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Abstract
The modelling of the total electron content (TEC) plays an important role in global navigation satellite systems (GNSS) accuracy, especially for single-frequency receivers, the most common ones constituting the mass market. For the latter and in the framework of Galileo,
the NeQuick model has been chosen for correcting the ionospheric error contribution and will be integrated into a global algorithm providing the users with daily updated information.
In order to reach the ionosphere error correction level objective, the model itself as well as its use for Galileo are investigated. In our
comparison process, we take advantage of various ionosphere data from several European stations (Dourbes in Belgium, El Arenosillo
and Roquetes in Spain) where ionosonde and GPS TEC data are available for diﬀerent solar activity levels. These data allow us to study
NeQuick representation of the ionosphere at mid-latitudes. Constraining the model with ionosonde measurements, we investigate the
diﬀerence between GPS-derived vertical TEC and corresponding values from NeQuick for a high solar activity level (year 2002). With
this approach, we reach residual errors of less than 20% in standard deviation. We especially highlight the improvements from the latest
(second) version of NeQuick and show the critical importance of the topside formulation.
Ó 2009 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
The ionosphere, the part of the atmosphere extending
between 50 and several thousand kilometers from earth
surface, produces diﬀerent eﬀects on Global Navigation
Satellite Systems (GNSS) (Kintner and Ledvina, 2005).
The major inﬂuence from its intrinsic electron concentration N e ½electrons m3  concerns the time of ﬂight of navigation signals depending on their frequency f ½Hz and on
the total content in free electrons of the ionosphere. For
code measurements, the consecutive pseudorange error
I g ½m is obtained as follows at ﬁrst approximation.
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This slant “total electron content” ðsTECÞ is deﬁned as the
integral of the electron density on the path between the satellite and the receiver. Its units are ½electrons m2  or more
generally TEC units ½TECu ¼ 1016 el m2 , one TECu inducing an error of 0:16 m for the L1 carrier (1575:42 MHz) and it
can be converted to vertical TEC ðvTECÞ by means of a mapping function. As every ionospheric parameter, the value of
TEC depends on diﬀerent factors such as location, time of
the day, season, solar or geomagnetic activity.
TEC modelling reveals itself of ﬁrst importance especially
for single frequency receivers, the most common ones constituting the mass market, but also for multiple-frequency
devices. The latest will indeed comprise a fallback mode in
single frequency within the framework of critical applica-
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tions such as civil aviation where the level of precision must
be guaranteed in all circumstances. For Galileo single frequency users, the ionospheric error correction algorithm
uses the NeQuick model to compute TEC (Prieto-Cerdeira
et al., 2006; Orus et al., 2007). Understanding its weaknesses
and evolutions and validating its results constitutes then a task
of prime order to reach the best correction level. Therefore
diﬀerent situations have to be considered: diﬀerent latitude
regions (space conditions), diﬀerent hours, seasons and years
(time conditions) and speciﬁc phenomena occurrence (magnetic storms, Travelling Ionospheric Disturbances – TIDs).
In addition the results can be compared to diﬀerent data sets
among which GPS sTEC or vTEC measurements, Global
Ionospheric Maps (GIMs) of vTEC, ionosonde proﬁles, topside soundings.
For instance, Coı̈sson et al. (2004) compared GIMs
obtained using diﬀerent empirical models with monthly
median maps computed on the basis of GIMs produced
by the Center for Orbit Determination in Europe (CODE).
They reported NeQuick to be the model with the more stable behaviour in time and space. They also performed a
sTEC analysis involving nine European and North American stations on a geogmagneticaly quiet day during a period of high solar activity and they obtained an RMS value
of 13.2 TECu or 33.8%. Another interesting study broadening the scope of the potential tests involving NeQuick
examines its performances in the framework of the Galileo
Single Frequency Ionospheric Correction Algorithm (Orus
et al., 2007). Considering a high solar activity year (2000),
it states an error of 30% for the latest version of the model
and improvements at almost all latitudes by comparison to
the previous version. It also shows a large decrease of the
global bias (60%–80% in relative error) down to below 1
TECu for the whole year 2000. For the present study, we
chose to investigate NeQuick performance at mid-latitudes
using ionosonde and GPS TEC data.

2. Tools and method
2.1. NeQuick model
NeQuick belongs to the “DGR family” of ionospheric
models known as “proﬁlers” (Di Giovanni and Radicella,
1990; Radicella and Zhang, 1995). They indeed ﬁt analytical functions on a set of anchor points, namely the E; F 1
and F 2 layer peaks, to represent these principal ionospheric
layers and compute the electron density proﬁle. NeQuick is
the simplest one and was adopted by the ITU-R recommendation for TEC modelling (Hochegger et al., 2000).
The NeQuick model is divided into two regions (Radicella
and Leitinger, 2001): the bottomside, up to the F 2 -layer
peak, consists of a sum of ﬁve semi-Epstein layers1 (Rawer,
1982) and the topside is described by means of an only sixth

semi-Epstein layer with a height-dependent thickness
parameter.
To compute the parameters for the Epstein layers,2 the
thickness parameters BLbot and BLtop and the anchor points
coordinates i.e. peaks electron density NmL and height
hmL, NeQuick employs the ionosonde parameters,
fo E; f o F 1 ; f o F 2 and Mð3000ÞF 2 . These critical frequencies
and transmission factor are themselves obtained from
empirical equations among which the CCIR maps (ITUR, 1997) for the F 2 characteristics3 so that a monthly median situation is represented. However the power of
NeQuick consists in its ability to accommodate other
sources of data for these parameters e.g. measured values.
NeQuick FORTRAN 77 code was submitted to and
accepted by the ITU-R in 2000 and revised in 2002. It is
downloadable from the Internet (ITU-R, 2002), is referred
to either as version 1 or ITU-R and constitutes the current
baseline for Galileo. This package includes also numerical
integration subroutines allowing to compute vTEC and
sTEC.
Since then the model has undergone a series of evolutions leading to a second version (Nava et al., 2008; Bidaine
et al., 2006) available from the model designers.
 Bottomside simpliﬁcations and associated changes in the
calculation of the E and F 1 peak amplitudes and fo F 1
(Leitinger et al., 2005) allow to avoid some unrealistic
features.
 Topside soundings data from the ISIS-2 satellite were
processed to modify the formulation of the shape parameter k involved in the topside thickness parameter calculation (cf. Appendix A). It was previously computed on
the basis of two formulas, one for months between April
and September and the other for the rest of the year,
which are replaced by a single one in NeQuick 2. Coı̈sson et al. (2006) showed that the new formulation provides electron density proﬁles closer to experimental
ones, where NeQuick 1 tends to underestimate the electron density at high and mid latitudes and slightly overestimate at low latitudes.
 Finally a new modiﬁed dip latitude (MODIP) ﬁle was
introduced for MODIP interpolation in the framework
of CCIR maps use.
Consequently potential improvements need to be
assessed through diﬀerent methods among which the one
described in next section.
2.2. Analysis method
Among the diﬀerent analysis methods using NeQuick in
diﬀerent ways, we chose as a ﬁrst step to uncouple NeQuick
2

L stands for the layer index which possible values are E; F 1 and F 2 .
Note that NeQuick fo E and fo F 1 should be referred to as eﬀective
critical frequencies as their deﬁnition does not correspond exactly to the
cited reference ITU-R recommendation.
3

1
The preﬁx ”semi” means that diﬀerent thickness parameters are used
below and above the layer peak.
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formulation from its underlying data (Bidaine and Warnant,
2007). To this extent, we replaced the CCIR maps of fo F 2
and Mð3000ÞF 2 by their measured values by means of an
ionosonde, which we call ionosonde parameters from
now on. In other words, we constrained the model to a
daily behaviour, anchoring it in a real ionosphere, instead
of considering the monthly median output.
Given this use of NeQuick, we compared its results
using two kinds of measurements: vTEC or simply TEC
from now on, the valuable parameter for navigation purpose, computed by GPS and vertical electron density proﬁles from an ionosonde. We took there advantage of
collocated independent data, a part exploited to constrain
the model and the other as reference.
We developed software enabling us to browse measured
and modelled TEC and electron density proﬁles as well as
input data. We also included a module allowing to analyse
statistically TEC diﬀerences computing mainly bias DTEC
and standard deviation rDTEC for each year, month, day
and UT in a month or year as follows.
DTEC ¼ TEC meas  TEC mod
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2
rDTEC ¼
TEC meas  TEC mod  DTEC

Relative ¼
TEC meas
NeQuick2  NeQuick1
Evolution ¼
NeQuick1

TEC maps (Orus et al., 2007). Consequently potential
problems related to code hardware delays, multipath and
noise (Ciraolo et al., 2007) are reduced as no pseudorange
measurement is directly involved in TEC computation. To
obtain vTEC, we selected sTEC values corresponding to an
elevation greater than 61:8 , we converted them to vertical
using a mapping function associated to a 400-km thin shell
height and we computed their mean over 15-min periods
(equivalent to having selected subionospheric points within
a radius of 200 km around the station; similar to (Warnant
and Pottiaux, 2000)).
We ﬁxed the framework of this study over a high solar
activity period (year 2002) and mid-latitudes selecting three
European locations with collocated digisonde and IGS/
EUREF station (cf. Fig. 1 and Table 1).
Finally we highlight the interest of manual validation of
ionosonde parameters showing the 95% percentile of fo F 2
diﬀerences between auto-scaled and manually validated values (cf. Fig.2). We also give the availability levels of each kind

ð2Þ
ð3Þ
ð4Þ
ð5Þ

<> denotes a mean on a given period of the speciﬁed
expression and  either the bias DTEC or the standard deviation rDTEC .
In the following sections, we adopt four diﬀerent
approaches
 We compare the global TEC behaviour of each version
of the model with GPS TEC examining yearly statistics.
 We highlight the inﬂuence of the modiﬁcation of the topside shape parameter k considering separately the periods corresponding to both formula in NeQuick 1.
 We show the critical importance of the topside splitting
TEC between its bottomside and topside contributions.
 We conﬁrm our observations examining monthly
statistics.

Fig. 1. Collocated digisondes and IGS/EUREF stations.

Table 1
Characteristics of the data sets.
Station

2.3. Data sets
We gathered manually validated ionosonde parameters
and electron density proﬁles obtained by digisondes and
GPS sTEC data calibrated by means of Global Ionospheric
Maps (GIM).4 TEC is computed based on the geometryfree combination of phase measurements. Phase ambiguities are estimated using precise sTEC values obtained from
4

The data set used was computed at the European Space Agency (ESA)
using GIMs produced by the Universitat Politècnica de Catalunya (UPC).

Code

Latitude [°N]

Longitude [°E]

Digisondes providing fo F 2 and Mð3000ÞF 2 every hour
Dourbes
DB049 50.1
4.6

Time interval
01/02–29/04
16/05–20/11
25/11–31/12

Roquetes

EB040

40.8

0.5

01/01–31/12

El Arenosillo

EA036

37.1

6.7

01/01–08/02
12/02–24/07
26/10–31/12

GPS stations providing TEC every quarter
Dourbes
dour
50.1
4.6
Roquetes
ebre
40.8
0.5
San Fernando sfer
36.5
6.2

01/01–31/12
01/01–31/12
01/01–31/12

2.5

40

2

35

1125

30
TEC [TECu]

foF2 95% level [MHz]
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0

Fig. 2. Inﬂuence of ionosonde scaling validation on fo F 2 .

El Arenosillo/San
Fernando

of data and for their combined use (cf. Fig. 3). We count
maximum 35040 GPS TEC values (one every quarter) and
8760 DGS parameters couples and proﬁles (soundings every
hour). We explain partially the lower availabilities

Measured

Roquetes
NeQuick 1

Dourbes
NeQuick 2

30%
25%
TEC [%]

 for El Arenosillo digisonde, by a lack of data between
July 25th and October 25th,
 for Dourbes digisonde, because of January is missing,
 and for TEC data, because of the odd-hour IONEX format for the GIM leads to a systematic gap between 23
and 1 UT.

20%
15%
10%
5%

3. Analysis

0%
El Arenosillo/San
Fernando

3.1. Yearly statistics
Examining yearly statistics allows us ﬁrst to observe the
inﬂuence of latitude: TEC mean decreases northwards (cf.
Fig. 4). We also state an average underestimation of both
versions of the model even larger (around 20%) for
NeQuick 2. Hovewer biases have to be interpreted with
caution. Indeed previous studies comparing diﬀerent GPS
TEC reconstruction techniques show that biases of several
TECu can appear between them (Prieto-Cerdeira et al.,
2006; Orus et al., 2007; Bidaine and Warnant, 2009). These
biases are related to the levelling techniques used by the different authors to compute phase ambiguities. Therefore the
interpretation of the detected biases of the model is diﬃcult. Nevertheless the lower (around 20%) standard devia100%

Availability

80%
60%
40%
20%
0%
El Arenosillo/San
Fernando
Ionosonde data

Roquetes
TEC data

Fig. 3. Data availability.

Dourbes

NeQuick 1

Roquetes

Dourbes

NeQuick 2

Fig. 4. Yearly TEC mean (top) and relative standard deviation (bottom).

tion obtained for NeQuick 2 indicates us an improvement
from the second version of the model.
3.2. Inﬂuence of k uniﬁcation
As described in Section 2.1, the major modiﬁcation
between both NeQuick versions is related to the topside.
The two formulas (one for April to September and the
other for October to March) for the shape parameter k
in NeQuick 1 were replaced by a single one in NeQuick 2
(cf. Appendix A). It reveals thus itself interesting to compute statistics separately for each period corresponding to
the two former formulas.
We then observe diﬀerent performances for each period
especially regarding statistics evolution from one version to
the other (cf. Fig. 5). For April to September, we state a
lower (20%) bias and slightly larger standard deviation in
NeQuick 2. For October to March however, the bias, lower
than for the ﬁrst period in NeQuick 1, becomes much larger (200%)5 and the standard deviation, larger between
April and September for the ﬁrst version of the model,
decreases by about 15% in the second version. This second

Combination
5
This high percentage is due to the low value of NeQuick 1 bias (around
2.5 TECu).
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200%

35

150%

30
TEC [TECu]

Evolution

40

100%
50%
0%
-50%

15
5

El Arenosillo/San
Fernando

Roquetes

Dourbes

0

El Arenosillo/San
Fernando

Roquetes

Dourbes

-10%
-15%
-20%
-25%
-30%

TEC [TECu]

5%
0%

El Arenosillo/San Fernando
Bottomside

October to March

10%

Evolution

20
10

April to September

-5%

25

9
8
7
6
5
4
3
2
1
0

Topside

El Arenosillo/San Fernando
NeQuick 1

April to September

Dourbes

Dourbes

NeQuick 2

October to March

Fig. 5. Evolution of TEC bias (top) and standard deviation (bottom)
between NeQuick versions.

Fig. 6. Proportion of TEC within bottomside and topside (top) and yearly
topside TEC standard deviation (bottom).

period becomes hence more homogenous with the ﬁrst one
and mostly inﬂuences the global statistics.

topside statistics corresponding to the global values and
driving them.

3.3. TEC splitting

3.4. Monthly statistics

To feel even more conﬁdent about the impact of the
modiﬁcation in the topside formulation, we could advantageously distinguish between bottomside and topside contributions to the TEC. To this extent, we integrated the
bottomside electron density proﬁle from the digisondes to
compute the bottomside TEC.6 Then we subtracted this
value to the GPS TEC to obtain an estimate of the topside
TEC for which conclusions have to be drawn with caution
as it includes the whole GPS TEC uncertainty.
This procedure enables us to highlight the large proportion of TEC lying within the topside (more than 75% on
average, cf. Fig. 6). We thus put into perspective the importance of the bottomside formulation – eventually slightly
worse with NeQuick 2 – justifying the interest of the simpliﬁcations introduced in the second version of the model (cf.
Section 2.1). We also observe the favourable evolution of the

A last interesting insight to handle NeQuick formulation
and the consequences of its modiﬁcation consists in examining monthly statistics. To this extent, we chose Roquetes
for its higher data availability. Fig. 7 highlights the double
behaviour described in Section 3.2 for NeQuick 1 and the
homogenisation from the topside shape parameter k uniﬁcation in NeQuick 2. We also note an improvement in bias
and standard deviation for August and September (idem
for Dourbes), two months missing in El Arenosillo data
set (cf. Section 2.3). If they had been present, they would
apparently have inﬂuenced positively the various statistics
presented in previous subsections.

6
We have not had access to proﬁles for Roquetes digisonde yet so that
we did not apply TEC splitting to that station.

4. Conclusion and perspectives
As a corner stone in the Galileo single frequency ionospheric correction algorithm, the NeQuick model is
improved thanks to several studies. The present assessment
lies within this scope insofar as it investigates the model
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Appendix A. NeQuick topside electron density

TEC [TECu]

6

The topside is deﬁned as the region of the ionosphere
above the F 2 -layer peak. To compute its electron density,
the NeQuick model uses a semi-Epstein layer with a maximum corresponding to the F 2 -layer peak (electron density
N m F 2 and height hm F 2 ) and a height-dependent thickness
parameter H.

5
4
3
2
1
0

2

4

6
Month

8

10

12

Fig. 7. Monthly TEC mean (top) and standard deviation (bottom) for
Roquetes.

and its latest developments for three mid-latitude stations
collecting collocated ionosonde and GPS TEC data.
Conditioning NeQuick with ionosonde data, we ﬁrst
analysed statistically the diﬀerence between GPS-derived
vertical TEC for Dourbes, Roquetes and El Arenosillo/
San Fernando stations and corresponding modelled values
for the last solar maximum in 2002. We found standard
deviations decreasing by 20% to reach less than 20% in relative values with NeQuick 2; biases increasing by 20% up to
25% (care must be taken about GPS TEC data regarding
the bias).
To explain this progress, we highlighted the inﬂuence of
the uniﬁcation of the topside shape parameter k as the two
former formulas corresponded with periods exhibiting
opposite behaviours. We also showed the importance of
the topside accounting for 75% of the TEC on average
and we conﬁrmed all our observations examining monthly
statistics.
The present study constitutes a basis of comparison for
further investigation of more global uses of the model. We
will indeed be able to observe how data ingestion techniques can accommodate the remaining mismodelling as
well as the adaptation of the CCIR maps to daily situations. Finally we will assess the Galileo single frequency ionospheric correction algorithm with potential suitable
evolutions of NeQuick.

N top ðhÞ ¼ 4N m F 2 

e

hhm F 2
H
hhm F 2
H

1þe

2

ðA:1Þ

The height-dependent thickness parameter H is calculated
by means of a semi-thickness parameter BFtop2 associated to
the topside part of the F 2 -layer.
!
12:5ðh  hm F 2 Þ
F2
H ¼ Btop 1 þ
ðA:2Þ
100BFtop2 þ 0:125ðh  hm F 2 Þ
BFtop2 relies itself on its bottomside equivalent BFbot2 through
the topside shape parameter k. Both their formulation have
been modiﬁed in the new version of NeQuick.
In NeQuick 1, two additional auxiliary parameters m and x
are used and k is deﬁned diﬀerently for two six-months
periods.
kBF 2
BFtop2 ¼ bot
m
8
 2
>
>
> 7:77 þ 0:097 hBmFF22 þ 0:153N m F 2
>
>
bot
<
from October to March
k¼
>
>
>
6:705  0:014R12  0:008hm F 2
>
ðA:3Þ
>
:
from April to September
26k68
m ¼ ð0:041163x  0:183981Þx þ 1:424472
x¼

kBFbot2  150
100

In NeQuick 2, the additional parameters disappear and a
single formula is introduced for k.
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BFtop2 ¼ kBFbot2
k ¼ 3:22  0:0538f o F 2  0:00664hm F 2 þ 0:113

hm F 2
BFbot2

ðA:4Þ

þ 0:00257R12
kP1
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