are getting longer, it becomes more and more important to create
homogenized products, especially for climate applications. From this perspective, the manuscript is timely
and important. | think that the manuscript still needs major revision before it is ready for publication. My
main comments are two folds. First, | would like to see some more explanation on the differences (esp biases)
presented from the comparisons with radiosonde and ERA-Int. There are a few specific comments listed
below. Second, it would be great to show how the processed data improve the detection of PW trends, even
with just a few examples.

Authors’ Response

The authors would like to thank Reviewer #1 for his/her constructive comments. We have considered them
in the revised version to improve the quality of the paper.

We have reviewed section 4.1 ‘Evaluation versus Radiosonde’, section 4.2 ‘Evaluation versus ERA-Interim’
and section 5 ‘Conclusion’ as reported below in ‘Detailed Comments’.

Detailed Comments

Reviewer # 1

Fig. 10: add a horizontal zero line, so that it would be easy to see the sign of the differences. This applies to
other plots too. Any explanation to the statistically significant large biases? How does this compare with prior
studies? It would be better to express the biases in percentage.

Authors’ Response

We have changed Figure 10 expressing the bias and standard deviation in percentage and adding the zero
line as suggested. In Figure 10, we have modified the x-axis adding to the GPS site name the code of the
Radiosonde used for the comparison. Moreover, we have compared the obtained results with prior studies
available in literature and we have discussed mainly about the bias.

Below the revised version of section 4.1. ‘Evaluation versus Radiosonde’. Lines 286-297 changed:

“Figure 9 shows an example for the EPN site CAGadlari, Sardinia Island, Italy). For all
the 183 EPN collocated sites, and using all tha datilable in the considered period, we
computed an overall bias and standard deviatiaqgu(Eil). The sites are sorted according to
the increasing distances from the nearest Radieslanihich site. MALL (Palma de Mallorca,
Spain) is the closest (0.5 km to Radiosonde codd 8®&hile GRAZ (Graz, Austria) is the
most distant (133 km to Radiosonde code 14015). &heunt of data available for the
comparisons varies between sites depending onvtiahility of the GPS and Radiosonde
ZTD estimates in the considered epoch and it rafrges 121 for VIS6 (Visby, Sweden,
integrated in the EPN since 22-06-2014) up to 21#2&OPE (Ondrejov, Czech Republic,
integrated in the EPN since 31-12-1995).



The bias ranges from -0,87%, which correspond2ig2- mm, (at EVPA, Ukraine, and
distance from the Radiosonde launch site 96.5 kawjd®onde code 33946) to 0,68%, which
corresponds to 15,4 mm, (at OBER, Germany, andristfrom the Radiosonde launch site
90.8 km, Radiosonde code 11120). The mean biaslffaites is -0,6 mm with standard
deviation of 4.9 mm. For the more than 75% (178)athe agreement is below 5 mm and
only 5.5% (13 pairs) have bias higher than 10 mihe fiigher biases concern mostly the pairs
over 50 km away from each other, like GPS statOBER, OBE2 and OBET located in
Oberpfaffenhofen (Germany) and collocated with Rsdnde (VRS90L code 11120)
launched from Innsbruck Airport in Austria on thpposite side of North Chain in the
Karwendel Alps. Our results are at odds with Wanhgle(2007), where authors compared
PW from GPS and global Radiosonde. In contradtémt we received small negative bias -
1.19 mm for Vaisala Radiosondes, which is the nmostmon type used in Europe (81% of
all used in this study). For MRZ, GRAW and M2K2 Resibnde type, which represent 4.6%,
3.4% and 3.0% of compared Radiosondes respectiwvelyeceived systematic positive bias.
However, Wang et al. (2007) used global Radiosatata from 2003 and 2004, while we
used all available data over Europe from 1994 td520This can partly explain the
disagreement even though more analysis deserves ttone Further investigation is also
needed for several near or moved GPS stationseXanple in Brussels (Belgium) BRUS
station, included in the EPN network since 1996s veplaced by BRUX in 2012. Their bias
w.r.t. the same Radiosonde (VRS80L code 6447) passte sign (-1.2 mm and 3.4 mm
respectively). A possible explanation is the défgrtime span over which the bias has been
computed (1996-2012 for BRUS, 2012-2015 for BRUX).

In agreement with Ning et al. 2012, the standardadi®n generally increases with the
distance from the Radiosonde launch site. It igh@ range of [0,16; 0,76] % ,which
corresponds to [3; 18] mm, till 15 km (first band Figure 10); [0,29;0,78] % ,which
corresponds to [7; 19] mm, till 70 km (second bamBigure 10) and [10; 33] mm till 133 km
(third band in Figure 10). The evaluation of thanstard deviation is comparable with
previous studies. Haase et al. (2001) showed @y ggreement with biases less than 5 mm
and the standard deviation of 12 mm for most ofyeea sites in Mediterranean. Similar
results (6.0 mm £ 11.7 m) were obtained also byeVetial. (2001). Both of them based on
non-collocated pairs distant less than 50 km. P&ced al (2011), considering 1-year of GPS
ZTD and Radiosonde data over the E-GVAP super sitdwork, obtained a standard
deviation of 5-14 mm. Dousa et al. 2012 evaluaté® And Radiosonde on a global scale

over 10-month period and reported a standard demiaf 5—-16 mm.



Radiosonde versus GPS: Bias [%]
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The assessment of the EPN Reprol ZTD product wgpect to Radiosonde using the same
period, i.e. 1996-2014 when completed with the EBRERerational product after GPS week
1407 (December 30, 2006), and EPN Repro2 with ptdpethe Radiosonde data has an

improvement of approximately 3-4% in the overadingtard deviation.”

Dousa J. and G.V. Bennett: Estimation and EvalaatidHourly Updated Global GPS Zenith
Total Delays over ten Months, GPS Solutions, Onlpblication date: 12-Oct-2012,
doi:10.1007/s10291-012-0291-7, 2012

Haase J.S., H. Vedel, M. Ge, and E. Calais: GPBrzgaposphteric delay (ZTD) variability
in the Mediterranean, Phys Chem Earth (A) 26(6-3%):4143, 2001

Ning, T., R. Haas, G. Elgered, and. Willén U: Muéchnique comparisons of 10 years of wet
delay estimates on the west coast of Sweden, J 8&:db5. doi: 10.1007/s00190-011-0527-
2,2012

Wang, J., Zhang, L., Dai. A.,Van Hove, T.,Van Bagel&: A near-global, 2-hourly data set of
atmospheric precipitable water dataset from graogsked GPS measurements, J Geophys Res
112(D11107). doi:10.1029/2006JD007529, 2007

Vedel, H., K. S. Mogensen, and X.-Y. Huang: Caltala of zenith delays from
meteorological data comparison of NWP model, raahide and GPS delays, Phys. Chem.
Earth Pt. A, 26, 497-502, doi: 10.1016/S1464-189%0091-6, 2001.
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Figure 1 GPS versus Radiosonde Bias. The errasltiae standard deviation. Sites are sorted
according to the increasing distances from theestdRadiosonde launch site. The x-axis
reports the GPS station and the Radiosonde code.



Reviewer # 1

Fig. 11: | would recommend to add some quantitative numbers, such as the reduction of biases and SDs, in
the text (or Fig.) and the discussion. Based on visual examination, it looks like that it is mainly a shift 3.

Authors’ Response

The quantitative number for overall improvement from EUREF Reprol to Repro2 was enumerated as 8-9 %
for ZTD when considering total statistics in Table 4 while Figure 11 shows distributions of ZTD bias, standard
deviation over all stations. Using data from Figure 11 we expressed site-by-site improvements of all statistics.
Calculated median improvements for bias, standard deviation and RMS reached 21.1 %, 6.8 % and 8.0 %,
respectively, which correspond with the value of 8-9 % for an overall improvement. An additional figure (not
included in the revised text) shows the distribution of statistics of ZTD improvements over all stations.
Degradation of standard deviation was found for three stations only, SKE8 (Skellefteaa, Sweden, integrated
in the EPN since 28-09-2014), GARI (Porto Garibaldi, Italy, integrated in the EPN since 08-11-2009) and SNEC
(Snezka, Czech Republic, former EPN station since 14-06-2009) all of them providing much less data
compared to others, 1%, 30% and 3%, respectively. All other 290 stations showed improvements. We found
72 with increased absolute systematic errors in EUREF Reprol compared to Repro2 while for all others (221
stations, 75%) systematic errors were reduced.

ZTD improvements of EUREF Repro2 vs Repro1 compared to ERA-Interim
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Below the revised version of section 4.2. ‘Evaluation versus ERA-Interim’. Lines 346-352 changed:

“For completeness, we evaluated also EPN Reprol giduct with respect to the ERA-
Interim using the same period, i.e. 1996-2014 wtmnpleted with the EUREF operational
product after GPS week 1407 (December 30, 2006ngaong Reprol and Repro2 with the
numerical weather re-analysis showed the 8-9% iwgnent of the latter in both overall
standard deviation and systematic error. Figuretdws distributions of station means and
standard deviations of EPN Reprol and Repro2 ZTdadspared to NWM ZTDs using the

whole period 1996-2014. Common reductions of badhistical characteristics are clearly



visible for the majority of all stations. From datithe figure, we also expressed site-by-site
improvements in terms of ZTD bias, standard demetand RMS. Calculated medians
reached 21.1 %, 6.8 % and 8.0 %, respectively, lwbarresponds to the abovementioned
improvement of 8-9 %. The degradation of standadadion was found at three stations:
SKES8 (Skellefteaa, Sweden, integrated in the ERbES28-09-2014), GARI (Porto Garibaldi,

Italy, integrated in the EPN since 08-11-2009) &MEC (Pod Snezkou, Czech Republic,
former EPN station since 14-06-2009) all of theraviding much less data compared to
others, 1%, 30% and 3%, respectively. All othetiets (290) showed improvements. We

also found 72 stations with increased absolute ini@d@JREF Reprol compared to Repro2

while all others, 221 stations (75%), resultededuced systematic error.”

Reviewer # 1

Fig.12, L357-358: It is not clear to me how “the limited temporal and horizontal NWM resolution as well as
corresponding deficiencies in NWM orography” cause the negative differences in ZTD-NWM. Why does it
vary with time (generally reduced magnitudes with time)?

Authors’ Response

The corresponding sentence was finally removed. We have checked more individual stations at low altitude
and the bias of -1 to 2 mm dominated even for those sites. Thus the dependence of an overall mean bias
does not seem to be related to the limited spatial resolution or deficiencies in NWM orography as there was
no observed significant difference in the Alps and within flat areas. The mean bias remains unknown and the
uncertainty is still large and varying depending on a common set of stations.

Reviewer # 1

It would be great to show how the processed data improve the detection of PW trends, even just with a few
examples.

Authors’ Response

We have reviewed section 5 ‘Conclusion’ and have added examples available in the literature. As an example
of application of EPN Repro2 data, we cited, in addition to the assimilation trial ongoing at UK Met Office,
comparisons with regional climate model simulations ongoing at Sofia University and Hungarian
Meteorologic Service. Lines 392-395 changed:

“According to Wang et al. (2007) IGS ZTD producte galuable source of water vapor data
for climate and weather studies. The GPS PW isulséfo for monitoring the quality of the

radiosonde data. However, a better spatial covechighe GNSS PW data is needed to
investigate and reduce systematic biases in cosgrawith the global radiosonde humidity
data (Wang and Zhang, 2009). On the other handheixtg the observation period and
complement of temporal coverage is necessary tleaé more reliable mean values and
trends. As it was pointed by Baldysz et al. (2QA®.6) additional two years of ZTD data can

change estimated trends up to 10%. Therefore af&ia2010 and with a better coverage over



Europe are required for improving the knowledgeclohatic trends of atmospheric water
vapour in Europe. In this scenario, EPN-Repro2 lmamsed as a reference data set with a
high potential for monitoring trend and variabilityatmospheric water vapour. Comparisons
with regional climate model simulations is onelwd tipplication of EPN-Repro2. Ongoing at
Sofia University is comparison between GNSS IW\mpaoited from EPN-Repro2 ZTD data
for SOFI (Sofia, Bulgaria), and ALADIN-Climate IW\simulations conducted by the
Hungarian Meteorological Service, for the perio@24008. The preliminary results show a
tendency of the model to underestimate IWV. Cleddyger number of model grid points
need to be investigated in different regions indperand the EPN-Repro2 data is well suited

for this.”

Baldysz, Z., Nykiel, G., Figurski, M., Szafranek,, lind Kroszczynski, K.: Investigation of
the 16-year and 18-year ZTD Time Series Derivethf@PS Data Processing. Acta Geophys.
63, 1103-1125, DOI: 10.1515/acgeo-2015-0033, 2015

Baldysz Z., Nykiel G., Araszkiewicz A., Figurski Mnd Szafranek K.: Comparison of GPS
tropospheric delays derived from two consecutiviNEBprocessing campaigns from the
point of view of climate monitoring. Atmos. Measech., 9, 4861-4877, DOI: 10.5194/amt-
9-4861-2016, 2016



Interactive comment on “EPN Repro2: A reference GNS tropospheric
dataset over Europe” by Rosa Pacione et al.

Response to Review #1 (addendum to the response uploaded on 1% February 2017)
Reviewer # 1

Fig. 11: | would recommend to add some quantitative numbers, such as the reduction of biases and SDs, in
the text (or Fig.) and the discussion. Based on visual examination, it looks like that it is mainly a shift 3.

Authors’ Response

Taking into account what reported in the first response, we have decided to add the additional figure
reported below. In the revised text it is Figure 12.

ZTD improvements of EUREF Repro2 vs Repro1 compared to ERA-Interim
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Reviewer # 1

It would be great to show how the processed data improve the detection of PW trends, even just with a few
examples.

Authors’ Response

We have reviewed section 5 ‘Conclusion’ and have added examples available in the literature. As an example
of application of EPN Repro2 data, we cited, in addition to the assimilation trial ongoing at UK Met Office,
comparisons with regional climate model simulations ongoing at Sofia University and Hungarian
Meteorologic Service.

As requested, we have computed ZTD trends at five EPN stations: GOPE (Ondrejov, Czech Republic,
integrated in the EPN since 31-12-1995), METS (Kirkkonummi, Finland, integrated in the EPN since 31-12-
1995), ONSA (Onsala, Sweden, integrated in the EPN since 31-12-1995), PENC (Penc, Hungary, integrated in
the EPN since 03-03-1996) and WTZR (Bad Koetzting, Germany, integrated in the EPN since 31-12-1995) using
EPN Repro2, EPN Reprol completed with the EUREF operational products, radiosonde and ERA-Interim data.
All of them are also in the IGS Network, for which IGS Reprol time series is available. IGS Reprol data
completed with the IGS operational products have been extracted from the GOP-TropDB.



We have screened all data sets (classical 3 sigma). Then for all GPS ZTD data sets (EPN Repro2, EPN Reprol +
operational and IGS Reprol + operational) we have estimated and removed shift related to the antenna
replacement. No homogenization has been done for radiosonde since we do not have radiosonde metadata
to do this properly. However, we think that this will affect the comparison of ZTD trends in the same way. A
LSE method is applied to estimate trends and seasonal component.

Finally, we received trends for EPN Repro2 (GOPE=-0.01+/-0.014 mm/year; METS=0.10+/-0.016 mm/year;
ONSA=0.24+/-0.016 mm/year; PENC=0.30+/-0.015 mm/year; WTZR=0.11+/-0.014 mm/year) and other data
sets.

ZTD trends for all three GPS ZTD data sets are consistent, as soon as the same homogenisation procedure is
applied. The overall RMS is 0.02 mm/year. Among all five ZTD sourced, we find the best agreement for ONSA
(RMS=0.04mm/year) and WTZR (RMS=0.02mm/year). For PENC we have good agreement with respect to
ERA-Interim (0.05 mm/year), but a large discrepancy versus radiosonde (-0.31 mm/year). This large
discrepancy is probably due to the distance to the radiosonde launch site (40.7 km, radiosonde code 12843)
and to the lack of the homogenisation stage. Over the five considered stations the agreement with respect
to ERA-Interim (RMS = 0.11 mm/year) is better than that with respect to radiosonde (RMS = 0.16 mm/year).
An additional figure (included in the revised text as Figure 15) shows the ZTD trend comparisons, the error
bars are the formal error of the trend values.
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For the considered stations EPN Repro2 do not change significantly the detection of ZTD trends as compared
to EPN Reprol + operational or IGS Reprol + operational. However, it has generally a better agreement w.r.t.
radiosonde and ERA-Interim data than EPN Repro 1 + operational. It has also the best spatial resolution than
IGS Reprol and radiosonde data, which are used today for long-term analysis over Europe. Taking into
account the good consistency among trends, EPN Repro2 can be used for trend detection in areas where
other data are not available.

Lines 391-395 changed:

“However, this data set is quite sparse over Eur@pdy 85 stations over the 280 EPN

stations) and covers the period 1996-2010. Accgrdmm Wang et al. (2007) IGS ZTD

products are valuable source of water vapor datalimate and weather studies. The GPS
PW is useful also for monitoring the quality of ttaeliosonde data. However, a better spatial
coverage of the GNSS PW data is needed to invést@yad reduce systematic biases in
comparison with the global radiosonde humidity d&¥ang and Zhang, 2009). On the other
hand extending the observation period and compleofaemporal coverage is necessary to

calculate more reliable mean values and trendst was pointed by Baldysz et al. (2015,



2016) additional two years of ZTD data can chamgjemated trends up to 10%. Therefore,
data after 2010 and with a better coverage ovepggurare required for improving the
knowledge of climatic trends of atmospheric wat@paur in Europe. In this scenario, EPN-
Repro2 can be used as a reference data set witthgpbtential for monitoring trend and
variability in atmospheric water vapour. Considgritve EPN stations, among those with the
longest time span, GOPE (Ondrejov, Czech Repuinliegrated in the EPN since 31-12-
1995), METS (Kirkkonummi, Finland, integrated inetiEPN since 31-12-1995), ONSA
(Onsala, Sweden, integrated in the EPN since 3198%), PENC (Penc, Hungary, integrated
in the EPN since 03-03-2096) and WTZR (Bad Koetgt@ermany, integrated in the EPN
since 31-12-1995), we have computed ZTD trendsgu&®N Repro2, EPN Reprol
completed with the EUREF operational products,asainde and ERA-Interim data. All of
them are also in the IGS Network, for which IGS Rdpcompleted with the IGS operational
products are available and extracted from the G@pDB. First we have removed annual
signal from the original time series and markeaatliers according to 3-sigma criteria. Then
for all GPS ZTD data sets we have estimated allkvedwn and recognized shifts related to
the antenna replacement. No other unexplained break been removed to be sure that we
not introduce any artificial errors. Based on tleaned and filtered data we have used linear
regression model before and after the considerextheindependently. The difference
between those two models in specific epoch is cemed as a shift. Then, we have removed
all the estimated shifts from the original timeisgr Generally, the size of the shifts is much
lower than noise level and depends on the appliethoad of its estimation. Therefore, the
final results are affected by used methodologyaamhot be considered as an absolute values.
No homogenization has been done for radiosonde sattosonde metadata are not available.
Finally, a LSE method have been applied to estiriagar trends and seasonal component.
ZTD trends (Figure 14) for all three GPS ZTD dagtssare consistent, as soon as the same
homogenisation procedure is applied. Then over®IBRs 0.02 mm/year. Among all five
ZTD sourced, we find the best agreement for ONSM$R0.04mm/year) and WTZR
(RMS=0.02mm/year). For PENC we have good agreemigmrespect to ERA-Interim (0.05
mm/year), but a large discrepancy versus radios@Od&l mm/year). This large discrepancy
is probably due to the distance to the radiosoadedh site (40.7 km, radiosonde code 12843)
and to the lack of the homogenisation stage. Chefive considered stations the agreement
with respect to ERA-Interim (RMS = 0.11 mm/year)hbstter than that with respect to
radiosonde (RMS = 0.16 mm/year). Even though feffitre considered stations EPN Repro2

do not change significantly the detection of ZTénuls, it has a better agreement with respect



to radiosonde and ERA-Interim data than EPN Refirbds also the best spatial resolution
than IGS Reprol and radiosonde data, which are toskad/ for long-term analysis over
Europe. Taking into account the good consistenoyrantrends, EPN Repro2 can be used for
trend detection in areas where other data arevaoibale.

Comparisons with regional climate model simulatiansone of the application of EPN-
Repro2. Ongoing at Sofia University is comparis@zen GNSS IWV, computed from
EPN-Repro2 ZTD data for SOFI (Sofia, Bulgaria), @&ldADIN-Climate IWV simulations
conducted by the Hungarian Meteorological Servifoe, the period 2003-2008. The
preliminary results show a tendency of the modeunderestimate IWV. Clearly, larger
number of model grid points need to be investigatedifferent regions in Europe and the
EPN-Repro2 data is well suited for this.”

Baldysz, Z., Nykiel, G., Figurski, M., Szafranek,, lind Kroszczynski, K.: Investigation of

the 16-year and 18-year ZTD Time Series Derivethf@PS Data Processing. Acta Geophys.
63, 1103-1125, DOI: 10.1515/acgeo-2015-0033, 2015

Baldysz Z., Nykiel G., Araszkiewicz A., Figurski Mnd Szafranek K.: Comparison of GPS
tropospheric delays derived from two consecutiviNEBprocessing campaigns from the
point of view of climate monitoring. Atmos. Measech., 9, 4861-4877, DOI: 10.5194/amt-

9-4861-2016, 2016



Interactive comment on “EPN Repro2: A reference GNS tropospheric
dataset over Europe” by Rosa Pacione et al.

Response to Review #2
Overview

The article contributes to an important issue on homogenization and processing of GNSS tropospheric
products for climate research. The article is timely and actual. It gives systematic overview about the
reprocessing campaign and combination of data products from different ACs with additional attention on
impact of GLONASS data, different antenna calibration models and non-tidal atmospheric loading. The results
are evaluated with independent data sources (radiosondes and ERA-Interim) and illustrated with appropriate
figures and tables. The article includes adequate references on related scientific research papers. The
manuscript needs some minor revision before getting ready for publication.

Authors’ Response

The authors would like to thank Reviewer#2 for his/her constructive comments. We have considered them
in the revised version to improve the quality of the paper.

Detailed Comments

Reviewer # 2
Figure 1: could look better with smaller markers.
Authors’ Response

We have improved Figure 1 as below:
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Figure 2. Time series of the number of GNSS obsemnsfor the period 1996-2014. GPS
observations are shown in red, GPS+GLONASS in &heetheir differences in green. The
difference is significant starting 2008.

Reviewer # 2



The http-links should be checked. However, they may be broken only in this version of discussion paper due
to automatic document processing during its upload. In this case the remark on the next 3 links is not
relevant.

Line 36: https://www.iers.org/IERS/EN/Organization/AnalysisCoordinator/SinexFormat/sinex.html
Line 45: http://www.euref.eu/documentation/MoU/EUREF-EUMETNET-MoU.pdf

Line566:http://www.epncb.oma.be/ documentation/papers/eurefsymposium2011/an_update_on_epn_re
processing_project_current_achievement_and_status

Authors’ Response

Thank you for pointing this. We will check http-links in the final version of the manuscript.
Reviewer # 2

Line 230: small TYPO “: : : homogeneously reprocessed solutions (seeTable 2)”.

Authors’ Response

Correct.

Reviewer # 2

Lines 346-352: Compared Reprol and Repro2 with ERA-Interim, Figure 11, distribution of station means and
standard deviations — over which time period the mean is calculated? ERA-Interim has 6 hrs time resolution,
Reprol and Repro2 have 1 hrs (Table 2). Could the result depend on interpolation made for synchronisation
of timestamps for ERA-Interim and Repro2?

Authors’ Response

The meanin Figure 11 is computed for the period 1996-2014. The Reprol dataset was completed with EUREF
operational products after GPS week 1406 (December 23, 2006). For the comparison versus ERA-Interim we
extracted 4 values per day at 00, 06, 12, 18 from Reprol and Repro2 GNSS datasets using the linear
approximation from values -/+ 30 min as EUREF solutions stores ZTDs in HR:30 only.

Datasets with different time resolutions affect the final comparison. However, both GNSS ZTD datasets
(Reprol and Repro2) have the same time resolution (1 hour) of values expressed at HR:30 and the
interpolation affects both in the same way. Therefore, we can assume that both comparisons are compatible
and the inter-comparison reflects principally the quality of products.

The following descriptions were improved in the manuscript:
Lines 305-312 changed:

“... software (Zus et al., 2014). Combined EUREF Répand Repro2 products as well as
individual ACs tropospheric parameters were assessth the corresponding parameters
estimated from the NWM re-analysis. The comparisgas done for the period 1996-2014
using the GOP-TropDB (Gyori and Dousa, 2016) vigwdating parameter differences for

pairs of stations and using values at every 6 h@@$0, 6:00, 12:00 and 18:00) as available
from the NWM product. A linear interpolation fronalaes -/+ 30 min was thus necessarily

applied for all GNSS products providing HH:30 tirtaasps as required for the combination



process. As all compared GNSS products has the denge resolution (1 hour), the
interpolation is assumed to affect all producthansame way. Therefore, we assume all inter-
comparisons to a common reference (NWM) principedijects the quality of the products.
No vertical corrections were applied since NWM paeters were estimated for the long-term

antenna reference position of each station.”

Lines 346-352 changed:
“For completeness, we evaluated also EPN Reprol giiduct with respect to the ERA-
Interim using the same period, i.e. 1996-2014 wtmmpleted with the EUREF operational
product after GPS week 1407 (December 30, 2006nhga0ng Reprol and Repro2 with the
numerical weather re-analysis showed the 8-9% iwgment of the latter in both overall
standard deviation and systematic error. Figurehdws distributions of station means and
standard deviations of EPN Reprol and Repro2 ZTdapspared to NWM ZTDs using the
whole period 1996-2014. Common reductions of baé#lisgical characteristics are clearly

visible for the majority of all stations.”

Reviewer # 2

Lines 353-360: monthly mean biases, ZTD mean biases, Figure 12 — “There is no seasonal signal observed in
time series of ZTD mean biases .....:"”, but looking at the figure (upper part — monthly mean biases) —if it isn’t
a seasonal signal, then what is it?

Authors’ Response

In Figure 12: description of the subplots is swapped. The caption of Figure 12 is correct as follows: “Time
series of monthly mean biases (lower part) and standard deviations (upper part) for ZTD differences of EPN
Repro2 and NWM re-analysis. Uncertainties are calculated over all the stations”

Lines 359-360 changed:

"There is almost no seasonal signal observed ie teries of ZTD mean biases or the

uncertainty, but clearly in ZTD standard deviataord the uncertainty.”
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Abstract. The present availability of 18+ years of GNSS dmhonging 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 [irdhis data record can be used as a reference
for a variety of scientific applications and hasigh potential for monitoring trend and variability
atmospheric water vapour, improving the knowledielimatic trends of atmospheric water vapour
and being useful for regional Numerical WeatherdRteon (NWP) reanalyses as well as climate
model simulations. In the framework of the EPN-R&pithe second reprocessing campaign of the
EPN, five Analysis Centres homogenously reproceisedEPN network for the period 1996-2014.
A huge effort has been made for providing solutithreg are the basis for deriving new coordinates,
velocities and troposphere parameters for the eefidPN. The individual contributions are then
combined in order to provide the official EPN regessed products. This paper is focused on the
EPN Repro2 tropospheric product. The combined produdescribed along with its evaluation
against radiosonde data and European Centre foiuktelange Weather Forecasts (ECMWF)

reanalysis (ERA-Interim) data.

1. Introduction

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

infrastructure over Europe currently made by ov80 Zontinuously operating GNSS reference
stations maintained on a voluntary basis by EUREf€nhational Association of Geodesy Reference
Frame Sub-Commission for Europe, http://www.eutgf.enembers. Since 1996, GNSS data
collected at the EUREF Permanent Network have beainely analysed by several (currently 16)

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

SINEX TRO filesare used by the coordinator of the EPN tropospipeaduct to generate each week

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

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

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

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

This paper is focused on the tropospheric prodolotained in the framework of the second EPN
Reprocessing campaign (hereafter EPN-Repro2), whesiag the latest available models and
analysis strategy, GNSS data of the whole EPN mé&tiwave been homogeneously reprocessed for
the period 1996-2014. The EPN homogeneous long-@M8S time series can be used as a reference
dataset for a variety of scientific applicationaneteorological and climate research. Ground-based
GNSS meteorology, Bevis et al. (1992), is very westhblished in Europe and dates back to the 90s.
It started with the EC 4th Framework Program (FRjgrts WAVEFRONT (GPS Water Vapour
Experiment For Regional Operational Network Triasyl MAGIC (Meteorological Applications of
GPS Integrated Column Water Vapour Measuremerttseinvestern Mediterranean) Project (Haase
et al., 2001). Early this century the ability tdiesmtes ZTDs in Near Real Time was demonstrated
(COST-716, 2005), and the EC 5th FP scientific gobjTOUGH (Targeting Optimal Use of GPS
Humidity Measurements in Meteorology) funded. SirR@05, the operational production of
tropospheric delays has been coordinated and meditoy the EUMETNET EIG GNSS Water
Vapour Programme (E-GVAP, 2005-2017, Phase |, d & http://egvap.dmi.dk). Guerova et al.
(2016) report on the state-of-the-art and futuspects of the ground-based GNSS meteorology in
Europe. On the other hand, the use of ground-b@sE8iS long-term data for climate research is still

an emerging field.
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To promote the use of reprocessed long-term GNS8ebaopospheric delay data sets for climate
research is one of the objectives of the Workingupr3 ‘GNSS for climate monitoring’ of the EU
COST Action ES 1206 ‘Advanced Global 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 cooperditween geodesists and climatologists in order
to generate recommendations on optimal GNSS regsowpalgorithms for climate applications and
standardise the method of conversion between patipagdelay and atmospheric water vapour,
Saastamoinen, (1973), Bevis et al., (1992), BoeK.€R015), with respect to climate standards. For
climate application, maintaining long-term stakili a key issue. Steigenberger et al. (2007) found
that the lack of consistencies over time due tongka in GNSS processing could cause
inconsistencies of several millimetres in GNSSd=ti Integrated Water Vapour (IWV) making
climate trend analysis very challenging. Jin e2007) studied the seasonal variability of GPSithen
Tropospheric Delay (1994-2006) over 150 internaidBPS stations and showed the relative trend
in northern hemisphere and southern hemispheresisagrin coastal and inland areas. Wang and
Zhang (2009) derived GPS Precipitable Water VagBwV) using the International GNSS Service
(IGS), Dow et al. (2009), tropospheric productsladut 400 global sites for the period 1997-2006
and analysed PWYV diurnal variations. Nilsson angkEgdd (2008) showed PWV changes from -0.2
mm to +1.0 mm in 10 years by using the data fronG®$ stations located in Finland and Sweden.
Sohn and Cho (2010) analysed GPS Precipitable Watgour trend in South Korea for the period
2000-2009 and examined the relationship between BRS and temperature, which is the one of
the climatic elements. Better information about @pheric humidity, particularly in climate-
sensitive regions, is essential to improve thembag of global warming, and for the validation of
climate predictions on which socio-economic resposgategies are based with strong societal
benefits. Suparta (2012) reported on the validatib®WV as an essential tool for solar-climate
studies over tropical region. Ning et al. (20133d144 years of GPS-derived IWV at 99 European
sites to evaluate the regional Rossby Centre Atimersp (RCA) climate model. GPS monthly mean
data were compared against RCA simulation and & Hterim data. Averaged over the domain
and the 14 years covered by the GPS data, theyl il differences of about 0.47 kgfrand 0.39
kg/n? for RCA-GPS and ECMWF-GPS, with a standard dewmatf 0.98 kg/riwhereas it is 0.35
kg/n? respectively. Using GNSS atmospheric water vafimg series, Alshawaf et al. (2016) found
a positive trend at more than 60 GNSS sites in [imith an increase of 0.3-0.6 mm/decade with a

temporal increment correlated with the temporatease in the temperature levels.

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

data record of GNSS tropospheric products over f&jrsuitable for analysing climate trends and
3
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variability, and calibrating/validating independetatasets at global and regional scales. However,
although homogenously reprocessed, this time ssuiésr from site-related inhomogeneity due, for
example, to instrumental changes (receivers, cahfgennas, and radomes), changes in the station
environment, which can affect the analysis of thregtterm variability (Vey et al. 2009). Therefore,
to get realistic and reliable climate signals sceAnge points in the time series needs to be @etect
(Ning et al, 2016a).

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

reprocessing campaign are drown in Section 5.

2. EPN second reprocessing campaign

EPN-Repro2 is the second EPN reprocessing campaggmized in the framework of the special
EUREF project “EPN reprocessing”. The first repsxirg campaign, which covered the period
1996-2006, Voelksen (2011), involved the partidipabf all sixteen EPN Analysis Centres (ACSs)
reprocessing their own EPN sub-network. This guaesthat each site is processed by three ACs at
least which is an indispensable condition for pngva combined product. The second reprocessing
campaign covered all the EPN stations, which weerated from January 1996 through December
2013. Then, participated ACs decided to extend fiisod until the end of 2014 for troposphere
products. Data from about 280 stations in the ERlibtical database have been considered. As of
December 2014, 23% of EPN stations are betweerbl@drs old, 26% are between 14-10 years old,
30% between 10-5 years old, and 21% less thanrs wéa Only five, over sixteen, EPN ACs (see

the goal of the second reprocessing campaign weestahe diversity of the processing methods in
order to ensure verification of the solutions. &os reason, the three main GNSS software packages
Bernese (Dach et al., 2014), GAMIT (King et al.1@Dpand GIPSY-OASIS Il (Webb et al., 1997)
have been used to reprocess the whole EPN netwaflseveral variants have been provided in
addition. In total, eight individual contributinglsitions, obtained using different software and
settings, and covering different EPN networks, arailable. Among them, three are obtained with
different software and cover the full EPN networkile three are obtained using the same software

(namely Bernese) and covering different EPN netaohik Table 2Fable 2Fable the processing _ i

characteristics of each contributing solution amorted. Despite the software used and the analyse
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networks, there are a few diversities among thesigeal solutions, whose impact needs to be

evaluated before performing the combination. Asafathe GNSS products used in the reprocessing
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campaign all the ACs used CODE Repro2 product (etutd., 2014) with one exception (SEgble _ - W
2) where JPL Repro2 products (Desai et al., 201etuaed. For tropospheric modelling two mapping
functions are used: GMF (Boehm et al., 2006a) altfY (Boehm et al., 2006b), whose impact has

been evaluated in Tesmer et al., 2007.
21 Impact of GLONASS data

GPS data are used by all ACs in this reprocessangpeign, while two of them (namely IGE and
LPT) reprocessed GPS and GLONASS (Global'naja Maidgnaja Sputnikovaja Sistema)
observations. The impact of GLONASS observatiorstieen evaluated in terms of raw differences
between ZTD estimates as well as on the estiméatedrltrend derived from the ZTD time series.
Two solutions were prepared and compared. Both wetained using the same software and the
same processing characteristics except the obsenddta: one with GPS and GLONASS, and one
with GPS data only. GLONASS observations are aphglaince 2003, but only from 2008 onwards
the amount of GLONASS data (geigure J) is significant. The difference in terms of the@rends _ - w
than 100 stations (rates usually derived from ntlea®@ 100000 ZTD differences. This indicates that w
the inclusion of additional GLONASS observationghie GNSS processing has a neutral impact on
the ZTD trend analysis. Satellite constellations eontinuously changing in time due to satellites
being replaced are newly added for all systemss Tésult is a positive sign that climate trends can
be determined independently of the satellite systeised in the processing. In near future the
inclusion of additional Galileo (Satellite SystemEurope) and BeiDou (Satellite system in China)
data will become operational in the GNSS data msicg. These data will certainly improve the
quality of the tropospheric products but, hopefuli§ll not introduce systematic changes in terms of

ZTD trends as a possible climate indicator.
22  Impact of IGStype mean and EPN individual antenna calibration models

According to the processing options listed in thENEguidelines for the Analysis Centre
(http://wvww.epncb.oma.be/_documentation/guideligesielines_analysis_centres.pdf), when
available EPN individual antenna calibration modedse to be used instead of IGS type mean
calibration models. Currently, individual antenradiliration models are available at about 70 EPN
calibration models (Schmid et al., 2015) only atiteos with IGS type mean plus EPN individual
antenna calibration models. It may happen thatHfersame station there are contributing solutions
obtained applying different antenna models. Towatal the impact of using these different antenna
calibration models on the ZTD, two solutions weregared and compared. Both were obtained using

5
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the same software and the same processing chasticteexcept the calibration models. First one
used the IGS type mean models only, while secorduged the individual calibrations whenever it
was possible and IGS type mean for the rest oatitennas. An example of the time series of the

ZTD difference obtained applying ‘Individual’ an@lype Mean’ antenna calibration models for the

is included in the EPN network since Jun®, 2002, a TRM29659.00 antenna with no radome was
installed. Two instrumentation changes occurreith@sstation: the first in June 22007, when the
previous antenna was replaced with a TRM55971.@0aamZGD radome, the second in Jun& 28
2013 with the installation of a TRM57971.00 and ZGD radome. For all of them the individual
calibrations are available through the data setswpded by the EPN Central Bureau
(ftp:/lepncb.oma.be/pub/station/general/epnc_0B.&@witching between phase centre corrections
from type mean to individual (or vice versa) caugedisagreement in the estimated height of the
stations, as it mentioned by Araszkiewicz and Veetk(2016), as well as in their ZTD time series.
Depending on the antenna model, the offset abstdtLOP in the up component is -5.2 + 0.5 mm,
8.7 £ 0.6 mm and 5.6 + 0.8 mm with a correspondiffiget in the ZTD of 0.2 £+ 0.5 mm, -1.5+ 0.5
mm, -1.4 + 0.8 mm, respectively. Similar situatemppears also for all stations/antennas for which
individual calibration models are available. Theresponding offset in the ZTD has opposite sign
for the antennas with offset in the up componemgdathan 5 mm (16 antennas) and, generally, not
exceeding 2 mm for ZTD. Such inconsistence in th® Zime series are not large enough to be
captured during the combination process (see $e8jiavhere 10 mm threshold in the ZTD bias

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

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

two solutions, one without and one with non-tidahaspheric loading, have been compared for the



201 year 2013. In the last one, the National Centar&fwironmental Prediction (NCEP) model is used

202  atthe observation level during data reduction dréeng and Watson, 2009).

203 Dach et al. (2010) have already found that theatgidlity of the station coordinates improves by
204 20% when applying the effect directly on the datalgsis and by 10% when applying a post-
205 processing correction to the resulting weekly cowtts compared with a solution without
206  considering these corrections. However, the efféetpplying non-tidal atmospheric loading on the

207 ZTD seems to be negligible. Generally, it causelffarence below 0.5 mm with a scattering not

’208 larger than 0.3 mm. The difference is thus beloevlttvel of confidencetigure 4Figure-dhows _ - Tormagtato; Tipo di carattere: Non Corsivo, Colore

carattere: Nero

209 time series of the differences of the ZTD and umponent between two time series obtained with
210  and without non-tidal atmospheric loading for tWeNEstations: KIRO (Kiruna, Sweden) and RIGA
211 (Riga, Latvia). There is also no correlation betweelues of estimated differences and vertical
212 displacements caused by non-tidal atmospheric ngadiorrelation coefficients for analysed EPN
213  stations were below 0.2.

214 3. EPN Repro2 combined solutions

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

224 potential outliers.

225  The EPN-Repro2 combination activities were cardgatin two steps. First, a preliminary combined

226  solution for the period 1996-2014 was performeeieds input all the available eight homogeneously

’227 reprocessed solutions (g€able 3. The aim of this preliminary combined solutiortgsassess each - { Formattato: Tipo di carattere: Non Corsivo

228  contributing solution and to investigate site/A@gific biases prior to the final combination, fidg

229  outliers and send a feedback to the ACs. The agmeenf each contributing solution w.r.t. the
230 preliminary combination is given in terms of biaglsstandard deviation (not showed) As far as the
231  standard deviation is concerned, it is generallpwe.5 mm with a clear seasonal behaviour, while
232 the bias is generally in the range of +/- 2 mm. Ideer, there are several GPS weeks for which the

233 bias and standard deviation values exceeded tbedoefentioned limits. To investigate these outliers

7
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the time series of site/AC specific bias has beediad, since it can be a useful tool to detect bad

periods of data and provide information usefuldl@aning the EPN historical archive. An example

GO4 and MU2 (GO0 and GO1 are not shown but are ehyse to GO4). In the first years of

acquisition, tracking issues were experienced atliZEwhich are clearly mirrored in the bias time

series.

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

mm, 15 mm)]. InTable 3Fable-Fummarizes percentages of red, orange and yellased for each _ - | Formattato: Tipo di carattere: Non Corsivo, Colore
carattere: Nero, Inglese (Regno Unito)

contributing solution. The majority of biases bejdn the yellow group; the percentage of biases in
the orange group ranges from 12% for LPO and LRdtisas to 27% for ASO solution, while
percentage of biases in the red group ranges ffénfoB MU4 solution to 22% for IGO0 solution.

The final EPN Repro2 tropospheric combination isdabon the following input solutions: ASO, GO4,
IGO0, LP1 and MU2. MUT AC provided the MU2 solutiafter the preliminary combination, its only
difference with respect to MU4 is the use of typeam antenna and individual calibration models,

whose effect is shown in section 2.2. The agreernetetms of bias and standard deviation of each

contributing solution w.r.t. the final combinatia® shown inFigure 6Figure-6As regard as the_ - | Formattato: Tipo di carattere: Non Corsivo, Colore

carattere: Nero

standard deviation, there is a clear improvemettt veispect to the preliminary combination due to
the removal of the outliers detected during thdipieary combination. The standard deviation is
below 3 mm from GPS week 835-1055 and 2 mm afteis iE somehow related to the worse quality

of data and products during the first years ofERP&/IGS activities.

The final EPN Repro2 tropospheric combination issistent to the final coordinate combination
performed by the EPN Analysis Centre Coordinatariiy the coordinate combination all stations
were analyzed by comparing their coordinates fecsjg ACs and the preliminary combined values.
In case where the differences were larger thanhmthe up component, the station was eliminated
and the whole combination was repeated, up to tiress, if necessary. This ensures the consistency

9 mm in the height component (i.e. 3 mm in ZTDgsl@ned in Santerre, 1991) are needed to fulfill

Formattato: Tipo di carattere: Non Corsivo, Colore
carattere: Nero

the requirement of retrieving IWV at an accuraoseleof 0.5 kg/m2 (Bevis et al., 1994), Ning et al

(2016b). As shown ifrigure ZFigure-7only one site, MOPI (Modra Piesok, Slovakia), eed this _ - T Formattato: Tipo di carattere: Non Corsivo, Colore J

carattere: Nero

threshold on a long term. As reported at the EPNti@eBureau, MOPI has been excluded several

times from the routine combined solutions. MOPI Y&y bad periods of observations in past due to

8
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radome manipulation that caused jumps in the heigimponent. However, several stations exceeded

it temporary during bad periods, as showjrimure 8Figure-8or VENE (Venezia, ltaly). - W Formattato: Tipo di carattere: Non Corsivo, Colore

carattere: Nero

4. Evaluation of theZTD Combined Productswith respect to independent data set

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

4.1  Evaluation versusradiosonde

For the GPS and Radiosonde comparisons at the BRdtated sites, we used profiles from the
World Meteorological Organization provided by EUMRET in the framework of the Memorandum

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

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

between the GPS and the radiosonde sites and die¢srZir D, ZWD and IWV compensating for the

change of gravitational acceleration, g, with heigh

Figure 9Figure-Bhows an example for the EPN site CAGL (Cagltaardinia Island, Italy). For all - /W Formattato: Tipo di carattere: Non Corsivo, Colore

carattere: Nero, Inglese (Regno Unito)

the 183 EPN collocated sites, and using all thea daailable in the considered period, we computed

Formattato: Tipo di carattere: Non Corsivo, Colore
carattere: Nero, Inglese (Regno Unito)

Spain) is the closest (0.5 km to Radiosonde codH B@hile GRAZ (Graz, Austria) is the most

distant (133 km to Radiosonde code 14015). The amwfidata available for the comparisons varies

between sites depending on the availability of @S and Radiosonde ZTD estimates in the

considered epoch and it ranges from 121 for VIS&KY, Sweden, integrated in the EPN since 22-
06-2014) up to 21226 for GOPE (Ondrejov, Czech Répuintegrated in the EPN since 31-12-1995).

The bias ranges from -0,87%, which correspond8t¢-mm, (at EVPA, Ukraine, and distance from

the Radiosonde launch site 96.5 km, Radiosonde 88€46) to 0,68%, which corresponds to 15,4
9
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mm, (at OBER, Germany, and distance from the Radis launch site 90.8 km, Radiosonde code

11120). The mean bias for all sites is -0,6 mm witindard deviation of 4.9 mm. For the more than
75% (178 pairs), the agreement is below 5 mm aryl ®6% (13 pairs) have bias higher than 10
mm. The higher biases concern mostly the pairs 50dmm away from each other, like GPS stations
OBER, OBE2 and OBET located in Oberpfaffenhofenrf@ay) and collocated with Radiosonde
(VRS90L code 11120) launched from Innsbruck AirgariAustria on the opposite side of North

compared PW from GPS and global Radiosonde. Ir&sirib them, we received small negative bias { Formattato: Colore carattere: Nero

-1.19 mm for Vaisala Radiosondes, which is the mosimon type used in Europe (81% of all used
in this study). For MRZ, GRAW and M2K2 Radiosongpd, which represent 4.6%, 3.4% and 3.0%

of compared Radiosondes respectively, we receiys@matic positive bias. However, Wang et al.

(2007) used global Radiosonde data from 2003 aidl,2@hile we used all available data over

Europe from 1994 to 2015. This can partly expléia tisagreement even though more analysis

deserves to be done. Further investigation isradsoled for several near or moved GPS stations. For

example in Brussels (Belgium) BRUS station, incllidethe EPN network since 1996, was replaced
by BRUX in 2012. Their bias w.r.t. the same Radim®(VRS80L code 6447) has opposite sign (-
1.2 mm and 3.4 mm respectively). A possible exglands the different time span over which the
bias has been computed (1996-2012 for BRUS, 2013-2ff BRUX).

In agreement with Ning et al. 2012, the standaxdatien generally increases with the distance from

the Radiosonde launch site. It is in the rang®dfd; 0,76] % ,which corresponds to [3; 18] mnt, til
15 km (first band in Figure 10); [0,29:0,78] % ,winicorresponds to [7; 19] mm, till 70 km (second
band in Figure 10) and [10; 33] mm till 133 km (thband in Figure 10). The evaluation of the

standard deviation is comparable with previous isgidHaase et al. (2001) showed very good

agreement with biases less than 5 mm and the sthddaiation of 12 mm for most of analysed sites

in Mediterranean. Similar results (6.0 mm + 11.7we)e obtained also by Vedel et al. (2001). Both

of them based on non-collocated pairs distanttiess 50 km. Pacione et al (2011), considering 1-
year of GPS ZTD and Radiosonde data over the E-GSger sites network, obtained a standard

deviation of 5-14 mm. Dousa et al. 2012 evaluaté® And Radiosonde on a global scale over 10-

month period and reported a standard deviation-b65nm.

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

approximately 3-4% in the overall standard deviatio

10
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4.2  Evaluation versus ERA-Interim data

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

analysis product available every 6 hours (00, @5,1B UTC) with a horizontal resolution of 1x1

degree and 60 vertical model levels.

For the period 1996-2014 and for each EPN stafi®i, and tropospheric linear horizontal gradients
were computed using the GFZ (German Research Clent@eosciencespy-tracing software (Zus
et al., 2014). Combined EUREF Reprol and Repro@umts as well as individual ACs tropospheric
parameters were assessed with the correspondiagptars estimated from the NWM re-analysis.
The evaluation of GNSS and NWM was performed uiedsOP-TropDB (Gyori and Dousa, 2016)
via calculating parameter differences for pairstafions using values at every 6 ho{@3:00, 6:00,
12:00 and 18:0(gs available from the NWM product. A linear inteigtmn from values -/+ 30 min
was thus necessarily applied for all GNSS prodpitsiding HH:30 timestamps as required for the

combination process\s all compared GNSS products has the same tin@utem (1 hour), the

interpolation is assumed to affect all productshia same way. Therefore, we assume all inter-

comparisons to a common reference (NWM) principadiffects the quality of the productdo

vertical corrections were applied since NWM pararetvere estimated for the long-term antenna

reference position of each station.

Table 4Fable-ummarizes the mean total statistics of individi4als) and combined (EUREF) /{Formattato; Tipo di carattere: Non Corsivo

= T U TR e U TS A Ot W IOy Y AT Y AN

tropospheric parameters, ZTDs and horizontal graslieover all available stations. The EUREF
combined solution does not provide tropospheridigres and these could be evaluated for individual

solutions compared to the ERA-Interim, howeverl $tighly varying for individual stations as

obvious from estimated uncertainties. ZTD standdediations are generally at the level of 8 mm
between GNSS and NWM products, but for IGO0 solugierforming about 25% worse than others as
already detected during the combination. Two sohsj ASO and LP1 are slightly better than GO4
and MU2 — reaching the standard deviation of 7.7 tlmair accuracy is at the level of the EUREF
combined solution. The better performance of theéd A®lution can be considered due to its
theoretical better capability of the modelling tdygamics in the troposphere as the solution agplie
a stochastic troposphere modelling using undiffeeebservations sensitive to the absolute
tropospheric delays. On the other hand, LP1 indudeghly one third from of EPN stations which

were properly selected according to the stationlityuthus making a difficulty to interpret the

difference with respect to those processing fulNEP

11
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The comparison of tropospheric linear horizontaldignts (East and North) from GNSS and NWM
revealed a problem with the MU2 solution showingigh inconsistency of results over different
stations, which is not visible in the total statisf but mainly in the uncertainties by an ordeghler
compared to all others. Geographical plot (not gjveonfirmed this site-specific systematic, but in
both positive and negative senses. The impact wagever not observed in MU2 ZTD results.
Additionally, the GO4 solution performed slightlyovge than the others. It was identified as a
consequence of estimating 6-hour gradients usiagptbce-wise linear function and without any
absolute or relative constraints. In such casehdrigorrelations with other parameters occurred
raising uncertainties of the estimates. For thigppse, the GO6 solution (not showed) was derived
fully compliant with the GO4, but stacking tropospic gradients into 24 hours piece-wise linear
modelling. By comparing the GO6 (Dousa and Vaclavo®016), the standard deviations dropped
from 0.38 mm to 0.28 mm and from 0.40 mm to 0.29 fonEast and North gradients, respectively
which corresponds to the LP1 solution applying #ane settings. Additionally, Dousa and
Vaclavovic, 2016 found a strong impact of a lowveléon receiver tracking problem on estimation
of horizontal gradients which was particularly fisiwhen compared to the ERA-Interim. Systematic
behaviour in monthly mean difference in gradierse to be a useful indicator for instrumentation-
related issues and should be applied as one dbsieefor cleaning the EPN historical archive.

For completeness, we evaluated also EPN Reprol @bBuct with respect to the ERA-Interim

using the same period, i.e. 1996-2014 when conbheith the EUREF operational product after
GPS week 1407 (December 30, 2006). Comparing ERMoReand EPN Repro2 with the numerical

weather re-analysis showed the 8-9% improvemetthefatter in both overall standard deviation

Reprol and EPN Repro2 ZTDs compared to NWM ZTDsqushe whole period 1996-2014.

Common reductions of both statistical charactessire clearly visible for the majority of all tats.

P ( Codice campo modificato

From data of Figure 11, we also expressed siteitbyirsprovements in terms of ZTD bias, standard

{ Formattato: Tipo di carattere: Non Corsivo

deviation and RMS (Figure 12). Calculated mediaashed 21.1 %, 6.8 % and 8.0 %, respectiv
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which corresponds to the abovementioned improvemér&-9 %. The degradation of standard

deviation was found at three stations: SKE8 (Skele, Sweden, integrated in the EPN since 28-09-
2014), GARI (Porto Garibaldi, Italy, integratedtire EPN since 08-11-2009) and SNEC (Snezka,

Czech Republic, former EPN station since 14-06-20419 of them providing much less data

compared to others, 1%, 30% and 3%, respectivdlyotAer stations (290) showed improvements.

We also found 72 stations with increased absolisieih EUREF Reprol compared to Repro2 while

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

Time series of monthly mean biases and standairdtoes for ZTD differences of EPN Repro2 and

2014, but a high uncertainty of the mean indicaiés-specific behaviour depending mainly on
latitude and altitude of the EPN station and thalitpuof both NWM and GNSS productBre-former

centre-variation—models—and-site-environmdimere isalmostno seasonal signal observed in time
series of ZTD mean biases or the uncertainty, bedrly in ZTD standard deviation and the
uncertainty. Slightly increasing standard deviatiowards 2014 can be attributed to the increase of
number of stations in EPN starting from about 30996 and with more than 250 in 2014. More
stations reduces a variability in monthly mean ésadowever, site-specific errors then contribute
more to higher values of standard deviation.

Figure 14Figure-18isplays the geographical distribution of totalZBiases and standard deviations- { Formattato: Tipo di carattere: Non Corsivo

for all sites. Prevailing negative biases seemetmine lower or even positive in the mountain areas.
There is no latitudinal dependence observed for BiE3es in Europe, but a strong one for standard
deviations. This corresponds mainly to the incrediseater vapour content and its variability toward

the equator.

5. Conclusion

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

Both individual and combined tropospheric produaieng with reference coordinates and other
metadata, are stored in SINEX TRO format, Gend{(1897), and are available to the users at the
EPN Regional Data Centres (RDC), located at BKGi¢Fa& Agency for Cartography and Geodesy,

Germany). For each EPN station, plots on ZTD tieres, ZTD monthly mean, comparison versus

13
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Radiosonde data (if collocated), and comparisosugethe ERA-Interim data will be available at the

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

Assessment of the EPN Reprol and Repro2 with respéte Radiosonde data has an improvement

of approximately 3-4% in the overall standard déoia

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

considering 99% of results roughly.

The use of ground-based GNSS long-term data faraté research is an emerging field. For the
assessment of Euro-CORDEX (Coordinated Regionah&ié Downscaling Experiment) climate
model simulation IGS Reprol, Byun and Bar-Seved0@), has been used as reference reprocessed
GPS products (Bastin et al. 2016). However, thia dat is quite sparse over Eurdpely 85 stations
over the 280 EPN stationahd covers the period 1996-20X@&:cording to Wang et al. (2007) IGS

ZTD products are valuable source of water vapa ttatclimate and weather studies. The GPS PW

is useful also for monitoring the quality of theli@sonde data. However, a better spatial coverfige o

the GNSS PW data is needed to investigate and eeslygtematic biases in comparison with the

global radiosonde humidity data (Wang and Zhand)9200n the other hand extending the

observation period and complement of temporal aers necessary to calculate more reliable mean
values and trends. As it was pointed by Baldysd.€R015, 2016) additional two years of ZTD data

can change estimated trends up to 10%. TherefBratadafter 2010 and with a better coverage over

Europe are required for improving the knowledgelohatic trends of atmospheric water vapour in
Europe. In this scenari@€PN-Repro2 can be used as a reference data $etwigh potential for

monitoring trend and variability in atmospheric eatapour

Considering five EPN stations, among those withldmgest time span, GOPE (Ondrejov, Czech
Republic, integrated in the EPN since 31-12-19RHTS (Kirkkonummi, Finland, integrated in the
EPN since 31-12-1995), ONSA (Onsala, Sweden, iatedrin the EPN since 31-12-1995), PENC
(Penc, Hungary, integrated in the EPN since 03362 and WTZR (Bad Koetzting, Germany,
integrated in the EPN since 31-12-1995), we haveputed ZTD trends using EPN Repro2, EPN
Reprol completed with the EUREF operational pragluetdiosonde and ERA-Interim data. All of

them are also in the IGS Network, for which IGS Rdpcompleted with the IGS operational products

are available and extracted from the GOP-TropDBstRve have removed annual signal from the

14
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original time series and marked all outliers acauydo 3-sigma criteria. Then for all GPS ZTD data

sets we have estimated all well-known and recoghsrifts related to the antenna replacement. No

other unexplained breaks has been removed to leetlsar we not introduce any artificial errors.

Based on the cleaned and filtered data we have liussat regression model before and after the

considered epoch independently. The difference dmtwthose two models in specific epoch is

considered as a shift. Then, we have removed alegtimated shifts from the original time series.

Generally, the size of the shifts is much lowenthaise level and depends on the applied method of

its estimation. Therefore, the final results afeced by used methodology and cannot be considered

as an absolute values. No homogenization has b@en fdr radiosonde since radiosonde metadata

are not available. Finally, a LSE method have bagplied to estimate linear trends and seasonal

same homogenisation procedure is applied. Therath\R¥S is 0.02 mm/year. Among all five ZTD
sourced, we find the best agreement for ONSA (RM&@im/year) and WTZR
(RMS=0.02mm/year). For PENC we have good agreemsit respect to ERA-Interim (0.05

mm/year), but a large discrepancy versus radios@@81 mm/year). This large discrepancy is

probably due to the distance to the radiosondeclasite (40.7 km, radiosonde code 12843) and to

the lack of the homogenisation stage. Over thedomsidered stations the agreement with respect to
ERA-Interim (RMS = 0.11 mm/year) is better thantthdth respect to radiosonde (RMS = 0.16

mm/year). Even though for the five considered stestiEPN Repro2 do not change significantly the

detection of ZTD trends, it has a better agreemaiit respect to radiosonde and ERA-Interim data

than EPN Reprol.It has also the best spatial résolthan IGS Reprol and radiosonde data, which

are used today for long-term analysis over Eurdjp&ing into account the good consistency among
trends, EPN Repro2 can be used for trend deteitiareas where other data are not available.

Comparisons with regional climate model simulatism®one of the application of EPN-Repro2.

Ongoing at Sofia University is comparison betwedSS IWV, computed from EPN-Repro2 ZTD
data for SOFI (Sofia, Bulgaria), and ALADIN-Climdi#&’VV simulations conducted by the Hungarian

Meteorological Service, for the period 2003-2008e preliminary results show a tendency of the

model to underestimate IWV. Clearly, larger numisemodel grid points need to be investigated in

different regions in Europe and the EPN-Repro2 dateell suited for thisClimate research is not

only limited to comparison with climate model aretidation of trends. At the Met Office, the UK's
national weather service, within the frameworktaf European FP7 project UERRA (Uncertainties
in Ensembles of Regional Re-analysis, http://wwwaieu/), assimilation trials of reprocessed ZTD

into a 12 km European climate reanalysis beginiind979 are ongoing. To account for any
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systematic bias or bias change, the reprocesseds ZiilD have a bias correction applied before
assimilation.

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

gradients with independent data sources.

Author Contributions. R. Pacione coordinated the writing of the mangpsemnd wrote section 1, 2, 3
and 4.1 A. Araszkiewicz wrote section 2.2 and 2.3. E. Broakin wrote section 2.1. J. Dousa wregetion
4.2. All authors contributed to section 5. All aoith approved the final manuscript before its

submission.

Acknowledgments

The authors would like to acknowledge the suppmvigded by COST - -European Cooperation in

Science and Technology for providing financial stssice for publication of the papérhe

authors thank the members of the EUREF project “E&Nocessing”. e-GEOS work is done
under ASI Contract 2015-050-R.0. The assessmentieoEUREF combined and individual
solutions in the GOP-TropDB were supported by theidtry of Education, Youth and Science,
the Czech Republic (project LH14089). The MUT AGtibution was supported by statutory
founds at the Institute of Geodesy, Faculty of (Hvigineering and Geodesy, Military University
of Technology (No. PBS/23-933/2016jinally, we thank the two anonymous referees dued t

Associate Editor Dr. Roeland Van Malderfen their comments which helped much to improve

the paper.

16



530

531
532
533

534
535
536

537
538
539

540
541
542
543

544
545
546
547

548
549
550

552
553

554
555

556
557
558
559

560
561

562
563
564

565
566
567

References

Alshawaf, F., Dick, G., Heise, S., Simeonov, T.yV8., Schmidt, T., and Wickert, J.: Decadal
variations in atmospheric water vapor time sergsrated using ground-based GNSS, Atmos. Meas.
Tech. Discuss., doi: 10.5194/amt-2016-151, in reyi2016.

Araszkiewicz, A., and Voelksen, C.: The impact bt tantenna phase center models on the
coordinates in the EUREF Permanent Network, GP&ti®al doi: 10.1007/s10291-016-0564-7,
2016.

Baldysz, Z., Nykiel, G., Figurski, M., Szafranek,, l&nd Kroszczynski, K.: Investigation of the 16-
year and 18-year ZTD Time Series Derived from GRfalProcessing. Acta Geophys. 63, 1103-
1125, DOI: 10.1515/acgeo0-2015-0033, 2015.

Baldysz Z., Nykiel G., Araszkiewicz A., Figurski Mand Szafranek K.: Comparison of GPS
tropospheric delays derived from two consecutivé\ EBprocessing campaigns from the point of
view of climate monitoring. Atmos. Meas. Tech.,4861-4877, DOI: 10.5194/amt-9-4861-2016,
2016.

Bastin, S., Bock, O., Chiriaco, M., Conte, D., Daguez, M., Roehring, R., Drobinski, P., Parracho,
A.: Evaluation of MED-CORDEX simulations water cgcht different time scale using long-term

GPS-retrieved IWV over Europe, presentation at C&SI206 workshop, Potsdam (Germany) 1-2
September 2016.

Bevis, M., Businger, S., Herring, T. A., Rocken @nthes, R. A., and Ware, R. H.: GPS Meteorology:
Remote Sensing of 20 Atmospheric Water Vapour Ugiedslobal Positioning System, J. Geophys.
Res., 97, 15787-15801, 1992.

Bevis M., S. Businger, S. Chiswell, T. A. Herririg, A. Anthes, C. Rocken, and Ware, R. H.: GPS
Meteorology: Mapping Zenith Wet Delays onto Preipie Water. Journal of Applied Meteorology,
33, 379-386, 1994.

Byun S. H., and Bar-Sever, Y. E.: A new type ofptssphere zenith path delay product of the
International GNSS Service. J Geodesy, 83(3-4), 2009.

Bock, O., P. Bosser, R. Pacione, M., Nuret, N. Fiepand Parracho, A.: A high quality reprocessed
ground-based GPS dataset for atmospheric procediest radiosonde and model evaluation, and
reanalysis of HYMEX Special Observing Period, Qerdyt Journal of the Royal Meteorological
Society, doi: 10.1002/gj.2701, 2015.

Boehm, J., and Schuh, H.: Vienna mapping functiongLBI analyses, Geophys. Res. Lett., 31,
L01603, doi: 10.1029/2003GL018984, 2004.

Boehm, J., A. Niell, P. Tregoning, and Schuh, Halial Mapping Function (GMF): A new empirical
mapping function based on numerical weather modt,dseophys. Res. Lett., 33, L07304, doi:
10.1029/2005GL025546, 2006a.

Boehm, J., B. Werl, and Schuh, H.: Troposphere nimgpipinctions for GPS and very long baseline
interferometry from European Centre for Medium-RaM¢eather Forecasts operational analysis data,
J. Geophys. Res., 111, B02406, doi: 10.1029/20083&20, 2006b.

17



568
569
570

572
573
574

575
576
577

578
579

595
596

597
598
599

600
601
602

603
604
605
606
607

Bruyninx C, Habrich H, Séhne W, Kenyeres A, Sta@glVolksen C (2012) Enhancement of the
EUREF Permanent Network Services and Products, €gddr Planet Earth, IAG Symposia Series,
136: 27-35. doi: 10.1007/978-3-642-20338

Bruyninx, C., A. Araszkiewicz , E. Brockmann, A. ieeres, R. Pacione, W. Séhne, G. Stangl, K.
Szafranek, and Volksen, C.: EPN Regional Networkokgte Analysis Center Technical Report
2015, IGS Technical Report 2015, Editors YoominnJaad Rolf Dach, Astronomical Institute,
University of Bern, 2015, pp. 101-110, 2015.

COST-716 Exploitation of Ground-Based GPS for Op@nal Numerical Weather Prediction and
Climate Applications — Final Report, in: Elgered, 8lag, H.-P., Van der Marel, H., et al. (Eds.),
EUR 21639, 2005.

Dach, R., Hugentobler, U., Fridez, P., and MeiMit, Bernese GPS Software Version 5.0, Journal
of Geophysical Research Atmospheres, 119, doi002/2013JD021124, 2014.

Dach, R., J. B6hm, S. Lutz, P. Steigenberger andl®&e G.: Evaluation of the impact of atmospheric
pressure loading modeling on GNSS data analysggadl doi: 10.1007/s00190-010-0417-z, 2010.

Dee, D. P., S. M. Uppala, A. J. Simmons, P. BarsfP. Poli, S. Kobayashi, U. Andrae, M. A.
Balmaseda, G. Balsamo, P. Bauer, P. Bechtold, aljddBs, A. C. M.: The ERA-Interim reanalysis:
Configuration and performance of the data assimiasystem, Q. J. Roy. Meteor. Soc., 137(656),
553-597, 2011.

Desai, S. D., W. Bertiger, M. Garcia-FernandezHBines, N. Harvey, C. Selle, A. Sibthorpe, A.
Sibois, and Weiss, J. P.: JPL's Reanalysis of HistoGPS Data from the Second IGS Reanalysis
Campaign, AGU Fall Meeting, San Francisco, CA, 2014

Dow, J.M., Neilan, R. E., and Rizos, C.: The Intgional GNSS Service in a changing landscape of
Global Navigation Satellite Systems, Journal of Gy 83:191-198, doi: 10.1007/s00190-008-
0300-3, 2009.

Dousa, J. and G.V. Bennett: Estimation and Evajnadf Hourly Updated Global GPS Zenith Total
Delays over ten Months, GPS Solutions, Online waliibn date: 12-Oct-2012, doi:10.1007/s10291-
012-0291-7, 2012.

Dousa, J. and Vaclavovic P.: The GOP troposphesdymt from the 2nd European re-processing
(1996-2014), 2016 (manuscript prepared for AMT)

Gendt, G. SINEX TRO—Solution (Software/techniquéydépendent Exchange Format for
combination of TROpospheric estimates Version 0.01, March 1,
1997:https://igsch.jpl.nasa.gov/igsch/data/forniagls _tropo.txt, 1997.

Gyori G, and DouSa J.: GOP-TropDB developments tfopospheric product evaluation and
monitoring — design, functionality and initial réts,l In: IAG Symposia Series, Rizos Ch. and Willis
P. (eds), Springer Vol. 143, pp. 595-602., 2016

Guerova, G., J. Jones, J. Dousa, G. Dick, S. da,HaaPottiaux, O. Bock, R. Pacione, G. Elgered,
H. Vedel, and M. Bender: Review of the state-ofdineand future prospective of GNSS Meteorology
in Europe, accepted for publication in to Speciduke: Advanced Global Navigation Satellite
Systems tropospheric products for monitoring sewezather events and climate (GNSS4SWEC),
(AMT/ACP/ANGEO inter-journal Sl), 2016.

18



608
609
610

625
626
627

628
629

630
631

IERS Conventions (2010). Gérard Petit and Brianumfeds.). (IERS Technical Note ; 36) Frankfurt
am Main: Verlag des Bundesamts fiir Kartographie@eaddasie, 2010. 179 pp., ISBN 3-89888-989-
6, 2010.

Ihde, J., Habrich, H., Sacher, M., S6hne, W., AltamZ., Brockmann, E., Bruyninx, C., Caporali,
C., Dousa, J., Fernandes, R., Hornik, H., Kenyefesl idberg, M., Makinen, J., Poutanen, M.,
Stangl, G., Torres, J.A., Volksen, C., (2013). EWREcontribution to national, European and global
geodetic infrastructures. IAG Symposia, vol. 139,189-196. doi: 10.1007/978-3-642-37222-3_24.

Jin, S.G., J. Park, J. Cho, and P. Park: Seasanability of GPS-derived Zenith Tropospheric Delay
(1994-2006) and climate implications, J. Geophyess.R112, D09110, doi: 10.1029/2006JD007772,
2007.

Haase, J., Calais, E., Talaya, J., Rius, A., Vesp&antangelo, R., Huang, X.-Y., Davila, J. Me, G
M., Cucurull, L., Flores, A., Sciarretta, C., Pawo R., Boccolari, M., Pugnaghi, S., Vedel, H.,
Mogensen, K., Yang, X., and Garate, J.: The coutidns of the MAGIC project to the COST 716
objectives of assessing the operational potentfalgmund-based GPS meteorology on an
international scale, Physics and Chemistry of thgtg Part A, 26, 433-437, 2001.

Haase, J.S., H. Vedel, M. Ge, and E. Calais: Glzgoposphteric delay (ZTD) variability in the
Mediterranean, Phys Chem Earth (A) 26(6—8):439-20081].

Haase, J., M. Ge, H. Vedel, and Calais, E.: Acouead variability of GPS Tropospheric Delay
Measurements of Water Vapor in the Western Meditexan, Journal of Applied Meteorology, 42,
1547-1568, 2003.

King, R., Herring, T., and Mccluscy, S.: Documeittatfor the GAMIT GPS analysis software 10.4.,
Tech. rep., Massachusetts Institute of Technol2@g0.

Lutz, S., P. Steigenberger, G. Beutler, S. Sctiddach, and Jaggi, A.: GNSS orbits and ERPs from
CODE's repro2 solutions, IGS Workshop Pasadena (U3/e 23-27, 2014.

Nilsson, T. and Elgered, G.: Long-term trends makmospheric water vapor content estimated from
ground-based GPS data. J. Geophys. Res., 113@&029/2008JD010110, 2008.

Ning, T., R. Haas, G. Elgered, and. Willén U: Muéichnigue comparisons of 10 years of wet delay
estimates on the west coast of Sweden, J Geodb86d6i: 10.1007/s00190-011-0527-2, 2012.

Ning, T., J. Wickert, Z. Deng, S. Heise, G. Dick\&y, and Schone, T.: Homogenized time series
of the atmospheric water vapor content obtaineah fitte GNSS reprocessed data, Journal of Climate,
doi: 10.1175/JCLI-D-15-0158.1, 2016a

Ning, T., J. Wang, G. Elgered, G. Dick, J. Wickaft, Bradke, M. Sommer, R. Querel, and Smale,
D.: The uncertainty of the atmospheric integratedew vapour estimated from GNSS observations
Atmos. Meas. Tech., 9, 79-92, doi:10.5194/amt-2@%6, 2016b.

Mangiarotti, S., A. Cazenave, L. Soudarin and @rétal. F.: Annual vertical crustal motions
predicted from surface mass redistribution and leseby space geodesy, Journal of Geophysical
Research, 106, B3, 4277, 2001.

Pacione, R., B. Pace, S.de Haan, H. Vedel, R.Lanatid Vespe, F.. Combination Methods of
Tropospheric Time Series, Adv. Space Res., 47(2)385 doi: 10.1016/j.asr.2010.07.021, 2011.

19



647
648
649

650
651

652
653

654

655
656

657
658
659

660
661

662
663
664

665
666
667

668
669

670
671

672
673
674

675
676
677

678
679
680
681

82
83
84

Petrov, L. and Boy, J.-P.: Study of the atmosphpre&ssure loading signal in very long baseline
interferometry observations," J. Geophys. Res., B03405, 14 pp., doi: 10.1029/2003JB002500,
2004.

Ray, R. D. and Ponte, R. M.: Barometric tides flB@MWF operational analyses, Ann. Geophys.,
21(8), pp. 1897-1910, doi: 10.5194/angeo-21-1890320

Saastamoinen, J.: Contributions to the theory mibapheric refraction, Bull. Geodes., 107, 13-34,
doi:10.1007/BF02521844, 1973.

Santerre R.: Impact of GPS Satellite sky distriutiManuscr. Geod., 16, 28-53, 1991.

Schmid R, Dach R, Collilieux X, Jaggi A, Schmitz Dijssner F (2015) Absolute IGS antenna phase
center model igs08.atx: status and potential impnmoents. J Geod 90(4):343-364

Sohn, D.-H., and Cho, J.: Trend Analysis of GPSipi&able Water Vapor Above South Korea Over
the Last 10 Years, J. Astron. Space Sci. 27(3);238.(2010), doi: 10.5140/JASS.2010.27.3.231,
2010.

Suparta, W.: Validation of GPS PWV over UKM Bangaldysia for climate studies, Procedia
Engineering 50, 325 — 332, 2012.

Steigenberger, P., V. Tesmer, M. Krugel, D. Thaller Schmid, S. Vey, and Rothacher, M.:
Comparisons of homogeneously reprocessed GPS aBdl lohg time-series of troposphere zenith
delays and gradients, J. Geod., 81(6-8), 503—54i416.1007/s00190-006-0124-y, 2007.

Tesmer,V., J. Boehm, R. Heinkelmann and SchuhBffect of different tropospheric mapping
functions on the TRF, CRF and position time-seestimated from VLBI, Journal of Geodesy June
2007, Volume 81, Issue 6, pp 409-421, 2007.

Tregoning, P. and Van Dam, T.: Atmospheric preskaeing corrections applied to GPS data at the
observation level, Geophysical Research Letter,s2322005.

Tregoning P., Watson C.: Atmospheric effects angrisps signals in GPS analyses. J. Geophys.
Res., 114, B09403, doi: 10.1029/2009JB006344, 2009.

Van Dam, T., G. Blewitt, and Heflin, M. B.: Atmosptic pressure loading effects on Global
Positioning System coordinate determinations, Jduoh Geophysical Research, 99, B12, 23939,
1994.

Vey, S., R. Dietrich, M. Fritsche, A. Rulke, P.i@tnberger, and Rothacher, M.: On the homogeneity
and interpretation of precipitable water time sederived from global GPS observations, J. Geophys.
Res., 114, D10101, doi: 10.1029/2008JD010415, 2009.

Voelksen, C.: An update on the EPN Reprocessinge€troCurrent Achievements and Status,
Presented at EUREF 2011 Symposium, Chisinau, Riepufl Moldova, May 25-28 2011,
http://www.epncb.oma.be/_documentation/papers/eynghosium2011/an_update_on_epn_reproc
essing_project_current_achievement_and_status, 2011

Wangq, J., Zhang, L., Dai. A.,Van Hove, T.,Van Baeld.. A near-global, 2-hourly data set of
atmospheric precipitable water dataset from grdoamsked GPS measurements, J Geophys Res
112(D11107). doi:10.1029/2006JD007529, 2007.

20



685
686
687

688

89
90
91

692
693
694

695

Wang, J. and Zhang, L.: Climate applications ofabal, 2-hourly atmospheric precipitable water
dataset derived from IGS tropospheric productsedd333: 209. doi: 10.1007/s00190-008-0238-5,
2009.

Webb, F. H., and Zumberge, J.F.: An Introductio®GtBSY/OASIS II. JPL D-11088, 1997.

Vedel, H., K. S. Mogensen, and X.-Y. Huang: Caltataof zenith delays from meteorological data
comparison of NWP model, radiosonde and GPS detyss. Chem. Earth Pt. A, 26, 497-502, doi:
10.1016/S1464-1895(01)00091-6, 2001.

Zus, F, Dick, G, Heise, S, Dousa, J, and Wickertle rapid and precise computation of GPS slant
total delays and mapping factors utilizing a nucenveather model, Radio Sci, 49(3): 207-216, doi:
10.1002/2013RS005280, 2014.

21



696

697

698
699

700
701
702
703
704
705
706
707

708
709

710
711
712
713
714

Table

Table Captions
Table 1: EPN Analysis Centres providing EPN RepsoRitionstable—1—EPN-Aral i Lr'€S- 7| Formattato: Tipo di carattere: Non Corsivo, Inglese
srevene =R ool colubions \\ (Regno Unito)

{Formattato Tipo di carattere:

Non Corsivo

ASI/CGS (Matera, ltaly), GO0, GO1 and GO4 solutipnsvided by GOP (Pecny, Czech Republic), | Fermattato: Tipo di carattere:

IGO solution provided by IGE (Madrid, Spain), LP6daLP1 solutions provided by LPT (Waben, « -Regne Unito)

Non Corsivo, Inglese

Non Corsivo

e JC

Swnzerland) MU2 and MU4 solutlons provided by MYWarsaw, PoIan)dFabJre—Z—EFlN—RepFoz { Formattatos: Tipo di carattere

: Non Corsivo

: Non Corsivo

for AC |nd|V|duals and EUREF comblned (Reprol argpt%Z) troDotherlc Darameters compared
to the ERA- Intenm re- analvs' -
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715

716

717

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 By EPN-
Subnetwork
LPT | Federal Office of Topography] Wabern SwitzerlgnBernese EPN-
Subnetwork
MUT | Military University of Warsaw | Poland GAMIT Full EPN
Technology
Table 1: EPN Analysis Centres providing EPN Repoltions.
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ASO GOO| Go1 | GO4 1G0 LPO LP1 MuU2 MU4

SW GIPSY 6.2 Bernese 5.2 Bernese 5.2 Bernese 5.2 GANIS
GNSS G G G+R G+R G
SOLUTION PPP Network Network Network Network
TYPE
STATIONS Full EPN Full EPN EPN Subnetworl EPN Subnetwor}4 | ERN
ORBITS JPLR2 CODE R2 CODE R2 CODE R2 CODE R2
ANTENNAS 1GS08 IGS08 + Individual. 1GS08+ Individugl. IGS08 IG_SQ8 * IG.SQS * 1GS08
Individual. | Individual
|IERS 2010 2010 2010 2010 2010
GRAVITY EGMO08 EGMO08 EGMO08 EGMO08 EGMO08
Ezafa?esd')” BRE | 21D (5min) ZTD (1h) 27D (1h) ZTD (1h) 27D (1h)
GRAD (5min) GRAD (6h) GRAD (6h) GRAD (24h) GRAD (24h)
Parameters
MAPPING
FUNCTION VMF1 GMF | VMF1 | VMF1 GMF GMF VMF1 VMF1
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/da
CODE (HOI CODE IONEX +
IONOSPHERE HOI included CODE, HOl included . CODE (HOI included) IGRF11 (HOI
included) )
included)
REFERENCE.
ERAME 1Gb08 IGb08 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
ELEVEVATION
CUTOFF 8 3 3 3 5
Delivered
SNX_TROFiles | g3 1594 0836-1824 0835-1816 0835-1802 0835-1824
[from week to
week]

718  Table 2: EPN Repro2 processing options for eaclritening solutions. ASO solutions provided by
719  ASI/CGS (Matera, Italy), GO0, GO1 and GO4 solutipnsvided by GOP (Pecny, Czech Republic),
720 IGO0 solution provided by IGE (Madrid, Spain), LP@daLP1 solutions provided by LPT (Waben,
721 Switzerland), MU2 and MU4 solutions provided by MWarsaw, Poland).

722
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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
IGO0 22 14 64
LPO 10 12 79
LP1 10 12 78
MU2 3 15 82

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

724
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Solution ZTD ZTD EGRD EGRD NGRD NGRD
bias sdev bias sdev bias 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 6130
GO4 (full -1.9+2.4  8.1+2.1  -0.04+0.09 0.38+0.10 0.00+0.09 0812
EPN)
MU2 (ful -1.8#2.0 8.3%+2.1 -0.03+0.32 0.35+2.46 -0.01+0.84 34&2.37
EPN)
IGO (part EPN) -1.6£2.3 10.7#2.2 -0.05#0.09 0.33#40. 0.04%+0.12 0.36+0.12
LP1 (part EPN) -1.7+2.4 7.7¢1.7 -0.02+0.06  0.28%+0.05 0.03+0.09 76@06
EUR Repro2 -1.8+2.1 7.812.2 - - - -
EUR Reprol -2.2+¥23 8.5+2.1 - - - -
725 Table 4. Mean statistics and uncertainties, caledl&om results of individual stations, provided
726  for AC individuals and EUREF combined (Reprol arpf®?2) tropospheric parameters compared
727  to the ERA-Interim re-analysis.
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Figure 3. EPN station KLOP (Kloppenheim, Frankfuetlermany) ZTD time series difference
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Radiosonde and EUO ZPD time series for CAGL
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832  Figure 9 EPN station CAGL (Cagliari, Sardinia Islaitaly). Upper part: Radiosondes (in red) and
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842  Figure 11: Distributions of station means (leftdastandard deviations (right) of EPN Reprol and
843  Repro2 ZTDs compared to ERA-Interim ZTDs.
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B47  Figure 12: Site-by-site ZTD improvements of EPN ®&pversus EPN Reprol compared to ERA-
848  Interim
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52  Figurel312 Time series of monthly mean biaseser loweipart) and standard deviatioriewer
53  upperpart) for ZTD differences of EPN Repro2 and NWMarelysis. Uncertainties are calculated

854  over all stations.
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57  Figure 1412 Geographical display of ZTD biases (left) andnderd deviations (right) for EPN
58  Repro2 products compared to the ERA-Interim.
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B62  Figure 15: ZTD trend comparisons at five EPN statiolhe error bars are the formal error of the
863  trend values.
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