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ABSTRACT

The electromagneticwaves propagating from the
satellites of the Navstar Global Positioniggstem (GPS)
to a GPS receiver on arear the earth'surface must
travel through the earth's ionosphdB®S receiver users
must correct for the carrier phase advance and
pseudorange group delay imposedtba signals by the
ionosphere to achievthe highestpossible positioning
accuracies. Since a new sofyrcle hasjust begunthis
effect will become increasingly important.

It is possible to use global empiriGhd/orphysics-based
ionospheric models to account fibre ionospherieffect
using single-frequencysPS receivers. Moreover, dual-
frequency GPS observatiomsin also allow us to take
advantage of thdispersivenature of the ionosphere and
compute the total electron content (TEC). The permanent
network of GPS receivers administered by the
International GPS Service for Geodynamics (IGS) may
be used to determine the spatial and temporal variation in
TEC. Several analysiand processing centers of the IGS
are currentlydevelopingthe capability to make TEC
maps available to users as an official IGS produdthis
paper, we report on these of five weeksiorth of dual-
frequency GPS pseudorangend carrier phase
observations from 6 European IGS stations to derive
regional TEC values.

Furthermore, we have investigated tlee of a modified
version of the latest InternationBleference lonosphere
model enhancement of IRI-90, also designated as IRI-95,
to provide ionosphericange errorccorrections for single-
frequency GPS users. We used our GPS-derived TEC
maps to provide updates the IRI-95 model on an
hourly basis. After updating IRI-9%or eachhour, we
usedthe updatedcoefficient set of IRI-95 to compute
TEC predictionsdetween twaupdates. The updatdRl-
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95 model wasthen used to comparethe model
performance against theGPS-derived TEC. The
predictions provided byhe original version ofRI-95
were also comparedith our GPS-derived’EC maps.
After updating IRI-95, we founthat the originaimodel
performance was improved overall B2.5 percent. We
also made modifications to tieodeland to thecode to
increase thefficiency ofthe code’s execution. We tested
the practicability of themodel and found that it takes
about 0.03seconds(using an 85MHz MicroSparc |
processor) to executthe IRI-95 model for computing
TEC or ionospheric range error correctidémsone epoch
at any geographic location. Velievethat such a short
execution time will makethe updatediRI-95 model
suitable for both post-processingand real-time
applications for providingTEC estimates which can be
used for ionosphericange errorcorrections for single-
frequency GPS users.

INTRODUCTION

In accounting forthe effect of the ionosphere using a
single-frequency GPS receiver, it is possible to use global
ionospheric models [Langley, 1996]. Numerous studies
have beenundertaken using different empirical and
physics-based ionospheric models for such a purpose. At
UNB, weare conducting an on-goirgjudy to assess the
accuracyand efficacy of such models. We decided to
include the IRI-90 model [Bilitza, 1990] in our
ionospheric research aftlewby[1992] investigated the
International Reference lonosphere 1986 (IRI-86)
model's performance. Recently, Jakowskid Sardon
[1996] have improved thERI-90 model performance by
using ionosondedata input. Hakegard [1995&lso
investigated the practicability ofRI-90 for real-time
TEC predictions. Earlier weompared theBroadcast
model ofthe GPS navigation message [Klobuchar, 1986]
and thelRI-90 model with vertical ionosphericange
error corrections inferred by using Faraday rotation data.
We concludedhat thelRI-90 model appeared to be more
accurate than the Broadcast model, Hottday-time and
night-time periods, during l@w solar activity period, for
mid-latitude conditions [Komjathy eal., 1995;1996].
The Faraday rotation measuremefuis use as “ground-
truth” provided by GOES geostationary satellisge no
longer readily available. We have, therefore, decided to
use dual-frequency pseudoranged carrierphase GPS
measurements to infer ionospheric TEC.

Recently, UNB participated along with several other
research groups in an experiment to assess the
capabilities of GPS dual-frequency observations to
provide TEC values. The measurement campaign was
organized by the Orbit Attitude Division of the European

Space Agency’sEuropean Space Operations Centre
(ESA/ESOC) Darmstadt, Germany, under alspices of
the IGS. The initial results of theomparison of
ionospheric products between different processing centers
were reported athe IGS Workshop in SilveBpring,
MD, 19-21 March 1996. The experimeimvolved the
processing and analysis of av&eklong data set of dual-
frequency GPSlata from stations of the IGBetwork
(GPS weeks823 through 827)UNB analysed GP8ata
sets from 6 ofthe European IGS stations. The European
regionwas chosen sthat UNB and thelGS processing
and analysis centers producing regional ionospheric
mapswould have a commoregion for comparison. Our
regional modeluses the following stations: Madrid,
Grasse, Matera, Brussels, Wettzalhd Onsala. In the
context of geomagnetic latitudes, three distinct latitude
regions can be identified in our test network (1. Madrid,
Grasse, Matera; 2. Brussels, Wettzell; 3. Onsala). All 6
stations use Allen Osbornssociatednc. TurboRogue
receivers.

Some ofthe results of the processing hareen reported
previously by Komjathyand Langley [1996a], where we
concludedhatafter processing data from the 6 European
stations collected over aday period(the first 7days of

the ionospheric experiment organized by ESA/ESOC),
we were able to detechighly varying ionospheric
conditions associated with a geomagnetic disturbance.
After investigating theeffect ofusing different elevation
cutoff angles andonospheric shell heights on the TEC
estimatesand satellite-receiver differential delays, we
discoveredthat usingdifferent elevationcutoff angles
had an impact on TEE€stimates at the 2 TEGhit (total
electron contentinit - TECU) level. We also concluded
that usingdifferent ionospheric shell heightsas an
effect onthe ionospheric TEC estimates alsabbut the

2 TECU level depending on geographic location and time
of the day. We discoverethat there are nagignificant
changes in the satellite-receiver differentidelay
estimates computed using different elevatiouatoff
angles. We also compared our TEC estimates with TEC
predictions obtained by using the late®l model
enhancement also known as IRI-95. The resultthigf
comparison are similar tthose of other studies (e.g.,
Newby[1992]), which also investigated dagats at low
solar activity times and for mid-latitude conditions.

As a continuation of this initiadtudy, we used 21 days’
worth of data with a more rigorous approach for
ionospheric shell height determination @earived from
IRI-95. The results othis study have been reported in
Komjathy and Langley [1996b]. Inthe case of TEC
estimation using dual-frequencyGPS data, the
ionospheric shell height determination ame of the
potential errorsourceghatcould bias our estimates. We
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introduced the notion of using varying ionospheric shell
heights derived fronthe IRI-95 model as opposed to
using an ionospheric shell heigfited at a commonly
adopted altitude (400 km). We foumiifferences in the
differential delays betweethe two approaches of up to
the 0.3 ns £1 TECU) levelanddifferences inthe TEC
estimates up to the 1 TECU=(0.16 mdelay on L1)
level. We also founthat with an inappropriate setting of
the ionospheric shell height, it possible to introduce a
0.5 TECUIlevel error for every 50 kmerror in the shell
height. In thecase of differential delayshe equivalent
error isabout 0.14ns. After comparing our differential
delay estimatesvith those obtained by other research
groups participating in the experiment, weund
agreement in the differentialelays betweerihe three
participating analysis centers which amvolved in
analysing regional ionospheric maps, at the lewsl.
Therelatively large biaslifferences were also confirmed
by Feltens etl. [1996] and Wilson etal. [1996]. These
differences may be caused lfe use of different
ionospheric mapping functions by the different analysis
and processing centers. The comparison of the TEC maps
performed by theDeutsche Forschungsanstalt fiinft
und Raumfahrt (DLR) Fernerkundungsstation,
Neustrelitz, Germany concluddtat therewas a good
agreemenbetween DLR’sand UNB's results for 12 of
the 21 days under comparisojJakowski and Sardon,
1996]. However, forthe rest of the data, 2 to "FECU
level differences were reported. An analysis performed by
ESA/ESOC showed a 1 TECUnean biasbetween
ESA/ESOC and UNB results with a standard deviation of
about 2 TECU [Feltens et al., 1996].

The ionospheric estimation technique currentbed at
UNB is described in detail in previous publications such
as Komjathyand Langley [1996aand 1996b]. A brief
description of thanodel is as follows: westimate three
stochastic parameters for each IGS station in a network
mode tied to a solar-geomagnetic coordinajestem
assuming a Gauss-Markov stochastic procébs. three
parameters use a spatigear approximation of TEC
above each IGS station. Thd.1-L2 phase-levelled
geometry-free observable is used to estimate the
stochastic parameters along with oth&rses such as the
satellite-receiver differential delaysing a Kalman filter
approach.

Recently, we have finished processaib5 weeks’ worth
of GPS data from the experimerdnd have produced
hourly TEC maps at a degree by 1 degregrid spacing
for the European region spannifigm -10 to 30 degrees
in east longitudeand 30 to 6@legrees imorth latitude.
In our current study we also investigated the
practicability and efficacy of using thelRI-95 model to
provide ionospheriacdange errorcorrections for single-

frequency GPS user3he above described GPS-derived
TEC maps havéeen used aground-truth” toprovide
updates to th&RI-95 model on an hourly basis. Once the
IRI-95 update is completethe new (updated) coefficient
set forthe IRI-95 is used to comput@EC predictions
between two updates. For validation purposes, the
updated IRI-95 model was used to comptre model
performance with theGPS-derived TEC. We also
compared predictions by the originlRI-95 with the
GPS-derived TEC values.

IRI-95 MODEL MODIFICATIONS

In this section, we will give amverview ofthe latest IRI
model enhancement which is also designated by the
ionospheric community as IRI-95followed by the
description of our modifications we have made to the
model. Thebackbone othe model isthe numerical maps
describing the F2-peak plasnfr@quency foF2and the
propagation factor M(3000)F2The latter is closely
related to the maximunusable frequency MUF(3000)
which is the highedrequencythat can beeceived at the
distance of 3000 km after refraction in the ionosphere
[McNamara, 1991]. The temporal and spatial variation of
foF2 and M(3000)F2 aredescribed bythe Comité
Consultatif International des Radiocommunications
(CCIR) coefficients. More recentlythe International
Union of Radio Science(URSI) numerical map
coefficients have been developed for use in describing the
foF2 distribution. Both CCIRINdURSI coefficients use a
sixth order Fourier representatidar the diurnal and
seasonal variation of thé&oF2 whereas CCIR uses a
fourth order Fourier series fathe description of the
M(3000)F2 propagation factor. From the numerical
description point ofview, both foF2and M(3000)F2
guantities are represented by a functiQ('q),)\,t) with
geographic latitude,¢ , longitude, A , and Universal
Time (UT), t, as variables. 1®(¢,A,t), the parameter h

is the order of the Fourier series (h = 6 for foF2 and h = 4
for M(3000)F2) representinghe diurnal variation of
foF2 and M(3000)F2 parameters [Davies, 1990]:

Q. M1) = ag (4. A)+ Z[q(q; ) cosjt+ by (¢ A) sinjt] (1)

where
3(9.2) = ; Ui Ge(0.1) (2a)
b(9.2) = ZUZj—lk Gi(9,2) (2b)

are the Fouriercoefficients. G, (¢,A) in equations (2a)
and (2b) containghe geographical coordinate functions
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in the form of spherical Legendre functions up to a
harmonic order of ninffoF2) andseven (M(3000)F2) in
longitude. They are represented by thexpressions
sinpu Ctos” ¢ Ocosnh and sin®p Ctos” ¢ OsimmA
respectively, where q ihe highestlegree in latitude for
each longitude harmonic @mnd p is the modified dip
latitude

tanu =

i
Towr 3)

where ¢ is the geomagnetic dip latitude. Theesence
of the F2layer is controlled nobnly by the geographic
latitude and longitude but also the geomagnetic dip
latitude, andhence the parametgmust be included in
themodel [Bilitza, 1990].The variable n is related to the
sum of the higheddegrees of latitude for each longitude
harmonic (n = 76or foF2 and n = 4%or M(3000)F2).
The global description of Legendre functioi@, (¢,A) is
applied to each Fourier coefficiefithe numerical maps
that have been derivedusing some 180 ionosonde
stations wordwidearedefined by two sets of coefficients
representindow and highsolar activity times for each
month (n-(2h+1) = 988oefficients for foF2and441 for
M(3000)F2) [NSSDC, 1996a]. To obtain values for
intermediate levels of solar activity forparticularday of

a month, linear interpolation issed [McNamara and
Wilkinson, 1983].

For computingfoF2 using the CCIR/URSI numerical
maps, thelRI-95 model useghe 12-month-smoothed
global effective sunspot number IG,, index) as an
indication of solar activity [Davies, 1990The IG,,
index is recommended as an alternative to 12-month-
smoothed sunspot numbers,Rvhen predictions are
made with the aid of the numerical megefficients of
ionospheric characteristics [NSSDC, 1996b]. In our
approach, we included an additional scaling factor
K(o.At) that weuse to determine an inferresffective
sunspot number (inferred {@index) which is defined as
the product of the IG index and the scalinfactor. We
implemented an efficient search technique to find the
correct scaling factothat results in thebest match
betweenthe IRI-95 model predicted EC and theGPS-
derivedTEC. The search technique includes a change of
the initial value forthe scalingactor (K = 1) by a small
amount andcontinuous monitoring of thelifference
betweenthe IRI-95 predictionand the“ground truth”
value (GPS-derivedlEC). The searcHor the correct
scaling factor is carried ouwintil the difference between
the IRI-95 predictionsand theGPS-derivedlEC values
arelessthan apredefined value (0.5 TECUJThe search

is efficient becausahe change in K depends on the
difference betweenthe IRI-95 predictions and the

“ground-truth”, and optimizes the number ofuns
required to arrive at the 0.5 TECU level difference.

Numerically, thecoefficient sets for equatio®a) and

(2b) can be described by
_1G,,
“JosE(er)

IG .
Usjp = @Jlg}/:lk 1015 + Uglng
|G12
A, t 4b
“T2fK(eAy)  (4b)

where thecoefficient sets forthe high andlow solar
activity can be distinguished. (The originatrsions for
equations (4aand (4b) do not contaithe scaling factor

K but are otherwise identical to equations (4a)d (4b)
shown here.) For theoefficient sets used to compute
M(3000)F2, the 12-month-smoothed sunspot number
R,, is used bythe IRI-95 model. ForeveryIRI-95 run
during the search, mew value forparameterQ(¢,A,t)
(i.e, foF2 and M(3000)F2) is used to computhe F2
layer peak electron densitiesd peak electron density
heights to help in constructingnew IRI-95 profile. The
computation of peak electron densiteesd peak density
heights of different layers (D, E, FAndF2) is described
by Bilitza [1990]. The next step is the integration of the
electron densities along thiRI-95 profile up to an
altitude of 1,000 kmAbove this altitude, we did not
consider the plasmaspheric electron content, which has
an effectprimarily on the night-time TEC predictions.
The effectcan be as much about 50 percent (around 2
to 3 TECU) of the night-time TECnear sunspot
minimum [Davies, 1990]. Fothe integration to obtain
TEC predictions, a step size of 1 kwas usedUpon
finding the correct scalinfactor K, modified foF2 and
M(3000)F2 coefficient setare produced allowing us to
construct the updatetRI-95 profile, and consequently
obtain the updated TEC value.

(4a)

IG .
Ujjok = @Jlgj‘/&lk 1018 + Ugljg—hlk

RESULTS OF DATA ANALYSIS

We used our hourlfFEC maps each consisting of 1,271
(31 by 41) gridded TE@alues forthe European region
encompassing ®eeks’worth of GPSdatafor the data
analysis. We computed hourly scaling factors for 1
degree by 1 degree spacing according to the
modifications described ithe last sectionThis resulted

in the computation of 1,054,930 scalifagtors using our
search technique. The scalifegtors for everyther UT
hour were then used subsequently to compute a scaling
factor for the UT hour in betweenusing a linear
interpolation. Followinghat, themodified IRI-95 model
was used to predict the TEC for this hour and a particular
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geographic location. For verifying our results, we also  October 1995 (GPSweek 823) using 4 different

evaluated the original version tRI-95 for computing ionospheric modelling techniques. These are the original

TEC at each grid point for the whole data set. IRI-95-predicted TEC, the updatedRI-95 using the
GPS-derivedTEC maps, the Parameterized lonospheric

For illustrative purposes, we chose three stations from the Model (PIM) predictiongDaniell et al., 1995]and the

6 European stations used to create ionospheric maps to GPS-derivedTEC values. On theight-hand y axis, we

display the different ionospheric modelling techniques also plotted the 12-month-smoothed,j@&dices aswell

currently usedand implemented atUNB. The three as the inferred Ig indices using our computed scaling
stations are MadridBrusselsand Onsalagncompassing factor. In Figure 1, we caseethat theglobal empirical
three different geomagnetic latitude regions usedhe ionospheric model IRI-95 and the physics-based
European data processing. In Figure 1, we haoted numerical model PIM predict different shapfes the
TEC predictionsand estimates fothe period of 15 to 22 diurnal TEC variation.
20 1 - 16
1 F14 _ 1
15 1 “12 3 3
3 %8
g, X ;& \ / Fat
107 = e/ Gy é o3
i \ \w
B '\/ /\/ ,\ St oge
1 E 2 »
| F 0 2

0 Day 288 'Day 289 Day 290 Day 291 Day 292 Day 293 Day 294
Trrrrrrrrrrorrrrrrrrrrr Tt r T r T T T T T T T T T TT

o<rooNooo#wmooo<roo<\|coooqwmooo#mmwoo#mmwoo#mmwoo
— <N — < N — < N — - N — - N — - N — 4N

Mean solar time at Madrid
—— Updated IRI-95——IRI-95 GPS-derived TEC PIM ------ Inferred 1G; index— — 12-month-smoothed Kzindex

20 16

15

10

TEC in TECU

5

Xapul ¢'9| patiajul
pue pPayloowWs-Yluow-g

[0 o e L 0 L 8 N
OTONOWOOTONOWOOTONOOOTONOWOOTONOWOOTONWOWOO TONOOO
— N — - N — 4N — 4N — 4N — 4N — - N

Mean solar time at Brussels

—— Updated IRI-95—— IRI-95 GPS-derived TEC PIM ------- Inferred IG; index— — 12-month-smoothed Kzindex
20 ¢ 16
1 1450
5 15 1 128 3
4 = = 3
i ‘085
=7 -8 53
O ] E6 K O
] E — O
s 4 23
] r2 2o
O 1 rrrrrrrrrrrgrrrrrrrrrrrrrrrrrrJrrrrgrrrrrrrrrrrr1rrrrrrrr1rrrrrrrr1rr1rr1rrrr1rr1rrr 1ot 1111171 S O %
O O0ONOOOSTONOWODOITONOODOTONOODOTONOODOTONOWOOS ONWOWO O e

— - N — - N — - N — - N — - N — N — N
Mean solar time at Onsala

— Updated IRI-95——IRI-95 GPS-derived TEC PIM ------ Inferred 1G2 index — — 12-month-smoothed izindex

Figure 1. lonospheric modelling techniques currently used at UNB.
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None of the models could predicthe effect of the
geomagnetic disturbance which occurredday 292 on
the TEC variation. This igespitethe fact that the PIM
model uses both solar flandgeomagnetic data as input
parameters aspposed tdhe IRI-95 models wherenly
12-month-smoothed Iz index andsunspot number R
are used as input.

The GPS-derivedTEC valuesand theupdated IRI-95
predictions seem to agree weihdicating that under
quiet geomagnetic conditions the updating technique
seems to be successful. On d&P2, when the
geomagnetic disturbance started, ttiferences are
much larger suggestinthat the updatingorocess was
less successfulhe larger variations in the inferred G
index during the geomagnetically disturbed daysdays
292 and 293) suggesthat underdisturbed ionospheric
conditions, finding the correct scalingctor may be
more difficult. The inferred 163 index shows fluctuations
during theweekthat vary with the geomagnetic latitude
region andseem tostart in the north with station Onsala
(on day 291) and subsequently moveouth to station
Madrid (onday292). Thiscould be explained bthe fact
that the magnetidisturbance has itfommencement
phase for different geomagnetic latitudes at different
times. It appearshat thegeomagnetic disturbance was
moving equatorward which is a well described
phenomenon [Davies, 1990].

For high latitude stations such as Onsala, the hibdel
seems to provide closer agreement with GPS-derived
TEC values. The reasdar this is that the?IM model is
composed of a high latitude model for predicting electron
densitiesabove 51 degreageomagnetic latitude [Daniell
et al., 1995].

Since the TEC mapproduced bythe IGS analysis and
processing centers mdpecome officiall GS products in
the foreseeable future [Feltend,996; Schaer et al.,
1996], our technique could become an efficient method of
providing ionospheric range erroorrections for single-
frequency GPS receiver®ur techniquesould be used to
update IRI-95 on an hourly basis (depending on the
availability of the TEC mapsandcould usethe updated
CCIR/URSI coefficient sets for computing predictions
between twaupdates. In this paper, wesed two-hourly
updates to be able to compdhe updatedRI-95 with

the GPS-derivedTEC in between. In Komjathy and
Langley [1996b], we provided a short description of other
research centers’ ionospheric estimation techniques
whose products could also be potentially used for
updating the IRI-95 model.

A more frequent update interval (e.g., one hawoluld
provide more precise scaling factors, therefore more

reliable updated IRI-95 predictionEhe reason weised
two-hourly updates was teerify our results usingsPS-
derivedTEC values already available for eabbur. We
modifiedthe source code dheIRI-95 model suchihat it
can be used for different post-processing software
packages such adJNB’s Dlfferential Positioning
Program (DIPOP) package to provide ionospheaitge
error corrections whenonly single-frequency GPS
observationsare available. In @ost-processing scenario,
updating of IRI-95could be performed bysing hourly
TEC observations beforand after theepoch for which
we require TEC predictions. Thigould be followed by a
linear interpolation between the two scaling factors
computed for every hour.

Assumingthat our GPS-derivedlEC maps ardree of
error, we computedthe r.m.s.differences between the
updated IRI-95 predictionand the GPS-derived TEC
maps as well athe original IRI-95 predictionsand the
GPS-derivedTEC maps. For computing statistics we
usedall GPS data and scalindactors computed. We
computed hourly.m.s. differences as well as daily and
overall r.m.s. differences betweethe updatecand non-
updated IRI-95 with respect tthe GPS-derived TEC
values.

In Figure 2, we showhe hourlyr.m.s.differences for the
first week under investigation. The hourlyr.m.s.
differences have been derivedising all 1,271
observationspertaining to eacthourly map. From the
figure we carseethat theupdated IRI-95 model provides
smaller r.m.s.differencesthan theoriginal one in all
cases. It is also interesting to nokteat onday 292, the
geomagnetic disturbance resulted in the updatRIt85
model using our technique being less succesEhd.rate
of change of the TE@nay have been smpid that we
were unable to compute a vakdaling factorthat could
be used forupdating IRI-95. A more sophisticated
approachthan the linearinterpolation procedure is
needed whethe ionosphere is disturbetlhis argument
seems to be supported alsothg fact that duringday-
time hours, the updatetRI-95 seems to shovarger
r.m.s. differences than the night-time ongsis isdue to
the rapid changes in the TEC during day-time hours.

We also computethe daily r.m.s. differences forall 35
days’ worth of GPSlata. In Figure 3, wdisplay these
differences.The peak onday 292 represents the large
r.m.s. difference caused bhe geomagnetic disturbance
that we caralso see irFigure 2. There are 3 mopeaks
which are apparent in the time series. Tdosld be due
to thedaily variation inthe TEC which is nomodelled
by global empirical models such dbe IRI-95. Its
coefficient set is based ahe monthly median diurnal
variation of thefoF2 and M(3000)F2 parameters. After
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updating IRI-95, these peaks haveeen reduced 35 days investigated we achieved improvement in TEC
indicating that the updatingrocedure was successfully predictions over the original IRI-95 model predictions.
completed. Figure 3 gives a claadication thatfor all

Comparison of Hourly R.M.S. Differences Between IRI-95 and Updated IRI-95 Predictions
With Respect to GPS-derived TEC values for GP8/eek 823(All Grid Points Used)
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Comparison of Daily R.M.S. Differences Between IRI-95 and Updated IRI-95 Predictions With
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Figure 3. Daily r.m.s. statistics.

R.m.s. of differences betweeniginal R.m.s. of differences betweepdated
GPS week| IRI-95 predictions and GPS-derived IRI-95 predictions and GPS-derived TECImprovement in %
TEC values in units of TECU values in units of TECU

823 1.5 1.0 314

824 1.1 0.7 32.0

825 1.4 0.9 37.4

826 1.6 1.2 26.1

827 1.6 1.1 35.5
Average 1.5 1.0 32.5

Table 1. Summary of the weekly statistics.
We also computed overall statistics. It was fouhdt as opposed tnot updating it (i.e., using the originkg|-

after updating IRI-95 using tH@PS-derivedEC values, 95). The weekly and overall statistics havebeen
r.m.s. differences were reduced by an overall 32.5 percent summarized in Table 1. The summary of theekly
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statistics showghat the r.m.sdifferences between the After extensive testing, and makifigl-95 more efficient

original IRI-95and theGPS-derivedTEC are at the 1.5 to run, wefoundthat ittakes about 0.08econds of CPU
TECU level compared tdhe differences between the time for computingTEC or ionospheric range error
updated IRI-95and GPS-derivedTEC which are at the 1 corrections for one epoch at any geographic location
TECU level.The weeklyimprovementsangefrom 26 to using our modified version dhe IRI-95 model with or

37 percent with an overall average of 32.5 percent. without the GPS updates. We used an 85 MHz

MicroSparc Il processor for all our processing.

GPS week| CPU time CPU time in seconds  Number of rurls  Seconds/riin
823 3h 28m 12.4% 12,492.4 421,972 0.0294
824 3h 30m 49.7% 12,649.7 421,972 0.030¢
825 3h 30m 43.1% 12,643.1 421,972 0.030¢
826 3h 30m 24.2% 12,624.3 421,972 0.0299
827 3h 30m 35.0% 12,635.0 421,972 0.0299
Sum 17h 30m 44.8s 63,044.5 2,109,860 0.0299

Table 2. Summary of CPU times.

In Table 2, theCPU time and the number of runs are IRI-95 predictions. In Figure 4he average number of
indicated for each GPS week processed. The values in the IRI-95 runsfor agrid point areplotted against UT hours
table includerunning themodel withthe pre-computed for GPS week 823. On thigght-hand y axis, the required
scaling factors as well as withotlte scalingfactors for time to computehe scalingfactors for an hourlynap is
each gridnode under investigation encompassaig5 displayed. It is cleathat it takes more IRI-95uns to
weeks’worth of GPSdata.Over two million runs were computethe scalingfactors for a daytime observation
completed to computehe hourly, daily and overall since the ionosphere is more variable during daytime. For
statistics. computing scaling factors, we did nstiart the iteration

procesausing scaling factors from previous hours which
We also measured the time it takes dompute the would make it lesstime consuming (since they are
scaling factors fothe hourly TEC maps. Weounted the correlated) to computthe correct scalindactor for the
number of runseeded to arrive ahe 0.5 TECUlevel subsequent hour.

difference betweeonur GPS-derived EC valuesand the

Average Number of IRI-95 Runs for Each Grid Point to Compute Scaling Factors (Left-hand
Y Axis) and CPU Time for Each Correction Map for GPS Week 823 (Right-hand Y Axis)

F35
F3.0

F25

runs

3 £ 20

uiw ur swn NdD

F15

Avarege number of IRI-95
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Figure 4. Number of IRI-95 runs required to arrive at the proper scaling factor.
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The reasorfor this approach is that thgurpose of using
this technique is to makese ofthe availability of the
hourly TEC maps only before and after an epoch (without
having toprocessother maps) when a single-frequency
user collectdata to update thHRI-95 coefficient set in
order to improve predictionigetween twaupdates. Also,

a user is not required tmmpute scaling factors for each
grid pointbut only thosegridpoints that are of interest in
the vicinity of the single-frequency user’'s geographic
location. In this study, we used all grid nodestfarsake

of completeness and for the development of the statistics.

Another potential application for our technique could be
to providereal-time ionospheric range erraorrections
for single-frequency GPS use®ur techniqueprovides
TEC maps using a Kalman filtetype estimation.
Therefore, the techniqueould be used to process dual-
frequency GPSlata asthey becomeavailable innear
real-time. Thefrequency of producingfEC maps can
easily be increased fromriap per hourHighly varying
ionospheric and geomagnetic conditions mayequire
more frequent TEC mapSubsequently, oufFEC maps
(as the output of the Kalman filteype estimation)could

be used to updatthe IRI-95 model coefficient set as
described inthis paper. In a real-time scenario, the
updatingcould be performed bysing the latesavailable
scaling factor from th@revioushour. Since oumodified
version of IRI-95runsquite efficiently, it may bdeasible

to compute ionospheri@nge errorcorrections for each
satellite at every observation epocland geographic
location. These ionospheric range erorrections could
then be forwarded to the user in real-time.

CONCLUSIONS

In the research reported in this paper, we investigated the
use of TEC estimates fromdual-frequency GPS
observations provided by 6 tfe IGS stations to update
the latest IRl model enhancement of IRI-90 (also
designated as IRI-95). We used avéeklong GPSdata

set from the European region compute scaling factors

to IRI-95’'s CCIR/URSI coefficient setand to provide
evidence that the update procedure has been successful.

The overall statistics revealéiatafter updating théRl-

95 model, ther.m.s. of thedifferences between the
updated IRI-95 modeind theGPS-derivedlEC, aswell

as the originalRI-95 predictionsand theGPS-derived
TEC valuesdecreased by an overall 32.5 percent. These
results arelikely only valid for a mid-latitude region
under low solar activity conditions. After extensive
testing andmnodifications of thdRI-95 model, we found
that it takes about 0.08econds on average to compute
TEC or ionospheric range erraorrections for each

epoch at any locationsing our version of théRI-95
model.

Our techniquecould be used as an alternative to the
Broadcast model to provide ionospheniange error
corrections for single-frequency users. Providing
ionospheric range errocorrections will become more
andmore important 2 or $ears from now when we will
again start experiencing increased sddativity. The
relatively short execution time tifie modified version of
IRI-95 makes it possible to ughis techniqueboth for
real-time andpost-processing purposékhe backbone of
this technique is the TEC mapbat could become
available either by using our Kalman filtetype
estimation orsome other source such as ionospheric
maps which may be produced by IGS in the near future.

So far in our studies, we have estimated regional
ionospheric maps. Wplan on extending the testing of
our technique tdow and highlatitude regions under
medium and high solar activity conditions.
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