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Abstract

Tonospheric soundings carried out at the same site and simultaneously with GPS measurements could
contribute to the better understanding of the variations of the total electron content. However, for this
purpose the total electron content deduced from GPS measurements must be converted to the place of
observation. A method based on an interpolation considered as boundary value problem is recom-

mended for this conversion. Furthermore, the
spheric soundings
are presented.
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1. Introduction

Before the introduction of the Global Po-
sitioning System (GPS) the technique used
for the determination of geographic coordi-
nates of a point by satellites and for the es-
tablishment of the total electron content
(TEC) in the ionosphere was the TRANSIT
or Navy Navigation Satellite System
(NNSS). This system enabled the determi-
nation of the latitudinal variation of the
TEC by the short transit time of its polar or-
biting satellites (due to their altitude of 1000
km), since it could be assumed that the
ionosphere does practically not change dur-
ing this time. The disadvantages of this sys-
tem were on the one hand that in case of a
single station the initial phase of the satellite
signal could not be determined precisely
enough (Leitinger and Putz, 1978; Bencze et
al., 1986). On the other hand, the relatively
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possibilities of the application of data obtained by iono-
in GPS measurements are discussed and also preliminary results of model calculations

low frequency did not assure sufficient accu-
racy in the determination of geographic co-
ordinates and the TEC (Hartmann and
Leitinger, 1984; Bényai and Kovics, 1992).
The error budget of the GPS system has
been studied by Wanninger (1992). Con-
cerning the establishment of the TEC the
synchronization error of the code genera-
tion on board of the satellites and in the re-
ceiver can amount to a value of 12-10!6
(el/m?), which must be taken into account in
the data processing (Lanyi and Roth, 1988).
Besides the multipath propagation is the
only significant error source, which can be
avoided by the careful selection of the site.
However, the transit time of GPS satellites
is large because of their orbital characteris-
tics (large height). Thus, though the whole
orbit above the horizon can be used, it must
be divided in segments, during the traverse
of which quasi stationary ionospheric condi-
tions could be assumed. The TEC is defined
as the electron content of a vertical column
of unit area between the satellite and the
surface. However, in the course of the mea-
surements mostly the electron content of a
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slant column (TEC;) is obtained, which has
to be converted to the electron content of a
vertical column (TEC). For the establish-
ment of the mean TEC in case of more satel-
lites observed during time intervals in which
quasi stationary ionospheric conditions can
be assumed (30 min), a method is suggested.

The accuracy of the determination of the
TEC depends not only on the establishment
of the slant electron content, but also on its
conversion to vertical content. For the in-
vestigation of this problem, the knowledge
of the electron density distribution in the
ionosphere is needed. Ionospheric sound-
ings carried out at the same site and simulta-
neously with GPS measurements could con-
tribute to the solution of this problem by
giving the value of the maximum electron
density and its height (see details in section 3).

2. Method for the determination of the
mean TEC in the multisatellite case

As it has been mentioned above, the slant
electron content TEC, has to be converted
to the vertical content TEC. This is carried
out by means of the relation

TEC = TEC,sin E’
where

E’ = arc cos (L cos E)

Re+h;

gives the elevation angle E’ at the mean
ionospheric height 4;. In this equation Ry is
the Earth’s radius and E is the elevation an-
gle of the satellite at the point of observa-
tion.

The observation equations for pseudo-
ranges (R) and phases (¢) denoting the car-
riers by 1, 2 are given as
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where the following notations were used:

distance between the receiver and
satellite;

wavelength of the carrier;

frequency of the carrier;

speed of light;

constant;

clock error;

phase ambiguity (initial phase un-
known);

ARy;op tropospheric range error.
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The geometry-free linear combination is
defined as
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where the signal path bending is neglected
and the synchronization error is denoted by
or. From the sum of the two equations
the TEC is cancelled, therefore, if precise
P-code pseudoranges (e.g. Turbo Rogue ob-
servations) are available the unknown com-
bination of the phase ambiguities can be es-
timated averaging over a suitable time span.
Substituting the average value into the
phase combination, an optimal observable
for the TEC determination can be given
where the absolute precision is character-
ized by the code measurements and the rela-
tive precision is characterized by the phase
measurements.

The TEC refers to the place under the
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ionospheric point. As it has been men-
tioned, in case of GPS measurements —
though the whole orbit above the horizon
can be used — the computation of the TEC
must be limited to small segments of this
part of the orbit that quasi stationary iono-
spheric conditions could be assumed. The
direction and position of these segments
changes according to the configuration of
the satellites. Taking an elevation angle of
30° for the satellites, data are collected from
a spherical surface of 600 km radius at the
mean ionospheric height (350 km) with the
point of observation below its centre. This
means, that at least four GPS satellites can
simultaneously be observed. As an exam-
ple, the situation above the Sopron station
during the GPS measurements in November
1992 is shown (fig. 1) (Banyai and Kalmar,
1993). Thus, considering a period, in the
course of which, quasi stationary iono-
spheric conditions can be assumed, the seg-
ments define a complicated surface. There-
by, for the determination of a TEC referring
to the point of observation a suitable
method is needed.

J. Kalmar proposed a method which is
based on interpolation considering it as a

N

boundary value problem. In case of the
Dirichlet problem it is assumed that the un-
known surface can be described by a har-
monic function and the known values are lo-
cated on a closed curve surrounding the
place, for which the interpolation should be
carried out. The problem can be solved ana-
lytically only in simple cases. Generally, the
Dirichlet problem can be solved by the
Monte-Carlo method. Referring to the left
part of fig. 2, let us suppose that a large
number of points start continuously from
the source P showing Brownian motion and
they cross the closed curve S. The interpo-
lated value of the parameter in question in P
(potential of P) can be described by the ex-
pression

fp) = Esg)(s)f(s)

if a probability density function o(s) is de-
fined giving the probability that the points
cross differential parts s of S, where sCS
and § = Us. Dividing the closed curve
around P into segments by radii starting
from P and generating equal angles da at P
(fig. 2), it can be assumed that the same

Fig. 1. The best and least favourable satellite configuration for the Sopron station (19.11.1992).
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/R\'

Fig. 2. Geometry of the boundary value interpolation.

number of points from the source P cross
the curve in each segment. The different
segments have different radii R; and conse-
quently different lengths (s; = R;-da). Thus,
the unknown density function can be ex-
pressed in the form

1
o(s) —E

where o(s) is inversely proportional to the
radii R;. But the result for g(s) obtained by
the simplification of the Brownian motion
should be corrected. Namely the Monte-
Carlo method takes only into account the
first crossing of the moving points.
Nevertheless, the longer is the radius, the
greater is the probability that the moving
point has crossed earlier the boundary at an-
other segment. Thus we must decrease the
number of crossing points as a function of
the radii. Experiences indicate that it is usu-
ally better to use R instead of R;. In this
case the interpolated value can be given by
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Replacing f(a) by TEC and taking the dis-
tances between the point of observation and
the ionospheric points defined by the orbits
of the different GPS satellites as radii

P
2 TEC(,)/R*(a;) 4a;
TEC =-°

2

> 1R¥a;) Aa;)
0

In reality the TEC values are determined
only for small segments of the previously
mentioned closed curve. Therefore, it is as-
sumed that the dashed curve shown in the
right side of fig. 2 is in the infinite. Thus,
since

R2

.1 .
ngnmﬁ— 0 and consequently ngnw

this simplification can also be accepted.
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The denominator indicates how the
closed curve assumption is fulfilled. The
greater is the denominator, the better is the
satellite  configuration.  Thereby, this
method can also be used for the characteri-
zation of the quality of the estimation.

3. Ionospheric soundings and GPS
measurements

The common task of ionospheric sound-
ings and GPS measurements is also the in-
vestigation of the ionosphere. There are
more quantities, which are determined by
ionospheric soundings and can be used to
improve ionospheric informations deduced
from GPS measurements.

A possibility of coordinated ionospheric
soundings and GPS measurements is the
control of the procedure by which the slant
electron content is converted to the vertical.
As it is known, this is done by multiplying
the slant content with the sine of the eleva-
tion angle of the satellite at the mean iono-
spheric height (Davies et al., 1977). How-
ever, the surface at the mean ionospheric
height in case of an elevation angle of 30° is
already equal to that of a circle of 600 km ra-
dius with its centre at the observing site.
Thus, it should also be taken into account
that the path of the satellite signal traverses
ionospheric regions at different local times,
among them regions of horizontal electron
density gradients (not necessarily around
sunrise or sunset) and at different latitudes.
Therefore considering the new measuring
possibilities it would be useful to control this
procedure. The influence of the local time
on the vertical electron content might be
studied by observing GPS satellites passing
the zenith of the observing site in different
local times under quiet geomagnetic condi-
tions. Thus, the observed vertical electron
content could be compared with the com-
puted vertical electron content, obtained
from the slant content for the same local
time and for ionospheric points of the same
latitude. The effect of the latitudinal varia-
tion might be studied by taking GPS satel-
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lites, which pass the zenith of observing sites
of different latitudes at the same local time
under quiet geomagnetic conditions. Then
to compare the observed vertical electron
content with the computed vertical electron
content obtained from the slant content for
ionospheric points northward and south-
ward of the sites, the latitude of which is
equal to the latitude of the observing sites
mentioned above. Thus, the effect of the
latitudinal variation could be determined.
The conversion function consists of the com-
bination of the local time and latitudinal
variations and also depends on the selected
mean ionospheric height. In this way the
technique of the conversion of slant to verti-
cal electron content might be controlled.
For such investigations the great number of
GPS satellites could assure favourable con-
ditions.

In this respect it seemed reasonable to
study the effect of the ionosphere and the
plasmasphere on the propagation of radio
waves transmitted by GPS satellites by
means of model calculations (Bencze,
1993). As it is known, the main error
sources in the evaluation of GPS measure-
ments are the application of a simple for-
mula for the computation of the group re-
fractive index and the use of the geometrical
path instead of the true path of radio waves.
Thus, for the determination of the group re-
fractive index a more accurate expression
including also the electron gyrofrequency
has been used in the modelling (the gyrofre-
quency represents the effect of the geomag-
netic field on the propagation of radio
waves). The group refractive index and
hereby the true path of radio waves has
been determined by means of ionospheric
and plasmaspheric models. The refraction
angle has been computed for points, which
are at the same distance from each other
(ray tracing). These are breaking points of
the true path. The electron density was con-
sidered as constant within these sections.
The preliminary computations have been
carried out for the carrier frequency of
1.57542 GHz in case of south-north and
west-east propagation, as well as for differ-
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ent zenith angles. In this study the coordi-
nates of the observing site were given and
that of the satellite were computed.

The preliminary results show that also in
case of a division of the propagation path
into longer sections (50 km in the iono-
sphere and 500 km above 1000 km in the
plasmasphere), the difference between the
latitude of the satellite determined by ne-
glecting the effect of the ionosphere, as well
as that of the plasmasphere and the latitude
obtained by taking into account their influ-
ence is less than 0.36 s (south-north propa-
gation). However, using the same division
of the propagation path, the difference be-
tween the longitude of the satellite deter-
mined by neglecting the effect of the iono-
sphere, as well as that of the plasmasphere
and the longitude obtained by taking into
account their influence has been at least by
one order of magnitude greater than in the
former case (west-east propagation). More-
over, the difference increased with increas-
ing zenith angle. This seems to indicate that
the effect of the geomagnetic field cannot be
neglected and that the influence of the local
time being different in different points of
the path can be appreciable.

For the illustration of the influence of the
ionosphere and the plasmasphere, the dif-
ference between the refraction angle and
the angle determined by the radius drawn
from the Earth’s center to the breaking
point (of the true path) and the geometrical
path are plotted as a function of height in
fig. 3. This difference can be considered as
an indicator of the effect of the ionosphere
and the plasmasphere, respectively. The
curve refers to a zenith angle of 20° of the
satellite and to west-east propagation. It can
be seen that the predominant part of the ef-
fect on the propagation of these radio waves
arises in the ionosphere below about 300
km.

The operation of an ionosonde at the ob-
serving site of the GPS equipment would
produce useful information on the distribu-
tion of electron density in the subpeak iono-
sphere. fyF2 and the real height of the maxi-
mum electron density would be the most
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useful parameters. Repeating the procedure
described in the second section several
times, the influence of the maximum elec-
tron density and its real height on the TEC
could be studied.

The electron density in the F region
shows also anomalies, which are connected
with an anomalous diurnal and seasonal
variation indicating maximum electron den-
sity in the early afternoon and electron den-
sities greater in winter, than in summer, re-
spectively.

Electron density variations are also re-
lated to geomagnetically disturbed periods.
Geomagnetic storms are accompanied by
ionospheric storms (positive or negative de-
pending on latitude) in the F region (> 200
km) and in the topside ionosphere. At the
same time increased electron densities are
observed in the lower ionosphere (< 100
km) at middle and high latitudes. The elec-
tron density in the lower ionosphere is in-
creased also after the decline of the geomag-
netic activity, whose phenomenon is called
storm after effect.

Further common use of ionospheric
soundings and GPS measurements could be
the investigation of the topside ionosphere
and plasmasphere and the plasmasphere. As
it is known, the ionograms obtained by
ionosondes enable the determination of the
electron density profile below the height of
the maximum electron density of the iono-
sphere. Knowing the electron density pro-
file, the electron content below the maxi-
mum electron density, the so called (verti-
cal) subpeak electron content can be com-
puted. According to our calculations, the
subpeak electron content reaches values
10%, or more of the total electron content
(Bencze and Flérian, 1972).

Subtracting from the TEC - obtained by
observing GPS satellites passing the zenith
of the common observing site of the GPS
equipment and the ionosonde — the subpeak
electron content, the electron content of the
topside ionosphere and plasmasphere might
be determined. By means of these data the
formulas used in ionospheric and plasma-
spheric models for the description of the
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Fig. 3. The difference between the refraction angle and the angle determined by the radius drawn from
the Earth’s center to the breaking point (of the true path) and the geometrical path as a function of hei-

ght for zenith angle 20°
and for July, 12.00 UT).

electron density distribution in the topside
ionosphere and plasmasphere could be con-
trolled. As it is known, the electron density
distribution can be given to a height of
about 2000 km in the form

z )”
H

where N is the maximum electron density
computed from f,F2, z and H are the height
and the scale height of ions, respectively.
H = kT,/m;g, in which k is Boltzmann’s con-

N=N0exp(—
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of the satellite (computed for the Geophysical Observatory Nagycenk, Hungary

stant, T; is the ion temperature, m; repre-
sents the ion mass and g is the acceleration
due to gravity, a is a constant. However, the
application of an exponential decrease of
the electron density above a height of 2000
km can be questioned. For lack of more de-
tailed models, an electron density decrease
proportional to B" along the geomagnetic
field lines can be used above this height,
with n=3 giving an approximately realistic
electron density distribution above the geo-
magnetic equator (e.g. Bauer, 1969).
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It should be noted that there are also
more useful common applications of iono-
spheric soundings and GPS measurements.
For example it is easier to test the topside
electron density profile by means of TEC
data, if the slab thickness parameter

TEC
Numax

T =

determined from TEC measurements and
ionospheric soundings, is compared with the
slab thickness deduced from models
(Klobuchar and Leitinger, 1993). Investiga-
tions indicate that the slab thickness varies
less with latitude than TEC and N,,,,,, thus it
could be used for the description of the
shape of the F2 region.

Acknowledgements

This study was supported by the State
Scientific Research Fund through grant
T4310. The authors should like to acknowl-
edge the useful comments of the two un-
known referees.

REFERENCES

BAUER, S.J. (1969): Diffusive equilibrium in the top-
side ionosphere. IEEE Proc., 57,1114-1118.

BANYAL L. and K. KovAcs (1992): The GPS technique
and ionospheric research in the GGRI, in Refrac-
tion of Transionospheric Signals in Geodesy, edited
by J.C. DE MuNck and T.A.TH. SPOELSTRA

240

(Netherlands Geodetic Commission), Publications
on Geodesy, New Series, N. 36, 99-102.

BANYAL L. and J. KALMAR (1993): GPS derived TEC
values in the ionospheric research, in 2nd Interna-
tional Seminar on GPS in Central Europe, Penc,
Hungary.

BENCZE, P. (1993): The effect of the ionosphere on
GPS measurements (in Hungarian), Geodézia és
Kartogrifia, 46 (in print).

BeNczg, P. and E. FLORIAN (1972): Heating in the
ionosphere during geomagnetic disturbances and
the thickness parameter of the F region, Acta Geod.
Geoph. Mont. Hung., 7,191-195.

BENCZE, P., J. VERO and L. BANYAI (1986): Space re-
search activity in the Geodetic and Geophysical Re-
search Institute of the Hungarian Academy of Sci-
ences between 1981-85 (in Hungarian), in Hungar-
ian Space Research 1981-1985 (Interkosmos Coun-
cil, Hungarian Academy of Sciences), 1-13.

Davies, K., G.K. HARTMANN and R. LEITINGER
(1977): A comparison of several methods of esti-
mating the columnar electron content of the plas-
masphere, J. Atmos. Terr. Phys., 9, 572-580.

HARTMANN, G.K. and R. LEITINGER (1984): Range er-
rors due to ionospheric and tropospheric effects for
signal frequencies above 100 MHz., Bull. Geod.,
58, 109-136.

KLOBUCHAR, J.A. and R. LEITINGER (1993): On the
potential for improving topside electron density
profiles using measurements of total electron con-
tent, in PRIME Studies with Emphasis on TEC and
Topside Modelling. Wissenschaftlicher Bericht No.
2/1993/Teil 1 (Inst. f. Meteorologie und Geophysik,
Karl-Franzens Universitit Graz), 13-20.

LANYI, G.E. and T. RoTH (1988): A comparison of
mapped and measured total electron content using
GPS and beacon satellite observations, Radio Sci.,
23, 483-492.

LEITINGER, R. and E. Putz (1978): Differenz-Doppler-
Auswertung, Einstationsverfahren (manuscript).
WANNINGER, L. (1992): Monitoring total ionospheric
electron content and ionospheric irregularities with
GPS, in Refraction of Transionospheric Signals in
Geodesy, edited by J.C. DE MuNck and T.A.TH.
SPOELSTRA (Netherlands Geodetic Commission),
Publications on Geodesy, New Series, N. 36, 141-

146.





