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Abstract

The single layer model of GPS ionospheric data processing is compared with the International Reference Iono-
sphere — 1990 and the attached Diffusive Equilibrium model of Plasmasphere (IRI-90+DEP) which proved to
be a good supplement to GPS data processing. These models can be used to estimate the single layer height
and to improve the mapping function in day-time. The code delays estimated from IRI-90 + DEP models are
compared with GPS measurements carried out by TurboRogue receiver. These models can be used to estimate
the preliminary receiver biases especially in the case of cross-correlation tracking mode. The practical draw-
back of the IRI-90 model is the sharp discontinuity of the ion components during sunset and sunrise at an ele-
vation of 1000 km, because it also causes a sharp discontinuity in the TEC values computed from the DEP
model. The GPS data may be a good source to improve the topside region of the IRI model estimating smooth
TEC transition before and after sunrise in the plasmasphere.

Key words GPS measurements — single layer Pure application of the ionospheric models
model — total electron content — ionosphere — is not recommended because of model uncer-
plasmasphere

tainties; moreover, the pure application of GPS
data is based on polynomial approximation

1. Introduction of vertical TEC data and the reported satellite
. . . biases show wide variety (Klobuchar et al.,
One of the most crucial points of iono- 1994).

spheric investigation by means of the GPS
technique is the separation of the measured
Total Electron Content (TEC) and the code
synchronization biases of satellites and re-
ceivers (Wanninger et al., 1994).

This paper investigates the single layer
model of GPS data processing using the data
estimated by International Reference Iono-
sphere — 1990 and the attached Diffusive
Equilibrium model of Plasmasphere (IRI-90 +
DEP).
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script in a reasonable size — only representative
investigations are presented, where real data
are available from the special observations that
were used to compare the P-Code (PCD) and
Cross-Correlation (XCR) tracking modes of
TurboRogue GPS receiver (Banyai and Eper-
Pépai, 1996).

The comparison of the models supported by
experimental GPS data would be very impor-
tant for the whole solar cycle (ca. 11 years),
because in the present solar minimum period
the ionospheric effects seem to be a minor
problem for high precision GPS applications.
These investigations can be carried out after
the end of the present cycle.

2. IRI-90 and Diffusive Equilibrium model
of the Plasmasphere

One of the best experimental models, the
International Reference Ionosphere updated in
1990 (IRI-90) is widely used by aeronomists to
describe the different features of the iono-
sphere. The structure of the model is summa-
rized in fig. 1. The input parameters are the geo-
graphic (or geomagnetic) latitude and longi-
tude, the height above the surface, the month,
the local (or universal) time of the investigated
point as well as the sunspot number.

Unfortunately the topside region is mod-
elled only up to a height of 1000 km, therefore
to estimate the TEC values of GPS observa-
tions an additional plasmaspheric electron
density (V) model is needed (Klobuchar and
Leitinger, 1993). Lacking a more suitable
model, the diffusive equilibrium model (Bauer,
1973) was chosen
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Fig. 1. The structure of the IRI model (Lincoln and
Conkright, 1981).

weight, g the gravity, T; the ion temperature, e
the ratio of the electron and ion temperature,
N, the electron density at 1000 km, z the height
above 1000 km and j =3 (O*, H*, He* compo-
nents). All the necessary parameters can be es-
timated by the IRI-90 model.

One example of the model computations
can be found in table I. Except for the different
E/D region heights, the IRI-90 model predicts
a smooth TEC transition before and after sun-
rise. The discontinuity in the plasmaspheric
model is caused by sharp differences in the ion
components.

3. Single layer model and GPS observables

According to the single layer model of GPS
investigation the ionosphere is approximated
as a spherical shell around the Earth at the
properly chosen height (%,) above the surface
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Table 1. Vertical Total Electron Content values (VTEC-el/m®) and the corresponding delays on the code
measurements and on their ionospheric combinations (L1, L2, IC = L2 ~L1 —m; M = median; E = expected
value). The heights of the regions are in kilometers. Lat. 47.7°, Long. 16.6°, 23th May, 1994. Sunspot
number: 19.

VTEC Height IC L1 L2 Local time
E/D region .198503E+15 80. 105. .00 .00 .01 4:33:00
E valley .578462E+15 105. 146. .01 .01 .02 before sunrise
Intermed. .550266E+16 146. 243. .06 .09 15
F1 region .000000E+00 243. 243. .00 .00 .00 plasmaspheric
F2 region 747333E+16 243. 291. .08 12 .20 components
Topside 332362E+17 291. 1000. .35 .54 .89 O* H*' He'
Plasmasp. .897251E+16 1000.  20200. .09 15 24 7% 83% 9%
Total .559616E+17 80.  20200. .59 91 1.50
M - range .279906E+17 80. 383. 29 45 75
E - range A422790E+17 80. 650. 44 .69 1.13
E/D region .200329E+15 80. 105. .00 .00 01 4:33:30
E valley .584026E+15 105. 146. .01 .01 .02 before sunrise
Intermed. .553258E+16 146. 243. .06 .09 15
F1 region .000000E+00 243. 243. .00 .00 .00 plasmaspheric
F2 region 7147861E+16 243. 291. .08 12 .20 components
Topside .333009E+17 291. 1000. .35 .54 .89 O H' He*
Plasmasp. .900134E+16 1000.  20200. .09 15 24 T% 83% 9%
Total .560978E+17 80.  20200. .59 91 1.50
M - range .280587E+17 80. 383. .29 .46 75
E - range 423899E+17 80. 651. 45 .69 1.13
E/D region 203231E+15 65. 105. .00 .00 .01 4:34:00
E valley .597664E+15 105. 146. .01 .01 .02 after sunrise
Intermed. .556255E+16 146. 243. .06 .09 15
F1 region .000000E+00 243. 243. .00 .00 .00 plasmaspheric
F2 region .748398E+16 243. 291. .08 12 .20 components
Topside .333661E+17 291. 1000. 35 .54 .89 O* H*' He'
Plasmasp. .345139E+16 1000.  20200. .04 .06 09 9% 46% 5%
Total .506650E+17 65.  20200. 53 .82 1.35
M - range .253429E+17 65. 361. 27 41 .68
E - range 372914E+17 65. 490. .39 .61 1.00
E/D region .205086E+15 65. 105. .00 .00 .01 4:34:30
E valley .603264E+15 105. 146. .01 .01 .02 after sunrise
Intermed. .559261E+16 14e. 243. .06 .09 15
F1 region .000000E+00 243. 243. .00 .00 .00 plasmaspheric
F?2 region .748946E+16 243. 290. .08 12 .20 components
Topside .334318E+17 290. 1000. .35 .54 .89 O" H' He"
Plasmasp. .346342E+16 1000.  20200. .04 .06 09 49% 46% 5%
Total .507856E+17 65.  20200. 53 .82 1.36
M - range .254032E+17 65. 361. 27 41 .68
E - range .373933E+17 65. 490. .39 .61 1.00

1473




Lészl6 Bényai

lonospheric /
point /

EARTH

Fig. 2. The geometry of the single layer model.

(fig. 2). The intersection of this shell and the
line of sight between the satellite and the re-
ceiver at given local time is defined as the
ionospheric point. The elevation angle of the
satellite (E’) — with respect to the ionospheric
point — is used to map the measured slant TEC
value to the vertical (/,). Because this geomet-
ric model is valid only in the case of a single
layer model, the 4, height is a basic constant.
In the literature different values are proposed
and usually the 400 km value is preferred. The
IRI-90+DEP models can be used to estimate
this height. If we assume that the height is a
random variable and the electron density func-
tion is proportional to the density fuction in the
interval 0 — Ay, , where A, is the satellite eleva-
tion over the surface, both the median and the
expected values can be computed to estimate
the most probable height. (The latter is equiva-
lent to the weighted mean, where the weight
is the electron density.) Another candidate
would be the height of maximum density HMF2
(fig. 1). Table I also lists these heights.

The geometry-free linear combinations of
code and phase measurements are suitable for

ionospheric investigations

RZ—RI =C(dt1€+dt§)+
3.D
1 ARF
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where

R = pseudorange or code observable (m);

¢ = phase observable (cycle);

dtg = code synchronization bias of the re-
ceiver;

dtzy = code synchronization bias of the satel-
lite;

dt; = phase synchronization bias of the re-
ceiver;

dt; = phase synchronization bias of the satel-

lite;

phase ambiguity (initial phase unknown);

frequency (1/s);

speed of light (m/s);

wavelength (m);

constant (80.6 m’s™);

random observation errors and not mod-

eled errors: multipath, phase center vari-

ation and higher order ionospheric ef-

fects.

m oo Sz
L L T | I T |

The indices 1 and 2 means the L1 and L2 car-
riers, respectively.

The geometry- and ionosphere-free linear
combinations contain only biases and observa-
tion errors

RZ_RI +A«2¢2—11¢1 - C(dt[?'"‘dté)“‘
+(ANy, = ANy ) + c (dig +dty) +€ =
=AO+AL" (1—1,) +€.

Theoretically this combination should be a
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constant value, but significant linear trend was
experienced even in the case of P-code mea-
surements (Béanyai and Eper-Pdpai, 1996). To
solve this problem the polynomial fit is pro-
posed where £, is the mean observation time
(UT), AO contains the mean biases at t,and Al
describes the linear trend. This model leads to
the optimum ionospheric combination

12¢2—11¢1 —A0 =

—c(dtg +dtg) +¢;

which is practically the shift of (3.2), where
the phase ambiguities (and biases) are replaced
by the more meaningful mean code synchro-
nization biases.

One example of these combinations can be
found in figs. 3a-c, where the oscillating and
the smooth curves denote the code and phase
measurements from cross-correlation measure-

ments respectively. In fig. 3a the combinations
(3.3) — with negative sign — and (3.1) show the
asymmetry of the code and phase measure-
ments; fig. 3b shows the linear trend of the
geometry- and ionosphere-free linear combina-
tions; in fig. 3¢ this linear trend is removed
from the code combination.

Typical examples of the standard deviations
of linear fitting are given in table II for the dif-
ferent tracking modes of the TurboRogue GPS
receiver. In the case of low elevation passes
and noiser observation sites significantly worse
fitting may be experienced (Banyai and Gian-
niou, 1997).

For the separation of code biases and iono-
spheric delay a proper modelling of I, is
needed. In practice, different polynomial ap-
proximation of the I, =1, (¢, r) functions are
used (Lanyi and Roth, 1988; Wanninger et al.,
1994; Georgiadiou, 1994) where ¢ is the geo-
graphic latitude and ¢ is the local time of the
ionospheric point.

Substituting 7, polynomials into (3.3) the
sum of the code synchronization biases and
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Fig. 3a. Optimum ionospheric combination (smooth line
functions of time relative to the mean epoch (10.10.199
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Fig. 3b. Geometry- and ionosphere-free combination together with the linear trend as functions of time rela-
tive to the mean epoch (10.10.1994, sat # 12, XCR measurements).
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Fig. 3c. Optimum ionospheric combination (smooth line) and geometry-free code combination (R, — R,) as
functions of time relative to the mean epoch after the linear trend is removed (10.10.1994, sat # 12, XCR
measurements).
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lectron density

Table II. Standard deviations of the linear fit of

the geometry- and ionosphere-free linear combina-
tions (o—m), sat # 12.

Date PCD XCR
23.05.94 0.0513 0.1717
10.10.94 0.0613 0.1540
16.10.94 0.0626 0.1647

the coefficients of the polynomials can be de-
termined by least-squares adjustment because
the derivatives of the polynomials vary with
1/sin E’.

The code biases and the zero order coeffi-
cient can be separated effectively if there is a
large change in the E’ value; consequently the
observation of a high maximum elevation and
full satellite passes are needed. The observa-
tions are deleted below a reasonably chosen el-
evation angle e.g., 15-20 degrees.

The excepted accuracy of repeated estima-
tion of code biases can be concluded from
table II. In the case of PCD measurements 5-10
cm, while in the case of XCR measurements
15-20 cm standard deviation are equivalent to
0.3 and 0.6 ns respectivelly.

4. Comparison of the different models

During the investigations the observations
under a 20 degree elevation angle — with re-
spect to the ellipsoidal normal at the observa-
tion site — are deleted and the A0, Al, t, pa-
rameters are determined. The different single
layer heights (4,,) and the corresponding iono-
spheric points referring to ,, are estimated by
successive approximation. The actual #,, is
held as a constant value during the processing
of the satellite pass (see fig. 2).

In the following step the parameters of the
ionospheric points and the corresponding verti-
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Fig. 4a. Elevation angles for different sin
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Fig. 4b. Vertical delays (I,) for different single layer heights (dashed line = expected height 538.7 km;
solid line = median height 430.5 km; dotted line = HMF2 height 345.0 km; 10.10.1994, sat # 12, sunspot
number 49).
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Fig. 4c. Measured, directly integrated and mapped slant delays for different single layer heights (thick dashed
line = GPS PCD combinations; thick solid line = direct slant integral; dashed line = expected height 538.7 km;
solid line = median height 430.5 km; dotted line = HMF2 height 345.0 km; 10.10.1994, sat # 12, sunspot
number 49).
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cal and mapped slant TEC values are deter-
mined using the IRI-90+DEP models. For the
control of computations and the single layer
model the direct slant TEC values are deter-
mined too. In both cases the Romberg integra-
tion is used which is quite powerful for suffi-
ciently smooth integrands (Press ef al., 1986).

The results of the investigations are summa-
rized in figs. 4a-c and 5a-c. In figs. 4a, 5a the
elevation angles and in figs. 4b, 5b vertical
ionospheric delays are plotted with respect to
the ionospheric points for the three different
single layer heights. In figs. 4c, 5c the vertical
delays are mapped by the elevation angles and
are compared with the direct slant integral and
measured PCD optimum ionospheric combina-
tions. All the data are plotted as a function of
local time at the ionospheric points.

In the case of night-time observations
(fig. 4a-c) the differences of elevation angles
and vertical delays of the different single layer
heights disappear after the projection and are

75

practically the same as the direct slant inte-
grals. Similar conclusions can be drawn from
the day-time observations (fig. 5a-c) except for
the period around the sunrise. The small jump
of the vertical delays are caused by the DEP
model and indicates the time of sunrise. The
«stairs» of the direct slant integrals are also
caused by the DEP model and the jump in the
HA height of the IRI-90 model. In this period
the median single layer height seems to be
preferable. The increasing deviation of the
mapped and the direct slant integrals under 50
degree elevation is the consequence of the day-
time observation, where the gradients caused
by the full lower regions of the ionosphere
limit the elevation region acceptable by the
single layer model. These deviations can be
used to improve a mapping function at day-
time.

The nearly parallel lines of the model data
and the measurements prove the usefulness of
the single layer model and indicate the exis-
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Fig. Sa. Elevation angles for different single layer heights (dashed line = expected height 461.3 km; solid
line = median height 308.3 km; dotted line = HMF2 height 247.0 km; 23.05.1994, sat # 12, sunspot

number 19).
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Fig. 5b. Vertical delays (1) for different single layer heights (dashed line = expected height 463.1 km;
solid line = median height 308.3 km; dotted line = HMF2 height 247.0 km; 23.05.1994, sat # 12, sunspot
number 19).
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Fig. Sc. Measured, directly integrated and mapped slant delays for different single layer heights (thick dashed
line = GPS PCD combinations; thick solid line = direct slant integral; dashed line = expected height 463.1 km;

solid line = median height 308.3 km; dotted line = HMF2 height 247.0 km; 23.05.1994, sat # 12, sunspot
number 19).
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tence of the code synchronization biases. The
differences are larger at lower elevations and
near to sunrise (fig. Sa-c).

According to the definition of (3.3) all the
data should have a negative sign, however in
fig. 4¢ positive PCD data regions can be found.
This is the consequence of the code synchro-
nization biases and the possible low electron
density at night-time. These discrepancies can
be explained from a statistical point of view by
the 30 confidence interval (see table II) which
shows the limitation of the absolute TEC deter-
mination using the GPS technique. If we as-
sume that the IRI-90 + DEP models can predict
the delays with similar accuracy, then the pre-
liminary biases should be determined from the
differences of the model and measured data,
especially in the case of XCR observations.

5. Conclusions

The IRI-90 and the Diffusive Equilibrium
model of Plasmaspheric electron density
proved to be a good supplement to the single
layer model of GPS ionospheric data process-
ing. These models can be used to estimate the
single layer height and to improve a mapping
function or indicate the acceptable satellite
elevation angles in day-time. According to
IRI-90+DEP models the choice of the single
layer height is not so crucial, except for the pe-
riod around sunrise (or sunset) where the me-
dian height proved to be preferable, therefore
in mid latitudes the 400 km seems to be a good
choice.

The linear trend of the geometry- and iono-
sphere-free linear combination, measured by
TurboRogue receiver, causes the asymmetry
between the code and phase measurements,
therefore their special combination is proposed
as optimum ionospheric observable. The stan-
dard deviation of the fit of the linear trend
shows the limitation of absolute TEC determi-
nation using TurboRogue receivers. In the case
of PCD measurements 5-10 cm standard devia-
tion, while in the case of XCR measurements
15-20 cm can be expected.

The measurement errors and the code syn-
chronization biases may cause the wrong sign
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of the ionospheric delays in the case of low
electron density at night. In that case the
IRI-90 and the plasmaspheric models are rec-
ommended to estimate the preliminary biases
especially for XCR observations.

The practical drawback of the recent version
of the IRI model is the sharp discontinuity of
the ion components during sunset and sunrise
at an elevation of 1000 km, because it also
causes a sharp discontinuity in the TEC values
computed from the attached diffusive equilib-
rium model of the plasmasphere. The GPS data
may be a good source to improve the top side
region of the IRI model in future versions.
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