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Abstract
As part of their satellite navigation messages, GPS, Galileo, and BDS broadcast coefficients of ionosphere prediction models. 
These models are intended to be used for the improvement of single-frequency code-based positioning. We compared vertical 
electron content derived from these models with those of the more accurate post-processing ionosphere model produced 
by the International GNSS Service (IGS). On a global scale and for the time period 2021–2024, the Klobuchar-GPS model 
corrects on average about 59% of the vertical ionospheric delays, the NTCM-G model and a slightly modified BDGIM model 
give a correction rate of about 74%, while the combination of the latter two models gives a correction rate of 77%. In the case 
of strong geomagnetic storms with large effects on the ionospheric total electron content, the performance of the prediction 
models degrades and the global daily correction rates may even drop to below 50%. Single-frequency GNSS receivers with 
access to all GNSS are recommended to apply ionospheric corrections based on the ionosphere model coefficients and 
algorithms of Galileo/NTCM-G or BDS/modified BDGIM, or a combination of both. The Klobuchar-GPS model should 
serve as a backup in case that Galileo and BDS navigation messages are not available.

Keywords  Ionosphere prediction models · Vertical total electron content (VTEC) · Global electron content (GEC) · 
Geomagnetic storms

Introduction

In single-frequency GNSS positioning, ionosphere induced 
signal delays are one of the main error sources. In order 
to mitigate ionospheric effects on stand-alone positioning 
results, most GNSS broadcast coefficients of ionosphere 
prediction models with their satellite navigation messages. 
The oldest such model is the one of GPS which was designed 
to provide a correction for approximately 50% RMS of the 
ionospheric range error (Klobuchar 1987). Nowadays, more 
such prediction models are available. The most promising 
models are Nequick G / NTCM-G of Galileo and BDGIM 
of BDS.

These ionosphere prediction models are intended for 
single-frequency stand-alone code-based GNSS positioning. 
Dual-frequency ionospheric corrections will always provide 
a much higher correction rate but require costlier receivers. 

Regional differential code-corrections will also be superior 
to any prediction models but depend on additional infra-
structure. More accurate real-time ionosphere corrections, 
as e.g. from satellite-based augmentation systems (SBAS), 
are not available globally. Hence, for many GNSS-receivers 
the application of corrections from these prediction models 
are the first choice for ionospheric corrections.

Ionosphere prediction models will never be accurate 
enough to be useful for carrier phase positioning in the form 
of single-frequency precise point positioning (PPP) or dual-
frequency PPP with ambiguity fixing. These applications 
require real-time models of satellite-individual slant total 
electron content (STEC).

There are several approaches to evaluating ionosphere 
models. The most often applied techniques include:

•	 Compare with a more accurate GNSS ionosphere model 
of vertical total electron content (VTEC): many studies 
use the final model of the International GNSS Service 
(IGS) as the reference (e.g. Li et al. 2018; Zhu et al. 
2019; Yasyukevich et al. 2023).
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•	 Compare with VTEC estimates derived from dual-fre-
quency observations of other satellite systems, e.g. of 
satellite altimeters or DORIS: These systems integrate 
the ionospheric electron content up to the satellite orbital 
height of e.g. 1340 km (altimeter and DORIS onboard 
of TOPEX, Jason-1/-2/-3) and so, part of the plasmas-
pheric ionization is not captured (Azpilicueta and Brun-
ini 2009). Both systems provide no dense global coverage 
of ionospheric observations: altimeters are restricted to 
ocean areas and DORIS to the surroundings of the just 
about 50 transmitting stations on the Earth’s surface. 
Furthermore, altimeter derived VTEC may suffer from 
biases due to uncalibrated instrumental delays (Dettmer-
ing et al. 2011; Azpilicueta and Nava 2021).

•	 Compare models with dSTEC estimates based on dual-
frequency carrier phase observations of full satellite 
passes: These observed variations of STEC along 
satellite passes (dSTEC) are free of biases and the most 
accurate ionospheric observations which can be obtained 
from GNSS or DORIS signals (Hernández-Pajares et al. 
2017; Liu et al. 2023). They are well suited for model 
evaluations in areas with sufficient ground stations.

•	 Apply the corrections to single-frequency GNSS 
observations and evaluate the remaining errors in 
the positioning domain: This requires an appropriate 
handling of all other error sources. The results may differ 
depending on the selected positioning mode: code-based 
standard positioning (Cahuasquí et al. 2022; Setti et al. 
2025) or carrier phase-based single-frequency precise 
point positioning.

Our intention was to perform an evaluation of the GNSS 
ionosphere prediction models globally without regional 
gaps and continuously over an extended period of time. We 
decided to compare VTEC values derived from prediction 
models with VTEC values from the more accurate post-
processed IGS model.

All broadcast models considered in this study are 
single-layer models. They assume that all free electrons 
are contained in a shell of infinitesimal thickness at a fixed 
altitude HI of 350 … 450 km. The parametrization of the 
models and consequently the kinds of model coefficients 
transmitted as part of the satellite navigation message 
differ considerably.

The task of the single-layer models is to provide delay 
corrections at the ionospheric pierce points (IPP) which are 
the intersection points of the signal paths from the broad-
casting satellites to receivers on or near the Earth’s surface. 
The correction algorithms consist of two steps: (1) com-
putation of VTEC or vertical signal delay at the IPP and 
(2) computation of a slant factor to convert vertical to slant 
TEC or signal delay. In this study, we evaluated the quality 
of VTEC predictions. We did not consider any deviations 
introduced by the slant factors.

There are many studies that have used a similar approach, 
but they are often limited to particular regions or a shorter 
time period. Our evaluation covers the global ionosphere 
and considers the time period 2021–2024, from solar 
minimum to solar maximum conditions of solar cycle 25. 
As an improvement over other studies, we have refined the 
evaluation method and the statistical indices with respect to 
the proper latitudinal weighting of VTEC deviations. We 
propose combining the corrections from the two best models 
to achieve even more accurate results. We have tested this 
idea and present the results.

In the following section, the GNSS ionosphere broadcast 
models are introduced. Subsequently, we discuss the use of 
the IGS model as a reference model and the IONEX format 
as a storage model for VTEC. We will briefly introduce the 
development of the ionosphere from 2021 to 2024. The 
main part of the paper deals with our evaluation method, 
the presentation of the results and their discussion.

GNSS ionosphere prediction models

GPS

The first and oldest GNSS ionosphere broadcast model is the 
one of GPS. The GPS ionospheric correction algorithm 
(ICA), which is commonly referred to as Klobuchar model 
and which in this paper we will call GPS model, is driven by 
8 broadcast coefficients which occupy 64 bits of the satellite 
navigation message (Table 1). They are the coefficients of 
two polynomial functions of the receiver geomagnetic 
latitude. These third-degree polynomials describe amplitude 
and period of a semi-cosine function (Klobuchar 1987). 
Further fixed parameters include the cosine peak at 14 h 

Table 1   The GNSS ionosphere prediction models evaluated in this study

Model Number of 
coefficients and 
bits

Model outcome considered in this study Update rate Computational load with 
respect to GPS model

References

GPS 8; 64 delay on GPS L1 (1575.42 MHz) in units of s up to once per day 1 IS-GPS 2022
NTCM-G 3; 36 VTEC in units of TECU up to once every 12 h 5 GSC 2022
BDGIM 9; 74 VTEC in units of TECU up to once per hour 60 CSNO 2019
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local time and a nighttime delay at GPS L1 frequency of 
5 ns. The latter corresponds to a minimum VTEC of 9.2 
TECU since the conversion of the frequency-dependent 
ionospheric signal delay DIono

f
 in s to TEC in TECU, or vice 

versa, is (Morton et al. 2020):

with the vacuum velocity c0 in m/s and the signal frequency 
f in Hz.

The GPS navigation messages are usually updated 
once every two hours. This, however, is not true for the 8 
ionospheric coefficients. They stay unchanged for longer 
periods of time. Klobuchar (1987) states that they are 
updated once every 10 days, or sometimes more frequently, 
if large solar flux changes occur. Morton et al. (2020) report 
that they are updated once every 6 days. We found that until 
mid-2021 the updates took place every 10 days. Afterwards 
they occurred more often: up to once per day.

The Klobuchar model is designed to reduce calculation 
complexity, especially through simplifying assumptions of 
the geometric functions (Klobuchar 1987). We determined 
the computational load of the evaluated prediction models 
by coding them in FORTRAN with special attention to 
run-time efficiency. We tested the models on two different 
computer systems with different processing power. Although 
the absolute run-time values differed greatly, the run-time 
ratios with respect to the GPS model were highly consistent. 
Table 1 reports these ratio values to provide information on 
the computational load of each model.

Galileo

The satellites of the European Galileo system transmit three 
coefficients of a second-degree polynomial of the modified 
dip latitude at the location of the receiver. They are used to 
compute a single model input value: the effective ionization 
level Az (EUSpace 2023). This part of the satellite navigation 
message is updated at least once per day (Morton et al. 2020) 
which is confirmed by our results for 2021–2024, with the 
lowest update rate being once per day and the highest update 
rate being once every 12 h.

The original ionosphere model to be used with Az is 
called NeQuick G (EC 2016). NeQuick G ionospheric delay 
corrections are obtained by integrating electron densities 
along the signal path from the satellite to the receiver. It is 
based on a three-dimensional electron density model and 
not on a single-layer model. One of the major drawbacks of 
NeQuick G is its computational load which we estimated 
to be around 200 times higher than that of the GPS model.

In order to provide a model with less computational 
complexity, GSC (2022) published an alternative model 

(1)DIono
f

=
40.3

c0f
2
TEC

called NTCM-G. It is based on the Neustrelitz Total Electron 
Content (NTCM) model, adapted to the proxy measure of 
the solar activity level Azpar which is determined from 
the three coefficients broadcast in the Galileo navigation 
message. It belongs to the group of single-layer models 
and comes with a mapping function for the conversion 
of VTEC to STEC. VTEC is determined by multiplying 
5 functions which describe (1) the diurnal, semi-diurnal 
and tar-diurnal variations, (2) annual and semi-annual 
variations, (3) dependence on geomagnetic latitude, (4) 
equatorial crest region, and (5) solar cycle variations 
(Hoque et al. 2019). The functions are driven by using 12 
fixed parameters which were determined by fitting the model 
to post-processed global VTEC estimates of the Center for 
Orbit Determination in Europe (CODE), which serves as 
one of the analysis centers of the IGS. The CODE data used 
covers the years 2013–2017 and includes high and low solar 
activity conditions of the decreasing phase of solar cycle 24 
(Hoque et al. 2019).

Comparisons of the performances of the two different 
models driven by Galileo’s coefficients conclude in several 
different tests that NTCM-G performs better or as good 
as NeQuick G (Hoque et al. 2019), NTCM-G performs 
similarly to NeQuick G (GSC 2022), NTCM-G’s positioning 
performance is better than the one of NeQuick G in a one-
month period of perturbed solar and geomagnetic activity, 
but also in a month of quiet conditions (Cahuasquí et al. 
2022), and based on a sample size of just 4 days: NTCM-G 
performs slightly better in low- and medium-solar-activity 
conditions, while NeQuick G has better performance with 
intense solar activity (Gioia et al. 2023).

From these research results, we conclude that that 
NTCM-G performs similarly to NeQuick G with respect 
to VTEC accuracy and positioning performance. But the 
computational load of these two models is very much 
different. The computational effort required for NeQuick G 
is approximately 65 times (Hoque et al. 2019; Cahuasquí 
et al. 2022) or 50 times (Gioia et al. 2023) higher than for 
NTCM-G. From our own model realizations, we concluded 
that the computational effort required for NeQuick-G is 
approximately 40 times higher than for NTCM-G. With 
a similar performance in accuracy but a much higher 
computational efficiency, we have decided that the NTCM-G 
model should represent the Galileo ionosphere correction 
in this study.

BDS

The regional Chinese BDS-2 broadcasts Klobuchar-like 
ionosphere model coefficients. In the global BDS-3, nine 
coefficients of a second ionosphere model, called BDGIM, 
were added to the navigation message (CSNO 2019). 
BDGIM belongs to the group of single-layer models and 
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comes with a mapping function for the conversion of 
VTEC to STEC. The 9 values represent the coefficients of 
a spherical-harmonic function model based on normalized 
Legendre functions up to degree and order 2. Besides this 
variable part of the model, there are non-broadcast fixed 
coefficients for higher degrees and orders and 12 selected 
periods from sub-diurnal up to 11 years.

We determined the maximum update rate of the BDGIM 
broadcast model coefficients to be once per hour. The 
computational load of BDGIM is about 60 times higher than 
that of the GPS model and about 12 times higher than that 
of NTCM-G.

Early evaluations of BDGIM by Zhao et  al. (2020), 
Guo et al. (2020), and Zhang et al. (2022) show that the 
accuracy performance of BDGIM is far superior to that of 
the Klobuchar-like BDS model. We have therefore chosen 
BDGIM for the evaluation in this study.

Other systems and models

No ionosphere model coefficients are broadcast as part of 
the GLONASS FDMA navigation message. But the more 
recently defined CDMA navigation message contains 
3 coefficients (31 bits) which are used to adapt a three-
dimensional electron density model to the predicted 
ionospheric conditions. Ionospheric corrections are 
computed by integrating electron densities along the signal 
path from the satellite to the receiver (JSC 2016). Due to the 
lack of model coefficients, we were not able to include this 
model in our evaluation.

Further broadcast prediction models exist or will exist but 
they are all limited to certain regions and were not included 
in our evaluation. QZSS transmits coefficients of Klobuchar-
like models, one set for Japan and another set for the wider 
area of the longitude range 90 to 180 deg (QZSS 2021). 
The Indian NavIC system transmits regional ionospheric 
prediction models in three different kinds of parametrization: 
gird model, Klobuchar-like and NeQuick-like (ISRO 2017).

Part of the satellite messages of the satellite-based 
augmentation systems (SBAS) contain real-time ionospheric 
corrections in gridded form. They are only available for 
limited regions and were therefore not included in this study. 
Furthermore, being real-time products and not predicted 
models, they belong to another class of ionosphere models 
not considered in this study.

The IGS ionosphere model as the reference model

The IGS has produced global ionosphere VTEC maps 
since 1998. Up to 8 Ionosphere Associate Analysis 
Centers (IAACs) compute ionosphere VTEC maps in 
post-processing mode based on multi-frequency GNSS 

observations of stations of the IGS network and other 
permanent reference stations.

The final IGS VTEC maps are computed as weighted 
averages of the individual solutions. The weights are 
determined from the inverse root mean square of errors of 
observed STEC variations (dSTEC) which are obtained 
from GNSS dual-frequency carrier phase observation of a 
certain subset of stations (Hernández-Pajares et al. 2009; 
Orús et al. 2005). An example of such weights is given by 
Hernández-Pajares et al. (2009).

The analysis of the daily files of the final IGS iono-
sphere VTEC maps for 2021–2024 revealed that in 2021 
and until almost the end of 2022 the solutions of 4 IAACs 
were fed into the combination process. After that, the num-
ber of IAAC solutions used dropped to only 3 (Fig. 1). 
The involved IAACs are: Center of Orbit Determination 
in Europe (CODE), Jet Propulsion Laboratory (JPL), Poly-
technic University of Catalonia (UPC), and until end of 
2022 European Space Agency (ESA).

The IGS VTEC maps are based on the observation data 
of hundreds of permanent GNSS stations. Over the period 
2021–2024, the maximum number of stations reached 
slightly above 400 in early 2021, it dropped to about 300 at 
the end of 2022 when the number of IAAC solutions was 
reduced from 4 to 3 (Fig. 1). The increase of observation 
stations in early 2024 was caused by an increase of stations 
processed by JPL.

Note that the observation stations are not well 
distributed on the Earth’s surface. At some locations, the 
observations of more than one receiver are processed, 
although they provide redundant data with respect to 
the ionosphere. In other areas there is a lack of ground 
stations. In order to visualize the spatial distribution of 
the ionosphere sampling, we analyzed the ionospheric 
pierce points of all observation data of day 146 in 2021 
(420 observation stations) and of day 203 of 2024 (340 
observation stations). Figure 2 depicts the number of 
observation stations per ionospheric pierce point with 

Fig. 1   The daily IGS ionosphere VTEC product is a combination of 
the results of a number of analysis centers (green line) and based on 
the observations of hundreds of GNSS reference stations (blue line)
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a spatial resolution of 350 × 350 km2. The color coding 
highlights areas:

•	 without any observations, where the models depend on 
spatiotemporal interpolation only,

•	 with observations of a single station, i.e. without 
redundancy,

•	 with 2 to 4 stations, which we consider as the optimum, 
and

•	 with 5 and more stations, i.e. with abundant redundancy.

Areas without any observations are mainly found over 
the oceans, off the coasts and islands with permanent GNSS 
stations. The largest coverage gaps are found over parts of 
the Pacific Ocean, over the southern Atlantic Ocean, and 
to a smaller extent over the southern Indian Ocean. From 
2021 to 2024 the areas without any observations signifi-
cantly increased due to the loss of IGS stations in Siberia.

Every VTEC value of the IGS ionosphere models is 
accompanied by its RMS, estimated from the residuals of the 
original IAAC models with respect to the combined model. 
In order to evaluate the spatial distribution of these RMS 
values, we averaged the squared RMS values of every grid 
point over periods of complete years (Fig. 3). First of all, 
RMS values increase with increasing ionization. This can be 
seen in the annual results from 2021 to 2024 which reflect 
the increase of solar activity. It is also obvious in the latitu-
dinal distribution of the RMS values with its highest values 
in the equatorial region. Second, the RMS values depend on 
the coverage with observations. The highest RMS values are 
found in the Pacific equatorial region where observations 
are lacking. The lowest RMS values are found in those parts 
of the mid-latitude regions where many GNSS permanent 
stations are available.

The evaluation of the combined IGS VTEC products is 
done by comparison with VTEC values provided by dual-
frequency altimeters on board JASON satellites. Hernández-
Pajares et al. (2009) determined average standard deviation 
and average RMS errors of about 4.5 TECU each over the 

Fig. 2   Number of observation stations per Ionospheric Pierce Point of the IGS single layer ionosphere model (single layer height: 450 km, grid 
size of 350 km × 350 km at single layer height, GPS + Galileo constellation, elevation mask angle of 5 deg)

Fig. 3   Spatial distribution of the annual mean IGS VTEC RMS val-
ues



	 GPS Solutions          (2025) 29:144   144   Page 6 of 18

oceans for the time period from end of 2002 to 2007. This 
corresponds to a relative RMS/VTEC of 20%. Applying 
the same method for one month of data in the solar cycle 
minimum (January 2021) resulted in a standard deviation 
of about 2.4 TECU (Krankowski and Hernández-Pajares 
2021). The IGS states that their final VTEC product has an 
accuracy of 2 – 8 TECU (Johnston et al. 2017).

In conclusion, an accuracy of the final IGS ionosphere 
model of a few to some TECU can be expected. The accu-
racies are subject to large spatial and temporal variations 
depending on the ionization level and also on the availability 
of permanent GNSS reference station observations in the 
region. As a post-processing product, it will be superior to 
all the prediction models evaluated in this paper and it can 
serve as the reference VTEC model.

VTEC representation in IONEX format

The IONEX format was defined by Schaer et al. (1998) and 
has not been changed since. Its main purpose is to store and 
exchange VTEC maps and corresponding quality measures 
(RMS values). The format is widely used because it has 
been used by the IGS analysis centers for their ionosphere 
products as well as for the rapid and final IGS ionosphere 
products.

VTEC maps (and their RMS values) are stored in a 
geographic grid with time intervals of 1 or 2 h or denser. 
Typical IONEX files contain several maps which cover a 
whole day.

The IONEX grid is defined with fixed angular distances 
in latitude (e.g. Δφ = 2.5°) and longitude (e.g. Δλ = 5°) 
between adjacent grid points (Fig. 4). The longitudinal spac-
ing of adjacent grid points at the height of the single-layer 
ionosphere model in km is therefore much larger at the equa-
tor than in the polar regions. The area A in km2 represented 
by a single grid point (Fig. 5) is a function of its latitude φ 
and Δλ, Δφ in rad:

where RE is the Earth radius in km (e.g. 6371 km) and HI 
is the height of the single-layer ionosphere model in km 
(e.g. 450 km). For the given example values, at the geo-
graphic equator a grid point represents an area of roughly 
174 · 103 km2 and at a latitude of + / − 87.5° of just 7 · 103 
km2 (Fig. 5). This distortion has to be taken into account 
in the statistical analysis of the global ionosphere models.

(2)A(𝜑,Δ𝜆,Δ𝜑) =

⎧⎪⎨⎪⎩

�
RE + HI

�2
∗ Δ𝜆 ∗

�
sin

�
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Δ𝜑

2

�
− sin

�
𝜑 −

Δ𝜑

2

��
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�2
∗ Δ𝜆 ∗

�
1 − sin

�
�𝜑� − Δ𝜑

2

��
, �𝜑� = 90◦

The ionosphere in the years 2021–2024

The properties of the ionosphere in the years 2021–2024 are 
affected by the increase of solar activity. We are presently in 
the ascending period of solar cycle 25 which began around 

the turn of the year 2019/2020 and is expected to continue 
until 2030. The time series of monthly mean total sunspot 
numbers (Fig. 6) shows low but already increasing values in 
2021, whereas in 2024 we seem to be close to the maximum 
of this solar cycle. The time period examined in this paper 
represents years from low to high solar activity.

Solar activity has a direct effect on the ionization of the 
Earth’s ionosphere. The ionization level can be derived from 
global VTEC maps using the concept of the global electron 

Fig. 4   Spatial distribution of IONEX grid points

Fig. 5   Latitudinal dependence of the area represented by single grid 
points
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content (GEC) (Afraimovich et al. 2008). Based on global 
VTEC maps, e.g. those of the IGS, GEC is computed by

where the representative areas A of the grid points are deter-
mined according to Eq. 2. GEC is obtained in global electron 
content units (GECU) which are defined as 1032 electrons/
m2 (Afraimovich et al. 2008). When computing GEC from 
IGS IONEX files, one has to take into account that these files 
contain VTEC values at longitude λ = + / − 180° twice and 
that VTEC maps of midnight epochs overlap in subsequent 
files. Since the IGS IONEX files do not contain values for 
φ = + / − 90°, we reused the values for φ = + / − 87.5°.

An alternative approach to determine GEC can be 
applied if the global VTEC distribution is modeled by 
spherical-harmonic functions. Then, the spherical-harmonic 
coefficient for degree and order 0 represents the global mean 
VTEC (Schaer 1999) and GEC is computed by:

This equation is useful, e.g., to determine GEC from 
BDGIM broadcast model coefficients, where the first 
coefficient �1 represents the global mean VTEC.

The daily GEC values from IGS VTEC maps (Fig. 7) 
show the ionization increase from 2021 to 2024. It is super-
imposed by a semi-annual period with maxima around the 

(3)GEC =
∑
�

∑
�

VTEC(�, �) ∗ A(�,Δ�,Δ�)

(4)GEC =
(
RE + HI

)2
∗ 4� ∗ 10−16 ∗ VTECmean

global

equinoxes and a period of around 27 days in agreement with 
the solar synodic rotation period.

Another important physical process which affects the 
ionosphere is caused by geomagnetic storms. Their intensi-
ties are generally described by Dst and Kp indices. Dst is 
an index of magnetic activity derived from a network of 
near-equatorial geomagnetic observatories. It monitors the 
equatorial ring current variations (Mayaud 1980). Storms 
are often classified according to their smallest Dst value 
(Fig. 8). The planetary geomagnetic Kp index describes the 
intensity of disturbances in the Earth’s magnetic field. It is 
derived from observations of multiple subauroral geomag-
netic observatories (Matzka et al. 2021). Its purpose is to 
quantify solar particle radiation by its effects on the Earth’s 
magnetic field. In order to detect longer lasting events which 
could have a significant effect on the ionization of the Earth’s 
upper atmosphere we filtered the 3 h Kp time series with a 
moving time window of 24 h (Fig. 8). In the time period 
2021–2024 the six events with Dstmin below -150 nT and 
large 24 h averaged Kp values occurred in 2023 and 2024, 
i.e. in years of higher solar activity.

In a later section of this paper, we will look at the effects 
of these geomagnetic storms on GEC and at the performance 
of the GNSS prediction models during these events.

Evaluation method

Our evaluation of the GNSS ionosphere broadcast predic-
tion models consists of two major steps (Fig. 9). First, the 

Fig. 6   Monthly mean total sun-
spot numbers 2021–2024 (data 
source: https://​sidc.​be/​SILSO/)

Fig. 7   Global electron Content 
(GEC) estimated from 2 hourly 
IGS VTEC maps and reduced to 
daily median values

https://sidc.be/SILSO/
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model coefficients from the satellite navigation messages 
were transformed to VTEC values of a global grid simi-
lar to the one used by IGS (Δt = 2 h, φmax = + / − 87.5°, 
Δφ = 2.5°, Δλ = 5°) and stored in IONEX format. The model 
coefficients were extracted from RINEX navigation mes-
sage files. Especially useful were those in format RINEX 4, 
which have been available since 2022. They are compiled 
by the German Aerospace Center (DLR) and made avail-
able by NASA’s Archive of Space Geodesy Data (CDDIS). 
For 2021, when RINEX 4 had not yet been defined, satellite 
navigation message files exist in RINEX 3.04. However, they 
do not contain model coefficients of BDGIM. Those could 
be obtained from the Test and Assessment Research Center 
of the China Satellite Navigation Office (CSNO-TARC) in a 
modified RINEX 3 format. On very few days, some model 
coefficients were not included in the RINEX files and we 
added this information from other RINEX navigation files 
available at the CDDIS archive.

The transformation step from model coefficients to 
global VTEC grid values does not apply the model specific 

mapping function and makes no use of the model specific 
single-layer ionosphere height.

In a second step, differences are calculated from the 
VTEC values of the models being evaluated and the cor-
responding values of the IGS model and these differences 
are statistically analyzed. Each grid map contains 5,112 
VTEC values. With 12 grid maps per day and 1,461 days in 
2021–2024, the number of VTEC values evaluated adds up 
to around 7.5 million per model.

We calculated bias, RMS error, and correction rate as 
statistical values. They have often been used in ionosphere 
model comparisons (e.g. Yuan et al. 2019; Zhu et al. 2019; 
Setti, et  al. 2025), but we modified their computation. 
When applying them for global VTEC maps it is important 
to introduce a latitude dependent weighting scheme. 
Otherwise, with equal weighting of the differences at all grid 
points, the polar regions will be overweighted and the effect 
of the equatorial region will be underweighted. Therefore, 
we weight the grid point VTEC differences according to 
their representative areas as derived in Eq. 2 and depicted 
in Fig. 5.

The following equations contain summations in space and 
time. Some results shown in the result section of this paper 
just used the summation in time.

Model bias in TECU:

Negative bias values indicate an underestimation of the 
electron content, positive values an overestimation. The 
global average bias with respect to the IGS reference model 
stands for the difference in global mean VTEC, which is 

(5)
B
Model =

1∑
A

�
�

�
�

�
t

�
VTEC

Model(t,�, �)

−VTECIGS(t,�, �)
�
∗ A(�,Δ�,Δ�)

Fig. 8   Dst and Kp index values 
(data sources: https://​wdc.​kugi.​
kyoto-u.​ac.​jp and https://​kp.​
gfz-​potsd​am.​de, respectively). 
The original 3 h Kp values have 
been smoothed with a moving 
average filter with a window of 
24 h. Labels a to f indicate the 
six strongest geomagnetic storm 
events in the time period 2021 
– 2024

Fig. 9   Workflow of the evaluation of the GNSS ionosphere prediction 
models

https://wdc.kugi.kyoto-u.ac.jp
https://wdc.kugi.kyoto-u.ac.jp
https://kp.gfz-potsdam.de
https://kp.gfz-potsdam.de
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directly related to the GEC difference between evaluated 
model and reference model as described by Eq. 4.

Model RMS error in TECU:

In contrast to a standard deviation, the RMS error con-
tains the influence of the bias.

Correction rate of the model:

Correction rate values were not determined when 
reference VTEC values of the IGS model were smaller 
than a threshold of 2 TECU, as the correction rate values 
become unstable for small reference VTEC values. Such 
small VTEC grid values mainly occur at solar minimum. 
In 2021, 4.1% of all grid points showed VTEC values 
below this threshold. In 2022, it was 0.8%. In 2023 and 
2024, it was less than 0.1%.

(6)
R
Model =

�
1∑
A

�
�

�
�

�
t

�
VTECModel(t,�, �) − VTECIGS(t,�, �)

�2

∗ A(�,Δ�,Δ�)

(7)
C
Model =

1∑
A

�
�

�
�

�
t

�
1 −

��VTECModel(t,�, �) − VTECIGS(t,�, �)��
VTECIGS(t,�, �)

�

∗ A(�,Δ�,Δ�)

In rare cases, negative correction rate values are esti-
mated. They indicate a severe VTEC overestimation by the 
evaluated model. Applying these VTEC values as correc-
tions produces worse results than applying no ionosphere 
corrections at all.

Note that these correction rates refer to vertical TEC 
and are not influenced by the inaccuracies of the mapping 
functions of the evaluated model and of the reference model. 
The correction rates of slant TEC are expected to be smaller.

Results and their interpretation

GPS

The statistical results for the GPS model (Fig. 10) show sig-
nificant differences with latitude. In the polar regions, VTEC 
is far overestimated especially in years of low ionization 
(2021, 2022). This is caused by the fixed minimum VTEC 
value of 9.2 TECU. It does not seriously affect the RMS 
error, which remains small, but it affects the correction rate 
with values below 30% and even negative values.

Fig. 10   Spatial distribution (annual averages, upper panels) and temporal distribution (daily global averages, bottom panels) of the statistical val-
ues bias (left), RMS error (center), and correction rate (right) for the GPS model
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In the equatorial region, VTEC is underestimated: in 
2021 by a few to some TECU, increasing to over 20 TECU 
in 2024 (upper left panels of Fig. 10). These large biases 
have a direct effect on the RMS errors, which exceed 20 
TECU in the regions of the equatorial ionization anoma-
lies (upper central panels of Fig. 10) and especially around 
the time of the equinoxes (bottom central panel of Fig. 10), 
the seasons with highest ionization level (cp. Figure 7). 
The large biases also effect the correction rate which is 
significantly smaller in the equatorial region as compared 
to the mid-latitudes (upper right panels of Fig. 10).

The daily globally averaged RMS errors (bottom center 
panel of Fig. 10) show a strong seasonal variation. RMS 
errors are highest around the equinoxes, especially from 
2022 to 2024. Correction rates are highest around the 
equinoxes, especially in 2022. The global average cor-
rection rate is around 50% in 2021, the year with lowest 
ionization level. With higher VTEC values the correction 

rate increases and reaches values around 60% on global 
average.

Smallest biases, smallest RMS errors and highest cor-
rection rates are found in the mid-latitudes and within the 
mid-latitudes in the area of the continental USA. There, 
the correction rates of the GPS model reach 61.5% (2021), 
71.9% (2022), 74.2% (2023), and 73.3% (2024) and are 
much higher than in other world regions, including other 
mid-latitude regions.

The figure of the daily globally averaged correction rates 
(bottom right panel of Fig. 10) contains labels a to f to indi-
cate the occurrence of geomagnetic storms. Whereas, their 
effects are hardly visible in the time series of the globally 
averaged biases and the globally averaged RMS errors, some 
of them have caused a tremendous decrease of the correction 
rates. The effects of these storms are discussed in more detail 
in a later section of this paper.

Fig. 11   Spatial distribution (annual averages, upper panels) and temporal distribution (daily global averages, bottom panels) of the statistical val-
ues bias (left), RMS error (center), and correction rate (right) for model NTCM-G
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NTCM‑G

Biases of the NTCM-G model with respect to the IGS 
reference model remain on a low level but increase with 
increasing ionization (left panels of Fig. 11). On a global 
average, a slight underestimation of VTEC is present, reach-
ing 4.1 TECU in 2024. Larger biases (up to around + / − 10 
TECU) exhibit a latitudinal and longitudinal distribution and 
are mainly seen in the regions of the equatorial ionization 
anomalies.

The RMS errors increase from 2021 to 2024 (central 
panels of Fig. 11). RMS errors are larger in the equatorial 
region as compared to mid-latitude and polar regions. 
Seasonal variations with highest values around the equinoxes 
are visible (bottom central panel of Fig. 11).

There are regional differences in the correction rates, with 
areas of lower values (below 50%) located primarily in the 
southern hemisphere over the southern Atlantic and Indian 
Oceans.

The daily global averaged correction rates (bottom right 
panel of Fig. 11) are continuously on a level of around 73%. 
They show no variation with increasing solar activity and 
very little seasonal variation. On single days, however, 
severe drops of the correction rates to less than 60% can be 
observed. Some of them can be attributed to the effects of 
geomagnetic storms, the largest storms being labeled with 
letters a to f. The effects of these storms are discussed in 
more detail in a later section of this paper.

BDGIM

Calculation of BDGIM STEC or VTEC can result in nega-
tive electron content values. Computing BDGIM VTEC val-
ues for the IONEX grid, negative values were obtained for 
0.4% (2021), 1.0% (2022), 0.8% (2023), and 3.5% (2024) of 
all grid points which may indicate an increase in the number 
of negative values with increasing solar activity. Most of 

the negative VTEC values were observed at higher latitudes 
of the southern hemisphere from April to September. To 
a smaller extent, they also occur in higher latitudes of the 
northern hemisphere from November to February (Fig. 12). 
These findings for BDGIM are in very good agreement with 
the results of Zhang and Zhao (2023), who analyzed the 
occurrence of negative VTEC values when using spherical 
harmonic expansion models.

In order to substitute these unrealistic values by more 
reasonable ones, we revised the method suggested by Wang 
et al. (2021) and substituted very small and negative BDGIM 
VTEC values by a fifth of the predicted mean global VTEC:

where �1 denotes the first BDGIM model coefficient, which 
is the spherical-harmonic coefficient for degree and order 0, 
i.e. the predicted mean global VTEC. With this procedure, 
we raised the BDGIM VTEC values of 4.2% (2021), 8.0% 
(2022), 8.9% (2023), and 11.9% (2024) of all grid points, 
the by far most being located at higher latitudes, especially 
on the southern hemisphere. Since the area represented by 
IONEX grid points decreases with increasing latitudes (cp. 
Figure 5), the percentages of the affected areas are smaller: 
2.6% (2021), 4.7% (2022), 5.6% (2023), and 7.7% (2024).

All of our evaluations are based on this modified BDGIM 
model, which will be referred to as the mBDGIM model in 
the following text.

Biases of the mBDGIM model with respect to the IGS 
reference model increase with increasing ionization (left 
panels of Fig. 13). In almost all regions, the annual bias aver-
ages show an underestimation of VTEC, especially strong in 
areas of the equatorial ionization anomalies and the southern 
hemisphere. Temporal maxima of this underestimation are 
observed in early 2023 and in almost all of 2024 (bottom 
left panel of Fig. 13).

(8)VTECmBDGIM = max
(
VTECBDGIM , 0.2 ⋅ �1

)

Fig. 12   Temporal and latitudinal distribution of BDGIM derived negative VTEC values in magenta and values even below -5 TECU in black



	 GPS Solutions          (2025) 29:144   144   Page 12 of 18

RMS errors increase from 2021 to 2024 (central panels 
of Fig. 13). They are larger in the equatorial region as com-
pared to mid-latitude and polar regions. They are slightly 
larger in the southern hemisphere than in the northern hemi-
sphere. In 2022 and 2023, larger global average RMS values 
are found in the first half of the year as compared to its 
second half (bottom central panel of Fig. 13).

Highest correction rates are found in the equatorial and 
mid-latitude regions (upper right panels of Fig. 13). In the 
polar region of the southern hemisphere, the annual mean 
correction rates are much worse, often below 50%.

Daily global average correction rates (bottom right panel 
of Fig. 13) are around 74%, but not as consistent as the 
NTCM-G percentages. In summer of 2024 they continuously 
decreased to a level of just 63% until, within a few days in 
the second week of November, they regained the earlier level 
of 75%. On a few single days, severe drops of the correction 
rates to less than 60% can be observed. Some of them can be 
attributed to the effects of geomagnetic storms, the largest 

storms being labeled with letters a to f. The effects of these 
storms are discussed in more detail in a later section of this 
paper.

It is a striking feature of the mBDGIM model that 
smallest biases, smallest RMS errors and highest 
correction rates are found over China. There, the 
correction rates of the mBDGIM model reach 83.8% 
(2021), 81.4% (2022), 80.3% (2023), and 79.8% (2024) 
and are considerably higher than in other world regions, 
including other mid-latitude regions. The large regional 
performance differences of mBDGIM may be explained 
by the distribution of the GNSS observation stations of 
the BDS control segment which mainly relies on a regional 
tracking network in China and includes just a small set of 
global observation sites (Wang et al. 2021).

Fig. 13   Spatial distribution (annual averages, upper panels) and temporal distribution (daily global averages, bottom panels) of the statistical val-
ues bias (left), RMS error (center), and correction rate (right) for model mBDGIM



GPS Solutions          (2025) 29:144 	 Page 13 of 18    144 

Combined NTCM‑G/mBDGIM model

With two independent ionosphere prediction models of 
similar quality, namely NTCM-G and mBDGIM, the 
question arises as to whether a combined model might 
not produce even better results. A combination could 
consist of weighted averaging the VTEC values of both 
models according to the spatiotemporal distribution of the 
strengths and weaknesses of the individual models. We 
tried such combinations, but the result was no higher qual-
ity than averaging the VTEC values with equal weights. 
The averaging with equal weights according to

produced the results shown in Fig. 14.
Spatial or temporal averages of the VTEC biases (left 

panels of Fig. 14) are identical to the arithmetic averages 
of the corresponding statistical figures of the individual 
models. Both models had shown an underestimation of the 

(9)
VTECComb(t,�, �) =

1

2

(
VTECNTCM−G(t,�, �) + VTECmBDGIM(t,�, �)

)

ionization level, NTCM-G to a smaller extend, mBDGIM to 
a larger extend. Thus, the combined model shows negative 
bias values in the middle between the biases determined for 
the individual models. In almost all regions, the VTEC is 
underestimated, especially strong in areas of the equatorial 
ionization anomalies and in the southern hemisphere. Tem-
poral maxima of this underestimation are observed in 2024 
(bottom left panel of Fig. 14).

The annual mean RMS errors of the combined model are 
smaller than those of the individual models, except for 2024, 
where the RMS error of the combined model is slightly 
larger than that of NTCM-G. The annual means of the daily 
correction rates of the combined model are always larger 
than those of the individual models. Highest correction rates 
are found in the equatorial and mid-latitude regions (upper 
right panels of Fig. 14). In the polar region of the south-
ern hemisphere the annual mean correction rate is worse, at 
some grid points even below 50%, but no negative correction 
rate values occur.

Fig. 14   Spatial distribution (annual averages, upper panels) and temporal distribution (daily global averages, bottom panels) of the statistical val-
ues bias (left), RMS error (center), and correction rate (right) for the combined model NTCM-G/mBDGIM
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In conclusion, the combination of the two independent 
models NTCM-G and mBDGIM produces a model with 
slightly higher correction rates than the two original models.

Overall comparison

In order to enable the direct comparison of the 4 evaluated 
models Fig. 15 shows the latitudinal dependence of the three 

statistical values: bias, RMS error, and correction rate. Only 
the GPS model exhibits significant biases in the equatorial 
region, which increase with solar activity. These biases also 
affect the RMS errors in this region. The NTCM-G and the 
BDGIM demonstrate similar performance levels. Their cor-
rection rates are typically greater than 70% in equatorial and 
mid-latitude regions. However, they decrease to nearly 50% 
for BDGIM in the southern polar region in 2021 and 2022 
and for NTCM-G in the northern polar region in 2023 and 
2024. In most latitude regions, the correction rates of the 
combined model surpass those of either the NTCM-G or the 
BDGIM. All models perform slightly better in the northern 
hemisphere than in the southern hemisphere.

Table 2 reports the average statistical values for the 
entire four-year period. The overall conclusion is that the 
GPS model performs worst. But still, it has a global VTEC 
correction rate of almost 60%. NTCM-G is somewhat supe-
rior to mBDGIM with respect to bias and RMS error. With 
74.1%, the mBDGIM correction rate is slightly higher than 
that of NTCM-G. The combined model computed from 

Fig. 15   Latitudinal dependencies of bias, RMS error and correction rate from 2021 to 2024

Table 2   Averaged statistical values for the 4-year period 2021–2024

Model Bias [TECU] RMS error 
[TECU]

Correction 
rate [%]

GPS  − 5.8 13.8 58.5
NTCM-G  − 1.6 8.3 73.5
mBDGIM  − 3.7 9.3 74.1
Combined 

NTCM-G/
mBDGIM

 − 2.6 8.1 76.9
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Fig. 16   Geomagnetic storm 
events in 2023 (a,b,c)

Fig. 17   Geomagnetic storm 
events in 2024 (d,e,f)
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NTCM-G and mBDGIM VTEC values performs best with 
respect to RMS error and correction rate.

Geomagnetic storm events

The ionosphere reacts to solar and geomagnetic disturbances 
in several ways. High-latitude scintillation occurrence is 
highly correlated with geomagnetic storm events. But also, 
large-scale TEC variation in the form of enhancements and 
depletions are observed. Their spatial and temporal distribu-
tion is quite complex, with dependencies on season, hemi-
sphere, latitudinal region, time of day and also longitude 
(Blagoveshchensky et al. 2018; Debchoudhury et al. 2021; 
Gulyaeva 2024; Mohamed et al. 2023). Such events pose a 
particular challenge to ionosphere prediction models that 
can hardly be solved.

We will look at the global effects of geomagnetic storms 
on TEC in the form of variation in GEC. The lower panels 
of Fig. 16 and 17 depict the histories of six such storms by 
the development of geomagnetic indices Dst and Kp. GEC 
derived from IGS ionosphere maps are shown in the upper 
panels, together with the GEC values of the three ionosphere 
prediction models GPS, NTCM-G, and mBDGIM. In order 
to increase the readability of the figures, GEC of the com-
bined NTCM-G/mBDGIM model is not displayed, since this 
combination of the two models as performed by Eq. 9 results 
in GEC values that are always the arithmetic mean of the 
GEC values of the two original models.

The GEC time series of the IGS model reveal that with 
the onset of the storm an enhancement of GEC can be 
observed in most cases (a,b,d,f). In the main phase of the 
storm, GEC drops significantly by 20 to 30% (a,b,c,f), in 
case of the extremely strong storm in April 2024 (d) even 
by 50%. It takes 24 to 36 h for GEC to return to its original 
level.

Almost all GEC time series of the prediction models 
shown in Fig. 16 and 17 demonstrate the underestimation 
of global ionization by these models in 2023 and 2024. The 
responses of the ionosphere prediction models to the storm 
events differ. The GPS model does not react at all. NTCM-G 
reacts to the reduced ionization in all six cases. The time 
delays are often shorter than one day (b,c,e), in case of the 
two strongest storms in April and October 2024 (d,f) the 
delays reach 24 h, and in case of the storm in March 2023 
(a) the reaction delay seems to be even longer. After a delay 
of 24 h and longer, however, the original GEC level has 
largely been restored so that the correction rate of NTCM-G 
remains low even for several hours after GEC recovery.

mBDGIM reacts to most storm events (esp. a,b,d) but 
completely misses out on two storms (c,f), among these the 
strong storm in October 2024. When a reaction is evident, 
the time delays range from 12 to 24 h and that although 
the model coefficients in the BDS navigation messages are 

updated up to once per hour (cf. Table 1). As a consequence, 
the correction rates of mBDGIM are lower than usual during 
such storm events and also for several hours after the storm.

Geomagnetic storms pose the greatest challenge to ion-
osphere prediction models. Their performance could be 
improved by reducing their prediction times and increasing 
their update rates.

Conclusion and outlook

The evaluation of the three major GNSS ionosphere 
prediction models in the years 2021–2024 confirms that the 
Galileo coefficients applied with the NTCM-G algorithm 
and the BDS coefficients applied with a slightly modified 
BDGIM algorithm (mBDGIM) perform considerably better 
than the Klobuchar-GPS model. NTCM-G provides more 
consistent performance over time and space than mBDGIM. 
The latter produces a slightly higher correction rate than 
NTCM-G over the four-year period.

With two independent models of similar high quality, 
the question arose as to whether a combination of the two 
would produce even better results. And indeed, a simple 
combination by averaging the corresponding VTEC 
values slightly reduces the RMS errors and improves the 
correction rates.

Geomagnetic storms are a particular challenge for 
ionospheric prediction models. The three models evaluated 
responded differently to these events: GPS did not respond 
at all, Galileo/NTCM-G responded to all 6 major events 
in 2023 and 2024, and BDS/mBDGIM responded to some 
but not all of these events. Since all identified responses 
were time delayed by 12 to 24 h or even longer, they 
could not really improve the performance of the models. 
Correction rates of all models dropped significantly for 
those geomagnetic storms with strong effects on the 
ionization level of the ionosphere.

In conclusion, it can be recommended that single-
frequency GNSS receivers with access to all GNSS should 
apply ionospheric corrections based on the ionosphere 
model coefficients and algorithms of Galileo/NTCM-G or 
BDS/mBDGIM, or a combination of both. The Klobuchar-
GPS model should serve as a backup in case that Galileo 
and BDS navigation messages are not available.

The question remains as to which mapping function 
should be used to convert VTEC predictions to STEC. The 
mapping functions of NTCM-G and BDGIM differ by up to 
4% for elevation angles above 30 deg and up to 7% for very 
low elevation angles. Further research should investigate 
whether such variations in the mapping functions have a 
significant impact on positioning performance.
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