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Abstract
As part of the ongoing system modernization, the Russian navigation satellite system GLONASS has specified a dedicated 
electron density model supporting ionospheric path delay corrections for single-frequency navigation users. Solar-geo-
physical parameters for use with this model are made available through the code division multiple access (CDMA) signals, 
transmitted by selected GLONASS-K1, -K2 and -M+ satellites on the L3 and L1 frequencies. As a notable feature, the 
GLONASS ionosphere model can be used to predict the slant total electron content (STEC) through numerical integration 
of the 3-dimensional electron density along the signal path or a single-layer approximation of the 2-dimensional vertical 
total electron content (VTEC). Based on reference TEC values provided by global ionosphere maps, the performance of the 
GLONASS ionosphere model is assessed over an 11-year period using measured solar flux and geomagnetic activity values 
and compared with correction models of the GPS and Galileo constellations. Furthermore, the quality of solar-geophysical 
parameters made available in the CDMA navigation message over 1 year after launch of the first GLONASS-K2 satellite is 
evaluated. Compared to global ionosphere maps of the International GNSS Service, the GLONASS model exhibits VTEC 
biases in the range of roughly ±1 TECU . Mean absolute errors (MAE) range from about 5 TECU in quiet years to 16 TECU 
at high solar activity. The corresponding mean absolute percentage errors (MAPE) range from roughly 50% (high activity) 
to 60% (low activity). Only minor performance differences were observed when comparing predictions based on broadcast 
values of solar flux and geomagnetic activity with observed values from space weather centers. On the other hand, a clear 
reduction of both the mean absolute (3–14 TECU) and mean absolute percentage errors (41–45%) is achieved when adjusting 
the adaptation coefficient of the GLONASS model based on the daily mean ratio of predicted and observed VTEC values. 
Irrespective of this, major VTEC modeling problems at very high solar activity could be identified. Overall, the GLONASS 
model outperforms the Klobuchar model but does not reach the prediction performance of the Galileo NeQuick-G and 
NTCM-G models, which exhibit errors of about 2–8 TECU (MAE) and 26–37% (MAPE).
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Introduction

Despite a growing share of dual-frequency receivers and 
the availability of regional correction services from satellite 
based augmentation systems (SBASs), total electron con-
tent (TEC) models remain the primary source for compen-
sating ionospheric path delays in real-time positioning for 

the majority of mass-market GNSS users. For the different 
GNSSs, models of different complexity and sophistication 
are applied along with suitable broadcast parameters.

Within GPS, the United States’ Global Positioning 
System, a computationally-lean single-layer ionosphere 
model, commonly known as Klobuchar model (Klobuchar 
1987; SSC 2022), has been adopted. It describes the global 
distribution of the vertical total electron content (VTEC) 
in terms of local time and latitude through a simple para-
metric model driven by a total of eight polynomial coef-
ficients for modeling the amplitude and extent of the day-
side ionospheric bulge. These coefficients are transmitted 
via the GPS navigation message and routinely updated by 
the control segment. The Klobuchar model is estimated to 
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provide a roughly 50% root-mean-square (RMS) reduc-
tion of the ionospheric range error worldwide (Klobuchar 
and Kunches 2003; Orús et al. 2002), making it effective 
for many applications but insufficient, if higher accuracy 
is needed. For commonality with GPS, it has also been 
adopted by other global and regional navigation satellite 
systems including the Chinese BeiDou-2/3 system, the 
Japanese Quasi-Zenith Satellite System (QZSS), and the 
Navigation with Indian Constellation (NavIC) system. As 
part of their legacy navigation messages, these constella-
tions offer dedicated coefficients for the Klobuchar model 
aiming at improved corrections in the respective service 
areas.

For the European Galileo system, a notably more complex 
ionosphere model (NeQuick-G; EU 2016) has been selected, 
which offers a fully 3-dimensional (3D) description of the 
electron density. The model is driven by the “effective ioni-
zation level” Az, which replaces the solar radio flux F10.7 as 
a measure of solar activity and is routinely determined by 
the Galileo control segment from observations to best fit 
the actual state of the ionosphere. Coefficients of a second-
order polynomial describing a latitude-dependent Az are pro-
vided through the Galileo navigation messages with roughly 
half-daily updates. The slant total electron content (STEC) 
in NeQuick-G is computed through numerical integration 
of the local electron density along the line of sight, which 
allows use of the model for generic user locations, includ-
ing even spaceborne receivers (Montenbruck and González 
Rodríguez 2020). However, the improved flexibility and 
modeling accuracy of NeQuick-G come at the expense of 
a notably higher computational effort than for the Klobu-
char model. To cope with this limitation, NTCM-G (Neu-
strelitz Total electron Content Model – Galileo; EU 2022; 
Hoque et al. 2019) is offered as an alternative to NeQuick-G 
for Galileo users. NTCM-G makes use of the same activ-
ity parameters as NeQuick-G but provides a 2-dimensional 
(2D) representation of the global vertical total electron con-
tent (VTEC) based on which the slant TEC can be obtained 
via a modified single-layer mapping function. Compared to 
the GPS Klobuchar model, NTCM-G offers a notably more 
realistic representation of the regional VTEC distribution, 
which even includes the modeling of the equatorial crests.

To cope with the limited accuracy of the Klobuchar 
model, a new BeiDou Global Ionospheric delay correction 
Model (BDGIM; CSNO 2017; Wang et al. 2021) has been 
introduced for the third-generation BeiDou global naviga-
tion system. BDGIM uses a set of nine broadcast parameters 
to describe the global VTEC distribution through a low-
order spherical harmonic approximation, based on which the 
STEC can again be computed with a single-layer mapping 
function. Similar to the Klobuchar model and NTCM-G, 
BDGIM is computationally lean but limited to users near 
the surface of the Earth.

Following GPS, the Russian Globalnaja Nawigazionnaja 
Sputnikowaja Sistema (GLONASS) was the second satel-
lite navigation system offering a global navigation service. 
With civil signals in the L1 and L2 frequency bands, there 
was formally no need for considering a ionospheric correc-
tion model as part the signal specification, even though the 
majority of GLONASS-capable receivers was long limited 
to single-frequency processing. In fact, a ionospheric correc-
tion model for GLONASS users was only introduced in 2016 
as part of the ongoing GLONASS modernization effort and 
the introduction of code division multiple access (CDMA) 
signals on the L1, L2, and L3 frequencies (Russian Space 
Systems 2016c). The new GLONASS ionosphere model is 
driven by three parameters that are included in string type 25 
of the L1OC and L3OC CDMA navigation messages. These 
comprise a pair of solar and geomagnetic activity data ( F10.7 , 
Ap ) as well as an “adaptation coefficient” cA , which serves as 
a global scale factor for the modeled electron density. While 
specified already in 2016, a preliminary navigation message 
format was used in L3 CDMA transmission of GLONASS-
M+ and early K1 satellites for many years. Actual transmis-
sions of ionosphere model parameters have presumably been 
initiated in the 2021–2023 time frame even though the exact 
start time is not known due to a lack of monitoring sites 
supporting reception and extraction of the new CDMA mes-
sages. While initially confined to a small set of GLONASS-
K1 and -K2 satellites, the transmission of solar-geomagnetic 
activity parameters for the GLONASS ionosphere model 
was extended to five GLONASS-M+ satellites in late 2024.

Similar to NeQuick-G, the GLONASS ionosphere model 
provides a fully 3-dimensional description of the electron 
density and can thus be used for STEC computation at arbi-
trary user locations. On the other hand, the specific height 
profile adopted in the model also offers a closed-form 
solution for the VTEC distribution. Along with a stand-
ard mapping function, STECs for terrestrial users can thus 
be computed in a single-layer approximation, rather than 
a numerical integration along the signal path. The hybrid 
2D/3D nature distinguishes it from other models and makes 
the GLONASS model of interest for a wider range of GNSS 
positioning applications. Initial analyses described in Ivanov 
et al. (2017) and Yasyukevich et al. (2023) indicate a com-
petitive range correction performance of the GLONASS 
model, but have been conducted prior to the availability of 
broadcast ionosphere parameters and relied exclusively on 
external solar-geomagnetic activity data.

With the above background and motivation, we provide 
an independent assessment and characterization of the GLO-
NASS ionosphere model and compare its performance with 
that of the GPS and Galileo models. Following an overview 
of the GLONASS model concept and architecture, a 1-year 
performance analysis using broadcast ionosphere parameters 
as transmitted by selected GLONASS-K1, -K2, and -M+ 
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satellites is provided. For an improved characterization over 
a wider range of ionospheric conditions, complementary 
results covering roughly one solar cycle are presented based on 
recorded solar-geomagnetic activity data from space weather 
service centers. Finally, the potential of improving the model 
accuracy through adjustment of the hitherto unused adaptation 
coefficient is evaluated.

GLONASS ionosphere model architecture

The GLONASS model describes the ionospheric electron den-
sity ne at a given time and location as a function of

– the calendar month ( m = 1,… , 12 ) and the Universal Time 
(UT),

– the geographic longitude � , latitude � , and altitude h, as 
well as

– the solar radio flux F10.7 at 10.7 cm, the daily geomagnetic 
activity index Ap , and the adaptation coefficient cA.

Auxiliary quantities derived from these input parameters 
comprise

– the local time LT,
– the declination 𝛿⊙ of the Sun,
– the geomagnetic longitude �m and latitude �m , as well as 

the associated dip angle i = tan−1(2 tan(�m)).

For the latter quantities, a centered dipole model (Laundal 
and Richmond 2017) with coordinates �NP ≈ −68.75◦ and 
�NP =≈ +78.46◦ of the magnetic North pole is employed. 
Within the GLONASS Interface Control Document 
(ICD; Russian Space Systems 2016c), rounded values of 
cos(�NP) and sin(�NP) are provided for the computation of the 
geomagnetic coordinates, which may cause range violations 
for the arguments of inverse trigonometric functions. Users 
are therefore advised to consider rigorous expressions of the 
respective values to enable flawless application of the GLO-
NASS ionosphere model at arbitrary locations.

Given the dominating contribution of the F2 layer, the 
GLONASS ionosphere model focuses on the representation 
of the spatial and temporal variation of the F2 peak electron 
density, which is described by a product

The individual contributions

(1)Nmax,F2 = 0.66 ⋅ 1011e−∕m3
⋅ D ⋅ E ⋅ F ⋅ G ⋅ H ⋅ I ⋅ J .

are formulated as analytical functions of the respective 
parameters and capture daily, seasonal, and regional varia-
tions of the peak electron density as well as its dependency 
on solar activity.

Complementary F2 layer parameters include the altitude

(in [km]) of the peak electron concentration, the critical 
frequency

associated with the F2 peak, and the dimensionless trans-
mission factor

which gives the ratio f3000,F2∕f0,F2 of the highest frequency 
f3000,F2 that can be received at a distance of 3,000 km upon 
refraction in the ionosphere and the F2 critical frequency 
(Bilitza et al. 2022). They are jointly used to obtain the scale 
heights

and

of the electron density profile below and above the F2 
peak altitude based on expressions inherited from the fam-
ily of NeQuick models (Leitinger et al. 2005). Similar to 
NeQuick-1 and -G, the GLONASS model involves different 
expressions for the topside scale height covering the periods 
from April to September and October to March, respectively, 
rather than using the unified formulation of NeQuick-2 
(Nava et al. 2008). It may be noted, though, that the GLO-
NASS model adopts a different constant (i.e., 0.1 instead of 
0.14 in NeQuick-1/G) for the solar-flux dependence of Btop 
in the summer season.

Subject to high geomagnetic activity as characterized by 
values Ap > 27 , the F2 peak electron density is scaled by a 
correction factor

(2)

D(LT, 𝛿⊙,𝜑m)

E(LT,m,𝜑m,F10.7)

F(LT,m,𝜑m,F10.7)

G(𝜑m,F10.7)

H(𝜆m,𝜑m)

I(m,𝜑m, i,F10.7)

J(LT, 𝛿⊙,m,𝜑m,F10.7)

(3)hmax,F2(LT ,m, 𝛿⊙,𝜑m,F10.7)

(4)f0,F2 =

√
Nmax,F2

0.124 ⋅ 1011e−∕m3
MHz

(5)M(3000)F2 =
1490 km

hmax,F2 + 176 km
,

(6)Bbot(Nmax,F2, f0,F2,M(3000)F2)

(7)Btop(m,Bbot, hmax,F2,Nmax,F2,F10.7)
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which accounts for atmospheric temperature variations 
under the influence of geomagnetic disturbances and is for-
mulated as an analytical function of local time, season, geo-
graphical location, and solar activity. Along with this, the 
F2 peak height is incremented by a correction

and the bottom and top layer scale heights computed so far 
are multiplied with correction factors

to account for geomagnetic variations of the ionosphere at 
Ap > 27.

Finally, the model allows for scaling of the peak elec-
tron density with the adaptation factor cA . Since the elec-
tron density ne at any user location is itself proportional to 
Nmax,F2 , the adaptation factor acts as a global scaling factor 
for the modeled TEC values. This opens the possibility for 
adjusting modeled electron densities or total electron con-
tents to observed values without modifying the F10.7 and 
Ap values. Possible systematic modeling errors that might 
arise in selected periods or under specific space weather 
conditions can thus be compensated by the control seg-
ment, if needed.

The vertical electron density profile in the GLONASS 
ionosphere model is described by two semi-Epstein layers 
functions (Bilitza et al. 2022) covering the altitude range 
up to and above the F2 peak height, respectively. For the 
bottom layer, the lower half of an Epstein profile

with a fixed scale height is used, while the topside density 
model

with

includes an additional scale height gradient. Except for a 
slightly inconsistent constant (0.1 instead of 0.125) the top-
side profile function matches the formulation of Leitinger 
et al. (2005), which has been adopted in both the NeQuick-1 
and -G models (Bidaine and Warnant 2010). The resulting 

(8)cN(LT,m,�,�m,F10.7,Ap)

(9)ch(�m,Ap)

(10)
cBtop = (1 − log(cN))

cBbot = (1 − 0.5 ⋅ log(cN))

(11)ne = 4Nmax,F2 ⋅
ex

(1 + ex)2
with x =

h − hmax,F2

Bbot

(12)ne = 4Nmax,F2 ⋅
ez

(1 + ez)2

(13)
z =

y

1.0 +
12.5 ⋅ y

100.0 + 0.1 ⋅ y

and y =
h − hmax,F2

Btop

electron density profile is illustrated in Fig. 1. Its peak den-
sity is attained at hmax,F2 and the distribution exhibits a full-
width-half-maximum (FWHM) of about 1.8 ⋅ (Bbot + Btop).

Based on the analytical expressions for the 3D electron 
density distribution, the slant TEC between an arbitrary 
user location and the transmitting satellite can be obtained 
through numerical integration along the line of sight. In 
the absence of dedicated recommendations or specifica-
tions in the GLONASS CDMA ICD (Russian Space Systems 
2016c), the choice of a numerical integration method for this 
purpose is ultimately left to the user’s discretion. Following 
the example of NeQuick-G, which likewise obtains the slant 
TEC through integration of the 3D electron distribution, we 
adopt a 15-point Gauss-Kronrod integration as described in 
EU (2016) for the present study. In accord with that refer-
ence, the entire signal path is divided into distinct segments 
below 1000 km, between 1000 and 2000 km, and above 
2000 km to obtain a reasonable distribution of grid points 
for the GLONASS electron density integration.

As an alternative to the generic, but computationally 
demanding STEC integration between arbitrary points, a 
semi-analytical approximation for the VTEC of a ground-
based user location is provided as part of the GLONASS 
ionosphere model. Making use of the analytical integral

of the Epstein function and the numerical solution

for the modified topside profile, the total electron content 
above ground is approximated by the expression

(14)∫
0

−∞

ex

(1 + ex)2
dx = 0.5

(15)∫
∞

0

ez(y)

(1 + ez(y))2
dy ≈ 0.908 ,

Fig. 1  Schematic view of the electron density profile adopted in the 
GLONASS ionosphere model for a peak height of 250 km as well as 
bottom/top layer scale heights of 20 and 100 km, respectively. Anno-
tations illustrate the dependence of the profile width and integrals on 
the scale heights of the two layers
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In combination with a suitable mapping function M(z), 
where z denotes the zenith angle of the observed GLO-
NASS satellite at the user location, the slant TEC can then 
be expressed as

For the 2D formulation of the GLONASS ionosphere model, 
the common single-layer mapping function

with Earth radius R⊕ and a shell height of hion = 400 km 
is adopted. Evidently, the 2D formulation offers a notably 
reduced computational effort, since the parameters of the 
vertical electron density profile need to be computed only 
once for a given location, but is limited to users at or near 
the Earth’s surface. Aside from this limitation, the GLO-
NASS ICD highlights the occurrence of increased TEC 
errors at elevations below 30◦ when using the 2D formula-
tion of the GLONASS ionosphere model. In this context, it 
is also worth mentioning, that the VTEC in the 2D model 
is expected to be computed at the user location rather than 
the ionospheric pierce point, which is commonly used in 
other single-layer models. As such, a single VTEC compu-
tation is sufficient for modeling ionospheric path delays of 
all tracked satellites irrespective of their zenith angle, but 
regional VTEC gradients are evidently ignored.

A sample VTEC map obtained with the GLONASS iono-
sphere model is shown in Fig. 2 along with a global iono-
sphere map (GIM) or the International GNSS Service (IGS; 
Johnston et al. 2017) and predictions of other models. Com-
pared to the Klobuchar and NTCM model, the GLONASS 
model achieves a higher regional resolution of TEC varia-
tions, which reflects the larger number and increased com-
plexity of the individual model functions used to describe 
the global electron density variation (cf. Eqs. 1 and 2). On 
the other hand, the model is apparently outperformed by 
NeQuick-G which offers yet a higher granularity in the 
description of small-scale VTEC variations.

The varying complexity of the individual models is also 
reflected in a notably different computational effort. This 
is illustrated by relative execution times of repeated STEC 
computations based on C++ software implementations of 
the various models prepared by the authors. A fairly similar 
run-time performance is obtained for the three single-layer 
models, while a two to three orders of magnitude higher 

(16)
VTEC = ∫

∞

0

ne(h)dh

≈ 4Nmax,F2 ⋅ (0.5 ⋅ Btop + 0.9 ⋅ Btop) .

(17)STEC = VTEC ⋅M(z) .

(18)
M(z) =

1
√

1 −

(
sin(z)

1 + hion∕R⊕

)2

effort is required for the 3D formulations using numerical 
integration of the electron density along the signal path 
(Table 1). In terms of absolute computing times, values 
between about 1�s for the single-layer models and about 
1 ms for the most demanding model were required on a 
desktop computer with an i7-8665U processor operated at 
a 1.9 GHz clock rate.

Compared to NeQuick-G, the GLONASS ionosphere 
model still requires a 4–5 times lower processing effort using 
the same integration technique and tolerances. It thus lends 
itself as a potential alternative for, e.g., space applications 
with tight computational resources. A related advantage con-
cerns the fact that the GLONASS model makes exclusive 
use of analytical expressions and does not require external 
data tables as used in the NeQuick-G model for interpola-
tion of the modified dip latitude as well as the F2 critical 
frequency f0,F2 and obliquity factor M(3000)F2.

Space weather data

Ionospheric activity parameters transmitted by the GLO-
NASS constellations were recorded for this study over a 
1-year time frame (January to December 2024) by a set of 
two JAVAD TRE_3S receivers using a prototype firmware 
capable of logging the new GLONASS L1OC and L3OC 
CDMA navigation messages (Steigenberger et al. 2024). 
Ionospheric activity parameters from string type 25 pro-
viding Earth orientation and ionosphere model parameters 
(Russian Space Systems 2016a, b) were extracted from the 
raw navigation data bits and stored in the latest version 4.02 
of the Receiver Independent Exchange format (RINEX; Gini 
2024).

Overall, the ionospheric parameters were transmitted 
by the three latest K1B satellites (space vehicle numbers 
(SVN) R805, R806, R807) and the first K2 satellite (R803) 
between January and mid November 2024. Thereafter, the 
transmission was extended to five out of six GLONASS-M+ 
satellites (R855, R856, R858, R859, and R860). With two 
stations located in central Europe (Oberpfaffenhofen, Ger-
many) and Australia (Sydney, New South Wales), it is not 
possible to achieve a fully continuous coverage of these sat-
ellites, but any changes of activity parameters encountered 
during the visibility periods were recorded and logged in the 
RINEX navigation data files.

For comparison with the broadcast values, actual 
space weather data collected and distributed by the Helm-
holtz Centre for Geosciences (GFZ) were used (GFZ 
2025; Matzka et al. 2021b). These comprise the observed 
local noon-time solar radio flux F10.7 in solar flux units 
( 1 sfu = 1 ⋅ 10−22 Wm

−2
Hz

−1 ) as provided by the Dominion 
Radio Astrophysical Observatory and Natural Resources 
Canada (Tapping 2013) as well as the dimensionless daily 
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equivalent planetary amplitude Ap produced by GFZ’s Nie-
megk geomagnetic observatory (Matzka et al. 2021a).

Solar-geomagnetic activity parameters as transmitted by 
the GLONASS satellites for ionospheric path delay correc-
tion are compared in Fig. 3 with observed F10.7 and Ap val-
ues from the space weather services over a 2-month period 
in 2024. The broadcast solar flux values follow the overall 
trend of the observed values, but indicate a 1–2 day lag with 
respect to data of the space weather services, which likely 
relates to filtering and prediction of measured solar-geomag-
netic activity parameters in the GLONASS ground segment. 

Fig. 2  VTEC maps for 15 March 2024, 10:00 UT, obtained with the 
Klobuchar, GLONASS, NeQuick-G and NTCM-G models. For com-
parison, the observed VTEC as given in the global ionosphere map 
(GIM) of the International GNSS Service (IGS) for the same epoch is 

shown (top left). For the GLONASS model, results for both the nomi-
nal adaptation coefficient ( cA = 1.0 ; center left) and an adjusted value 
of cA = 0.75 for the winter period (center right) are given

Table 1  Computing times for STEC computation with different iono-
sphere models relative to NTCM-G

Model Processing time

Klobuchar 0.6
NTCM-G 1 (ref)
GLONASS (2D) 1.0
GLONASS (3D) 160
NeQuick-G 770
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Overall, the broadcast solar flux values exhibit a mean per-
centage difference of less than 1% and a mean absolute per-
centage difference of 9% compared to the space weather 
center reference values in the 2024 data interval (Fig. 4).

Individual CDMA navigation messages provide a sin-
gle set of ionospheric parameters applicable from the 
time of first transmission. These are repeatedly updated 
throughout a day and linear trends over intervals of 
1–2 days can be observed in the ionospheric parameters 
transmitted by individual satellites, before a step-wise 

change is encountered. These empirical observations sug-
gest that the F10.7 values are derived onboard the satellite 
from linear predictions that are precomputed on ground 
and refreshed, whenever a new batch of ephemeris data 
is uploaded to a satellite by the control segment. Indi-
vidual satellites receive their uploads at different times, 
which finally gives rise to inconsistent ionospheric activ-
ity parameters transmitted concurrently. These show up 
in Fig. 3 as multiple trend lines with overlapping time 
intervals. Similar to other GNSSs that do not provide a 
dedicated age-of-data information for ionosphere model 
coefficients, the actual choice of the parameter set used for 
evaluating ionospheric path delay corrections is ultimately 
left to the discretion of the user. Within the present study, 
the GLONASS broadcast ionosphere parameters with the 
latest time of first transmission prior to the analysis epoch 
are used in accordance with the general conventions of the 
BRD4 RINEX4 navigation data product (Montenbruck and 
Steigenberger 2022).

The geomagnetic activity parameters transmitted in the 
L1OC and L3OC navigation messages are mostly confined to 
values below the threshold ( Ap = 27 ) for the application of 
geomagnetic activity corrections in the GLONASS model. 
A standard value of Ap = 12 is transmitted for a dominating 
fraction of all epochs and phases of reduced or increased 
geomagnetic activity show a largely linear trend towards this 
value. In the course of 2024, the broadcast Ap indices exhibit 
a mean percentage difference of 85% relative to reference 
data from the Niemegk observatory, which means that the 
transmitted values are roughly a factor of two larger than 
expected. As mentioned in Matzka et al. (2021a), the Ap 
index can be multiplied by 2 nT to approximate the aver-
age geomagnetic disturbance at 50◦ geomagnetic latitude. 
This raises concerns, whether the broadcast values trans-
mitted in the navigation messages are indeed Ap indices (as 
stated in the message definition in Russian Space Systems 
(2016a, b)) or possibly equivalent magnetic field strengths 
in units of [nT] as mentioned in selected places of the GLO-
NASS ionosphere model description. However, no clarifica-
tion can presently be received from the GLONASS system 
provider. The ICD message definition has therefore been 
applied without modification, and the broadcast Ap values 
are consistently interpreted as indices throughout this study. 
In particular published Ap indices are used when driving the 
GLONASS ionosphere model with external space weather 
data in periods prior to the transmission of broadcast iono-
sphere parameters.

Finally, we note that the values of the adaptation coef-
ficient cA were set to one in all CDMA navigation records 
received in the 2024 time frame. Apparently, no effort is 
presently made by the control segment to tune this parameter 
for an optimized match of observed and predicted total elec-
tron content values at the given solar-geomagnetic activity.

Fig. 3  Comparison of GLONASS broadcast ionosphere parameters 
(GLO) with observed solar-geomagnetic activity parameters from 
global space weather centers (SPWC) for a 2-month period in 2024

Fig. 4  Scatter plot comparing the GLONASS broadcast solar flux 
values with space weather center (SPWC) reference data in 2024
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Data and analysis concept

Common approaches for the validation of ionospheric mod-
els or products comprise the comparison of VTECs with 
GIMs or VTEC measurements of altimeter satellites, the 
comparison of STECs with measured path delays from 
dual-frequency observations of selected ground stations, 
as well as the analysis of single-frequency positioning 
results (Hernández-Pajares et al. 2009; Roma-Dollase et al. 
2018; Wielgosz et al. 2021; Li et al. 2023; Xu et al. 2025; 
Milanowska et al. 2025). For the performance characteriza-
tion of the GLONASS ionosphere model, we focus on the 
assessment of VTEC errors relative to GIMs of the IGS. 
Compared to measured STEC, the use of GIMs avoids the 
need for independent calibration of differential code biases 
and is most efficient for comparisons covering extended 
time periods and a global set of sample points. The same 
approach has been applied in previous studies (Ivanov et al. 
2017; Yasyukevich et al. 2023) and is well suited for identi-
fying the gross performance differences between individual 
models.

The IGS0OPSFIN product used as the reference for our 
study represents a weighted average of GIMs from indi-
vidual analysis centers. Their accuracy has been evaluated 
using altimeter-derived VTEC measurements from Jason 
satellites as well as direct comparison with site-specific 
STEC measurements. Differences between the IGS GIMs 
and Jason VTEC values exhibit biases at the level of up 
to ±2 TECU , i.e. 2 ⋅ 1016 e−∕m2 , and standard deviations of 
2–7 TECU depending on latitude and solar activity, while 
STECs predicted from GIMs differ from measured STEC 
values by typically less than 3 TECU RMS (Wielgosz et al. 
2021; Roma-Dollase et al. 2018; Li et al. 2023).

Four different statistical metrics are employed for a quan-
titative description of absolute and relative model errors:

– The mean error measures the systematic deviation of a 
model’s TEC predictions from the reference and is com-
puted as 

where N  is the total number of data points, TECmodel,i 
represents the TEC value computed by the model, and 
TECref,i is the reference TEC value. The mean error is 
also designated as TEC bias. When using IGS GIMs or 
measured TEC values from dual-frequency observations 
as a reference, different biases may arise depending on 
the specific choice of differential code biases in the deter-
mination for the reference values.

(19)ME =
1

N

N∑

i=1

(
TECmodel,i − TECref,i

)
,

– The Mean Absolute Error 

quantifies the average magnitude of error, regardless of 
its sign. Similar to the RMS error, it provides a measure 
of the typical deviation between model outputs and refer-
ence values irrespective of the TEC value itself but is less 
sensitive to outliers. The MAE translates into ionospheric 
delay errors of 0.16 m/TECU at the L1 frequency, thus 
indicating the magnitude of the pseudorange modeling 
and positioning errors in single-frequency navigation.

– The Mean Percentage Error 

evaluates the average relative bias and is indicative of 
a systematic scaling error of the modeled TEC values. 
MPE statistics may be affected by samples with small 
reference TEC values and needs to be handled with due 
care during low solar activity. Within the subsequent 
analysis, a lower threshold of 1 TECU is considered in 
the MPE computation to avoid an undue impact of near-
zero reference TEC values.

– The Mean Absolute Percentage Error, finally, measures 
the average magnitude of the relative bias: 

Its complement, PER = 100% −MAPE , is often used 
as an alternative performance indicator for the overall 
accuracy or correction capability of a given ionosphere 
model. Similar to the MPE, a lower threshold of 1 TECU 
is considered for the reference TEC in the MAPE analy-
sis for this study.

Model-based and GIM VTEC values were evaluated on a 
daily basis with 1 h sampling for a total of 30 sites coin-
ciding with actual monitoring stations of selected GNSS 
networks (Fig. 5). Roughly one third each of these sites 
are located in the three bands of low ( |�m| ≤ 30◦ ), medium 
( 30◦ < |𝜑m| ≤ 60◦ ) and high ( 60◦ < |𝜑m| ) geomagnetic lati-
tude. Statistics of model errors were then obtained for a total 
of 11 years from 2014 to 2024, covering essentially the time 
between the maxima of solar cycles 24 and 25.

For the characterization of the GLONASS model itself, 
three different use cases are considered:

– First, the operational model performance is evaluated 
using the activity parameters ( F10.7 , Ap , and cA ) actu-
ally transmitted in the CDMA navigation messages. 

(20)MAE =
1

N

N∑

i=1

||TECmodel,i − TECref,i
||

(21)MPE =
100%

N

N∑

i=1

TECmodel,i − TECref,i

TECref,i

(22)MAPE =
100%

N

N∑

i=1

|||||

TECmodel,i − TECref,i

TECref,i

|||||
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Given the limited availability of such data, the respec-
tive statistics are restricted to the final year (2024) of 
our overall analysis period.

– Secondly, solar-geomagnetic activity data from space 
weather service providers (GFZ 2025) are used as a 
substitute for the broadcast values to drive the model. 
The extended availability offers a full coverage of an 
entire solar cycle.

– Finally, synthetic adaptation coefficients 

were computed on a daily basis from the mean ratio of 
GLONASS VTECs and GIM reference values for the 
global set of test sites. These were subsequently applied 
with a 1-day lag for computing corrected GLONASS 
model VTECs that roughly remove possible epoch-
dependent scale errors. The resulting performance pro-
vides an indication of the correction quality that might 
be achieved, if adaptation coefficients were computed by 
the GLONASS control segment based on a regular TEC 
monitoring, rather than using only the observed flux and 
the geomagnetic indices. In the analysis period of the 
present study, cA values ranging from roughly 0.5 to 2.0 
with a mostly seasonal dependence were obtained.

Aside from the GLONASS ionosphere model, the afore-
mentioned error metrics were likewise evaluated for the 
GPS (Klobuchar) and Galileo (NeQuick-G, NTCM-G) 
ionospheric correction models. Klobuchar model coeffi-
cients and Galileo effective ionization levels as transmitted 
by the respective constellations on the days of interest, 
were taken from the BRD400DLR combined multi-GNSS 
navigation data files in RINEX 4 format (Montenbruck and 

(23)cA =

(
1

N

N∑

i=1

TECmodel,i

TECref,i

)−1

=
1

1 +MPE∕100%

Steigenberger 2022) (from 2021) and its RINEX 3 prede-
cessors (until 2020).

Results and discussion

For a first analysis, VTEC predictions from the GLONASS 
model are compared in Table 2 with the corresponding IGS 
GIM values for the year 2024, in which solar flux and geo-
magnetic activity parameters could be obtained from the 
GLONASS navigation message. Within this year of very 
high solar activity and overall TEC, the GLONASS model 
shows a small bias of less than 1 TECU, but generally larger 
mean absolute errors than the GPS and Galileo ionosphere 
models. At the given overall error level, only a marginal 
performance difference can be observed when feeding the 
model with observed space weather data rather than those 
transmitted in the navigation message, which is consistent 
with the reasonable overall agreement of both data sets as 
discussed above (Fig. 3).

On the other hand, a clear MAPE reduction can be 
observed, when adjusting the adaptation coefficient based 
on the ratio of modeled and observed (GIM) VTECs of the 
preceding day. Upon scaling the modeled values with this 
factor, MAPE values of about 44% are achieved, which rep-
resent an error correction performance of about 56%. This 
is similar to the Klobuchar model but clearly falls behind 
the NeQuick-G and NTCM-G models, which both enable 
corrections at a level of better than 70%. Also, in terms of 
mean absolute errors, the latter models clearly outperform 
the GLONASS model. At MAEs of about 13 TECU (fol-
lowing the cA adjustment), the vertical delay predictions 
exhibit errors of about 2 m at the L1 frequency. This results 
in representative slant delay errors of about 4 m (for an aver-
age mapping function of 2) and positioning errors at the 
level of 10 m for an assumed position dilution of precision 
(PDOP; Langley et al. 2017) of 2.5. With MAEs of less than 

Fig. 5  World map showing the location of test sites (AUT0, BAKE, 
CAS1, CATA, CHOF, CPVG, CUSV, FAA1, FAIR, HERT, HOFN, 
HRAG, IISC, IRKJ, KERG, KOUR, KZN2, MAO0, NKLG, NNOR, 
NRIL, NYA1, OHI3, POHN, SCTB, STJO, SYOG, TASH, THU2, 
WARK) for evaluation of VTEC errors. Solid lines indicate the geo-
magnetic equator (grey) as well as geomagnetic latitudes of ±30◦ 
(orange) and ±60◦ (blue)

Table 2  VTEC error statistics of individual ionosphere models rela-
tive to IGS GIMs in 2024 based on 30 test sites (CDMA: activity 
data from GLONASS CDMA navigation message; SPWC: space 
weather center data; adj: daily adjustment of the adaptation coeffi-
cient; LNAV: GPS legacy navigation message; INAV: Galileo E1/E5b 
integrity navigation message)

Model Activity Ind ME MAE MPE MAPE

GLONASS CDMA − 0.8 15.4 − 1.5 49.0
GLONASS SPWI 0.0 16.0 − 0.1 50.5
GLONASS CDMA, adj − 0.3 13.1 0.7 42.8
GLONASS SPWC, adj − 0.2 13.5 0.9 44.0
Klobuchar LNAV − 9.0 12.3 − 16.0 39.8
NeQuick-G INAV − 4.2 8.0 − 10.5 26.8
NTCM-G INAV − 3.8 7.4 − 5.5 27.4
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8 TECU, the corresponding errors of the Galileo models are 
smaller by more than one third.

A time series of daily adaptation coefficients estimated 
from the average ratio of nominal GLONASS model predic-
tions (using the broadcast activity parameters with cA = 1 ) 
and the IGS GIM VTECs at the 30 test sites is shown in 
Fig. 6. The values cover a range of roughly 0.5–2.0 and 
exhibit a small day-to day scatter with quasi-periodic, 
monthly variations for most of the year. On top of these, 
pronounced discontinuities at the beginning of April and 
October may be noted with roughly two times higher cA 
values in the summer months as compared to the winter 
season (of the northern hemisphere). The smaller, monthly 
variations can essentially be attributed to the specific choice 
of model functions (Eq. 2) for the seasonal dependence of 
the peak electron density, which are formulated in terms of 
the integer-valued calendar month and thus cause a varying 
model error in the course of each month.

The summer/winter disparity, on the other hand, is evi-
dently related to the choice of different formulations of the 
top-layer scale height Btop for the October-to-March and 
April-to-September periods. These were originally devel-
oped for the NeQuick-1/G models, which build on monthly 
f0,F2 , and M(3000)F2 tables of the International Telecom-
munications Union (ITU) for computing the F2-layer peak 
electron density Nmax,F2 . On the other hand, pronounced dis-
continuities in the modeled electron density arise at the tran-
sition between the different Btop formulations, when working 
with the analytical Nmax,F2 , f0,F2 , and M(3000)F2 expressions 
in the GLONASS model.

Particular problems with the top layer modeling of the 
GLONASS model can be noted in the October-to-March 
time frame at high solar flux values. This is illustrated in 
Fig. 7, which compares the daily peak values of VTECs 
computed with the GLONASS model with the respective 
GIM values for a year of high solar activity (2024). Com-
putations are based on solar-geomagnetic values from space 
weather service centers, which cover higher peak values of 
F10.7 than the GLONASS broadcast ionosphere parameters. 

While a fair match is found in the summer season, exces-
sively large and highly unrealistic peak VTECs for selected 
sites and local times are predicted in the winter months by 
the GLONASS model for solar flux values beyond 200 sfu . 
These suggest that the empirical relations for the geographi-
cal variation of the maximum F2 layer density in the GLO-
NASS model (see Eq. (2)) have been derived over a smaller 
range of solar flux values and exhibit notable deficiencies at 
extreme solar activity.

A long-term comparison of the GLONASS model with 
GPS and Galileo ionospheric correction models over the 
duration of one solar cycle is shown in Fig. 8. It starts and 
ends near solar maxima (2014, 2024) with representative 
F10.7 values of 150–250 sfu, while the central years around 
2019 represent solar minimum conditions with flux values at 
the level of 70 sfu. Compared to IGS GIMs, the GLONASS 
model exhibits small VTEC biases within ±2 TECU at all 
phases of the solar cycle. Mean absolute VTEC errors are 
comparable to those of the Klobuchar model and range from 
about 5 TECU in quiet years to roughly 16 TECU at high 
solar activity, but the annual mean relative errors do not 
grow excessively in quiet years and are confined to mostly 
less than 21%. The corresponding MAPE values range from 
roughly 47% (high activity) to 63% (low activity).

As discussed above, only minor performance differ-
ences were observed when comparing GLONASS model 
predictions based on broadcast values of solar flux and 
geomagnetic activity with those based on observed activity 
values from space weather centers (Table 2). However, a 

Fig. 6  Daily estimates of GLONASS adaptation coefficients based on 
the ratio of model predictions and GIM VTECs

Fig. 7  Daily peak VTEC values across the 30 test sites for global 
ionosphere maps (GIMs) and predictions of the GLONASS model in 
2024 based on space weather service center values of F

10.7
 and Ap . 

Top: January to March and October to December 2024; bottom: April 
to September
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clear reduction of both the mean absolute (3–13 TECU) and 
mean absolute percentage errors (41–45%) is achieved when 
adjusting the adaptation coefficient of the GLONASS model 
based on the daily mean ratio of predicted and observed 
VTEC values. However, even with data ingestion, the GLO-
NASS model does not reach the prediction performance of 
the Galileo NeQuick-G and NTCM-G models. Making use 
of the effective ionization level determined by the Galileo 
control segment and transmitted in the navigation mes-
sage, both of these models provide TEC predictions closely 
aligned to actual slant TEC measurements at the Galileo sen-
sor stations. The resulting VTEC errors are similar for both 
models and range from 2 to 8 TECU (MAE) and 26–37% 
(MAPE) throughout the solar cycle.

The results presented here are in good qualitative agree-
ment with earlier analyses of the GLONASS, Klobuchar and 
NeQuick-G models reported in Yasyukevich et al. (2023), 
but show some differences (of up to about 5% in MAPE) 
in the quantitative performance metrics for the overlapping 
analysis period (2014–2020). As a general trend, slightly 
better performance metrics are obtained for the GLONASS 
model in that work, while NeQuick-G shows a somewhat 
lower performance than given in Fig. 8. Part of these dif-
ferences can be attributed to a smaller set of test sites in 
Yasyukevich et al. (2023), but it remains unclear, whether 

or to what extent different sets of model input parameters or 
implementation aspects of the various models contribute to 
the observed inconsistencies. In any case, these uncertainties 
do not affect the overall ranking of the three models, with 
Galileo consistently outperforming both GLONASS and 
GPS in terms of VTEC correction capability in both studies.

Summary and conclusions

Along with the continued space segment modernization and 
the introduction of new CDMA signals, the Russian GLO-
NASS has introduced a global electron density model for 
ionospheric correction in single-frequency positioning. The 
model inherits various elements of the NeQuick model fam-
ily, but uses purely analytical formulations without tabular 
data for describing the geographical and temporal variation 
of the F2 peak electron density, as well as a pair of semi-
Epstein layers for describing the vertical density profile. 
By limiting itself to the F2 layer contribution, the model is 
generally more simple than NeQuick but allows for a semi-
analytical integration of the vertical TEC. As such, it can 
both be used as a full 3D electron density model for slant 
TEC modeling by numerical integration and as a computa-
tionally efficient 2D single-layer model for terrestrial and 

Fig. 8  VTEC errors of individ-
ual ionosphere models relative 
to IGS GIMs for the years 2014 
to 2024
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aeronautical applications. Solar flux values and geomagnetic 
activity values for the GLONASS ionosphere model are 
presently transmitted by a subset of the active GLONASS-
M+, -K1, and -K2 satellites as part of the L3OC and L1OC 
navigation messages.

A comprehensive comparison of predicted VTEC values 
with global ionosphere maps over the duration of a full solar 
cycle demonstrates that the GLONASS model is largely 
free of TEC biases and does not exhibit pronounced relative 
errors in quiet periods that are characteristic for the GPS 
Klobuchar model. In terms of mean absolute percentage 
errors or, equivalently, correction performance, the GLO-
NASS model offers advantages during periods of low solar 
activity and a similar performance at high activity. While not 
currently exploited by the GLONASS control segment, an 
obvious performance benefit evidenced by a 5–10% MAPE 
reduction can be achieved when using adjusted values of 
the "adaptation" coefficient. It acts as a global scaling factor 
for the TEC predicted by the model with the actual solar 
flux and geomagnetic activity parameters and can be used 
to better align the modeled values with the observed iono-
spheric activity. Among others, systematic errors introduced 
by different expressions for the top layer scale height in the 
winter and summer seasons can be alleviated in this manner. 
However, unreasonably large VTEC may still be predicted 
during the winter period (October to March) at high solar 
flux values due to improperly matched models for the F10.7 
dependence of the F2-layer maximum electron density and 
the top layer scale height in these months.

While the GLONASS model appears attractive in view of 
its flexible use as a 2D or 3D model, it is not, however, com-
petitive with the ionospheric correction models and broad-
cast activity parameters of the Galileo system. These offer 
a representative VTEC correction capability of 70% in both 
the 3D version (NeQuick-G) and the 2D version (NTCM-G), 
which clearly outperforms the accuracy of the GLONASS 
model. Even though the 3D GLONASS model formulation 
offers a roughly four-times lower computational effort than 
NeQuick-G, it is hardly a viable alternative for those users 
requiring a fully 3-dimensional description of the electron 
density (e.g., for STEC computation on orbiting vehicles). 
The much leaner 2D formulation, in contrast, shows a simi-
lar computational burden as NTCM-G, but a roughly 1.5-
times lower correction capability.
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