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ABSTRACT

It has been demonstrated in previous work that the
tomographic  gpproach reduces ggnificantly the
mismodelling in the dedron content determination with
Global Navigation Satellite Systems like GPS. We present
in this paper the results of an comprehensive study about
the performance of a tomographic model  of the
ionosphere, computed from the L1 and L2 carier phase

data, in order to estimate undifferenced and dauble
differenced ionospheric corredions.

Firstly, previous work has down that the
comparison with the TOPEX-Poseidon atimeter TEC for
more than 2.5 yeas of data, including Solar Maximum
(June 1998to 2001), presents errors of few TECU at mid
and high latitudes for the post-processed TEC computed
from GPS data, and 5-10 TECU in equatorial regions. The
red-time TEC computed close to equatorial regions, using
the ambiguities fixed in the ionospheric model, is better
than those post-processed results. During four conseautive
weeks in March-April 2001, under Solar Maximum
conditions, including some days of high geomagnetic
adivity, the STEC errors are lessthan 5 TECU and about
1TECU for double differenced STEC, with reference
stations separated 100 to 3000km, and close to the
southern Appleton anomaly. These results drongly
suggest that these models can improve significantly both
navigation and time transfer with single frequency
receavers, even in equatoria regions.

Sewmndly, the red-time  doubledifferenced
ionospheric corredions have been  studied for six
different scenarios at medium and high latitudes during
17 dfferent days in 1999 2000 and 2001, and including
different ionospheric conditions, such as geomagnetic
adivity and Traveling lonospheric Disturbances (TIDs).
The results for the WADGPS-like scenarios indicate that
the tomographic model is accurate eough (better than
0.25 TECU for the rover recevers) to solve onthe-fly the
carier phase ambiguities, at distances of hundreds of
kilometers of the neaest referencereceaver, alowing for
example very predse navigation (errors below 10 cm),
and red-time tropospheric determination  within
WADGPS networks.



INTRODUCTION

As demonstrated in recent yeas, it is possble to
provide ionospheric corredions from GNSSsystems such
as the Global 1onospheric Maps computed from GPS data
(seefor example Wilson et a. 1995. In the cae of red-
time @gplicdions such as wide-area navigation
augmentation systems (WAAS, EGNOS..., see for
example Hansen et a. 1999 the ionospheric corredions
have to be cdculated from stations typicdly separated
severa hundreds km or more, with only the data gathered
until the present epoch. This limitation usually produces
worst results than computing the ionospheric corredions
in post-process One way to overcome this natura
limitation is to run also, simultaneously, a geodetic
program solving the carier phase biases. Combining both
complementary types of information, the ionospheric
corredions and also the geodetic outputs can improve
significantly. Some examples of that can be found in
Herndndez-Pajares et a. 2000 for ionospheric
corredions, in Colombo et al. 1999for navigation and in
Hernandez-Pajares et a. 2001 for red-time tropaspheric
determination.

The purpose of this paper is to show the synergy
between predse ionospheric modeling, with the benefits
of a tomographic gproach, and predse position
determination, in red-time, and using reference GNSS
stations separated by hundreds of kilometers, or more.
This includes Wide Area Differentiadl  GNSS
(WADGNSS-like networks, for example WAAS,
EGNOS or MSAS, in which this combination of
techniques makes feasible, for example, On-The-Fly
ambiguity resolution for roving receavers (top dot of
figure 1, and detail sin Colombo et a. 2000 with paosition
acawrades below 10cm, or the red-time tropaspheric
estimation (bottom plot of figurel, and details in
Hernandez-Pgjares et al. 2001). And, at larger distances,
this can help to improve the acuracy in red-time global
ionospheric maps, that may be feasible very soon with the
shift of the International GPS Service (IGS) towards red-
time caabiliti es (Zumberge € a. 1999. These maps can
help to improve the acuracy for single-frequency users.

The paper is organized as follows: In the first part,
after the description of the technique, an overview will be
given of severa successful and arealy reported
experiments of this drategy, in dfferent WADGNSS-like
scenarios.  In the second part of the paper, two new
studies, that improve the availability of the predse
ionospheric corredions, will be presented in detail. The
first one shows the effedivness of the technique in
resolving ambiguities on the fly in the presence of locd
ionospheric irregularities, such as Traveling lonospheric
Disturbances (TID’s). This  first experiment was
performed in 1999 with the rover at distances of more
than one hundred kilometers from the neaest reference

recavers, and at high northern latitudes. The second
experiment tested the improvement of red-time
ionospheric  determinations, using data from GPS
permanent stations from one thousand to three thousand
kilometers apart. This four-week experiment took placein
2001, under hard ionospheric conditions: in the equatorial
region nea Solar Maximum.
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Figure 1: Two recent applicétions of the cgability to solve in
red-time the double-differenced carier-phase ambiguities by
means of the red-time ionaspheric corredions computed using
the WARTK technique described in the paper: In the upper plot,
the arorsin the navigation o arover (a ca in this case) are less
than 10 cm in the three ©mporents -North, East and Up-
(experiment “Bellkin’99", in table 1). The lower plot shows the
difference between the red-time verticd tropospheric delay and
(@ the IGS combined post-procesed, (b) radiosonde
measurements and (c) numericd weaher model predictions. The
errors are typicdly less than 1cm (experiment “SolarMax-1",
No.4 in table 1).

DESCRIPTION OF THE TECHNIQUE

The free ¢edron ionospheric distribution is
approximated by a grid of voxels in which the dedron
density is assumed constant at a given time in an Earth
Centered Inertial (ECI) system (see atypical layout in
figure2). The ionospheric determination is performed
solving in red-time, by means of a Kaman Filter
(Bierman, 1977, the mean eledron density N, of ead

illuminated cdl i,k (in solar longitude, latitude and



height respedively), treaed as a random walk process
and with typica processnoise of 10°-10' dedrongm®

/\/hou. The carier phase data ae the only ones used.
Then the pseudorange @de noise ad multipath are
avoided. The carier phase biases B, (constant in ead

given continuous arch of carier phase data for eadh
satellite-recaver pair) are etimated simultaneously as
random variables (that bewmme white noise random
proceses when a cycle-dlip happens). In the filter the
biases decworrelate in red-time from the dedron density
values, as far as the satellite geometry changes and the
variance of both kind of unknowns became smaller (see
equation1 that represent the model for a given
ionospheric datum, between one GNSS satellite and one
recever, being L, and L, the carier phases in length

units, L,=L,—L, and N, the dedron density).
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Figure 2: Meridian dlice of the voxels in which the ionospheric
eledron density distribution is decomposed, in the GNSS data
driven red-time model, equation 1.

This approadch is siitable in particular to deted locd
feaures of the dedron density distribution, and the use of
two layers with ground GNSS data —instead of one as is
typicadly done by many authors— reduces sgnificantly the
mismodelling of the dedron content determination
(HernandezPagjares et al. 199a-b)

In the cae of WADGNSS networks, from these red-
time dant total eledron content (STEC) corredions
obtained by equation 1, it is posdble: Firstly (see flow
chart in figure3), to form the station-satellite double
differences, ASTEC, and to olain a second
ambiguity (the widelane) in the reference stations, and,
seondly (seeflow chart in figure 4), to interpolate to the
rover the unambiguous L1, i.e. avery predse JASTEC

to the level of few tenths of TECU™. If the interpolated
value is better than 2.7 cm 0 0.25 TECU, then the rover
will be ale to solve both ambiguities in red-time. This
and another details of the technique, hereinafter Wide
AreaRed Time Kinematics (WARTK), can be found for
instancein HerndndezPajares et al. 20003, 2000b.
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Figure 3: Flow diagram of the main processng steps for the
reference stations.
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Figure 4: Flow diagram of the main processng steps for the
rover (user).

The results obtained so far with the WARTK
technique, in different experiments, are summarized in
table 1.

'1 TECU = 10% dlectrong/m? 010 cmiin |- L, D15 cmin L, 020cm
in Lw (widelane combination).



No. Exp. lonos. Distances (km) Ref. Rover Kind Dates Region Reported
Activity Rover/Ref.  Succes Success Rover in
1 BelKin99 Quiet 116 97% 80- Car March Spain Colombo et al. 1999
286 100% 23, 1999 NE
2 NWpPadfic  Active 400 90 80% IGS May Canada  HerndndezP. et al. 2000a
Q) Kp=6 900 100% Site 3,1998 -USANW  Colomboet al. 2000
3 NWhPadfic Irreg. 162 95 80- IGS Apr28to Canada HernandezP. et d. 2000b
2 Apr30 900 100% 90% Site May1, -USANW
1998
4  SolarMax Solar 130 85 80% IGS Aprl9 Centra  HernandezP.eta. 2001
D Max. 500 95% Site -22,2000 Europe
5 SolarMax Very 130 50- 80% IGS Jul12 Central HernandezP. et al. 2000b
(2) Active 500 95% Site -15,2000 Europe
6 Baltic99 TID's 144 97% 83% Fixed Aug North This
D 285 Site 25,1999 Europe paper
7 Equator0l  SMax. 1000 90% - IGS Mab6to Asa This
Equat. 3000 Site  Apr2, Oceaia paper
2001
Kp:0-9

Table 1: Summary of the experiments performed so far to quantify the performance of the red-time tomographic model of the ionosphere
and the asciated WARTK technique. More detail s can be found in the referencesindicated in the last column.

For the kinematic use of the dgorithm one of the
strongest limits is the eistence of locd ionospheric
irregularities, such as Traveling lonospheric Disturbances
(TID), that can produce poor results using a linea
interpolation of the ionospheric corredions between the
reference stations. We will improve the performance
incorporating the rover dua frequency data (Herndndez
Pajares et a. 2000b). On the other hand, in the case of the
reference stations cdculation, the long distances and
strong eledron content gradients can limit the
performance of the technique. For this reason, we extend
in this paper the dgorithm to include the cae of
permanent/reference stations separated thousands km,
using widelane-smoothed code to improve the ionospheric
model and hence to help adieve red-time ambiguity
determination.

NEW EXPERIMENT (BALTIC'99: ROVER
ALGORITHM WITH TRAVELING IONOSPHERIC
DISTURBANCES

The purpose of this experiment is to show the
performance of the WARTK algorithm, espedally in the
interpolation of the predse [ASTEC from the
reference stations to the rover in the presence of locd
ionospheric irregulariti es.

DATA DESCRIPTION

The data were wmlleded a seven fixed dual-
frequency GPS recdvers in the Baltic Sea region, in
August 25th 1999 from 06 to 11 hours UT. The seven
included I1GS stations VIS0, MARG, VIRO and LAMA
(recording eadh 30 sec), and the fixed stations TUOR,

HIIU and MHN2 (recording ead 1 sec), as part of a
remote-sensing flight with onboard GPS recevers. In
what foll ows, the fixed recaver MHN2 is treaed as rover
and, as it can be seen in the @rresponding map, figure 5,
the typicd distances between the reference recevers are
200-400km, and between the rover and the dosest
receversare 150-200km.

DISCUSSION AND RESULTS

From previous dudies (experiments 2 and 3 in
tablel), the resolution of the reference stations
ambiguities normally should not be a problem in this
scenario, at high latitude and low geomagnetic adivity (a
success close to 100 of the dtempts made & every
epoch to resolve the ambiguiti es is attai ned).

But the situation is complicaed by the occurrence of
Traveling lonospheric Disturbances (TID's) affeding the
signals of most of the GPS satellit es observed during the
flight. An example of the observed ambiguous STEC (L)
for satellite PRN25 is shown in the first plot of figure 6.
Oscillations readting 20cm can be observed with
different intensity and relative phase depending on the
observer’s position, and hence depending on the station.
An example of the dired impad of these TID’s in the
LASTEC interpolation to the rover can be dso seen in
figure 6, second plot. The linea interpolation between the
three surrounding reference stations MAR6, HIIU and
TUOR -the reference for the double diff erences- (seemap
in figure 5) produces errors greder than 2.7 cm compared
to the true JASTEC as observed at the rover. An error
of that size causes one or more cycles of error in both the



L, and L, ambiguities of the rover. When the dua-
frequency data of the rover recever, MHNZ2, are dso used
inthe WARTK tedchnique, asit isindicated in figure 4, the
results are significantly better, with errors typicaly below
2.7cm.
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Figure 5: Map with the fixed reference stations (stars) and the
fixed station MHN2 treaed as rover (square), used in the
experiment in which the ionosphere presents TID's (August 24,
1999).

An overall picture of the performance for al the
satellites can be seen in figure 7, in which the arors in

UASTEC, and corresponding success rate in full (L
and L,) ambiguity resolution for the rover are plotted,

with an overall success of 83% of attempts made & all
epochs. However, linea interpolation gives just a 49% of
sucecessin this senario.

NEW EXPERIMENT (EQUATOR’01): LOW-
LATITUDE SCENARIO WITH LONG DISTANCES
AND AT SOLAR-MAXIMUM

The dtrategy discussed so far has been used
previously only a mid and high latitudes with typicd
distances of 100500 km between receavers, and under
various ionospheric conditions, giving in all cases good
results (seesummary in table 1).

The goa of this new experiment is to assess the
performance of the red-time ionospheric model at greaer
distances, 1000-3000km, over a wider range of latitudes
and over alonger period d time, under some very adive
ionospheric conditions.

Travelling Ionospheric Disturhances (TID's) affecting the ROVER MHNZ
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Figure 6: Example of TID's observed in satellite PRN25, from
the rover station (MHNZ2), and the reference stations MARS,
HIIU and TUOR (the reference for the double differences). In
the top figure the anbiguous STEC's are plotted, in which the
propagation d the TID's can be observed. And in the bottom
figure, we can seethe TID’simpad on the double differences, as
they affect the performance of the linea interpolation done to
provide JASTEC corredionsto the user. The TID's affected
more than 50% of the GPS satellites measured in this
experiment.

DATA DESCRIPTION

The data @rresponds to a set of 12 permanent 1GS
recavers in Asia and Australia, shown on the map o
figure8. The TOPEX-Poseidon TEC observations are
also used as “truth” (see typicd footprints in the same
figure). It can be seen in the figure that, at these latitudes,
this distribution covers both ionospheric equatorial
anomalies, and that the distances between sites are in the
range of 1006:3000km.

The data period spans four whole mnseautive weeks,
from March 6th to April 2nd of 200}, i.e. close to the
Solar Maximun, and includes the Spring seasonal
maximum of the noon TEC, and several disturbed periods
(seeKp indexinfigure 9).



Real-time odSTEC: MHNZ as rowver, TUOR-HIIU-YISO-MARG-VIRO-LAMA as net
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Figure 7: Error of the double differenced STEC for the fixed site
MHNZ2, treaed as rover, in function on the time. Also, the
success percentage is plotted eath 15 minutes. The overall
performance is the 83% of success (regarding on al the
available satellites) in providing an ionospheric corredion
predse enough to determine the two rover carier phase
ambiguities (i.e. better than 2.7 cm). When an dternative linea
interpolation method is used, the successdeaeases to 4%%. The
corresponding performance for one-cycle of maximum common
error in both ambiguities of L1 and L2 is 99% for WARTK and
92% for linea interpolation.
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Figure 8: Left plot: IGS stations used in the study of predse
ionospheric determination performed duing 4 conseadtive
weeks, between March and April 2001 (the TOPEX tradks
compared for the day 67 are dso plotted). Right plot: the TEC
during the locd afternoon (07UT, day 67, March 8", 2001) and
the geomagnetic equator are dso represented. The units are
tenths of TECU ( 1 TECU = 10** 16 eledronm**2 015cmin
L1). The Appleton north and south tropicd anomalies are dealy
present, where the TEC reades values of more than 120 TECU
or more, compared to 90 TECU between them, and 60TECU or
lessin the north and south edges of the map (source UPC GIM).

STRATEGY

In the works mentioned ealier, it has been shown
that ambiguity resolution requires the acarracy of the
LASTEC corredion for the rover to be better than
2TECU (i.e, a onesigma predsion of 1 TECU).
Furthermore, with distances of less than 1000 km between
reference stations a successrate higher than 90% can be
obtained. This is better by 10% approximately than the
rate for the use of the smoothed pseudorange to cdculate
the widelane ambiguity. However, at ill greder
distances (more than 1000km) and with high ionospheric
variations one can exped a lower percentage. In this case
the smocthed code can be useful to help fix the widelane
ambiguities, and to dightly constrain the estimation of the
red-time ionospheric model.
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Figure 9: Kp index refleding the geomagnetic activity for the
period of 4 conseautive weeks gudied in the second experiment
presented in this paper. During the first two weeks aproximately
(DOY’s 65-77) the geomagnetic adivity islow to moderate (Kp
<4). However, the last two wees (DOY’s 7892) the
geomagnetic activity attain high and extreme values in cetain
periods, with 6<Kp < 9.

The main problem using smoothed code is the
presence of multipath, but for permanent recevers it is
possble to choose agood antenna location to mitigate
this problem. And it is aso possble to use the recaver
data to estimate the adual antenna multipath pattern in
order to corred and strongly diminish the cde multipath
effect. Only three of the recevers multipath (BJFS,
KAYT and SHAO) has been mitigated subtrading a
model, obtained from the carier phase.

RESULTS

The predsion of the red-time ionospheric corredions
based on carier phase data from reference stations at very
long distances from each other (1000-3000 km) can be
asesed in three different ways, for the verticd TEC, the

STEC and the JASTEC:



First they are compared to the available predse TEC
estimates obtained dredly from the dual-frequency
altimeter on the TOPEX -Poseidon satellit e over seas close
to the GPS permanent recevers (figure 8).

Two examples of dired comparison of verticd TEC
are shown in figure 10, for geomagneticdly quiet and
very adive oonditions (days 67 and 90 2001, with Kp in
the ranges 0-3 and 6.5-8.5 respedively, seefigure9). In
genera the red-time TEC follows the main trends of
TOPEX TEC but with higher values, this discrepancy
being compatible with the presence of a plasmaspheric
eledron content between the dtimeter and the GPS
satellites. This performance can be till better than the
post-processed results, such as distributed UPC Global
lonospheric Maps (GIM) (see HerndndezPajares et a.
199% for more details), or any of the available GIM’s of
other centers (in "IONEX" ionex format, on-line &
ftp://cddisa.gsfc.nasa.gov/pub/gps/products/ioneX YEARDOY).
The reason for that is the improvement due to fixing the
ambiguitiesin red-time (figure 3).

A summary of this comparison for the first two
weeks of this gudy, with lower geomagnetic adivity, and
also for the last two weeks with higher adivity, confirms
these results. Figure11l shows the bias and standard
deviation of the difference TEC[GPS]-TEC[TOPEX]
plotted as a function of latitude, for the two daily TOPEX
passes nea locd noon (top fdot) and locd midnight
(bottom plot), with TOPEX observations relatively close
to GPS stations.

A seocond comparison can be made between the
observed ambiguous STEC vaue with its red-time
prediction, for a recever that has not been used in the
computations. Thisis the cae for the IGS station NTUS,
separated by approximately 600km from the neaest
station, SAMP (see map in figure8). It can be seen in
figwe12 that the variation of STEC can be well
predicted, to better than 5 TECU.

Finally, in a third study of the performance of this

approach the RMS of the aror inLJASTEC prediction
has been cdculated using a post-processed solution as
“truth”, and then compared to the @rresponding success
rate in widelane ambiguity resolution (see flowchart in
figure 3). It can be seen in figure 13 the results for a
baseline of 2354 kn (COCO-KARR), and under the
influence of the southern Appleton anomaly: the RMS is
typicdly abou 1 TECU, and the success rate is greder
than the 90% during the four consecutive weeks of the
period studied, with a mean rate of 97%. That period
includes days of high geomagnetic adivity, as shown in
figure 9. These results are quite representative, as it can
be seen in in table2, for a set of baselines, for both
northern and southern tropicd ionosphere.
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Figure 10: Comparison d red-time ionogpheric verticd TEC

determination, and post-processed solution, both with GPS data,

and TOPEX TEC for a geomagneticadly quiet day (March 3¢,

2001, top plot), and a day geomagneticdly very disturbed, with

Kp 08 (March 319, 2001, lower plot).

SUMMARY AND CONCLUSIONS

The Wide Area Red Time Kinematic (WARTK)
agorithm performs well when used to compute predse
red-time ionospheric corredions in  WADGPSIike
networks. In several experiments previously reported in
other publicaions, the WARTK provided OJASTEC
better than 2.7 cm (1/4 TECU) for the reference and rover
recavers, in midde ad high latitudes, and under
different ionospheric conditions.

The more dalenging part of the technique, the
interpolation of the predse OASTEC from the
reference stations to the rover, has been successfully
tested in this paper in a difficult situation, with strong
locd irregularities in the ionosphere (TID’s), while
nevertheless doubling the performance ompared to a
standard linea interpolation technique (success of 83% vs
49%, respedively).
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Figure 11: Bias and standard deviation (represented as bar errors) of the diff erences between GPS TEC and TOPEX TEC for the first part
of the studied period with low geomagnetic adivity (before DOY 78, March 19" 2001, first column) and with higher geomagnetic adivity
(starting on DOY 78, second column), during the locd night (22-04LT, first row) and duing the locd afternoon (12-18LT, second row).

The improvement in red-time STEC determination
for the reference GPS stations has been also studied in
this paper, in one of the worst possble scenarios. very
long baselines (10063-3000km), at low latitudes, and nea-
Solar Maximum conditions, during four conseautive
weeks, including periods of high geomagnretic adivity
(March-April 200]). The verticd TEC prediction for the
TOPEX-Poseidon satellite made with this method was
larger than the TEC acdually observed with the TOPEX-
Poseidon dual frequency altimeter. This discrepancy is
compatible with the eistence of a significant
plasmaspheric dedron content between the TOPEX and
the GPS satellites. This result is more compatible with
TOPEX than the post-processed one & global scde
(GIM’s), without fixing ambiguities. The standard
deviation of the discrepancies with the TOPEX verticd
TEC isat thelevel of 1-3 TECU. Thisresult is compatible
with the areement observed between measured and
predicted STEC for GPS recevers not involved in the
computations. Finaly, in this gudy the RMS of the
difference between the JASTEC and the post-processd
“truth” is about 1 TECU, and the success rate in

ambiguity resolution is greaer than 90%. Similar results
have been achieved for pairs of stations sparated by
more than 2000km, and experiencing the strong gradients
of the southern equatorial anomaly. Data from further
experiments involving moving recevers on airplanes,
boats and cars, are being analyzed at the present time.
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Figure 12: STEC predicted for NTUS, an IGS station ot

involved in the red-time determination over Asia and Australia,

during the day March 7, 2001 (doy 66, March 7", 2001).
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Figure 13: An example of the RMS of the [JASTEC red-
time determination, and asciated success for the double
differenced widelane ambiguity, for the baseline from COCO (in
the southern Appleton anomaly footprint) to KARR in Austraia
(2354 km away, bottom plot) since 6 March to April 2, 2001.
The mean number of observationsis also plotted for ead day.

Sta. Ref. Dist. % RMS #
(km)  Succ. [TECU] Obs.

IRKT DAEJ 2507 93 12 8329

BJFS DAEJ 1067 91 14 8131
KUNM  DAEJ 2640 95 1.0 3900
WUHN  DAEJ 1369 92 14 6358
SAMP  KARR 3341 95 11 6441
COCO KARR 2354 97 0.9 9963
BAKO KARR 1939 90 15 6121
YAR2 KARR 909 97 0.8 12630

Table 2: RMS of the [JASTEC red-time determination, and
asciated success for the double differenced widelane
ambiguity, for a set of representative baselines. The distance, in
km, and the number of observations are dso indicaed.
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