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ABSTRACT

It has been recommended that, “in precise [static]
applications where millimetre accuracy is desirdtg
delay must be estimated with the other geodetintifies

of interest” [McCarthy and Petit, 2004, p. 100]. Ngh
that recommendation is common practice in static
positioning, tropospheric delay remains as one haf t
main error sources in medium to long-distance kisim
positioning. Its mitigation is more challenging in
kinematic applications because its strong cor@hatvith

the vertical coordinate is aggravated by the need t
estimate the rover position at every epoch.

In this paper we report one further step in our
investigation on the use of Numerical Weather Msdel
(NWM) for predicting tropospheric delays, aiming at
improvements in kinematic applications. We analgze
daylong session. Our results show that NWM vyields a
slight improvement in height bias, with no improwemh

in horizontal bias. Observation residuals show no
significant change.

We have shown that NWM have only marginal
improvement on a 70 km kinematic baseline over -well
established, simpler, tropospheric delay predictrmuels
(Saastamoinen, UNB3m). As ray-tracing in NWM is far
more complex and computationally more expensiva tha
those simpler models, they should be preferred ong
demonstrates that the impact in using NWM troposphe
delay predictions is, indeed, far superior.

INTRODUCTION

GPS radio signals are refracted when they propagate
through the Earth's neutral atmosphere (the bulkto€h

is the troposphere but also includes the stratasphe
Timing (ranging) of GPS signals is delayed (incesBs
compared to what would be measured if the signals
propagated in a vacuum. In other words, the digtanc
measured with GPS signals propagating through the
neutral atmosphere is always greater than the geioale
distance between satellite's and receiver's anseriize
delays (hereafter tropospheric delays) range fr@m?2at
zenith to approximately 26 m at 5° elevation-anfge,a
station on the geoid [Seeber, 2003].

It has been recommended that, “in precise [static]
applications where millimetre accuracy is desirdug
delay must be estimated with the other geodetiniifies

of interest” [McCarthy and Petit, 2004, p. 100]. Ngh
that recommendation is common practice in static
positioning, tropospheric delay remains as one haf t
main error sources in medium to long-distance kisim
positioning. Its mitigation is more challenging in
kinematic applications because its strong cor@hatvith

the vertical coordinate is aggravated by the need t
estimate the rover position at every epoch.

Whereas some authors recommend that the simultaneou
estimation of position and tropospheric parametses
avoided [Schiler, 2006], others have tried to owere
this limitation [Dodson et al., 2001]. Both apprbes
would benefit from more realistic initial valuesrfthe
troposphere, such as the ones given by Numerical
Weather Models (hereafter NWM) [Cucurull et al.02(

NWM are generated by “the integration of the goumgn
equations of hydrodynamics by numerical methods
subject to specified initial conditions” [Glickma&000].
Global and regional NWP models are produced dajly b
several meteorological agencies throughout the dyorl
mainly for weather forecasting purposes.



In addition, the marine environment poses unique
challenges, due to, e.g., rapid-varying weatheditmms
and large gradients in pressure, temperature, amidity
from mainland to sea.

In this paper we report one further step in our
investigation on the use of Numerical Weather Msdet
predicting tropospheric delays, aiming at improvataen
kinematic applications. In the past, only 1 h [Nieski et
al., 2005; Ahn et al., 2006, Cucurull et al., 2Q02]h
[Cove et al.,, 2004], and 6 h [Jensen, 2002] kinemat
sessions were analyzed; we speculate that is duleeto
large amounts of data that comprises NWM. In tlipgy
we analyze a daylong session.

Our paper is organized as follows. First we descthe

data used and the methods employed. Second we show
and discuss the results obtained. The paper figiglih a
summary of our findings.

DATA

We used dual-frequency GPS observations colledtdd a
Hz sampling rate, over 1 full day, at 2 base statiand at
one rover station. We downsampled the data to’3@te, Figure 2: Map of the base stations.
in order to allow us to experiment with different
processing settings in a timely manner. The rower i
installed on a ferry boat (Figure 1) that goes baokl
forth across the Bay of Fundy, South-Eastern Cgnhada
between the cities of Digby (N.S.) and St. JohrB(N.75

km apart (Figure 2). The day selected was SepteBber
2004, the most recent day for which we have fullSGP
data at the 3 stations, collected during the yearlo
Princess of Acadia Project [Santos et al., 2004]ririy
that day the ferry crossed the bay 6 times.

We also used grids from the Canadian Global
Environmental Multiscale Numerical Weather Model
[Coté et al., 1998] (Figure 3). Its resolution ssfallows:

15 km nominal (horizontal); 28 variable-height iadb
levels plus 1 ground level (vertical); 3 h (tempprahe
NWM is initialized every 0 and 12 h UTC, at which 3- 0
hourly grids are issued covering the following 48 h

period. For the full day of September 30, 2004, used -1000
the following grids (in the format initializationpech +
forecast intervals): September 30, 0 h +0,+3,+6ht9
September 30, 12 h +0,+3,+6,+9 h; and OctoBSer01h
+0 h.

Figure 3: 3-dimensional refractivity field (unitis as
given by the Northern half of the GEM NWM. Height
exaggerated 100 times.
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We also used profiles of meteorological data (press
temperature, and relative humidity), collect by
radiosondes launched from 89 sites over all ofNki¢M
continental extent (Figure 4), at September 30JUT&.

-2000-1000 0 1000 2000 3000 4000
Easting (km)

Figure 4: Location of the radiosonde launchingssite



METHODS

Generation of the NWM

predictions

tropospheric  delay

We employed the ray-tracer described in Nievingkale
[2005]. In the past, we have ray-traced directlgnsl
delays; for this paper, we decided to ray-trace aehith
delays and map them to lower elevation angles using
Niell's mapping function [Niell, 1996]. The motiiah
for that was to reduce the total ray-tracing pregestime
— in effect, we reduced it by a factor of 7, theame
number of visible satellites. The justification fonat
decision is that it is valid to study separatelg trelay at
zenith and its elevation-angle dependence. Perhaps
not only valid but also more useful, since it altoane to
make separate conclusions about the usefulness\tfl N
for each aspect. In effect, we have put the studithe
second aspect (see, e.g., B6hm and Schuh, 20Reut
the scope of this paper.

Generation of the GPS positioning results

We had two scenarios: one is the kinematic prongssi
a moving rover; another is the kinematic processifhig
stationary rover. In each scenario we had (i) aresfce
solution and (ii) test solutions. Solution (i) stebbe more
accurate and precise than any of (ii), so as mnalls to
safely attribute any discrepancy between the twertors

in (ii).

In the stationary rover scenario, the test solstiarere
generated taking one of the base stations as rdves.
reference solution comes from a weighted averagb of
static, precise point positioning daily solutiogspanning
September 27 to Octobe¥, 2004 (inclusive).

The moving rover scenario is more challenging bseau
e.g., cycle slips will be more numerous and moficdit

to detect and fix. The test solutions are the ildial
baseline solutions Digby-Ferry and St. John-Fefiye
reference solution is a multi-base station solytion
which the GPS observations collected at both base
stations and at the Ferry are processed in the same
Kalman filter. This multi-base station solution b&tter
than processing each individual baseline separataty
adjusting the ferry positions after the fact.

For the GPS kinematic processing, we employed
NovAtel's (Waypoint Products Group) GrafNav Batch,
version 7.60. We applied a 10° cut-off elevatiomlan
and satellites were weighted inversely proportidoathe
sine of their elevation angle. The L2 signal wasduto
help fix ambiguities. The L2 signal was also used t
correct for ionospheric delay in all but the midéise
station solution — for discussion, please see@edtelow.

We evaluated two tropospheric delay prediction n®ie
addition to NWM: UNB3m [Leandro et al., 2006] and
Saastamoinen with standard weather parameterseaéduc
to the station height. For the multi-base statiotution

we employed the Saastamoinen model only. We did not
estimate residual tropospheric delay in any kinémat
solution.

For PPP processing, we employed the Canadian Spatia
Reference System on-line PPP applicdtidh predicts
zenith tropospheric delay with Saastamoinen model a
used in this paper, and also estimates residual
tropospheric delay every epoch.

Validation of the NWM tropospheric delay predictions

To validate the NWM tropospheric delay predictions
compared them to radiosonde predictions. Radiosinde
often employed as benchmark in the validation of
tropospheric delay prediction models (e.g., Mendes,
1999). It gives us hydrostatic and non-hydrostptctial
delays separately, allowing us to validate each
component.

Validation of the GPS positioning results

We validated the GPS positioning results to asaer&ad
reliable reference solutions vis-a-vis their respectest
solutions. To do so, we checked the following two
statistics: formal standard deviation and forwardérse
solution separation. Even though usually the regubrt
formal standard deviations are too optimistic, wpest
them to be consistently larger and smaller for waaad
better solutions, respectively. The forward/reverse
separation is the discrepancy between the two isakit
given for the same baseline, obtained using exabty
same data and settings, as a feature of Kalmansfittuch
as the one employed in GrafNav. Again, it is n&aly a
measure of accuracy, but we expect it to be candigt
larger and smaller for worse and better solutisosas to
allow us to use these statistics to draw a conmfuabout
the relative quality of reference and test solwgion

Assessment of the impact of NWM tropospheric delay
predictions on the GPS positioning results

For both moving and stationary rover scenarios, we
assessed the accuracy of the rover test solutmrbet
respective reference solutions. We also checkeglibse
and code measurement residuals.

! <http://www.geod.nrcan.gc.ca/ppp_e.php>



RESULTS AND DISCUSSION
Validation of the NWM tropospheric delay predictions

We compared NWM delays against radiosonde delays at
the epoch September 30, 2004, 0 h UTC. We found
centimetric biases and spread (summarized in Taple
out of an average total delay amounting to 2.3 m.

Please notice in Figure 5 that the bias and spiresatal
delay correspond, respectively, to a bias in thdrdstatic
component and to a spread in the non-hydrostatic
component. The bias can be explained by an inattura
transformation to geopotential heights, as pathefray-
tracing procedure. In the past we have found decime
biases for this reason [Nievinski, 2005], which svéiked

and reduced to the level presented here. The spsead
expected for the non-hydrostatic delay, function of
humidity hence highly variable and harder to predic
Also notice that the spread decreases towards thighe
latitudes; again, that is expected, since humiditthe air
decreases towards the pole.

To further investigate the bias found in hydrostalkelay,

we compared the NWM ray-traced value to the value
obtained using Saastamoinen’s formula and surface
pressure as interpolated in the NWM (we call this/M
self-discrepancy in hydrostatic delay). Comparisssults
shown in Figure 6 resemble closely the discrepancie
found in hydrostatic delay between NWM and
radiosonde. That is an ongoing research issue.

Table 1: Statistics (in cm) for discrepancy betwiikM
and radiosonde delays.

Mean | Rms Std
Total Delay 1.05 1.29] 0.75
Hydrostatic Delay 115 1.18 0.25
Non-Hydrostatic Delay -0.1] 0.69] 0.69

Table 2: Statistics (in cm) for NWM self-discrepgna

hydrostatic delay.

Mean

Rms

Std

Hydrostatic Delay

1.24

1.26

0.22
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Figure 5: Discrepancy (in cm) between NWM and
radiosonde delays. Top panel: total delay; Cerdaeep
hydrostatic delay; Bottom panel: non-hydrostatitage
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Figure 6: NWM self-discrepancy in hydrostatic defay
cm).



Validation of the GPS positioning results — statioary
rover scenario

The reference solution in the stationary rover aden
provides coordinates with milimetric repeatabiliand

Validation of the GPS positioning results — moving
rover scenario

First we inspected the forward/reverse separatimhadso
the formal standard deviations (Table 6 and Tahple 7

sub-milimetric formal standard deviations (Table, 3)
which we consider too optimistic. A more realidigure

is given by Kouba [2003], who demonstrates thatwit
PPP and IGS products one can estimate station

Table 6: Rms (in cm) of forward/reverse separation.
(Leftmost column indicates base station).

coordinates with centimetric accuracy. Height Latitude Longitude
Table 3: Base station coordinates. no mode_l 19.3 13.9 8.7
St. Saastamoinen 14.8 7.3 6.3
Height Latitude Longitude John UNB3m 11.6 5.6 7.2
Digby 37.4462 440 37 -65° 45' NWM 15.6 5.9 5.4
m  13.790254" 34.9665" no model 33.9 15.8 20.9
(std) 2.0 mm 0.4 mm 0.9 mm Dighy | Saastamoinen 6.5 3.9 3.7
St. John | 4.5362m 45° 16' -66° 03" '95Y 1 UNB3m 6.6 3.4 5.0
17.54366" 46.686244" NWM 6.4 3.4 4.7
(std)| 2.0mm 0.6 mm 1.2 mm Multi-base station 7.3 4.4 4.5

We inspected the statistics for the test soluti@rable 4
and Table 5). We give statistics only for the biaselith
Digby as base and St. John as rover because tbhadsec

Table 7: Formal standard deviations (in cm). (L&
column indicates base station).

baseline (with exchanged base and rover) has valiies Height Latitude Longitudé
nearly identical magnitude and biases with revesigd. no model 73 2.0 28
Since those figures are all larger than 1 cm, wekmled . ' ' '
. : . St. | Saastamoinen 7.3 4.0 2.8
that the PPP solution can be used as a relial#ecrafe in John UNB3m 6.7 37 26
the stationary rover scenario. NWM 6.6 37 56
Table 4: Rms (in cm) of forward/reverse separation; no model 6.4 3.6 2.7
baseline with Digby as base and St. John as rover. Digby Saastamoinen 6.5 3.6 2.7
Height Latitude Longitude UNB3m 6.0 3.3 24
no model 51.8 21.1 26.4 ) NWM. 6.4 3.3 24
Saastamoineh 9.6 6.6 57 Multi-base station 3.6 2.1 15
UNB3m 6.9 3.7 3.7 L )
NWM 70 38 38 The overall statistics are consistently better foe

reference, multi-base solution, than for any of thst
solutions. Yet, a closer inspection at the timeeseof
those discrepancies reveals that, even though tilg-m

Table 5: Formal standard deviations (in cm); baseli
with Digby as base and St. John as rover.

Height Latitude Longitude base station solution is almost always better ttan

individual baseline solutions, during certain pdsdt is

no model 8.4 4.8 4.0 L 4 )
. not significantly better, as required for a relabl

Saastamoinen 8.0 4.4 3.1 ; ; .
reference. For instance, Figure 7 shows that thghhe
UNB3m 7.0 3.9 2.7 formal standard deviation for the multi-base statio
NWM 7.0 3.9 2.7

solution approaches that of NWM-corrected baseline
solutions during certain periods.



O Multi-base
St. John--Fery baseline
+  Digby--Ferry baseline

Ellipsoidal Height Formal Std. (m)

Time (hour of the day, GPST)

Figure 7: Time series of rover height formal stadda
deviation yielded by multi-base station and NWM-
corrected individual baseline solutions.

Those periods can be defined based on the distdrtbe
Ferry to the nearest base station (Figure 8). Ameted,
the closer the Ferry is to any base station, thebthe
multi-base station solution will be. Whenever that
distance exceeds a certain threshold, the mulg-bas
station solution, even though better, can no longer
relied upon as a reference solution for the indiaid
baseline solutions. Empirically we have set tha¢shold
value to 20 km.

80
60
40

St. John
Digby

0 6 12 18 24

0 6 12 18 24
Time (hour of the day, GPST)

Figure 8: Top panel: distance from Ferry to eithese
station (in km); Center panel: distance from Feory
nearest base station (in km); Bottom panel: hefgtmal
standard deviation for the multi-base station sotufm).

In addition to an upper distance threshold appi@the
reference solution, we applied a lower distanceshold

to the test solutions. The later is needed becagseo
not expect much different impact of different pititin
models on short test baselines. As the Ferry gaek énd
forth between Digby and St. John, their respective
individual baselines get shorter and longer, and th
across-receiver observation differencing technigets
more and less effective in cancelling out the tsgtric
delay common at both base and rover stations. Wihide
length of a test baseline is smaller than a giveeshold
(baseline height offset being negligible), theraas much
relative, residual, tropospheric delay left for firediction
models to correct for. Empirically we set that #ireld
value to 40 km.

To summarize, the combined criteria for meaningful
discrepancies is that the distance to the nearase b
station in the reference solution be smaller th@nkeh,
and the distance to the base station in the tésticao be
larger than 40 km. Figure 9 depicts that criteria
graphically (contrast it with Figure 8, top and tn
panels). Please note we are intentionally discgrdime
epochs at which one could not draw conclusions &itau
impact of different tropospheric prediction models.

\ANNANNAT

% St. John
40+ +  Digby
e Multi-base station

TUUJV VL

80
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0

Distance to (nearest) base station (km)

Figure 9: periods of each solution for which we daaw
conclusions about the impact of different troposjghe
prediction models.

Figure 9also helps us explain why we decided to use L2
for ionospheric correction in the test solutiondyotout

not in the reference solution. The increased-noise
ionospheric delay-free observable is beneficial fioe
individual long-baseline solutions, but would be
unnecessary and even harmful in our multi-basaostat
solution.



Impact assessment — stationary rover scenario

As in for its validation, we show results only ftne
baseline with Digby as base and St. John as rdves.
corresponding figures would be flipped around theog
axes.

NWM vyields an improvement in height bias, with no
improvement in horizontal bias. Scattering in Idnde is
slightly improved as well. Observation residuals
surprisingly show no significant change, even when
use no tropospheric model.

Table 8: Rms of observation residuals (in m); statry
rover scenario.

no model

Saastamoinen

UNB3m
NWM

C/A Code| L1 Phas¢
0.72 0.037
0.71 0.018
0.74 0.020
0.74 0.020

Table 9: Statistics for discrepancy (in cm) betwtsst and reference solutions; stationary rovenage.

Height Latitude Longitude
mean rms std mean rms std mean rms st
no model -7.8 25.2 23.9 8.2 13.7 11 2.6 17.2 17.0
Saastamoinen -2.6 6.7 6.2 0.2 3.7 3.7 1.2 4.1 4.0
UNB3m -2.5 6.0 5.4 0.2 3.2 3.2 1.2 2.7 2.4
NWM -0.9 5.0 4.9 0.0 3.2 3.2 1.1 2.5 2.3
0.15

Discrepancy in Ellipsoidal Height (m)

Time (hour of the day, GPST)

Figure 10: Time series of discrepancy in heiglatishary
rover scenario.

Discrepancy in Latitude (m)

Figure 11:
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Horizontal discrepancy; stationary rosegnario.



Impact assessment — moving rover scenario

Overall, NWM improves the baseline St. John-Ferry
(Tables 10 and 11, Figures 12 and 13), both in brabs
rms for all coordinates. As for the baseline Dighiyerry
(Tables 10 and 11, Figures 14 and 15), NWM only
marginally improves the statistics, with a worsgnin
height compared to UNB3m. Again, the observation
residuals surprisingly show no significant changeen
when we use no tropospheric model.

Table 10: Rms of observation residuals (in m); mgvi
rover scenario.

C/IA L1
Code Phase
no model 1.23 0.026
St John Saastamoinen  1.22 0.020
UNB3m 1.22 0.022
NWM 1.23 0.021
no model 1.07 0.031
Digby Saastamoinen  1.05 0.016
UNB3m 1.05 0.018
NWM 1.05 0.018

Table 11: Statistics (in cm) for discrepancy betwtsst and reference solutions, moving rover séenar

Height Latitude Longitude
mean rms std mean rms Stq mean rms std
no model 10.2 16.1 12.5 -8.1 10.2 6.2 -0.8 6.4 6.3
St. John Saastamoinen 2.4 10.5 10.2 -1.6 5.2 4.9 -2.8 51 4.3
UNB3m 4.3 8.0 6.8 -1.9 4.8 4.4 -1.3 3.1 2.8
NWM 1.5 5.8 5.6 -0.9 3.3 3.2 -0.8 2.8 2.6
no model 10.0 21.5 19.1 4.9 11.7 10.6 -5.6 11 9.4
Digby Saastamoinen -1.9 5.9 55 0.3 4.1 4.1 1.0 2.3 2.0
UNB3m -0.5 8.4 8.4 -0.8 4.6 4.5 -1.5 4.0 3.7
NWM 0.9 9.2 9.1 -0.6 4.3 4.2 -1.5 3.8 3.5
CONCLUSION Our aim is to determine the baseline length forclvhi

We have shown that NWM have only marginal
improvement on a specific 70 km kinematic basetiner
well-established tropospheric delay prediction niede
(Saastamoinen, UNB3m). As ray-tracing in NWM is far
more complex and computationally more expensiva tha
those simpler models, they should be preferred ongé
demonstrates that the impact of NWM tropospheriayde
predictions is, indeed, far superior.

ONGOING AND FUTURE WORK

To introduce the predicted delays, currently we @ye
converting the receiver-specific observation filés
RINEX and then (ii) subtracting the predicted dslépm
the raw observations, vyielding corrected RINEX
observation files. We are aware that this appraaafiot
the best, in the sense that in (i) we may loserin&tion
about cycle slips already detected by the receigeif,
and in (ii) we may be introducing additional cydléps.
Therefore we are working to be able to introduce th
predicted delays at the estimation level.

As future work, we plan to process a number of weyy
length baselines (from, e.g., 50 up to 1,000 knijese
will be stationary rovers processed in kinematiamoso
as to allow us to assess their accuracy by conpahia
rover position solutions to their known static smnos.

NWM tropospheric delay starts to be far superiowédl-
established, simpler tropospheric delay predictmuels.

As a long-term goal, we would like to extend thalgsis
presented in this paper to yearlong sessions, & @sver
different seasons and anomalous atmospheric condliti
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