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Abstract

The paper outlines the method developed at the Roya Observatory of Belgium in order to compute the
TEC with a precision of about 2-3 TECU and to detect Travelling lonospheric Disturbances using GPS
measurements. We describe the solar cycle dependance of the TEC and TIDs. In 2000 and 2002, the
ionospheric activity has reached two peaks correlated with solar activity. This ionospheric activity is
characterized by larger TEC values (up to 90 TECU, in 2000 and 2002) and by a larger number of
Travelling lonospheric Disturbances. During period 2000-2002, the mean daily TEC was ranging from 10
to 45 TECU; at solar minimum the mean daily TEC was smaller than 12 TECU. In January 2000 and
December 2001 more than 1300 “events’ due to TID’s were detected: it is 6.5 more than in January 1996
(at solar minimum).

1. Introduction

Theionospheric refractionremains amgor error source in GPS postioning, inparticular for Red-Time
Kinematic (RTK) applications. Thiseffect is usudly reduced by forming differences between one-way
phase or code observations collected by 2 GPSrecevers. The residual ionospheric error remainingin
these differences depends on two parameters: the Tota Electron Content (TEC) and its gradientsin
space (Wanninger (1994), Warnant (1996)). The Tota Electron Content is very variable inspace and
time it is a function of geomagnetic latitude, loca time, season, ... In particular, severa studies
demonstrated that the TEC strongly dependson solar activity (daRosaet d. (1973), Soicher (1988),
Feitcher and Letinger (1997), Van Vdthoven (1990)). The 11-year solar activity cycle has reached
two peaksin 2000 and 2002. During this period of high solar activity (2000-2002), severd authors
reported strong degradations of GPS paostioning precison, in particular, for Red-Time Kinematic
(RTK) applications. These effects were particularly important during severe geomagnetic sorms. For
this reason, we have developed a software to monitor the ionogpheric activity in order to understand
its impact on GPS. The idea of this work was to build a data set which can serve as reference to



identify possible correlations between the ionospheric activity and unidentified problemsin GPStime
series or GPS data processing. Such correlations between the ionosphere and Trangt postion time
series were aready reported by Dehant and Paquet (1983).

The Globa Navigation Satellite Systems and, in particular GPS, are now well-accepted as tools to
study the Earthand Planetary ionospheres. Indeed, GPS code and carrier phase measurementscan be
processed inorder to determine the Total Electron Content (Lanyi and Roth (1988), Warnant (1996)).

2. Computing the TEC usng GPS measurements
In practice, the TEC can be obtained from:

1) the so-caled geometry-free combination of dua frequency code measurements, P;;ar?
noF = o1~ Fprz @
This equation can be rewritten in function of the Total Electron Content, 7EC'; :
P} g = -0.105 TEC, + (DG, - DG'Y) )

with fZEC'; dant TEC in TEC Units (or TECU) measured dong the path
going from satdlitei to receiver p ;1 TECU = 10% dectrons nv?
Da ‘,DC?‘f the satellite i and receiver p differentia group days (in metres);

P; 11 + Fp 12 thelLl, L2 P-code measurements (in metres) made by receiver p on
satdlitei.

When the Anti-spoofing is active (asit isthe case Since January 31 1994), the code observations have
a precison ranging from a few decimetres to more than one metre. These measurements are not
ambiguous but contain biases cdled receiver and satdlite differential group delays. The existence
of these biasesis due to the fact that the two GPS frequencies undergo different propagation ddays
indde the recelver and satdllite hardware,

2) the geometry-free combination of dua frequency phase measurements 1?; GF

S
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or rewritten in function of the TEC:
&) g = -0.552 TBC,) + N, op (4)

with  fy; . S5, thefrequency of thelL1, L2 cariers (in Hz);
H? Ll > $! 13 the L1, L2 carrier phase measurements (in cycles) made by receiver p on
%teﬂltel
N; qr ared ambiguity (cycles).
Phase measurements usudly have a precision better thanone millimerebut contain aninitial ambiguity
whichisreal inthe case of the geometry-free combination. In the absence of cycle dips, N;ﬁ,. hasto
be solved for every satdllite pass.

3) acombination of geometry-free code and phase measurements.

Prap Ay &y ap = (DG, DIYH - Ay N} oo (5)

with A;; the L1 carrier wavelength (in metres).

Thisthird combination is used to solve the ambiguity N;,ar which isinjected in equation (4) in order
to determine the TEC which is mapped to the verticd. This method which is applied at the Roya
Observatory of Bdgium dlows to combine the advantages of both measurement types. the TEC is
obtained from the precise phase measurements but the information contained inthe code observations
is used to solve the ambiguity. Nevertheless, the procedure requires the determination of the receiver
and satdlite differentid group delays. In most of the cases, these biases have to be computed. In
practice, the combined biases (receiver + satdlite) can be determined usng equation (2) where the
ionogphere is modedled by means of a polynomid in latitude and locd time. In fact, the error made in
the determination of the differentia group delaysis the largest error source when computing the TEC
usng GPS messurements : these biases can be computed with a precision of about 2-3 TECU. It is
clear that they cannot be neglected: for example the bias of one of our Turbo Rogue receiversis +5.33
ns. Thefact to neglect it would give anerror of 16 TECU on the computed TEC. A detailed discussion
of the influence of the biasesis given in Warnant (1996) and Warnant (1997).

When the biases have been determined, the TEC which is mapped to the vertical is computed in
function of latitude and locd time (or longitude) of the ionospheric point. For example, the data
collected at Brussdls (latitude = 50.8 /N, longitude = 4.4 / E) dlow to compute the TEC from about
35 /N to 60/ N in latitude and from -20 /W to 25/ E in longitude.



To obtain TEC profiles representative of the ionosphere above the observing gation, we apply the
following procedure:

- we select dl the TEC values corresponding to an ionospheric latitude, L,,,,, given by :

Lo~ 15" <Ly, <Lpy+15" (6)

where L, isthe latitude of the observing station;
- we compute the mean of these TEC vaues on 15 minute periods.

To verify the rdiability of our GPS TEC, we compared it with aindependent method:

at Dourbes (Belgium), an ionosonde which is the property of the Roya Meteorologica Indtitute of
Belgium is collocated with one of our 7 permanent GPS station. This ionosonde produces an eectron
concentration profile up to the maximum of the F2-layer. The ionosonde measurements are used to
compute the Tota Electron Content above Dourbes:

- inafirst stlep, numerica integration of the measured bottoms de eectron concentration profile gives
the bottomside part;

- in a second step, andyticd integration of a Chapman function moddling the topside electron
concentrationprofile givesthe tops de part; the parameters of the Chapmanfunctionareeva uated usng
the information contained in measured bottomside profile; we assume that the electron concentration
is congtant in the protonosphere.

This TEC has been compared withthe TEC obtained by GPS ona period of 2 years (1995 and 1996).
The results of both methods are in very good agreement: in most of the cases, the difference between
“GPS’ TEC and “ionosonde” TEC remainswithin 2-3 TECU; the mean and the standard deviation
of the difference computed on this period are respectively 0.46 TECU and 1.72 TECU. More ddtails
can be found in Warnant and Jodogne (1998).

3. Detection of irregularitiesin the Total Electron Content

From equation (4), it can be seen that the geometry-free combination aso dlows to monitor the time
variation of the TEC, A TBC, (t,):

@} ar(t)~ &} arlty )

A TEC () = 1.812
» Cete )

(1)




where A 7EC'; (%) , measured in TECU/min, is defined as:

TEC, (t,)- TEC, (4, ,)
Gt 1)

A TBC, (t,) = 8)

It isimportant to stressthat the computationof A ZE'C'; (t,) doesnot requirethe estimation of theredl
ambiguity, Npi,ar , aslong as no cycle dip occurs.

Equation (7) can be used to detect high frequency changes in the TEC due to irregular ionospheric
phenomena such as Traveling lonospheric Disturbances and scintillation effects.

In this paper, we present a method alowing to detect medium-scale Travelling lonospheric
Disturbances (MSTIDs) and scintillation effects uang GPS measurements. M STIDs have horizontal
wave engths of severa hundreds of kilometres, periods ranging from about 12 minutes to about 1 hour
and horizontal phase speeds ranging from 100 to 300 m/s (Van Vdthoven (1990)).
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Figure 1. TEC gradientsdueto a TID observed on October 30 1994 in 3 Belgian GPS stations.



Travelling lonospheric Disturbances and scintillation effects cause high frequency changesin the TEC.
Consequently, these phenomena can be studied by detecting such changesin A 7EC"

In order to do that, we filter out the low frequency changesin the TEC by modeling A 7EC" usng
alow order polynomid. The residuals R, of this adjustment (i.e. A fZEC" polynomia) contanthe high
frequency terms. Then, o R which is the standard deviation of the reﬂduds is computed for every
observed satellite, using periodsof 15 minutesof measurements. When Og, >0.8 e decide that an
“event” isdetected. Such“events’ are presented in figure 1. Thisfigureshowsthe gradients A TEC',
observed in 3 GPS gtations operated by the Roya Observatory of Belgium. These gradients are due
to a(Medium-Scae) Traveling lonospheric Disturbance. This TID is detected as 4 “events’ :indeed,
as a consequence of the TID occurrence, © &, remains above the threshold value of 0.08 TECU/min
during 4 periods of 15 minutes. In fact, most of the “events’ detected in Belgium are due to TIDs but
scintillation effects are sometimes observed, in particular, after severe geomagnetic storms at Solar
maximum. The detection software can easily decide if the high frequency changesinthe TEC are due
to scintillations or T1Ds because the signature (period) of these 2 phenomena are very different.

With a sampling interva of 30 seconds, 24 hours of GPS measurements in the RINEX format are
gored in afile of which the Szeisrangingfrom1.5 Mb to morethan 2 Mb. To perform any long term
study based on GPS measurements, it is thus indispensable to develop automatic data processing
procedures. In particular, it is not redidic to imegine that an operator could screen the resduasto
decide “manudly” if aTID is present or not. For this reason, we must choose threshold vaues which
will be used by the computer to take an automatic decision. The choiceof 0.08 TECU/minasthreshold
valueto decide if aan event is taken into account comesfrom the fact that the multipath can dso give
riseto high frequency changes in the geometry-free combination. This Site-dependent effect canreach
severa centimetres on phase measurements and has periods ranging from a few minutes to severa
hours depending on the distance separating the reflecting surface from the observing antenna (if this
distanceis shorter, the period is longer). The multipath effect being more frequent at low devation, we
have chosenan éevationmask of 20/. Inthe case of the Belgian permanent GPS network, athreshold
vadue of 0.08 TECU/min is large enough to avoid to interpret multipath effects as ionospheric
phenomena. This vaue should be vdid for most of the GPS sites but should be applied with care in
locations where the multipath is particularly important. An additiona verificationisthen performed: the
comparison of the ionospheric variability observed in neighbouring (50 km) GPS gtations dlows dso
to distinguish between multipath and ionospheric phenomena: indeed, large resduas observed at the
same time in different stations cannot be due to multipath.

Two other error sources can affect our method: cycle dips and phase surges. Cycle slips are jumps
of an integer number of cycles which occur when the recelver loses lock on the satdlite sgnd. Inan
automated data processing procedure, an uncorrected cyde dip could result in a O, above the
threshold vaue even if no ionospheric perturbationis present. Again, interstation comparison can help
to solve the problem.

Phase surges are experienced by receivers using the cross-correlaion technigque to processthe GPS
sgnd whenthe Anti-spoofing isactive. These phase surges give rise to several successive jumpsinthe



L2 phase measurements. These jumps are not integer numbers of cycles. For this reason, this error is
much more difficult to detect. In addition, this effect is related to the receiver-to-satellite geometry; it
means that a Smilar effect can be observed in severa neighbouring GPS dtations at the same time the
problemoccurswhen 2 satellites have the same Doppl er as seen by the receiver (Sleewaegen (1999)).
Nevertheless, these jumps can be identified because thar Sgnature and in particular their period is
adways shorter (afew minutes) than the period of the MSTIDs.

The choice of 15 minute periods to compute the ionospheric variahility is due to the fact that most of
the MSTIDs have periodsranging from5 to 30 minutes. If we choose atoo short period, the TID will
not have the time to cause TEC changeslarge enoughto be detected. On the other hand, if the period
istoo long, the large residudsin A ZEC'; dueto the TID will be lost among the other resduas and
the resuiting 9=, will remain under the threshold of 0.08 TECU/min.
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Figure 2. Maximum and mean daily TEC at Brussels from April 1993 to December 2002.



4. Resaults
4.1 TEC behaviour

The solar activity has reached its 11-year activity cyde minmuminMay 1996. Sincethe end of 1997,
the solar activity has beenincreasing very quickly giving riseto astronger ionospheric activity. The solar
maximum has been reached during the period 2000-2002. The TEC dependanceonthesolar cycle can
be easily seen from figure 2 which displays the daily mean and daily maximum TEC from April 1993
to December 2002.

From this figure, we can see that the TEC seasona behaviour depends on the solar cycle:

- the largest daily mean TEC vaues are observed during the summer except at solar maximum (period
2000-2002) where these largest values are measured during the spring.

- a solar minimum, the daly maximum TEC ranges from about 5 TECU to 15 TECU; at solar
maximum, it ranges between about 20 to 90 TECU;

In addition to that,

- a solar maximum, the largest TEC vdue observed at Brussels was close to 90 TECU; at solar
minimum, the TEC is most of the time smdler than 10 TECU and is often of the order of 1 TECU at
night.

- independently of the solar cycle, the largest daily maximum TEC values are observed in February-
March and in October-November.

Most of our results are in good agreement with the results obtained by Soicher (1988).
4.2 Statistics concer ning the occurrence of TIDs

Figure 3 showsthe number of events due to TIDs observed per month at Brussels from April 1993 to
December 2002. On thisfigure, we can seethat :

- TIDsare frequently observed dl the time (during al seasons and during dl phases of the solar cycle).
- thereisanannua peak inthe number of TIDsduring the winter independently of solar activity but this
pesk is much sharper at solar maximum.

- the number of TIDs strongly depends on solar activity: in January 1996, 200 events were detected;
in January 2000 and December 2001, up to 1300 “events’ were observed.

These results confirm the conclusions of previous studies performed by means of other independent
techniques (see for example, Van Vethoven (1990)).
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Figure 3. Number of “events’ detected per month at Brussels from April 1993 to December 2002.
Conclusons

The paper has outlined a method alowing to compute the Total Electron Content and to detect
ionospheric irregular phenomena such as TIDs and scintillations. The god of the work was to build a
data set whichcan serve as reference to identify possible correlations betweenthe ionospheric activity
and unidentified problems in GPS time series or GPS data processing. The paper has described the
effect of the increasing solar activity onthe ionosphere : since 1998, larger TEC vaues are observed;
during the period 2000-2002, the TEC has reached 2 pesaks of about 90 TECU; at solar minimum, the
TEC remains amdler than20 TECU inmost of the cases. Inaddition, the number of detected TIDshas
also tremendoudy increased to reach the level of 1300 events per month in January 2000 and
December 2001; the number of events wasabout 200 inJanuary 1996. The resultswhich are in good
agreement withprevious independent studies show that TIDs are very commonphenomenaat Brussals.
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