
GEOPHYSICAL RESEARCH LETTERS, VOL. 24, NO.4, PAGES 393-396, FEBRUARY 15, 1997 

A two-layer model of the ionosphere using Global 
Positioning System data 

J.Miguel Juan 
Dept. Ffsica Aphcada, UPC, c/Gran Capita s/n., 08034 Barcelona, Spain 

Antonio Rius 

Institut d'Estudis Espacials de Catalunya (IEEC-CSIC), c/Gran Capita 2-4, 08034 Barcelona, 
Spain 

Manuel Hern&ndez-Pajares and Jaume Sanz 
Dept. Matematica Aplicada i Telematica, UPC, c/Gran Capita s/n. 08034 Barcelona, Spain 

Abstract. We present a new approach to model the 
Ionosphere based on G PS data. Previous authors have 
used models with an unique shell. In this case we have 
included a second shell to account for the distribution 

of the electrons in the outer part of the Ionosphere. We 
have analyzed the ionospheric electron content of a re- 
gion above 30 degrees in declination in different con- 
ditions of ionospheric activity using the Kalman filter. 
The data used has been obtained from the International 

GPS Service for Geodynamics (IGS) network. Simul- 
taneously we have studied the receiver and transmitter 
differential biases showing the effects of neglecting the 
outer part of the Ionosphere in the model. It appears 
a systematic variations for the receivers --depending on 
its latitude-- not for the satellites. 

Introduction 

It has been shown that the Global Positioning Sys- 
tem (GPS) is a useful tool to estimate the ionospheric 
Total Electron Content (TEC) (see, for instance, La- 
nyi and Roth 1988, Sarddn et al., 1994, Manucci el al., 
1993). In these works the Ionosphere is treated as one 
shell, with an approximate height of around 350 km, 
where all the electrons are confined, and consequently 
no ionospheric delay occurs outside it. Klobuchar et al., 
[1994]( see also Klobuchar et al., 1995 ) have pointed 
out that these models do not include the contribution of 
the electrons in the outer shells, like the protonosphere. 
In fact the electron density is typically 2 orders of mag- 
nitude lower in the external shells but the G PS signal 
paths are mainly included there. In order to take into 
account these effects we have developped a two-layered 
model. 
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Model 

We will concentrate our study on the effects of the 
ionosphere -a dispersive medium-on the phase and 
group delay of this media, As• and Ask respectively. 
As is well known (see for instance Davies 1990, page 
73), As• g, Ask (m), are related with the slant TEC I 
(in electrons/m 2) and the frequency of the signal fk (in 
Hz), through the formulae: 

As•, -- --Ask _ akI (1) 
40.3 

where c•k - Jk a ' 
Each GPS satellite i transmit two signals LI (fx • 

1.6 GHz) and L2 (f2 • 1.2 GHz), which are processed 
at the GPS receiver j producing •ime tagge d values of 
their group and phase delays' P•i(t) and L•i(t ) at the 
frequency fu. After detecting and correcting the cqcle- 
slips of the phases L•i(t ) using the group delays P•i(t), 

• . 

we get the corrected phases L•i (see Blewitt 1990 ). 
The difference between these two corrected phases 
named ionospheric combination---depends only on the 
ionospheric differential delay between the two frequen- 
cies, jointly with the instrumental delays: 

- + + 

Finally, applying i to 2, we obtain the relationship 3. 

- - + + (3) 

where Ki,K5 are constants associated to the frequency 
dependent delays of station i and satellite j. We con- 
sider as errors the contributions associated to multipath 
phenomena, to the antenna phase center mismodelling 
(Shupler el al, 1994) and to the scattering effects (Elose- 
gui et al., 1995). 

This equation can be rewritten in terms of the elec- 
tronic density n•, using the standard tomographic nota- 
tion (see, for instance, Nolet 1987) and defining n = 
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_ . _/• ndx_l_Ki_l_K j_ f• i Kj 
(4) 

dx being the length element of the ray • between the 
satellite j and receiver i, dr the corresponding geocentric 
radial element and X is the angle between the given 
ray and the geocentric radial direction' • is known } co--•' 

as the mapping function for the layer It, r + dr]. The 
situation is in fact more complex than in the standard 
computer aided tomography (Rayround 1994). For the 
same reasons as those described in Beyis et al, 1992 we 
should refer to the present application as ionospheric 
stochastic tomography. 

Our purpose is to use Eq. 4 to obtain n with observa- 
tions from receivers placed on the Earth crust. Because 
the mapping function tends to be constant when r in- 
creases, the ionospheric delay corresponding to outer 
shells tends to present signatures close to those of the 
instrumental delays. Consequently, we have limited the 
integration interval in Eq. 4 to a height of 5000 km. The 
main effect of this assumption is to bias the estimated 
instrumental constants. 

In order to estimate the electron density and the in- 
strumental delays, we can discretize Eq. 4 using spher- 
ical geocentric layers. Each spherical geocentric layer is 
divided into a certain number of cells: 

N Nk 

- 
k=l c•=l 

where N is the number of layers, and e•ch layer k is 
divided in N• cells; Ax•(k, c•) is the length of the part of 
the ray included in the cell c•; e is the noise term mainly 
due to the discretization error. Because the number of 
cells crossed by a particular ray is relatively small, the 
matrix representation of Eq. 5 will be sparse. The radial 
total electron content (TEC) T•,• of the cell c• could 
be obtained 

where hk is the thickness of the layer k. 

Data Analysis 

As an application of this approach we use two models 
that will be compared' the first one with one spherical 
layer limited by heights 50 and 500 kin; the second with 
two spherical layers with limits at heights 50, 500 and 
5000 kin. Each shell has been divided into cells of 10 x 

10 degrees, and the integration time has been taken as 
6 hours. 

The coordinate system choosen is the Equatorial Geo- 
centtic reference system' the X axis points towards the 
Vernal equinox, the Z-axis towards the North astronom- 
ical Pole and the Y-axis forms a positive oriented ref- 
erence frame. We use the typical associated spherical 
coordinates: geocentric distance, right ascension (RA) 
and declination (DEC). 

In this reference system the Sun only changes i de- 
gree per day aproximately (so it is quasi-fixed); and the 
North magnetic pole differs around 12 degrees from the 
Z-axis. Therefore with these coordinates the description 
of the ionosphere can be assumed more stationary than 
in others commonly used (i.e. longitude-latitude). 

Each solution obtained after analyzing 6 hours of data 
has been recursively combined using a K alman filter. 
We assume that the TEC variations between consecutive 

solutions are modeled as a random walk with a process 
noise in 6 hours of (r6a - 10 cm and the instrumental 
delays are considered constants. 

To solve the problem of cells poorly illuminated, in the 
present analysis we have weakly constrained the elec- 
tron content of each cell to be the TEC mean extended 

over all the neighbouring cells. Then: 

Tk,•k - T•,• - 0 (7) 

where Tk,ca is the mean TEC value computed in the 
neighborhood of cell ck. 

With only ground data there are not enough inform- 
ation about vertical structures (Hajj et al., 1994), so we 
have constrained the value of the polar cells (DEC=90) 
to zero. 

We have used dual GPS frequency data collected at 
30 IGS sites with latitudes greater than 20 degrees dur- 
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Figure 1. In each box we have plotted the TEC corresponding to 24:00 UT 17 November 1993 for the shells 
contained in the indicated declination interval as a function of the right ascension of the cell. The crosses are cor- 
responding to the 1st shell and the circles to the 2nd shell. Also, as a reference, we have included the corresponding 
TEC obtained with the one-shell model (squares). Each symb(2 has associated its 1-sigma error bars. 
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TEC vs RA for DEC=30--40 TEC vs RA for DEC--60--70 
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Figure 2. Equivalent plots than those of Fig. 1, for the day 18 November 1993, 18:00 UT which presents high 
geomagnetic activity. 

ing the period 15-19 November 1993. In order to avoid 
estimating TEC for cells crossed by a few rays, we have 
rejected the rays crossing the first layer with declina- 
tions lower than 30 degrees, where the IGS station dis- 
tribution is sparse. During this period there was an im- 
portant increase in geomagnetic activity, especially at 
18-Nov -•12 hours. At this epoch the "Planetary Equi- 
valent Amplitude Index" collected by the US National 
Geophysical Data Center increased by a factor of 10. 

Results 

As an example of our computations we present in Fig- 
ures i and 2 the radial TEC for the days 17 at 24:00 
and 18 November 1993 at 18:00, respectively. The ap- 
proximate Sun coordinates were RA:230 degrees and 
DEC=-18 degrees. The most interesting features are: 

The results for the geomagnetic quiet day 17 Novem- 
ber 1993 are smoother and smaller than the cor- 

responding results for the geomagnetic active day 
18. 

ß TEC values for the second la.yer is detected and is 
related with the Sun direction (RA =230 degrees, 
DEC=-18 degrees) . 

ß In general we get the following relationships: 

T1 < T single < T1 q- T2 (8) 

where T1,T2 are the corresponding TECs for the 
first and second layer, and T single is the value ob- 
tained modelling only the first layer. 

ß The relative contribution T2/T1 between the two 
shells are in general larger for the active geomag- 
netic day. 

ß For the two days we get root mean squared (RMS) 
of < 10 cm with the two-layer model, better than 
the RMS obtained with one-layer models (•_ 20 cm 
in our case and in the model of Wilson et al. 

(1995)) 

Regarding the instrumental delay estimation: 

For stations' In figure 3 we have represented the dif- 
ference of station estimated delays DKi = Ki- 

T-single •i as a function of the station latitude. The 
observed trend (dashed line in the figure) is ex- 
plained, for declinations greater than 30 degrees, 
in terms of the presence of the 2nd layer TEC 
which depends on the declination difference between 
the total TEC for the two shells minus the single 
shell TEC (see equation 8). 

For satellites: There are not systematic trend between 
the i and 2-layer models. The mean difference is 
0.01 with an rms of 0.01 ns. The results obtained 

are also in agreement for the common satellites 
with those values ftp-published by the DLR/DFD 
of Neustrelitz (Germany) at the end of June 1995 
with a difference rms of 0.2 ns (•_ 0.6 x 101%/m2). 
It should be remarked that both sets of constants 

were obtained with data taken at different epochs, 
fixing to zero the same station delay. 

Conclusions and Discussion 

The total electron content of the Ionosphere produces 
delays in EM signals crossing it. Neglecting its 3-D 

DKi,DT vs declination (10"17 e/m**2) 
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Figure 3. In this figure it is plotted the difference of the 
station instrumental delays computed with two shells 
minus those computed with one shell as a function of 
the station zenith declination (latitude)-diamonds with 
error bars-. The dashed line is a spline approximation 
to these results. 
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structure has been a limitation of previous uses of the 
G PS data for measuring the TEC. In the present paper 
we have used a 2-layer model to study the TEC with 
a stochastic tornographic approach. We have been able 
to characterize with low resolution the time varying 3-D 
structure of the TEC on a global scale. 

In order to do so, we have chosen alternative coordin- 
ates--right ascension.and declination--which present 
some advantages: (1) The ionosphere can be considered 
stationary whithin a certain time interval. (2) Allows a 
global study of the ionosphere mixing rays for different 
pairs station-satellite. (3) Provide a common reference 
system to compare estimation during different epochs. 

Also, we have revisited the problem of the determina- 
tion of the receiver and satellite differential biases doing 
a comparison between their estimations obtained using 
1 and 2 layers. While for the satellite constants we have 
found an agreement at a level of 0.01 ns between the one 
and two layer models, for the receiver constant we have 
found systematic differences as a function of the latit- 
ude of the station. This difference could be explained in 
terms of the different geometry of the station and satel- 
lite paths. Notice that the station instrumental delays 
are mainly estimated from data with similar declina- 
tions, i.e. collected at similar latitudes. This is not the 
case for the satellites. 

Finally, we can comment that the discretization errors 
could be important considering only two layers. Nev- 
ertheless this errors are, common to the first layer in 
both models, and very small for the low electron dens- 
ity of the second layer. So this not affects to the delay 
comparison study. 
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