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ABSTRACT

When operating in an airborne environment, test results
have shownthat ambiguity resolution is particularly
sensitive to errors in the troposphernielay models
applied to the carrier phasgbservations. Since the
aircraft is at a higher altitudéhan the ground-based
reference station, the model must accurately represent the
relative tropospheric delay caused lge altitude
difference. In kinematic applicationsthe zenith
tropospheric delaycan be determined with prediction
models such as Saastamoinen’s using pressure,
temperature, anthumidity measurements. This zenith
delay isthen mapped to other elevation angles using
mapping functions such as those of Ifadis or Niell.

This paper highlights the performanceseiveralwidely
used tropospheric delay modelsicluding the model
currently proposed fathe FAA’'s WAAS. The accuracy
of this model is assessed by (1) comparisons with ray
tracing through anextensive set of radiosondgata,
covering different latitudesand (2) analyzing position
solutionsand the carriephase observation residuals of
GPS flight tests. We concludbkat (1) the tropospheric
delayerror is mainly due to the inaccuracy of thenith
delay determination, anq2) a combination of a zenith
delay modelwith the Niell or Ifadis mapping functions
yields improved solutions, as comparedthe currently
proposed WAAS model.

INTRODUCTION

The needfor accurate navigation with GPS lead to the
implementation of various differential GPEDGPS)
techniques. In DGPS, correctioae broadcast to a user
from a known reference station or stations, in order to
eliminate or minimize differentrange measurement
errors. Different implementations @GPS techniques
are mainly conditioned by the areaerwhich thesystem

is intended tocover. Local area differential GPS
(LADGPS) and wide area differentialGPS (WADGPS)
are thetwo general categorieasnder which mossystems
fall.



The Wide Area Augmentation System (WAAS),
proposed byhe Federal Aviation AdministratiofiFAA),
is perhaps the most importatWADGPS currently
planned. It is intended tprovide GPS navigation for
aircraft across North Americaand, eventually,
worldwide. Recentiterature (e.g. Shaw el., [1995])
indicates that WAAS will be used far-flight navigation
and CAT-l precision approaches. Additionally, a
supplemental LADGPS, possiblysing carrier phase
positioning, will eventually be used for CAT-Il and CAT-
lIl precision approaches. Theystem contract has
recently been awarded witthe intention of having
WAAS fully operational by the year 2001 [Johns, 1995].

Actually WAAS is morethan just a GPS differential
correction service becausetbe plannecemployment of
INMARSAT geostationary satellites to not only broadcast
differential corrections, but also GPS-like signals on the
L1 frequencyandintegrity data. This augmentation of
GPS will help to provide improved positioniragcuracy,
availability, and integrity.

One important residual err@ourcethat will contribute

to the overall errobudget of WAAS is any mismodeling
of the tropospheridelay experienced lthe GPS signals
propagating through the electrically-neutral atmosphere.
In this paper, theaccuracy ofthe proposed WAAS
[DeCleene, 1995] tropospheric model is assessed.

TROPOSPHERIC DELAY

A radio signal traveling through the neutral atmosphere
suffers a delay (mostly due tbe lowest-mostregion of

the atmosphere — the troposphere), which cadelfieed

at the zenith (zenith tropospheric delay) as:

ra ra
diop = f[N(n=1] dr=10°f N dr
rS rS

where n is the refractive index, N is the refractivityisr
the station geocentric radiasd g the radius of the top
of the neutral atmospherfor more details, see, for
example, Mendesand Langley [1994]). The zenith
tropospheric delay is wusually dividednto two
components, designated as hydrostatic (or dngwet.
The hydrostatic component of ttmenith delay can be
modeled very accuratelgrovided goodstation pressure
measurements are available. Tiwet component is
spatially and temporally highly variableand poorly
predicted by models (see Mendes and Langley [1995]).

The zenithdelay can be related to thdelay that the
signal would experience at other elevation angles through
the use ofmapping functions. If the mapping functions

are determinedeparately fothe hydrostatiand the wet
component, the tropospheric delay can be expressed as:

dtrop = d%\ |:mh (8) + dSV DmN (8)

where d, is the zenitidelay due to mostly dry gases;, d
is the zenithdelay due to water vapor, ynis the
hydrostatic component mapping functiony s the wet
component mapping functioande is the non-refracted
elevation angle at the ground station. In ¢lagly years
of space geodesyhe tropospheriaelay modelshad no
explicit separation of zenittlelayand mappindunction.
We will designate such models as tropospheiitay
models.

The number of available tropospheridelay models,
zenithdelay model&nd mappindunctions isvery large.

The performance offifteen mapping functions was
assessed by Mendasid Langley [1994]and theimpact

on station coordinates of thase of thesemapping
functions was analyzed byanterre et al. [1995]. The
assessment of four of “the beg@nithwet delay models
can be found in Mendes and Langley [1995]. Besides the
WAAS tropospheric delay model, we have selected for
comparison purposes: (hyo tropospheric delay models
widely used in navigation applications, designated
Altshuler [Altshuler and Kalaghar974] and NATO
[1993]; (2) the Ifadis [1986¢lobal hydrostaticand wet
mapping functions; (3) the Niell [1995] hydrostatic and
wet maping functions, also designated as NMF. The
Ifadis and NMF mapping functions apeth coupled with

the Saastamoinen [1973] zenhkdrostatic delay model
and thelfadis [1986] globakenithwet delay model. For
the sake of simplicity we hereafter will designétese
combinations as Ifadis and NMF, unless stated otherwise.

Both the Altshuler model and the WAAS model, which is
derived from Altshuler’'s [DeCleene, 199&ie driven by
the station’s heighabovesea level, station latitude, and
day of year.The NATOmodel uses a reference value for
the surface refractivityand the heightibovesea level for
the determination of the zenith todglay. This delay is
then mapped using the Chao [1972lry mapping
function. The NMF and Ifadis mapping functions
represent different philosophies in modeling the elevation
angle dependence tfie troposphericelay. The Ifadis
mapping function is parameterized by pressure,
temperatureand water vapor pressure (both for the
hydrostaticandwet mapping functions), whilst the NMF

is parameterized bylay of year,station latitude and
station height (hydrostatic mapping function), and station
latitude only (wet maping function). Despite the
different approaches, these mapping functisiow
comparable accuracy (see Mendesl Langley [1994]).



The Saastamoinen zenitfydrostatic delay model is a
function of the surface pressure, statioheight and
latitude, and thelfadis zenith wet delay model is a
function of pressure, temperaturend water vapor
pressure.

MODEL ASSESSMENT

For theaccuracy assessment, we used ray-tracing results
as benchmark values, for different sites (for details see
Mendesand Langley [1994, 1995]). The results of this
comparison are listed ifables 1and 2. In general,
NMF and Ifadis show alow bias, as compared with the
other models,and the scatter aboutthe mean is
consistently smaller. The performance of these two
models is vensimilar, asexpected. Overalthe WAAS
modelhas a largebiasthan theAltshuler model, but a
lower scatter. The NATO model performs the worst.

The logical next step imodel assessment would be the
confirmation of these results in a kinematic environment.
The availability of reliablemeteorologicaldata is an
important issue. If themeteorologicaldata is not
available, standard atmosphenmofiles to take into
account the lapse rate of theeteorological parameters
with altitude have to be introducegind may lead to
incorrect zenith delay determinations. Thedels which

do notrely on meteorological parameters will apparently
have an advantage ovdre others, unless the modeling
of the elevation angléependence dhe delay is poor.
From Mendesand Langley [1994] we knowthat NMF
andlfadis mapping functions hawery small biases, and
the largerbiases seen ithe results presented here are
nothing otherthan theamplification of the errors in the
zenithdelay determination. For th&VAAS model, it is
difficult to separatethe zenithdelay error from the
mapping function error. Due tothe advantage of not
relying on meteorologicatlata, wechose NMF as the
reference mapping functions for testing against WAAS in
the analysis of a set of kinema@PSdata, takeraboard

a Convair-580 aircraft. Tavoid the propagation of
errors in the zenithwet delay determination, due to
uncertainties in the measurement of theteorological
parameters, we uséde Saastamoinen [1973] zenith wet
model, which uses the partial pressdoe to water vapor
only. Inthe absence oérrors, Ifadisand Saastamoinen
zenith wet models have comparable accuracy [Mendes
and Langley, 1995].

FLIGHT DATA DESCRIPTION
The flight dataprocessed for owstudy wagart of a data

set collected byhe National Research Coundanada,
at and around St. JohnNewfoundland, in March 1995.

The campaign (denominatdttizzle '95 was primarily
conducted betweethe latitudes of 49\ and 52N and
longitudes 57W to 47W.

The main objectives of the campaign included:
studying stratiform drizzle formation, particularly
over sea ice;
studying drizzle formation from frontal lifting;
measurement of ice accretiomnd testing of
measurement systems;
testing of a de-icing scheme;
studying the change in aircraft performance with ice
accretion.

The flight pathsconsisted of repeated horizontal and
vertical profilesthrough cloud layers up tdheights of
approximately 8km. Frontal zones and temperature
inversions areoften associated with potential causes of
freezing precipitationand therefore provide highly
unpredictable conditions for tropospheric delay modeling.

The GPS data consists of 14 days of dual-frequency
pseudorange and carrighase measurements recorded at
two secondntervals. Datavere simultaneously recorded
by an Ashtech Z-12 receivesind NovAtel GPSCard
single-frequency receiver, both dhe aircraft and at a
ground reference station in St. John’s. Range corrections
weretransmitted from theeference station tthe aircraft

for real-time positioning. The data from each day
generally consists of one three-to-fivieour flight.
Meteorological parametersiere recorded at both the
ground station and the aircraft. The ground
meteorologicaldata is available at one minute intervals
and the airborne data every second.

A subset ofthe data hasbeen analyzedusing the
Kinematicand Rapid Static (KARS) softwardeveloped
by Dr. Gerald Mader at the Nation&eodetic Survey,
NOAA. It usesthe ambiguity function method [Mader,
1992] for resolvingthe carrier phase ambiguities. The
generous provision of theource codehas allowed the
implementation of most of the currentlavailable
tropospheric delay models. However, dugh® nature of
the processingoftware, which requires dual-frequency
GPS observations, we have limited adaita analysis thus
far to the Ashtech Z-1Zeceiver observations. It is
intended toprocessthe single-frequencydata in the
future, along with similar datgrovided aspart of the
Beaufort Arctic Storms Experiment, undertaken at
Inuvik, N.W.T., in October, 1994. Because of the
geographic locatiorand nature ofthese projects it is
expectedthat the datawill provide a good test of the
currently available tropospheric delay models.



STATION € (°) AL NATO WAAS | IFADIS NMF
15 -7 47 -21 -2 -2
Alert 10 -2 69 -21 -3 -4
5 9 137 81 -6 -10
15 -35 -50 -51 -2 -2
Denver 10 -43 -72 -64 -3 -3
5 -74 | -117 15 -4 -4
15 11 45 -6 -3 -3
Frobisher 10 24 66 1 -5 -5
5 57 132 126 -9 -12
15 -59 4 -44 4 4
Grand Junction 10 -79 6 -56 6 6
5| -127 21 -2 11 11
15 -57 4 -28 1 1
Guam 10 -75 6 -33 1 1
5| -119 20 45 3 2
15 2 39 -15 -3 -3
Kotzebue 10 12 58 -11 -4 -4
5 35 119 105 -8 -8
15 -15 -7 -29 -6 -6
Nashville 10 -13 -9 -33 -9 -9
5 -10 -1 70 -16 -18
15 3 12 -14 5 5
Oakland 10 14 19 -9 8 8
5 43 51 117 16 15
15 -39 -46 -53 -4 -4
San Juan 10 -45 -66 -66 -6 -5
5 -77 | -107 13 -10 -9
15 2 21 -13 -5 -5
St. John's 10 12 31 -9 -7 -7
5 38 72 112 -12 -14
15 -5 26 -14 -3 -3
The Pas 10 2 38 -10 -5 -5
5 19 83 106 -9 -10
15 -29 28 -16 0 0
Whitehorse 10 -34 42 -14 0 0
5 -47 87 88 -1 0

Table 1 - Mean troposphertelay error for 15°, 1 and 5 elevation angle. The
values representhe mean differences betweerthe troposphericdelay model
predictions and ray-trace results, in centimetres. (Note: AL = Altshuler)



STATION € (°) AL NATO WAAS | IFADIS NMF
15 10 12 9 3 3
Alert 10 14 17 13 5 5
5 27 28 23 8 10
15 21 22 21 18 18
Denver 10 31 32 31 26 26
5 60 60 58 49 48
15 13 16 12 6 6
Frobisher 10 19 23 18 8 8
5 33 40 31 15 15
15 14 17 13 7 7
Grand Junction 10 20 24 19 10 10
5 38 44 35 20 19
15 11 13 11 7 7
Guam 10 17 20 16 11 11
5 31 35 29 20 20
15 14 17 14 6 6
Kotzebue 10 21 25 20 9 9
5 39 45 36 16 16
15 28 30 27 12 12
Nashville 10 41 44 40 18 18
5 79 81 74 33 33
15 13 13 12 10 10
Oakland 10 19 19 18 15 15
5 36 35 34 16 15
15 16 16 16 13 13
San Juan 10 23 24 23 19 19
5 45 46 44 35 35
15 21 24 21 13 13
St. John's 10 31 34 31 19 19
5 57 62 55 35 35
15 11 14 11 7 7
The Pas 10 17 21 16 11 10
5 31 37 28 19 19
15 11 14 11 5 5
Whitehorse 10 16 21 15 8 8
5 30 38 27 14 14

Table 2 - Root-mean-square scatter altbet mean of thalifferences between the
tropospheric model predictiomsd theray-trace results for 2510° and 3 elevation
angle, in centimetres. (Note: AL = Altshuler)



We are using carrier phase data to test WAAS
tropospheric delay model because of the greater accuracy
they provide over pseudoranges. The lower noise and
multipath components should allow us to more
accurately determine any residual tropospheric delay
errors induced by the different models. Our use of
carrier phase data is also germane to the idea of
extending the WAAS concept to a Local Area
Augmentation System (LAAS). This concept requires
carrier phase positioning and on-the-fly ambiguity
resolution to perform precision CAT-Il and CAT-III
approaches.

FLIGHT DATA TEST RESULTS

An important consideration in thtgpe of study ighat a
proper comparison be madetween models. Several
previous studies have showthat the correlation in
meteorological parameters degradesy quickly with
height [Brown and van Diggelen, 1994; Qin et 4095].
Therefore, only where bothair and ground
meteorological data are concurrently available are
comparisons made, rather than using default
meteorological data.

As an example of the kind of data we havecessed, we
present in Figure 1 the carrier phadauble difference
residuals for one hour’s worth dhta,processedvith the
WAAS modeland then theSaastamoinen zenittielay
models with the Niell mapping function. As we
suspected, usinghe Saastamoinemet zenith delay
model proved slightly superiothan using the Ifadis
zenithwet model. The elevationcutoff angle used was
10 degrees. The residuals using tW&AAS model
appear to be more unstaldeer alonger period of time.
This is partlydue to thefact that after two separateycle
slip events at approximately &d 45 minutes into the
data set, the ambiguities aresolved differently(and
incorrectly) than in the Saastamoinen/Niell solution. The
difference is only oneycle onboth L1andL2, but it is
enough to account fothe divergence ofthe residuals
after 30 minutes. Acycle slip also occurs on a low
elevation angle satellite at approximately 30 minutes but
it drops below the cutoff beforeits ambiguities can be
resolved.

Both these plots show some systemdteEnds in the
residualsand by examiningrigure 2 we mighsuggest a
closer correlation withthe distancebetweenthe two
receivers,rather than theirrelative heightdifference.
Over a distance of nearly 200 kilometres, uncorrelated
tropospheric effects and orbit errors should be the
predominate errors. Hence, tbie residuals presented in
Figure 3, which ardrom exactly the same data and
tropospheric model combinations lasfore but processed
with InternationalGPS Service for Geodynamics (IGS)

precise orbits, almostll the systematidrends havéeen

removedand thecycleslips are stillresolved with a one-
cycledifference betweethe two solutions. However, the
biaseghat remain in th&/AAS solutionstand outmore

clearly.

Turning toFigure 4, we consider theffect onthe formal
errors of the position solutionsThis plot represents the
height, northings and easgis (respectivelyreading
downthe y axeskstandard deviation using thoadcast
orbits. We canmmediately se¢hat theprecision of the
height component of théeNVAAS solution is more
sensitive compared to the Saastamoinen/Niell solution at
all times.

Also in Figure 4, onenight note thetwo jumps in the
WAAS height standard deviation. The first, at 30
minutes is also in the Saastamoinen/Niell standard
deviation, but the latter at 51 minutes, is not. Wmsild
suggesthat this ispurely a consequence tife use of a
different tropospheric delay model, howethis is only
thecase in anndirectway. This jump isactually due to
the WAAS model solution solving fothe seond cycle

slip three minutes latethan the Saastamoinen/Niell
solution.

CONCLUSIONS

The ray trace results indicatbat either theNiell or
Ifadis mapping functiong;oupled with astandard zenith
delay model will perform bettethan the proposed
WAAS model. However,reliable meteorologicadlata is
advisable, particularly the pressure (one mbar error in the
pressure introduces about 2 memror in the zenith
hydrostatic delay determination).

The flight data results indicate that the WAAS model can
introduce errors into thembiguity resolution of the
carrier phasesven overshort distancedetween the
receivers, as compared to the Saastamoinen/iiadlel.
These errors are small ¢¥cle) but significantover long
time periods. Thewere alsgresent even when precise
orbits were used to compute the solutions.

The WAAS model solution’s precision is degraded
slightly with respect tahe Saastamoinen/Niell solution
and especially in the height component.

Furtherwork atUNB will involve processing more of the
flight data using differentmodels and with lower
elevation anglecutoffs. The advantages of using a
different model at theeference station frorthatused for
the aircraft will also be investigatedAny improvements
that can benade to the currentlgroposed WAAS model
will be considered and tested.
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Future work will also involve analysis of the NovAtel
data set by our partners BAVSYS Corp., Colorado
Springs, CO, using their own on-the-fly software. This
phase of the analysis program will look specifically at
the effect of tropospheric delay models on aircraft
precision approaches.
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