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Tropospheric Delay Estimationsin a Regional Network of EUREF Stations.
Quality Assessment Using Water Vapour Radiometer
and Radiosonde Observations

E. POTTIAUX, R. WARNANT?

Abstract

Nowadays, the propagation delay induced by the atmospheric
water vapour (WV) on GPS satellite signalsremainsthe main
accuracy-limiting factor for high precision GPS positioning.
The behaviour of the water vapour in the atmosphere can be
studied using threeindependent observation techniques: namely
Global Positioning System (GPS), Water V apour Radiometers
(WVR) and Radiosondes (RS). Inthe paper, webriefly describe
the processing strategies chosen to process the three sources
of observations(GPS, RSand WV R). Then, weassessthequaity
of our GPS zenith wet delays (ZWD) estimates by comparing
them to ZWD time series measured by Water Vapour Radio-
metersand Radiosondes. Finally, we compareour resultstothe
CODE and EUREF tropospheric products.

1. Introduction

Nowadays, the propagation delay of GPS signalsinduced
by the water vapour (WV) in the atmosphere remains the
main accuracy-limiting factor for high precision GPS
positioning. For this reason, the Royal Observatory of
Belgium (ROB) decided to set up a research program on
thewet component of thetropospheric error affecting GPS
observations.

Thebasi csof thisresearch program, isto study thebehaviour
of thewater vapour inthe atmosphere using threeindepen-
dent techniquesof observation: namely, theGlobal Position-
ing System (GPS), Water V apour Radiometers(WVR) and
Radiosondes (RS). GPS and Radi osonde equipmentswere
already present onthe ROB-siteof Brussels. Therefore, we
set up in 2001 a Water Vapour Radiometer to have the
collocation of the three observation techniques.

In order to carry out these comparisons, we decided to
process a network of GPS stations located around the site
of Brussels. In the paper, we give an overview of themain
characteristicsof thisnetwork. Then, wededicateasection
tothe processing strategies chosento processGPS, RSand
WVR observations. Finally, in section 4, we evaluate the
quality of our GPSestimations. Theeva uationisachieved
intwo steps. Inthefirst step (describedin sections4.0.1and
4.0.2), wecompareour estimationsto thosemadeusingthe
two other techniques. In the second step (described in
sections 4.0.3 and 4.0.4), we compare them to the tropo-
spheric productscomputed by two analysiscenters: namely,
CODE and EUREF.

2. Network of stations

For the purposes of our study, we have selected a network
of 7 EUREF stationslocated in Western Europe. Asshown
in the figure 1, the stations of the network are distributed
around thesitesof Brussel sand Wettzell which present the
advantage of having coll ocation of GPSreceiversand Water
V apour Radiometers. Inaddition, the Royal Meteorol ogical
Institute of Belgium provided us Radiosonde observations
for the site of Brussels. Therefore, we mainly focuson the
resultsof Brussel swherethethreetechniquesareavailable.

The observation set is composed of aimost one year of
continuos observations for al instruments except for the
WVR of Wettzell for which only 6 months of data were
processed. Table 1 summarizesthedataavailability for al
theinstruments. Table 2 summarizesthe availability of the
techniques for each site of the network.

Table 1: Data availability for each instrument

GPS Sites From To
All Sites 01/01/2001 31/12/2001
WVR Sites From To
Brussels 01/02/2001 31/10/2001
Wettzell 01/01/2001 29/06/2001
RS Site From To
Brussels 01/01/2001 31/12/2001

Table2: Summary of thetechniquesavailability for each site
of the network

Site Name GPS WVR RS
Brussels yes yes yes
Dentergem yes no no
Kootwijk yes no no
Potsdam yes no no
Waremme yes no no
Wettzell yes yes no
Zimmerwald yes no no
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Figure 1: Map of the regional network of EUREF stations used in this study. Red circlesindicate
GPSobservation sites, yellow starsWater Vapour Radiometer sitesand bluetrianglesRadiosondesites.

3. Processing strategies

The study presented in this paper is mainly based on the
comparison scheme showninfigure2. Thebasic principle
isto assessthe quality of our GPS ZWD estimationsusing
external andindependent sourcesof informations: namely,
Radiosonde and Water Vapour Radiometer observations.
In this section, we describe the strategies used to derive
estimationsof the zenithwet troposphericdelay (ZWD) from
the different techniques.

3.1Processing GPS observations

GPStropospheric delayshasbeen estimated using astandard
processing strategy based onthe Bernese Softwareversion
4.2. Themain characteristicsof the processing strategy are:

— I1GS precise orbits, clocks and eop's,
— 24 hours sessions,

— 30 seconds decimated RINEX files,
— QIF Ambiguity resolution,

— 12 or 24 tropospheric parameters estimated per session
during an ionosphere free run,

— mapping function : Dry Niell,
— no a-priori tropospheric gradient estimation,
— elevation cut off angle at 10 degree,

— theBernese TRPfileswereused for thecomparison with
the other techniques.

Figure 3 showsthetimeseriesof zenithtotal delaysestimated
using GPS observations at Brussels.

ROB-GPS ZTD
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Figure2: Comparison scheme used to assessthequality of our
GPS zenith wet delay estimates
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Zenith Total Delay From GPS Observations

Jelay in meters
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Figure3: Zenithtotal tropospheric delaysestimated using GPS
observations at Brussels for the year 2001

3.2Processing WVR observations

Water Vapour Radiometer observationshave been processed
using a standard processing scheme based on the Elgered
method for reprieving the zenith wet delays. More details
onthismethod can befoundin (Wu, 1978) and (ELGERED,
1993). Moreover, details on the radiometers used in this
study can be found in (PoTTIAUX, 2002). The reader can
alsorefer to thispaper for details on the so-called standard
WVR processing strategy. At the end of the processing,
Bernese meteorological filesof type 3 and 5 are output for
comparison with the other techniques. Thesefilescontains
estimations of the tropospheric delay every 15 minutes.
Figure4 showsthetimeseriesof the zenith wet tropospheric
delaysestimated usingtheWater \ apour Radiometer obser-
vations at Brussels.
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Figure4: Zenithwet tropospheric delay estimated using Water
Vapour Radiometer observations for the site of Brussels

3.2 Processing RS observations

The Royal Meteorological Institute of Belgium provided
usoneyear of continuous Radiosonde observationsfor the
year 2001. Wehavedevel oped adedi cated softwarein order
to estimate an integrated preci pitablewater vapour (IPWV)
fromthe Radiosonde profiles. Thissoftwareisbased onthe
integration of thewater vapour density Dv alongtheray path.
Thefollowing equation expressesthe IPWV intermsof the

water vapour density Dv:
IPW = mD(2)&z (D)

Thenwe need to expressthe water vapour density interms
of radiosonde observables:

|PWV:HU(2) X eS(Z)Xﬁ}mZ 2

where U istherelative humidity, T the temperature, esthe
saturation water vapour pressure and Rv the specific gas
constant for water vapour.

Using the Clapeyron-Clausius equation, we can finally
express the equation (2) in terms of the raw observations
of theRadiosonde. Applyinganumerical integration method
we can compute the IPWV. In the geodetic community,
results are often expressin terms of zenith wet delay. The
following equation allows the conversion from IPWV to
ZWD:

ZWD = K X IPW/ 3)

wherethedimens on-lessconstant K isabout 6.5. Radiosonde
balloons are launched twice aday at Brusselsand figure 5
showsthetime series of the estimated IPWYV over theyear
2001.

IPWV derived by Radiosonde Measurements

Figure5: Precipitablewater vapour estimated using Radiosonde
observations for the site of Brussels over the year 2001

4. Quality assessment of the GPS-ZWD

Thenext stepinthestudy isto assessthequality of our GPS
zenith wet delay estimates using the different sources of
informations. Therefore, wecompare{\d ROB-GPSZWDs
to the following ZWDs:

— RSZWDs, the zenith wet del ays computed using Radio-
sonde observations (section 4.0.1),

— WWR2ZWDs, the zenith wet del ayscomputed using Water
Vapour Radiometer observations (section 4.0.2),

— CODE-GPS Z2WDs, the zenith wet delays computed by
the CODE analysiscenter using GPS observations(section
4.0.3),

— EUREF-GPSZWDs, the zenith wet delayscomputed by
the EUREF analysis center using GPS observations
(section 4.0.4).
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4.0.1 Comparison of ROB-GPSestimationswith Radio-
sonde observations

Thefirst step in order to assess ROB-GPS ZWD estimates
isto comparethemto RSZWD estimates. Wecarry out this
analysisfor thesiteof Brussel swhere Radiosondeobserva-
tions are available. In order to be coherent with the com-
parison between GPSand WV R wedecided to consider only
periodswhenall thetechniquesareavailable. Figure6 shows
thedifferencesbetween RSZWD and ROB-GPSZWD. The
two techniquesagreevery well withamean biasof 0.82 mm
and a standard deviation of about 4.40 mm of ZWD.

Zenith Wet Delay Differences

Radwsonde ve. GPS

WD Differences in mim

Figure 6: Zenith wet tropospheric delay differences between
ROB-GPSand Radiosonde estimationsfor the site of Brussels
over 2001

4.0.2 Comparison of ROB-GPSestimationswith Water
Vapour Radiometer observations

Thesecond stepinthequality assessment isto compareour
ROB-GPSZWD estimatesto WWR ZWD estimates. Figure
7 shows the ZWD differences between WVR and GPS
estimates for the site of Brussels.
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Figure 7: Zenith wet tropospheric delay differences between
ROB-GPS and WV/R estimations for the site of Brussels

For thesiteof Brussals, ZWD differenceshaveamean bias
of 0.33 mmand astandard deviation of 29.06 mm. Thesame
analysis has been done for the site of Wettzell. It showsa
mean biasof -4.78 mmand astandard deviation of 10.60 mm.

The Brusselss WV R agrees very well with the ROB-GPS
ZWD estimations. Nevertheless, this instrument presents
much more variability than the one located in Wettzell.
Further studies need to be done to explain this difference
in variability. Nevertheless, we can already push forward
somehypothesisthat could explain partially thisdifference.
Thefirst hypothesisis that Wettzell has more continental
westher and benefitstherefore of more stableweather condi-
tions. The second hypothesisisthat the WVR of Brussels
could have a"higher instrumental noiselevel" inthe deter-
mination of the ZWDs than the WV R of Wettzell. Indeed,
thesetwo WV Rshaveacompletely different design. There-
fore, new investigationsin that domainisrequired and will
bepartialy achievedthrougha"WV R calibration campaign”
in Wettzell during the summer of 2002.

4.0.3 Comparison of ROB-GPS estimations with the
CODE-GPS estimations

After having compared the{\d ROB-GPSZWD estimates
with the two other independent techniques, we have com-
pared them to GPS estimates done by the CODE analysis
center. Figure 8 showsthetime seriesof ZWD differences
between the ROB and the CODE estimates. Both estimates
agreewithamean biasof -1.56 mmand astandard deviation
of 7.55 mm for the site of Brussels.
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Figure 8: Zenith wet tropospheric delay differences between
ROB-GPSand ROB-CODE estimationsfor thesiteof Brussels

Table 3. Summary of the comparisons between ROB and
CODE zenithtotal delay estimates. Dentergemand Waremme
arenot processed by the CODE analysiscenter and therefore
arenot listed in the table

Station Mean Bias Sd. Dev.
Brussels -0.76 mm 6.66 mm
Kootwijk -1.76 mm 6.59 mm
Potsdam -1.02 mm 6.43 mm
Wettzell -1.87 mm 6.60 mm
Zimmerwald +5.06 mm 6.80 mm
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Thesameanalysishasbeen donefor each station processed
by the CODE analysis center. The results of this analysis
canbefoundinthetable3for other stationsof the network.
All the station within the network present similar results
except the site of Zimmerwald. This site presents a mean
bias of 5 mm.

4.0.4 Comparison of ROB-GPS estimations with the
EUREF-GPS estimations

Finally, we have compared our ROB-GPS estimates with
the EUREF estimates combined by the Bundesamt fir
Kartographieund Geodasie (BK G). For the comparisonwe
have used the SINEX tropospherefilesof the EUREF data
center.

We have divided the data collection into two subsets. The
first onestartsat DOY 105 and endsat DOY 244 of 2001.
The second startsat DOY 245 and spends until the end of
2001. Thereason of thissubdivisionisdueto achangein
the estimation strategy of theEUREF CB. Figures9 and 10
show the Brusselstime series of the ZWD differences for
both subsets. Tables4 and 5 summarize the corresponding
statistics for each network's site.
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Figure 9: Zenith wet tropospheric delay differences between
ROB-GPSand ROB-EUREF estimationsfor thesiteof Brussels
(from DOY 105 to DOY 244)
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Figure 10: Zenith wet tropospheric delay differences between
ROB-GPSand ROB-EUREF estimationsfor thesiteof Brussels
(from DOY 245 to DOY 365)

Table 4: Summary of the comparisons between ROB and
EUREF ZWD estimates (from DOY 105 to DOY 244) for
each station within the network

Station Mean Bias Std. Dev.
Brussels 5.64 mm 7.23mm
Dentergem 6.25 mm 6.69 mm
Kootwijk 3.54 mm 6.48 mm
Potsdam 3.99 mm 6.83 mm
Waremme 9.28 mm 6.89 mm
Wettzell 3.40 mm 6.79 mm
Zimmerwald 9.77 mm 6.57 mm

Table 5: Summary of the comparisons between ROB and
EUREF ZWD estimates (from DOY 245 to DOY 365) for
each station within the network

Station Mean Bias Std. Dev.
Brussels -1.67 mm 6.62 mm
Dentergem -0.55 mm 6.14 mm
Kootwijk -1.52 mm 5.81 mm
Potsdam -2.67 mm 6.18 mm
Waremme +0.73 mm 6.16 mm
Wettzell -2.04 mm 6.44 mm
Zimmerwald +6.02 mm 6.60 mm

Table6: Satisticssummary of the comparisonsfor Brussels

Brussels Mean Bias Std. Dev.
ROB vs. RS +0.82 mm 4.40 mm
ROB vs. WVR +0.33 mm 29.06 mm
ROB vs. CODE -1.56 mm 7.55 mm

Table6: Satisticssummary of the comparisonsfor Wettzell

Wettzell Mean Bias Std. Dev.
ROB vs. WVR -4.78 mm 10.60 mm
ROB vs. CODE -3.28 mm 6.02 mm

5. Conclusions

Inthis paper, we compare the zenith wet delays computed
using threeindependent techni quesof observations. namely,
GPS, Radiosondeand Water V apour Radiometers. Weshow
that zenithwet delayscomputed from Radiosondeand GPS
at Brussel sagreevery well with mean biasof 0.82 mm. We
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also giveevidencesthat the ZWDsestimated using our GPS
processing strategy agreewiththe WVR ZWDswithamean
bias of 0.33 mm at Brussels. Finally, we show that ZWDs
estimated at the ROB agreewith ZWDsestimated by CODE
and EUREF analysis centerswithin the two millimeters of
ZWD.
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