
XA0202836

COMBINING GPS MEASUREMENTS AND IRI MODEL
PREDICTIONS

M. Hernandez-Pajares1, J.M. Juan1, J. Sanz1 and D. Bilitza2

1 Univ. Politecnica de Catalunya, Campus Nord Mod., Barcelona, Spain
2 Raytheon ITSS, NASA - Goddard Space Flight Center, Greenbelt, USA

Introduction

The free electrons distributed in the ionosphere (between one hundred and thousands
of km in height) produce a frequency-dependent effect on Global Positioning System
(GPS) signals: a delay in the pseudorange and an advance in the carrier phase. These
effects are proportional to the columnar electron density between the satellite and
receiver, i.e. the integrated electron density along the ray path.

To successfully estimate the electron density vertical profiles, it is necessary to
combine ground and Low Earth Orbiter (LEO) GPS data in order to ensure enough
ray geometry to solve the inverse problem (Hajj et al. 1994, Howe et al. 1998,
Hernandez-Pajares et al. 1998, 2000). When only ground data is used, the vertical
profiles cannot be resolved. Nevertheless, a coarse tomographic model (voxel model)
with only two layers (top and bottom) can be used to diminish the mismodeling -
with regard to the more classical one thin layer model- in the Total Electron Content
(TEC) estimation (Juan et al., 1997, Hernandez-Pajares et al. 1999).

Since June 1st 1998, our group is contributing, jointly with JPL, ESA, CODE
and NRCAN, to an international project to define a common IGS ionospheric (TEC)
product, where daily TEC maps in IONEX format are computed with data gathered
from the permanent ground GPS receivers of the International GPS Service (IGS)
(Feltens and Schaer, 1998, Mannucci et al., 1998).

These ionospheric maps are obtained in our group with a two layer tomographic
(voxel) model solved for each ground IGS station independently, and the IRI model
(Bilitza, 1990) is applied as a reference ionospheric model to carry out the interpo-
lation for the global TEC map. The details of how the IRI helps this TEC global
ionospheric determination will be explained in this paper. The performance of these
ionospheric estimations as compared with TOPEX TEC direct estimations will be
shown as an application.

On the other hand, an exhaustive comparison of the Electron Content estimated
with GPS and the IRI prediction on 23 geomagnetically quiet days distributed over
1991 to 1997, for most of the available IGS stations covering a wide range of geo-
magnetic latitudes, was made in Bilitza et al. (1998). We will extend this analysis,
in the last part of this paper, with data sets close to the solar maximum.
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Model

Geodetic dual frequency GPS receivers usually provide, for each epoch and for each
of the tracked satellites -typically 6 or 7 simultaneously-, codes (Pi and P2) and
carrier phases (C\ and £2) in two L-band frequencies, f\ ~ 1575 MHz and /2 —
1227 MHz, respectively. The codes are noisier than the carrier phases, with large
multipath errors, but unambiguous; and, on the contrary, the carrier phases are
much more precise with error noise of 0.002 m or smaller, but ambiguous.

As was mentioned in the introduction, when the GPS signals travel between the
transmitter position r1' and the receiver position TR they cross regions of the iono-
sphere with densities Ne. Then, if we avoid the code data due to their greater error
noise, the main ionospheric quantity obtained from the dual frequency GPS receiver
data is the ionospheric combination of carrier phases, £/ = C\ — £2, which can be
written in terms of:

rrR(tR)
CI = K- / Ne(f,t)ds + Amb + ei (1)

where K = K [ l / / | - 1//? ] — 1-05 m delay/1017 electrons/m2 and where the error
e/ is assumed to be normally distributed with a£l ~ 0.002m.

The ambiguity term Amb is constant along each data arc of continuous phase
for a given pair of satellite (T) and receiver (R), and can be cancelled by taking
differences of carrier phase referred to the first point of arc. Notice that, in this way,
we avoid the estimation of the differential code biases, with the unique assumption
that they do not change in an arc of continuous carrier phase (typically during less
than 4 hours). More details can be found in Hernandez-Pajares et al. (1999).

Peformance

Monitoring Space Weather events

As mentioned in the introduction, global TEC maps, every two hours, are daily
computed since June 1st 1998. Due to the better performance of the interpolation
guided by the IRI model, since January 1st 2000 it has been adopted by our group in
the TEC computation algorithms. These global TEC maps1 at present form a large
data base which can also be used to study the ionospheric response to Space Weather
events. Figure 1 shows two examples of global TEC maps: for low ionospheric
activity (April 4th 2000 with Kp=1.5) and for high ionospheric activity (April 5th
2000 with Kp=8).

lrThey can be gathered in IONEX format, in a grid of 5 x 2.5 deg in longi-
tude and latitude, from ftp://maite210.upc.es/pub/ionex2/upci'D0Y)0. 'YY'i.Z, and from
ftp://cddisa.gsfc.nasa.gov
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Fig. 1. Global TEC maps for low geomagnetic activity Kp=1.5 (April 4th 2000, from 20 to 22 UT)
and high geomagnetic activity Kp=8 (April 5th 2000, from 20 to 22 UT).

Comparison with TOPEX data

Over the oceans few GPS data are available, and the comparison with TOPEX data
becomes a good test to analyze the accuracy of the TEC estimations far from the
ground stations, checking the goodness of the adopted interpolation scheme.

Figure 2 plots the RMS of the discrepancies between the TOPEX TEC and the
TEC values computed from GPS data and interpolating with (diamonds) or without
(crosses) the help of the IRI model. This comparison has been made for eight days
(between August 28th and September 4th 1998), involving 174 TOPEX passes and
2513 individual TOPEX observations, 138 GPS stations and more than 21,000,000
individual GPS observations. Each point in the plot accounts for 2 hours of TOPEX
track data.

As can be seen, most of the time, the RMS is reduced by approximately 1 TECU
when the IRI model is used to drive the interpolation as a reference model. On the
other hand, the large RMS values over the days 240 to 241 could be associated to
the greater ionospheric activity of this period (see Kp index in figure 2d - bottom
right).

An additional comparison with TOPEX data, between February 21th and May
10th 2000, in a main window of 40x10 degrees around the station chat (Chatham)
in New Zealand at coordinates (A = 183deg, (f> = —44deg), is given in figure 3. The
graph on the left shows a good agreement between the GPS TEC and the TOPEX
TEC in this region. The corresponding results with the IRI predictions are shown
on the right as a reference.
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Fig. 2. Discrepancies between TOPEX and GPS TEC interpolating without IRI (UPCG) and inter-
polating with IRI (UPCI): bias (top left), standard deviation (top right), RMS (bottom left), Kp index
(bottom right).

Using GPS for Monitoring IRI predictions

An analysis of the IRI predictions compared with the GPS estimations between 1991
and 1997 was made in Bilitza et al. (1998) using most of the available IGS stations
in this period, the number which increased from 7 stations in 1991 to 240 in 1997.
At present there are about 500 IGS stations distributed worldwide, which allow a
global and continuous TEC monitoring of IRI predictions with GPS.

A comparison between the TEC estimations and the IRI predictions, at noon and
at midnight for a three month period, close to the Solar Maximum, are given in
figure 4. Each plot corresponds to one different station whose name and coordinates
(longitude, latitude) are given at the top. The Kp index is also given in the plots.

Prom the GPS estimations it is possible to observe a common maximum for all
the stations in the plots, in the first week of April 2000.

Furthermore, the TEC IRI predictions are in good agreement with the GPS es-
timations for middle latitudes. Nevertheless, in the station thul (Thule, Green-
land) at 76 deg. latitude the climatological IRI values are two times higher than
the GPS estimations (these differences are clearly higher than the expected error
(few TECUs) in the TEC estimations with GPS estimations in the voxel model
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Fig. 3. TEC comparison between GPS and TOPEX data (left), and between IRI and TOPEX data
(right). Data set: from February 21th to May 10th 2000.

(Hernandez-Pajares et al. 1999)).

Local fit of IRI with the Sun Spot Number

With GPS data it is possible to perform a local fit of the IRI model by tuning the
Sun Spot Number (SSN), which is one of the parameters that mainly drives the IRI
model. This local fit can be done by using the STEC values obtained directly after
removing the instrumental delays to the ionospheric combination of carrier phase
data, aligned with the code. This provides an alternative way to update the IRI
with GPS data with regards to the approach indicated in the above section, but
without solving the tomographic model.

Figures 5 (a) and (b), top, show the observed STEC (solid line) between station
cagl (Italy) and the satellite PRN01, as a function of UT time, and the STECs
computed from the IRI model with different SSN. Figure 5 (a), left, is for a night-
time, and Figure 5 (b), right, is for a day-time. As can be seen, an optimum SSN
between 50 and 60 can be fitted from these data arcs. The reference value at this
time was 49.

Figure 5 (c), bottom left, shows the discrepancies between the optimum (fit)
SSN and the reference SSN, computed for all the tracked satellites in 24 hours,
for a worldwide distributed set of stations during June 1st 1998. It appears as an
underestimation of the TEC for several stations mainly in the north of America and
Europe, with mean SSN-optimum above the reference value, and an overestimation
of the TEC in the other stations. Figure 5 (d), bottom right, shows the standard
deviation of the SSN values fitted from the STEC of the different satellites in view
from each station.
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Conclusions

Global ionospheric TEC maps can be obtained with GPS data from a network of
ground IGS reference stations with an accuracy of few TEC units. The comparison
with the TOPEX TEC, mainly measured over the oceans far from the IGS stations,
shows a mean bias and standard deviation of about 2 and 5 TECUs respectively.
The discrepancies between the STEC predictions and the observed values show an
RMS typically below 5 TECUs (which also includes the alignment code noise).

The existence of a growing database 2-hourly global TEC maps and with resolution
of 5x2.5 degrees in longitude and latitude can be used to improve the IRI prediction
capability of the TEC. When the IRI predictions and the GPS estimations are
compared for a three month period around the Solar Maximum, they are in good
agreement for middle latitudes. An overdetermination of IRI TEC has been found
at the extreme latitudes, the IRI predictions being, typically two times higher than
the GPS estimations.

Finally, local fits of the IRI model can be done by tuning the SSN from STEC
GPS observations.
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Fig. 4. Comparison between GPS TEC estimations and the IRI predictions (in 0.1 TECUs units) for six
different stations; see the name and the latitude and longitude coordinates over each plot. The values
are given at noon and midnight, over three consecutive months. The ratio Kp index is also given in the
plots.
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Fig. 5. (a) (top left) STEC computed from the IRI model with different SSN, dashed lines, and
observed STEC between station cagl (Italy) and the satellite PRN01 (solid line). These values are
computed for a night-time (between 4 and 7 UT). (b) (top right) Id. for a day-time data (between 13
and 15.5 UT). (c) (bottom left) discrepancies between the SSN optimum (fitted with GPS data) and
the reference SSN, for 24 hours and a set of worldwide distributed ground stations for June 1st 1998.
(d) (bottom right) standard deviations of the SSN optimum values.


