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ABSTRACT
The influence of the ionosphere is one of the main problems in the real-time ambiguity resolution for the carrier phase
GPS data in radionavigation, especially with high geomagnetic activity or close to the next Solar Maximum at year 2000.
Therefore, it is important to have a precise estimation of the
ionospheric delays.

In the first part of this paper we present a comparison at
real-time mode, and using only the carrier phase, of the tomographic model with the traditional 1 fixed height layer model,
and it is shown the reduction of the error of the absolute, single difference and double differenced ionospheric corrections.
Quiet geomagnetic conditions are simulated with the International Reference Ionosphere model, with real geometry for
a network of stations at distances of 400-1000 km in NorthAmerica.
In the second part we perform an assessment of the proposed real-time tomographic model, feed with real carrier phase data only, and in three situations with different geomagnetic activity. In the moderate and high activity scenarios, the
resolution of the widelane double differenced ambiguities is
successful for the greatest part of cases (95% for elevations
greater than 20 degrees) when the tomographic ionospheric
correction is included. In the storm scenario (Kp' 8), the results are poorest (60%) at times with highest electron content
variations (5 TECU in 2 minutes), but they are better than in
the case of neglecting the double difference ionospheric correction.
INTRODUCTION
The free electrons distributed in the atmospheric region
named ionosphere (between one hundred and thousands km
in height) produce a frequency dependent effect on the Global
Positioning System (GPS) signals, a delay in the pseudorange
and advance in the carrier phase. Its spatial-temporal distribution is correlated with the position of the main ionizant source:
the Sun. It is also dependent on the Solar cycle, on events like
Traveling Ionospheric disturbances (TID) and in general on
the geomagnetic and Space Weather conditions.
Therefore the distribution of free electrons in the ionosphere affects the precise navigation with GPS, and must be
taken into account depending on the distance scales:

receiver is far from a reference GPS station less than
few tens of km (see for example Pratt et al. 1998). The
assumption than the ionospheric errors are identical for
both stations and fix then the double differenced integer
ambiguities in L1 strongly depends on the geomagnetic
activity and possible existence of ionospheric perturbations like TID (Coster et al. 1998).

GPS-TRANSMITTERS

• Regional Area Differential GPS (RADGPS): Gao et al.
(1997) showed that when the dual frequency rover receiver is at distances of few hundred km from the reference network, the double difference of the integer phase
ambiguities can be fixed, estimating the ionospheric delay in minimum Solar cycle conditions.
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• Wide Area Differential GPS (WADGPS): using the code
it is possible to get positioning errors on the order of
ones of meters, modeling the ionospheric delay, among
other errors like tropospheric delay, for the main observable: the L1 pseudorange smoothed with the carrier
phase. This is fulfilled with networks of stations separated '500-1000 km (Enge et al. 1996).
The use of the GPS signals on the two frequencies, and
gathered from a set of reference receivers, can be used to
compute a real-time ionospheric model in the RADGPS and
WADGPS scales, to provide the enough precise ionospheric
correction to the GPS navigator. Some examples can be found
in Hansen et al. 1998 in WADGPS using as the main observable the smoothed pseudorange, and in Colombo et al. 1999
for RADGPS close to the Solar maximum and using the carrier phases.
The purpose of this paper is, first, to show (with semisynthetic data) the advantages of using a tomographic model
feed with carrier phase data for real time ionospheric modeling (next section). And, second, to evaluate with real data the
performance of this model to fix the double differences of the
phase ambiguities at scales of RADGPS and WADGPS (few
hundreds to one thousand km) and at different geomagnetic
conditions.

Figure 1: Layout of the two-layer tomographic model adopted
to estimate the electron content from reference ground stations.
boundaries at 60-740-1420 km have been adopted (see figure 1). This resolution is adequate to get precise ionospheric
determinations from ground GPS data (see for instance Hernández-Pajares et al. 1999).
The resolution of the model, by means of a scalar filter
(Bierman 1977) initialized the previous day, is performed from
the geometric free combination of phases, LI = L1 − L2 , of
the transmitter T measured from the receiver R (see Colombo
et al. 1999 for more details):
XXX
LI =
(Ne )i,j,k ∆si,j,k + b
(1)
i

ASSESSMENT OF THE REAL-TIME TOMOGRAPHIC
MODEL
It can be assumed that the electron free density can be described as a random walk process on time, that will be estimated in a reference frame (Sun fixed) where it is relatively
stationary (variation of ±5% during one day with low geomagnetic activity1 ). The tomographic model adopted is spatially formed by a set of cells or volume elements (voxels),
especially suitable to detect local features, that cover all the
sampled ionosphere by the GPS rays. In these voxels the
electron density is considered constant at a given time. Despite other possibilities to choose the voxel distribution (for
instance adapted to the data density like in Hernández-Pajares
et al. 1997a) the regular distribution is adequate for describing a region sampled from an approximative homogeneously
distributed network of reference stations. A voxel size of 3x5
degrees in latitude and solar longitude, and two layers with
1 This has been deduced from the IRI, at the geomagnetic equator Fortaleza, Brazil-, at the noon and in the last solar maximum, 1990, January
1st.
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k

where i, j, k are the indices for each cell corresponding to
solar longitude, geodetic latitude and height; (Ne )i,j,k is the
corresponding free electron density; and ∆si,j,k is the length
of the ray path crossing the ”illuminated cells”; and b is the
alignment term (constant in a given transmitter-receiver arch
of continuous phase) that includes the L1 , L2 integer ambiguities and instrumental delays. This approach extends the model
described in Hernández-Pajares et al. (1998).
In order to assess the capabilities of the tomographic model
compared to a fixed height thin layer model (at 400 km height),
both resolved at real time, we will compare its predictions for
absolute, single and double difference slant corrections at distance scales like those of WADGPS.
The data set corresponds to four North-American reference stations belonging to the International GPS Service (IGS)
network with distances between 450 and 1300 km (CME1,
GOBS, HOLB, WILL). The dual frequency GPS observations,
with a sampling period of 30 seconds, are the inputs of the real
time ionospheric models to be compared. Also one test station
(PABH) is considered whose slant Total Electron Content val-
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ues (STEC) will be compared to the model predictions (see
map in figure 2).
The geometry of the set of observations is the true one
for May 3rd, 1998 and the previous day, and the delay values
are those predicted by the International Reference Ionosphere
(IRI). The observed values taken under high geomagnetic conditions are analyzed in the 2nd part of the paper.
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Figure 2: Map of the network of stations used for the study
with high geomagnetic activity (stars = reference stations,
squares = test stations)
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FIXING THE CARRIER PHASE INTEGER AMBIGUITIES AT DIFFERENT GEOMAGNETIC CONDITIONS
As it has been mentioned above, in the paper from Colombo
et al. 1999 the resolution of the carrier phase ambiguities is
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From figures 4 and 3, that summarize the results, and looking at the test station, it is evident that the better results are
obtained with the tomographic two-layer model for the absolute, single differenced and double differenced ionospheric
correction. This model reduces the errors in a 30-50% approximatively compared to the single thin layer model (see table 1
for details). In particular the errors in the double differences
of STEC are reduced typically to less than '10 cm (RMS of
6 cm) in front of the results with the one fixed height thin layer
model (≤20 cm, with RMS of 9 cm). This is important, as will
be discussed in the next section, in order to successfully fix the
double differenced integer widelane ambiguity, in particular at
the reference stations. And with an accurate strategy for the
prediction of the double differenced STEC for the rover receiver, the whole set of ambiguities (of L1 in particular) can
be successfully solved on the fly (OTF). This has been shown
during geomagnetically quiet days (that is also the situation
simulated with the IRI) and for distance scales of 200-300 km
(Colombo et al. 1999).
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Figure 3: Values modeled for the IRI absolute (top), single
difference between stations (middle) and double differenced
STEC, for the network studied in the tomographic model assessment.
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Figure 4: Errors (meters of L1 − L2 delay) in absolute STEC (1st row), single differenced STEC between stations (2nd row) and
double differenced STEC (3rd row), with the two layer model (1st column) and the one thin layer model (2nd column). The green
points corresponds to the observations gathered from reference stations (CME1, GOBS, HOLB, WILL) and the red points to the test
station PABH (not used in the ionospheric model computation). The geometry corresponds to that of day May 3rd, 1998 with delays
simulated with the IRI (more details in the text).

90

Table 1: Bias, sigma and RMS (meters of L1 − L2 ) of absolute, single differenced and double differenced STEC errors
(S, ∆S and ∇∆S respectively).
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1 thin layer model
Bias Sigma RMS
-0.07
0.13
0.15
0.05
0.08
0.09
0.02
0.09
0.09

7
6
Kp

S
∆S
∇∆S

2 layers model
Bias Sigma RMS
0.04
0.07
0.08
0.03
0.05
0.06
0.01
0.06
0.06
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studied for networks of 200-300 km: it is shown the convenience of using a tomographic ionospheric model to solve at
real time the ambiguities in the wide-lane combination for the
reference stations.
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The purpose of the 2nd part of the paper is to assess, for
larger networks and higher geomagnetic activity, the capability for solving the double difference of widelane integer ambiguities, by means of the tomographic ionospheric corrections.
This is the first step of solving completely the integer ambiguities (also for L1 − L2 and hence for L1 ), studied in the above
mentioned paper.
Indeed, if we consider the widelane combination
Lδ =

f1 · L1 − f2 · L2
f1 − f2

(2)

being L1 and L2 the carrier phases (in meters) at frequencies
f1 = 154f0 and f2 = 120 (f0 = 10.23 MHz), then its double difference satellite to reference satellite (∇) and station to
reference station (∆) can be written as
∇∆Lδ = ∇∆ρ + ∇∆T + ∇∆Iδ + λδ ∇∆Nδ

(3)

being ρ the distance satellite-receiver, T the tropospheric delay, Iδ the widelane ionospheric correction and Nδ the integer
widelane ambiguity (centimetric terms like the phase multipath have been neglected).
To fix OTF ∇∆Nδ to the right integer value from equation 3 it is necessary to take into account, at real time, the
other three terms with a maximum total error less than λδ /2 '
40 cm, i.e. with an error standard deviation less than ' 20 cm
to guarantee the 95% of successful determination. An error of
few centimeters can be expected for the satellite-receiver distance term ∇∆ρ, if the satellite positions are obtained from
extrapolated precise ephemeris or they are corrected at real
time. If the broadcast ephemeris are used instead of, this error term is typically less than 10 cm at distances of 500 km.
Regarding to the double differenced tropospheric correction
∇∆T , and for stations at distances of few tens of km, the maximum error using the models for the hydrostatic and wet components is typically lower than 10 cm for elevations greater
than 20 degrees (this corresponds for a worst case in the study
of Coster et al. 1998, figure 5d). But this error can diminish to
a few centimeters if the tropospheric correction is estimated at
real time, in particular in the reference stations where the coordinates can be accurately known. In our case, using precise
orbits and modelled predicted tropospheric corrections, a final
maximum error of ' 30 − 40 cm in ∇∆Iδ is allowed considering the error budget of the terms in equation 3. This means
a standard deviation of ≤ 20 cm for the ionospheric term to
guarantee the 95% successfull determination of ∇∆N (i.e.
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Figure 5: Kp indices for the days 122, 123 and 124 of 1998
(May 2nd, 3rd and 4th), studied in this work
1 TECU or 10 cm in L1 − L2 delay units approximately).
The study performed in the last section shows us the feasibility to get such precision at real time with the carrier phase
tomographic model of the ionosphere during quiet geomagnetic conditions. We are going to study this feasibility with
real data under different geomagnetic conditions (see figure 5
with the Kp indices for the involved days).
The different considered networks are formed by IGS stations in the Southwest part of Canada and Northwest of USA.
Three scenarios with different geomagnetic conditions are studied, using an ionospheric model similar to that of figure 1 and
equation 1:
1. Moderate geomagnetic conditions (Kp '3, May 4th 2023 UT, close to the noon): With the network of figure 6,
whose distances range between 300 and 1100 km. The
double differences of the ionospheric model residuals
(figure 7) presents a RMS of 9 cm in L1 − L2 delay
units. The widelane ambiguities are successfully solved
(compared to the postprocess value aligning the widelane phase with the pseudorange) for more than 95% of
the cases with elevations starting at 10 degrees. In contrast, under the assumption of zero ionospheric double
difference, i.e. without ionospheric correction, the 95%
is only attained for elevations greater than 30 degrees
(see figure 8).
2. High geomagnetic conditions (Kp'6, May 3th, 20-23
UT): with reference stations at distances between 450
and 1300 km (see figure 2). The ionospheric double
difference residuals presents, like in the moderate geomagnetic scenario, a RMS of 9 cm in L1 − L2 delay
units (figure 9). The 95% approximatively of successful widelane integer ambiguities fixing is obtained for
elevations greater than 15 degrees in contrast with the
minimum elevation of 50 degrees when the double difference ionospheric correction is neglected (figure 10).
3. Large geomagnetic storm conditions (Kp'8, May 4th,
04-05 UT): A more dense network (110-400 km, figure 11) has been used in this case because the prob-
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Figure 6: Map of the network of stations used for the study
with moderate geomagnetic activity (stars = reference stations, squares = test stations)
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Figure 7: Double differences of the ionospheric residuals
computed in the moderate geomagnetic activity scenario as
a function of the non-reference satellite.

lem is especially difficult due to the the rapidly changing electron density: see variation of TEC for IGS station WSLR computed directly -Hernández-Pajares et al.
1997b- in figure 12, and an example of STEC variation
in figure 13. The RMS of the double differenced ionospheric residuals is 16 cm of L1 − L2 delay in this case
(figure 14). And this produces a poorest determination
of the widelane ambiguity. Its successful percentage is
plotted against the time, a more relevant parameter in
this case, in figure 15. The percentage drops from 90%
to 60% from 4.3 to 4.5 hours, coinciding with the more
severe variation of the geomagnetic storm (and an associated TID) as can be seen in figures 12 and 13. The
results are worst without ionospheric corrections, especially in the first part.
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CONCLUSIONS
We can summarize the conclusions in two main points:
1. The tomographic voxel modeling with two layers of the

85
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The standard WADGPS ionospheric models typically use
the smoothed pseudorange as ionospheric observable. We have
also compared the ionospheric models using the carrier phase
data to those using the smoothed code data. In this sense we
have computed, for the scenario with moderate geomagnetic
activity, the ionospheric correction using only the smoothed
code data, with the same parameters that when the carrier
phase is used; in particular with the same sampling period
(30 seconds) and without multipath correction. With these
conditions, the RMS of the double differences with the smoothed code is larger than 10 cm of L1 − L2 (a mean value of
20 cm) especially at low elevations and this is the reason to
get poorest results less than 30 degrees (see figure 16).
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Figure 8: Percentage of successful widelane double integer
ambiguity determination as a function of the elevation of the
lowest satellite, for moderate geomagnetic activity (Kp=3).
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Figure 9: Double differences of the ionospheric residuals
computed in the high geomagnetic activity scenario as a function of the elevation of the non-reference satellite.
Figure 11: Map of the network of stations used for the study
with large storm conditions (stars = reference stations, squares
= test s tations)
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Figure 10: Percentage of successful widelane double integer
ambiguity determination as a function of the elevation of the
lowest satellite, for high geomagnetic activity (Kp=6).
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Figure 12: Variation of vertical Total Electron Content relative
to the mean value for each direction in the last 7 days (DTEC)
as a function of the time: IGS station WSLR during the day
May 4th 1998 (a large ionospheric storm can be observed in
the first part of the day).
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Figure 13: Predicted versus observed L1 − L2 values during
the large storm happened at May 4th, 1998.
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Figure 16: Percentage of successful widelane double integer
ambiguity determination as a function of the elevation using
the smoothed code and the carrier phase (moderate geomagnetic activity, Kp=3).

L1-L2 double differenced residuals for large geomagnetic STORM (Kp=8)

absolute, single and double differenced ionospheric delays than the standard fixed height layer. These results,
obtained solving the model at real time, confirms the results obtained in postprocess for the Total Electron Content (Hernández-Pajares et al. 1999), in which study this
difference is still more clear in equatorial regions.
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Figure 14: Double differences of the ionospheric residuals
computed in the geomagnetic storm scenario as a function of
the UT.
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2. The real time tomographic models provide enough precision, better than 1 TECU (i.e. 10 cm in L1 − L2 delay
units) in the double differences of the slant TEC. This
allows the succesfully resolution OTF of the wide lane
double differenced ambiguities, also with high geomagnetic activity (Kp=6), and with distances up to 1300 km
between reference stations. For very high geomagnetic
activity (Kp=8) the precision of the model is not enough
to solve the widelane ambiguities OTF in a satisfactory
way.
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