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Abstract

In this paper some of the more relevant ionospheric effects
on Geodesy and Time Transfer will be briefly discussed and
illustrated with several studies and examples using real GPS
data. The effect of the integrated electron density, with
typical values of 3-15 meters (10-50 ns) in pseudorange
at middle latitudes, is one of the main sources or error to
be corrected for a single-frequency user. When the GPS
broadcast message is used, a 50% ionospheric delay cor-
rection is usually achieved from a limited set of parameters.
Other more complex real-time regional or global models
can explain about 80-95% of the total delay. For those ap-
plications in which more expensive dual-frequency equip-
ment is used, more than the 99% of the ionospheric effect
can be eliminated with the ionospheric free combination of
observations. An additional challenge will also be consid-
ered in the paper: ionospheric variability, which increases
around the Solar Maximum. Geomagnetic storms, iono-
spheric scintillation and traveling ionospheric disturbances
not only make the correction of the ionospheric effects dif-
ficult but can also affect the GPS satellite tracking perfor-
mance of the receivers.

1 Introduction

Global Navigation Satellite Systems (GNSS) such as GPS,
use as the main datum the propagation time of electromag-
netic (EM) signals (carriers and codes) from a constellation
of specific satellites to each user. These measured prop-
agation times, scaled by the vacuum light speed, are the
well known pseudoranges, that among the geometrical dis-
tance are affected by other terms. One important and highly
variable term in the pseudorange budget is the ionospheric
delay for the pseudorange measurements obtained from the
code, and the ionospheric advance for the measurements
coming from the carrier phase. As a first approximation,
it can be understood as being produced by the free elec-
trons of the lonosphere that oscillate following the GPS
EM field, generating a secondary EM signal that superim-
poses with the initial one. The detailed equations that model
this radiation-matter interaction were developed by Apple-
ton and Hartree (see Davies, 1990): more than 99% of the
ionospheric term can be described by a term proportional to
the integrated free electron density along the GPS ray (Slant
Total Electron Content, STEC) and inversely proportional
to the squared frequency of the signal. This suggests two
main ways of correcting or mitigating the main ionospheric
effect on the GPS code and carrier pseudoranges when they

are used to obtain precise positioning or time transfer: (1)
combining the simultaneous measurements of each satel-
lite in both frequencies (L, and L») and working with a
99% ionospheric-free datum; or (2) for single-frequency
users, providing ionospheric corrections, i.e. estimates of
the STEC, like the broadcast ionospheric model, climato-
logical models like the IRI or Bent or GPS data driven mod-
els (see Figure 1 and Table 1 for a comparison).

In this scenario, especially in the single-frequency con-
text, we will uses real data sets to discuss several aspects
of the ionospheric effects on Geodesy and Time transfer:
spatial distribution of the electron content, undifferentiated
and differentiated corrections, and temporal variability on
a large scale (Solar Cycle, Geomagnetic Storms) and on a
small scale (Traveling lonospheric Disturbances, Scintilla-
tion).

2 Electron content distribution

The free electron density profiles of the lonosphere typi-
cally show a maximum peak at heights of several hundreds
kilometres, depending on the local time, latitude and sea-
son (see for instance profiles derived from GPS/MET data
in Hernandez-Pajares et al., 2000b). During the night the
values are smaller, and the far free electron content (in the
plasmasphere) becomes important. These known circum-
stances have an impact on the way in which a more precise
STEC can be obtained from dual-frequency GPS data: a
certain vertical structure (a multilayer voxel model, for in-
stance) has to be assumed to avoid important biases (1) in
the postprocess and real-time vertical Total Electron Con-
tent (TEC) and STEC estimation (Hernandez-Pajares et al.,
1999a,b), and (2) in the vertical to slant projection (Oris et
al., 2001).

The horizontal distribution of the TEC shows strong
gradients around the Appleton anomalies, placed at ~ +15—
20 degrees of geomagnetic latitude. In these areas the free
electron concentrations tend to be very high due to the EM
field at the equator (Davies, 1990). This involves not only
a still larger budget for the ionosphere in these regions, but
additional difficulties in the precise STEC modeling due to
the large gradients, especially when there are few operating
GPS receivers.

3 Accuracy issues

From the point of view of Geodesy/Navigation and Local
Clock - GPS Time Transfer, an undifferentiated accurate
STEC is needed when a single-frequency receiver is used:
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Figure 1: Histograms representing the distribution of the discrep-
ancies between the GPS Broadcast model, the IRI and the UPC
GIM prediction with the measured TOPEX TEC, during the year
2000.

an error of 1 TECU (= 10'6 electrons/m?) is equivalent to
range and timing errors of about 15 cm and 0.5 ns respec-
tively in the L; measurements. These ionospheric correc-
tion errors can be increased several times in the position
domain, as they are amplified by the corresponding dilution
of the precision coefficient.

In Table 1 and Figure 1 the TEC predictions of three
kind of ionospheric models are compared with TOPEX TEC
measurements during the year 2000 in several regions over
the oceans with close GPS data. The models compared are:
(1) the GPS Broadcast Model (Br.GPS, Klobuchar, 1987);
(2) the IRI climatological model (International Reference
lonosphere, Bilitza 1990); and (3) a GPS data-driven model
computed by the UPC (Hernandez-Pajares et al. 1999a),
in the context of the IGS ionospheric project (Feltens and
Schaer, 1998). This comparison, in which both the electron
content above the TOPEX and the TOPEX measurement
error are neglected (typically at the level of a few TECU),
shows errors of 35, 26 and 12% for the Br.GPS, IRI and
UPC-G. at middle latitudes. The results are basically the
same at high latitudes, except for the IRI (an error of 54%).
At the equator the error increases to about 10% for IRI and
UPC-G, and about 20% for the Br.GPS.

The comparison for all the TOPEX measurements (with
latitudes between -60 and +60 approximately, and most of
them thousands of kilometres from the closest GPS station)

Mediterranean (96,000 obs.)

Bias o RMS TEC Error

[TECU] [%0]
Br.GPS 6.3 102 | 120 | 34.1 35
IRI 27| 84 8.8 ” 26
UPC-G. 08| 3.9 4.0 ” 12

~Indonesia (656,000 obs.)

Bias o RMS TEC Error

[TECU] [%]
Br.GPS | 21.7 | 18.8 | 28.7 | 51.9 55
IRI 74 | 17.2 | 18.8 ” 36
UPC-G. | -2.3 | 10.3 | 10.6 ” 20

Baltic Sea (43,000 obs.)

Bias o RMS TEC Error

[TECU] [%]
Br.GPS 43| 8.0 9.1 | 25.2 36
IRI | -7.0 | 11.5 | 135 ” 54
UPC-G. 07| 3.6 3.7 ” 15

GLOBAL (15,600,000 obs.)

Bias o RMS TEC Error

[TECU] [%0]
BrGPS | 12.2 | 15.7 | 19.9 | 36.9 54
IRI 1.1 | 151 | 151 ” 41
UPC-G. | -0.2 | 9.0 9.0 ” 24

Table 1: Comparison of the TOPEX observations during the
year 2000, with the ionospheric predictions provided by: (1) the
Broadcasted GPS message, (2) the IRl model and (3) the UPC
GPS lonospheric Model (GIM) —computed with GPS data— (rows
1 to 3 respectively of each subtable). The bias (TEC[TOPEX]-
TEC[GPS]), standard deviation, RMS, mean TEC and relative
error estimation (RMS/TEC[TOPEX]) are given for each of the
ionospheric correction models. This has been computed for sev-
eral regions over the oceans with close GPS data: at medium lat-
itudes (Mediterranean Sea, LONXLAT = [-5,40]x[30,45] degrees,
first subtable), for an equatorial region (Indonesia, [92,110]x[-
15,7] degrees, second subtable) and for high latitudes (Baltic Sea,
[10,30]x[52,60] degrees, third subtable). The results for all the
geographic locations sounded by the TOPEX are given in the last
subtable.

show overall errors of 54, 41 and 24% for the Br.GPS, IRI
and UPC-G. models respectively. The distribution of the
differences from the observed TOPEX measurements can
be seen at a glance in Figure 1. A mean underestimation of
the GPS Broadcasted model can be observed.

In WADGPS regions, the sampling of the ionosphere is
better, and the results obtained in Hernandez-Pajares et al.
(1999b) suggest that the STEC can be determined with er-
rors of about 1 TECU (1-sigma error) at middle and high
latitudes. For precise positioning and real-time navigation

using the carrier phases, still more accurate double-differentiated

STECs (between pairs of satellites and stations) can be fea-
sible, allowing on-the-fly carrier phase ambiguity resolu-
tion. This can be achieved because the unmodeled part
of the STEC is typically correlated over distances of one
hundred kilometers or more, and most vanish in the double
differences. As a consequence, recent works with differ-
ent strategies show the feasibility of (1) precise subdecime-
ter navigation at distances of one hundred kilometers or
more from the nearest reference receiver (Gao et al. 1997,
Colombo et al 1999, Odijk et al., 2000) and (2) real-time
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Figure 2: TEC determination over the IGS GPS station JPLM
for one Solar Cycle, since 1990, at 12LT and O0LT. The strong to

extreme geomagnetic storms (Kp > 7) are also indicated.
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Figure 3: TEC determination over the IGS GPS station JPLM
since 1998 at 12LT and O0LT (zoom of Figure 2), compared with
the Solar Flux.

tropospheric determination in WADGPS networks (Hernandez-

Pajares et al. 2001).

Between absolute and double differentiated STECs, ac-
curate single differences are needed for navigating in Dif-
ferential GPS systems, or for a common-view time transfer
between two very distant GPS receivers (see Schmidt and
Kramer, 1999).

4 Timevariability phenomena

A challenging feature of the ionosphere is its high temporal
variability. Since the 18th century it has been well known
that there is an eleven-year Solar Cycle, which modulates
in particular the Solar Flux, and hence the TEC (see Fig-
ure 2, for 11 years of TEC determination with GPS at a
mid-latitude station). It can be seen that at middle latitudes
the TEC can show increases of 300-400% from the Solar
Cycle Minimum to the Maximum. Also, in Figure 4, on
can clearly see the correlation (+0.86) of the TEC at 12LT
with the Solar Flux for the same dataset. However, the TEC
at midnight is poorly correlated with the Solar Flux (+0.48).
These aspects can be better appreciated in the zoom of fig-
ure 2 since 1998 (Figure 3), together with the known sea-
sonal variations at midnight and noon (Davies 1990, p. 126,
and pp. 130-131 and 425, respectively).

Also in Figure 2, the planetary index is indicated for
the most outstanding geomagnetic storms of the last cycle
(Kp > 7, strong to extreme geomagnetic storms follow-
ing NOAA Space Weather Scales, Poppe 2000), which are
typically produced by the corpuscular impact on the Mag-
netosphere and lonosphere of an enhanced Solar Wind af-
ter certain Solar Events (see for instance Tsurutani et al.,
1997). The main geomagnetic storms, which tend to oc-

TEC at IGS GPS station JPLM (242,34) vs Solar Flux during the last 11 years
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Figure 4: Plot showing the correlation between the noon TEC and
the Solar Flux for 11 years of data since 1990 at the mid-latitude
IGS station JPLM.
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Figure 5: Satellite PRNO1, observed from the IGS station USUD,

in Japan, during 2 consecutive days: 22 and 23 May 1998. The
TID can be seen during the night of the first day .

cur before and after the Solar Maximum peak (see again
Figure 2), can produce serious effects for instance in Space
Based Augmentation Systems like WAAS (see comparison
of quiet and stormy conditions in Hansen et al. 2000). In
extreme cases the geomagnetic storms can increase the er-
ror of real-time ionospheric determination by more than
100% (as can be derived from Hernandez-Pajares et al.,
2000c, Figure 12), and can also affect the GPS receiver per-
formance (see, for example, Skone et al., 1999). However
there are reports about non-significant degradation of the
ionospheric determination in moderate geomagnetic storm
scenarios (Hernandez-Pajares et al. 2000a).

The ionosphere also shows other variations that can af-
fect to Geodesy and Time Transfer locally, like Traveling
lonospheric Disturbances (T1D), which typically trace pass-
ing atmospheric gravity waves. They can be observed in
Figure 5 as three STEC oscillations with an amplitude of a
few TECUs, and separated by about 40 minutes (GPS IGS
station USUD in Japan, in the local night between 22 and
22 May 1998). This period has been studied by Saito et al.
(2001) with a very high spatial and temporal resolution by
means of the GEONET Japanese network.

At still smaller scales there appears Scintillation, very
rapid variations in the refractivity (phase scintillation) and/or
amplitude. This can generate cycle-slips and can produce
malfunctioning of the GNSS equipment. It can typically
be observed in the geomagnetic equator for about 1 hour
after sunset, and at high latitudes, especially in geomag-
netic storm scenarios. Figure 6 shows an example of Scin-
tillation at mid-latitudes (UPC GPS permanent receiver in
Barcelona, Spain), related to a severe geomagnetic storm on
6 April 2000: the phase variation in L; reaches more than
2 meters/min, and produces 3 cycle slips in 5 minutes (as
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Figure 6: STEC and dSTEC/dt for satellite PRNO1 observed from
the UPC permanent GPS receiver in Barcelona (Spain) during 2
consecutive days (6 and 7 April 2000). The phase scintillation can
be observed during the evening of the first night, coinciding with
a severe storm (Kp> 8 between 18UT and 03UT).

a reference, both the STEC and the range variation are also
shown for the next day). More details about the scintillation
effects can be found in Doherty et al. (2000).

5 Conclusions

Several relevant ionospheric effects for geodetic and time
transfer users have been presented and illustrated with sev-
eral studies and examples, involving real data.

In particular, an assessment of different single-frequency
models, compared with TOPEX data during 2000, show at
middle latitudes errors of 35, 26 and 12% for the single-
frequency models broadcast by the GPS satellites, the IRI,
and the UPC-GIM respectively. These numbers are quite
similar for high latitudes, with the exception of the IRI, for
which the error increases to 54%. At the equator there is
a general worsening, with errors of 55, 36 and 20% for the
GPS broadcast, IRl and GPS-data driven UPC model re-
spectively.

The ionospheric variability has been illustrated and quan-
tified in several examples with real GPS data: (1) the TEC
evolution during one Solar Cycle, measured with a mid-
latitude GPS station, which shows a clear correlation be-
tween the noon TEC and the Solar Flux; (2) Traveling lono-
spheric Disturbances; and (3) Phase Scintillation.

Interested readers can find more detailed information
about ionospheric effects in general in Klobuchar (1996)
and in Langley (2000).
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