
Citation: Poniatowski, M.; Nykiel, G.;

Borries, C.; Szmytkowski, J.

Spatio-Temporal Validation of

GNSS-Derived Global Ionosphere

Maps Using 16 Years of Jason

Satellites Observations. Remote Sens.

2023, 15, 5053. https://doi.org/

10.3390/rs15205053

Academic Editors: Shuanggen Jin,

Mariusz Specht and Gino

Dardanelli

Received: 6 September 2023

Revised: 14 October 2023

Accepted: 19 October 2023

Published: 21 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Spatio-Temporal Validation of GNSS-Derived Global
Ionosphere Maps Using 16 Years of Jason
Satellites Observations
Mateusz Poniatowski 1,2,* , Grzegorz Nykiel 2,3 , Claudia Borries 4 and Jędrzej Szmytkowski 1
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Abstract: Existing ionospheric models perform very well in mapping the calm state of the ionosphere.
However, the problem is accurately determining the total electron content (TEC) for disturbed days.
Knowledge of the exact electron density is essential for single−frequency receivers, which cannot
eliminate the ionospheric delay. This study aims to investigate temporal and spatial variability in the
distribution of TEC based on differences between maps of individual Ionospheric Associated Analysis
Centers (IAACs) of the International GNSS Service (IGS) and aligned altimetry−TEC from 2005–2021.
Based on the temporal distribution, we have observed a significant effect of solar activity on the mean
and standard deviation behavior of the differences between global ionospheric maps (GIMs) and
Jason−derived TEC. We determined the biases for the entire calculation period, through which it
can be concluded that the upcg-Jason and igsg-Jason differences have the lowest standard deviation
(±1.81 TECU). In addition, the temporal analysis made it possible to detect annual, semi−annual,
and 117-day oscillations occurring in the Jason−TEC data, as well as 121-day oscillations in the GIMs.
It also allowed us to analyze the potential sources of these cyclicities, solar and geomagnetic activity,
in the case of the annual and semi−annual periodicities. When considering spatial variations, we
have observed that the most significant average differences are in the intertropical areas. In contrast,
the smallest differences were recorded in the southern hemisphere, below the Tropic of Capricorn
(23.5◦S). However, the slightest variations were noted for the northern hemisphere above the Tropic of
Cancer (23.5◦N). Our research presented in this paper allows a better understanding of how different
methods of GNSS TEC approximation affect the model’s accuracy.

Keywords: GIMs; ionospheric models; TEC; GNSS; altimetry; oscillations

1. Introduction

The ionosphere is a heterogeneous atmospheric layer exposed to intense solar radi-
ation [1], in which ionization and recombination processes cause a continuous electron
density variation in different ionosphere regions. Its inhomogeneous nature is one of the
causes of propagation disturbances to signals passing through it [2]. It causes wave rota-
tion, known as Faraday rotation, and group delay, which has the most significant effect on
code measurements by delaying them, along with the acceleration of phase measurements
and wave dispersion. The interference associated with the continuous electron density
variation along the signal path is mostly eliminated using dual−frequency measurements,
reducing the impact of the first−order ionospheric term [3]. However, when performing
single−frequency measurements, it is impossible to obtain a direct value of the delay
from the information contained in the signal. The knowledge of the electron density in
the signal path is essential for single−frequency measurements [4], where models such
as NeQuick2 [5] or International Reference Ionosphere (IRI) [6] have been developed to
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consider the ionospheric correction for single−frequency measurements. The main purpose
of creating these models is to represent the state of the ionosphere and its monitoring, along
with the acquisition of valuable information that improves the quality of pseudo−distance
determination. These models show very good performance for the calm state of the iono-
sphere. However, when disturbances occur that lead to changes in the electron density
distribution, the accuracy and reliability of measurements based on these models decrease.
The causes of the major disturbances of the ionosphere are coronal mass ejections from
the Sun [7–9], which causes sudden changes in the structure of the ionosphere, resulting
in significant measurement errors that are hard to eliminate. Especially rapid and large
total electron content (TEC) variations can cause a significant decrease in the accuracy and
reliability of GNSS positioning [10–12]. Measurements on two frequencies allow the use of a
geometry−free linear combination [13] to determine the slant TEC on the satellite−receiver
signal path. The slant TEC values can then be converted into the vertical direction. Thanks
to that, it has been possible to study the ionospheric state using GNSS technology on the
regional [14] and global scale [15] in real−time [16] or in post−process [17]. GNSS−derived
TEC can also investigate traveling ionospheric disturbances [18,19] or estimate ionospheric
perturbations generated by natural hazards [20]. One of the utilizations of GNSS TEC is to
create global ionospheric maps (GIMs) using ground−based reference stations working in
the International GNSS Service (IGS) network. The IGS also provides GIMs: rapid products
updated daily with 11−hour latency and final updates weekly with 11-day latency. IGS
products are combined based on the individual results provided by research centers called
Ionosphere Associate Analysis Centers (IAACs), which are the Center for Orbit Determina-
tion in Europe (CODE) [21], European Space Agency (ESA) [22], Jet Propulsion Laboratory
(JPL) [23], Polytechnic University of Catalonia (UPC) [24], Wuhan University (WHU) [25],
Chinese Academy of Science (CAS) [26], and Natural Resources Canada (NRCan) [27]. The
IAACs deliver their solution to the IGS, which combines them to create a final product [28].
As with any model, its accuracy and reliability should be checked. In the case of GIM,
there are several possible approaches: assessment of the consistency between models from
different IAACs, validation using GNSS−derived TEC or using altimetry satellite mea-
surements, and evaluation of the single−frequency GNSS positioning accuracy. All these
approaches have been the subject of recent studies. Wielgosz [29] assessed the quality of
the different GIMs in 2014 and 2018, where solar activity was low and high, respectively,
using both altimetry and GPS data. They noticed a high agreement between different GIMs
and that the accuracy of TEC decreases with decreasing latitude. The same conclusion
was observed in similar previous works [30]. Roma−Dollase [31] also found that the new
IAAC provides GIMs within accuracy limits set by the other centers. Other studies confirm
that the ionospheric maps obtained by processing GNSS data within the IGS framework
give a better solution than the data from the IRI model [32], and that the CODE model
performs best, obtaining the lowest mean errors [33,34]. Since the TOPEX mission began,
it has become possible to determine TEC values using a dual−frequency altimeter [35].
Like TOPEX/Poseidon, the Jason mission, which has been providing altimetry information
since late 2001, is used to study the ionosphere. This data has been used as a reference for
any ionospheric−related models. For instance, data derived from the altimetric missions
were used to validate the IRI−2016 and NeQuick2 models [36]. The obtained biases were
between −5.0 and 0 TECU and between 2.5 and 7.5 TECU compared to Jason−2- and
Jason−3-derived TEC, respectively. In addition, the same biases against the IGS product
were between 2.0 and 6.0 TECU and between 4.0 and 7.0 TECU. More detailed studies
of comparison GIMs from different IAAC with Jason−derived TEC were performed by
Wielgosz [29]. They obtained values from 0 to 2.14 TECU when they corrected Jason’s data
by electron content in the plasmasphere. Also, Chen [33] examined the bias between IAAC
centers and TEC derived from Jason−2 data, and they obtained low mean values (−1.34 to
0.93 TECU) along with a low standard deviation (from ±1.42 to ±2.46 TECU).

This work aimed to detect and analyze the long−term differences between TEC
derived from selected IAAC GIMs and Jason−derived TEC. This paper presents the mag-
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nitude and variations of TEC differences and their changes with solar and geomagnetic
activity. We also show the spectral analysis and discuss the potential sources of the existing
oscillations. Our results allow us to better understand how different GIM modeling impacts
TEC values, their spatiotemporal distribution, and variability.

2. Materials and Methods

Based on dual−frequency measurements from GNSS reference stations, the IAACs
generate GIMs [37] as a regular grid with 2-h temporal and 2.5◦ (latitude)× 5.0◦ (longitude)
spatial resolution. These maps are stored in the IONosphere Map Exchange Format Version
(IONEX) format, which allows for standardizing the presentation of the TEC data received
from individual analysis centers and from which the final IGS product is derived and
stored in the same format. An original approach characterizes each model using different
methods and assumptions. In this section, we briefly describe the methodology of each
IAAC. We also provide detailed information about Jason−derived TEC.

2.1. GIM Models
2.1.1. Center for Orbit Determination in Europe (CODE)

This model assumes a modified single−layer structure of the ionosphere [38], where
all electrons are contained in a shell of an infinitesimal thickness [21], together with the use
of a basic mapping function. The solution is based on a spherical function of degree 15,
which can be written in the form:

TEC(ϕ, s) =
nmax

∑
n=0

n

∑
m=0

∼
Pnm(sin ϕ)(anmcos (ms) + bnmsin (ms)) (1)

where nmax represents the maximum degree of spherical harmonics (in this case, nmax = 15),
ϕ is the geocentric latitude of the Ionosphere Piercing Point (IPP), s means the sun−fixed
longitude of the IPP (s = t + λ − π), t stands for UTC time, and λ is the longitude of the

IPP;
∼
Pnm = Λ(n, m)Pnm are the normalized associated Legendre functions of degree n and

order m, based on normalization function Λ(n,m) and Legendre functions Pnm, anm, and
bnm are the unknown TEC coefficients for spherical harmonics, i.e., the parameters to be
determined.

2.1.2. European Space Agency (ESA)

The ESA model, like the CODE model, is based on modeling the TEC values of the
ionosphere by using spherical harmonics [22,39] of degree 15 with the assumption of a
single layer structure of the ionosphere for an altitude of 450 km and daily differential code
biases (DCB) values for receivers and satellites.

2.1.3. Jet Propulsion Laboratory (JPL)

This model uses a three−dimensional approach based on the surface triangulation
method by tessellating a sphere at a given height, with TEC values extracted from the
vertices of the resulting equilateral triangles [23]. In this case, surface tessellation involves
fitting an icosahedron to a sphere of a given radius (in this case, 450 km) so that two nodes
align the north and south poles, followed by dividing the resulting equilateral triangles
into four smaller ones. This results in 1280 contiguous equilateral triangles. The TEC value
between nodes is modeled linearly, while the global distribution of TEC values is obtained
using a bidirectional TEC gradient. This model can be represented in the following form:

Trs = ME ∑
i=A,B,C

W(θ, ϕ, i)Vi + br + bs (2)

where Trs represents the slant delay value between the receiver and the satellite; θ and ϕ are
latitude and longitude, respectively; ME represents the scaling function as a function of alti-
tude; Vi is the TEC value at vertex A, B, or C represented as index i in the equation; W(θ,ϕ,i)
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are the weighted functions for the sphere piercing point; br and bs are the instrumental
errors for the receiver and the satellite, respectively.

2.1.4. Polytechnic University of Catalonia (UPC)

This approach uses a tomographic model, relying on phase measurements from
ground−based measurement stations on the L1 and L2 bands [24]. The first step in deter-
mining the electron density is solving the linear geometry−free combination for phase
measurements, i.e., LI = L1 − L2, detecting cycle slip effects and splitting the signal into
smaller parts. Because the phase measurement is based on a continuous phase transfer, all
differences are referred to the first determined point (Equation (3)).

∆LI
κ

=
∫ →

r R(tR+τ)

→
r

T
(tT+τ)

Neds−
∫ →

r R(tR)

→
r

T
(tT)

Neds (3)

where κ ≈ 1.05 m per LI/1017 electrons m−2, Ne is the electron density,
→
r represents the

signal path, t means time,
→
r

T
state for the position of the transmitter T at the moment

of signal transmission at time tT and
→
r R is the position of the receiver at the moment of

signal reception at time tR, τ is the time difference between continuous phases for the
transmitter−–receiver pair in seconds. Dividing the surface of the ionosphere into cells
with the size of 5◦ × 2.5◦ or 10◦ × 5◦ and assuming that the value of electron density in it
is constant, Equation (3) takes the following form:

∆LI
κ

= ∑
i

∑
j

∑
k
(N e)i,j,k

[
∆st+τ

i,j,k − ∆st
i,j,k

]
(4)

where i, j, k indicates the ionosphere cell, (N e)i,j,k denotes the electron density in the cell,
and ∆st

i,j,k is the signal length that is in the cell. This model has better horizontal resolution,
while the vertical values are complemented by Low Earth Orbit (LEO) ionosondes mea-
surements. The benefit of using the tomographic method is the elimination of satellite and
receiver DCBs and phase indeterminacy, provided there are no gaps in the signal, which is
ensured by splitting the signal into smaller parts after detecting the cycle slip effect.

2.1.5. Wuhan University (WHU)

The WHU model, like the CODE and ESA models, is based on spherical harmonics
of degree 15; however, to eliminate negative values [25], the inequality−constrained least
squares (ICLS) method is implemented. First, areas with negative TEC must be identified
by resolving spherical harmonics using the least square approach. Through this, nodes
with negative TEC are extracted in a grid of squares spanning −87.5◦ and 87.5◦ latitude
and −180◦ and 180◦ longitude for thirteen 2-h maps for the entire day. The linear comple-
mentary problem is then solved together with the use of the parameter q to calibrate the
ICLS solution. The previous steps are repeated until all negative values are eliminated.

2.1.6. International GNSS Service (IGS)

IGS maps are created by applying a weighted average on IAAC maps based on weights
obtained by evaluating TEC maps using the inverse root mean square of errors on STEC
variations [28]. This is done at an evaluation center (currently the UPC center). The process
of combining DCBs for receivers and satellites is similar. The next stage is their validation
by comparing the received maps to a reliable data source. Such a source are altimetry
measurements from TOPEX, Jason−1, Jason−2, Jason−3 missions. As these satellites
perform measurements of oceans, where it is difficult to have a permanent GPS/GLONASS
receiver, interpolated values are in fact used for map evaluation.

There are two main products that are produced to present the state of the ionosphere:
rapid GIMs, which require about one day of preparation, and final GIMs, which are made
available about 11 days later. For the purposes of this paper, we will refer to the final
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products from each center as codg, esag, igsg, jplg, upcg, whug. In the above list, CAS and
EMR products were not mentioned because they did not participate in the study. These
two centers began generating maps from 2015, while the data from the other centers was
obtained from 2005. We decided to eliminate these two centers from the study to ensure a
uniform study period.

2.2. Altimetry TEC

The primary purpose of altimetry satellites is to measure the distance between the
satellite and the surface of the oceans with centimeter accuracy. Altimetry measurements
began in 1992 with the launch of the TOPEX/Poseidon mission, which lasted until 2006,
followed by the Jason−1 (2001–2013) and Jason−2 (2008–2019) missions to replace the older
satellites. Each satellite was equipped with a “Poseidon” altimeter [40], a GPS receiver, and
the Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS) system.
The use of dual−frequency altimetry measurements (5.3 GHz for C−band and 13.575 GHz
for Ku−band), which was designed to negate the influence of ionospheric delay, contributed
to the application of these data to study the state of the ionosphere. The mentioned satellites
orbit at the same altitude (about 1336 km) with the same value of the inclination angle equal
66◦. As these satellites perform vertical measurements, the coordinate of the measurement
performed is also the ionosphere piercing point, and it allows the calculation of the vertical
value of TEC along the signal path [41,42]:

TEC =
f 2
Ku f 2

C
f 2
Ku − f 2

C

RC − RKu
ku

(5)

where fKu and fC are the frequencies at Ku−band and C−band in GHz, respectively; RKu
and RC are the distances measured in meters at Ku−band and C−band; and ku is a constant
of 0.403 m GHz2 TECU−1. Ready TEC values for altimetry missions can be obtained from
the OpenADB service (https://openadb.dgfi.tum.de/ (accessed on 22 October 2021)) with
a 1Hz resolution.

Jason altimetric measurements provide TEC data up to their orbital altitude, i.e., about
1336 km. In the case of GNSS measurements, the signals pass through the whole ionosphere.
Therefore, a direct comparison of Jason TEC with GNSS TEC leads to some uncertainties
caused by not including plasmaspheric TEC in Jason’s measurements. To avoid this, we
complemented the observed Jason TEC values with TEC data derived from the IRI−Plas
2020 model [43,44]. According to the model, TEC values above Jason’s satellite orbit are
between 0.5–6.2 TECU, with a mean of 1.75 TECU for the analyzed period.

To validate Global Ionospheric Maps (GIMs) from different IAACs, we used data from
Jason−1E, Jason−2D, and Jason−3F satellites. Altimetry−derived TEC data are affected
by significant noise, which the smoothing process should reduce [45]. For that purpose, we
use a 30−s moving average. Next, we resampled one−second measurements to 5−min
data to avoid data redundancy. This allows for less computational resource consumption
and, at the same time, does not affect the quality of the results. Additionally, 1% of values
were negative and were removed from the dataset before applying filtering. To directly
compare altimetry and GIM TEC, we interpolated GIMs values at the satellite location
using bilinear interpolation around the nearest grid nodes.

Because we used data from different Jason satellites, it was necessary to verify their
consistency. Thus, we estimated the bias between the Jason missions. It was possible
because the satellites were moving in tandem for a certain period during the launch of
the new mission. By matching the dates and coordinates between the missions during
the period with a common orbit, it was possible to obtain an average bias between them.
Jason−2 and Jason−1 followed each other with a delay of 55 s [46] from June 2008 until
mid−February 2009, while the delay between Jason−3 and Jason−2 was 80 s [47] from
February 2016 until early October 2016. A bias between Jason−2D and Jason−1E equal
to 3.22 ± 2.84 TECU and between Jason−3F and Jason−2D equal to −3.97 ± 2.23 TECU
was determined, and then the entire data set was aligned with Jason−3F. The results

https://openadb.dgfi.tum.de/
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of applying this operation are very clearly visible, especially during the transition of
individual missions. A similar bias between Jason−2D and Jason−1E was determined
by Azpilicueta [48], where their determined bias is about 3.5 TECU. In the case of the
bias between Jason−3F and Jason−2D, it is difficult to find a comparison because the
magnitude of the bias is directly related to the version of the data on which the calculations
are performed. Azpilicueta obtained an offset between Jason−3D and Jason−2D of about
2.5 TECU, while Li [49], estimated bias between Jason−3 and Jason−2 that equals 2.7 TECU,
but without information on data versions. The differences between the resulting biases are
due to using different versions of Jason−3 data (versions D and F). Version F introduced
many changes, which are described in detail in the Jason−3 Products Handbook [50].

Figure 1 presents the course of TEC values acquired from altimeter satellites before (top
graph) and after the alignment was applied (bottom graph). As Jason’s data is acquired at
1 Hz, the amount of data had to be reduced. The blue color presents data with a 5−minute
interval. However, the data is very noisy, which interferes with the interpretation of the
data. Therefore, the daily (red) and monthly (black) average TEC values are additionally
presented for visualization. The vertical green dashed lines mark the beginning of the data
for the new Jason missions. The large noise of Jason’s TEC visible in Figure 1 is caused by
the high orbital velocity of the satellite (about 7.2 km/s), which causes a significant change
in the satellite’s position in 5 min and, consequently, a large change in electron content.
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3. Results

In this section, we analyze differences between the final products from the individual
IAAC centers and the TEC derived from the Jason measurements over the years 2005–2020.
We present both temporal and spatial analyses from the most general statistics to detailed
ones.

When examining the temporal variability of the final products from the IAAC centers
and Jason−derived TECs, the differences between them were used, as presented in Figure 2,
where the differences for the 5−min interval (blue), daily average (red), and monthly (black)
differences for the studied period are shown. The graph compares individual differences to
the F10.7 index, representing the degree of solar activity. A clear correlation of differences
to the index can be observed, especially for 2011–2016, where an increase in the value of
differences and an increase in oscillations can be noted. In addition, it can be observed that
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even quiet periods are susceptible to changes in solar activity, as noted by comparing two
periods: 2005–2007 and 2019–2021. For the first period, solar activity was higher, which is
seen in the values of differences, which are greater than in the second period.
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The lowest differences were obtained for the codg, esag, and whug models at around
2.6 TECU. Of these three differences, the codg and whug models have a low standard
deviation of approximately 2.1 TECU, while for the esag model, it is 2.5 TECU, which is
the highest obtained for the six models tested. Of all the differences, the highest bias was
received for the jplg-Jason difference of 4.8 TECU with a standard deviation of 1.9 TECU. In
contrast, the lowest std was obtained for the igsg and upcg models of 1.8 TECU. However,
they have a significant bias of 3.5 TECU. It is worth mentioning that the daily igsg solution
comprised 6192 codg and jplg models and 5849 esag and upcg models over the study period.
In addition, the esag and upcg solutions never took part in the solution by themselves;
whenever they were taken into the calculation, four models took part in the solution.
However, the whug model was never considered for the igsg product. In the course of the
igsg difference, the influence of almost all the models mentioned above can be observed
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except for upcg, which is characterized by an apparent periodicity in the data, making it
harder to observe the igsg difference.

As can be noticed, difference values change with changes in solar activity, which
occur not only in the average value but also in the dispersion. To better illustrate the
problem, in Figure 3 (left), we present differences averaged using a 30-day moving window.
The 30-day window for the moving average was chosen to smooth the data without
losing major disturbances. Additionally, the 30-day period is close to the rotation period
of the Sun (between 27 and 30 days). For codg-Jason, esag-Jason, and whug-Jason, we
obtained very similar results, which can be caused by the fact that all of them are generated
using spherical harmonics. It can also be observed that the average values of upcg-Jason
differences are larger than the others, and an unsimilar course to the others characterizes
the course of the average differences itself. We have also noticed a much larger amplitude
of fluctuations in the course of the moving average for it. For codg-Jason, esag-Jason, and
whug-Jason, we obtained very similar results, which can be caused by the fact that all of
them are generated using spherical harmonics. We also observed that the average values of
jplg-Jason differences are more significant than the others.
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On the presented results, some periodic changes can also be noticed. After removing
the general nonlinear trend (by applying 6−degree polynomial fitting) caused by solar
activity, we analyzed the frequency using the Lomb–Scargle method [51,52]. Based on the
results presented in Figure 3 (right), we can distinguish two distinct oscillations, annual and
semi−annual, which were found for all analyzed cases. Explanations for the appearance
of annual and semi−annual oscillations can be found in the literature. Lean [53], in his
work, examined the sources of the formation of the annual and semi−annual oscillations.
He observed that both cyclicities are mainly related to the intensity of solar radiation and
the minor influence of geomagnetic activity. Considering the annual oscillation, it can be
deduced that the average showing the highest cyclicity is upcg-Jason, which explains the
high amplitude of fluctuations observed in its course. Also, we noted a similar impact
of annual variability on codg-Jason, igsg-Jason, and whug-Jason. The least affected by
the annual oscillation are the moving averages jplg-Jason and esag-Jason, which can be
observed in the smaller amplitudes for the course of these averages. This means that
both models reflect this oscillation in a similar way as Jason−derived TEC. The second
oscillation observed in the moving average data is semi−annual cyclicity, which is visible
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for almost all averages. The exception is upcg-Jason, for which the semi−annual oscillation
is weak compared to other models.

Similarly, as for average ∆TEC, we calculate standard deviations with a 30-day window
to show how those values changed over time (Figure 4, left). Variations in the standard
deviation are directly related to the solar cycle, where we get significantly lower values for
the solar minimum period (2007–2009) than for the maximum period (2014), corresponding
to the F10.7 index. The codg, igsg, jplg, upcg, and whug models show similar behavior
in the time distribution of the standard deviation for periods with lower solar activity.
For periods with increased solar activity, we can see that the jplg-Jason and upcg-Jason
products deviate from those previously mentioned. A similar problem occurs for igsg-
Jason, where we observed a significant difference from the other models since the exit from
the solar minimum, where similarity can again be observed after the solar maximum is
exceeded. Meanwhile, the most outlier from the other models is esag. The values of the
30-day standard deviation are higher than the others, especially for the 2010–2016 period.
When considering the 30-day mean differences, esag-Jason showed one of the smaller mean
values, and its temporal distribution was similar to the codg and whug models. However,
for standard deviation, we observed significant fluctuations for esag-Jason, the amplitude
of which is higher than of the other ones.
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Figure 4. Average standard deviation in differences between IAAC GIMs and Jason−derived data
estimated with 30-day moving window (left) and Lomb–Scargle periodogram (right) for each of
them; codg-Jason (blue), esag-Jason (yellow), igsg-Jason (green), jplg-Jason (red), upcg-Jason (purple),
whug-Jason (brown).

The Lomb–Scargle periodogram made for this data shows that three oscillations can be
identified: annual, semi−annual, and 117-day. In contrast to the results obtained for 30-day
mean differences, the half-year oscillation occurring in each of the studied differences
is more evident. Considering the oscillation of the 30-day standard deviation, strong
subharmonic oscillations can be observed for the annual cyclicity. The largest amplitude
for the annual period is exhibited by the esag-Jason difference. Conversely, as anticipated,
the igsg-Jason displays the weakest amplitude due to low variation in the differences.
Notably, what distinguishes the difference is that the oscillation aligns perfectly with the
365th day, whereas it is shifted a few days back for the others. Regarding the semi−annual
oscillation, the highest amplitude is observed for esag-Jason, while the lowest is observed
for igsg-Jason. Furthermore, peaks in amplitudes can be observed for differences around
days 117 and 59.

To examine the effect of solar activity on changes in the studied models, we checked
the correlation between the 30-day averages and their standard deviation against the F10.7
index. As can be observed in the top panel in Figure 5, the bias increases with increased
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solar activity. The tested differences maintain a high correlation with the F10.7 index, where
the lowest was obtained for the upcg-Jason difference (0.61) and the highest was obtained
for whug-Jason (0.79).
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Figure 5. Average TEC differences (top) and average standard deviation (bottom) in differences
between IAAC GIMs and Jason−derived data estimated with a 30-day moving window in comparison
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A similar analysis was performed for the standard deviation presented in the bottom
panel of Figure 5. It is evident that solar activity has a significant impact on the dispersion of
differences. The IGS model is the least vulnerable model to solar activity, whose difference
with TEC derived from Jason’s measurements obtains the lowest correlation with the F10.7
index (0.51). The highest correlation, on the other hand, is observed for upcg-Jason (0.81)
and esag-Jason (0.83) differences. The increase in the standard deviation value is visible for
both differences.

We made some spatial analyses for a more detailed analysis of the differences. First,
we compute average differences between each of the IAAC GIMs and Jason−derived TEC
using a 2◦ × 2◦ spatial moving window with the step of 0.5◦. For each step, the average
difference was estimated based on all data in the specific area and from 2005–2021. As
a result, we obtained a spatial distribution of average differences presented in Figure 6.
We also counted the standard deviation for each grid node (Figure 7). It is seen that the
spatial distribution of the differences is arranged along geomagnetic parallels, with the
most significant values taken for intertropical areas and the smallest for the southern
hemisphere.

The differences between the codg, esag, whug centers, and Jason−derived TEC particu-
larly stand out due to their high similarity, which is probably due to the use of spherical har-
monics in these models. The largest difference values were obtained for jplg-Jason, whose
average values in the intertropical zone were 5.6 TECU. High values for this model were
also obtained for areas in the northern hemisphere above the Tropic of Cancer (5.1 TECU),
where the smallest were observed in the southern hemisphere below the 50◦S parallel
(3.8 TECU). We noted similar characteristics for other differences. We observed the lowest
average values of the differences in the area below 50◦S for esag-Jason equal to 1.2 TECU,
where codg-Jason and whug-Jason for this area obtained an average of 1.7 TECU. However,
comparing the results of these models for the northern hemisphere above 50◦N, the values
of the previously mentioned differences are close (1.8–2.0 TECU). We conducted a similar
analysis for the standard deviation shown in Figure 7. We observed that intertropical areas
have the highest average standard deviation from 1.6 (igsg-Jason) to 2.3 (esag-Jason) TECU.
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In contrast to the lowest mean differences for the southern hemisphere, the lowest standard
deviation was obtained for the northern hemisphere. For all models, the values are similar,
ranging between 1.5 and 1.6 TECU. However, for the southern hemisphere below the Tropic
of Capricorn, we obtained the highest value for esag-Jason (2.2 TECU). In addition, we
noted that for igsg-Jason, the distribution of average standard deviations is uniform across
the globe (from 1.5 TECU in the northern hemisphere to 1.6 TECU for intertropical areas
and the southern hemisphere).
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To study the spatial–temporal changes in the differences between individual GIMs
and Jason−derived TEC, we performed a quasi−dipole longitude and latitude analysis
against local time, shown in Figure 8. The solar cycle is visible in the graphs. A significant
increase in the values of differences is observed over the years 2011–2016. The smallest
differences are obtained for low or high latitudes, while the largest ones are for intertropical
areas. A cyclicity can be clearly observed in the data distribution against geomagnetic
latitude, which has a period of about one year. The distribution of differences with respect
to quasi−dipole longitude is also characterized by some cyclicity with a period of one year.
The dispersion of difference values is regular. However, cyclical decreases in values can be
noted for areas from 0◦ to 120◦W and from 120◦E to 180◦E. It is worth observing that the
geomagnetic poles are within both ranges.
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4. Discussion

Our results indicate a strong correlation between the state of the ionosphere—as
represented by GIMs and by Jason−derived VTEC—and solar activity, which is described
by the F10.7 index in our study. Obtaining this correlation is not surprising, although
we noted that the ratio between VTEC extracted from GIMs and VTEC extracted from
altimetry data decreases as solar activity increases. We also investigated how the ratios
between individual differences and Jason−derived VTEC or GIMs VTEC look based on
periods of low solar activity (2005–2011 and 2016–2021) and high solar activity (2011–2016).
The average VTEC differences between GIMs and Jason for this period increased by about
1 TECU for the solar maximum period. Significantly, for the solar maximum period, the
ratio between GIMs and Jason data and between individual differences and Jason−derived
VTEC decreased by an average of 7% relative to solar minimums, while for differences
relative to GIMs, VTEC decreased by 4%. These results can be observed in Figure 9, which
shows a comparison between the ratio of GIM to Jason (top), GIM−Jason to Jason (middle),
and GIM−Jason to GIM (bottom). Although the diminution of the ratios mentioned above
is insignificant, the decreasing ratios may indicate TEC smoothing for increased solar
activity by one of the methods.
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Jason VTEC (middle), and GIM-Jason−derived VTEC to GIMs (bottom); the blue box indicates low
solar activity periods (2005–2011 and 2016–2021) and the purple box represents high solar activity
periods (2011–2016).

In addition to the strong correlation with solar activity, we observed an interesting
spatial relationship between GIMs and Jason−derived VTEC. It would be expected that
the IGS product (a weighted average product of the other IAAC maps) would show the
best match to the VTEC from Jason. The prediction turns out to be confirmed, even though
the bias presented in Figure 2 is not the lowest (this is due to the method of creating the
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IGS maps). The resulting standard deviation (±1.81 TECU) is the lowest (along with upcg),
indicating a better match between the IGS data and JASON despite the higher bias. In
addition, we presented the spatial distribution of the moving average and moving standard
deviation in Figures 6 and 8. We observed that the moving standard deviation of igsg-Jason
has the most even distribution with the smallest standard deviation values among the
other differences. As indicated above, the moving average bias is not the lowest, although
its spatial distribution is even (similar for upcg-Jason), which cannot be observed in the
other maps.

In the process of carrying out the study, in addition to the annual oscillations noted
in Figure 8, we also observed the occurrence of semi−annual oscillations and oscillations
with a period of about 60 days and 117 days, determined from periodograms using the
Lomb–Scargle method, presented in the form of a heatmap in Figure 10.
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We recorded the highest amplitude for the annual and semi−annual oscillations for
both longitude and latitude for the studied differences. In both cases, the most pronounced
oscillation observed in the data is the annual oscillation that we noted for each of the
differences studied. The areas of its occurrence are different for all models. Common regions
for which the annual oscillation was noted are areas between 120–180◦E for geomagnetic
latitudes above 45◦N, below 45◦S, and around the equator. We noted that for the upcg-Jason
data, oscillations related to geomagnetic latitude occur most heavily of all. In addition,
apart from the region between 120◦–180◦E, where particularly strong oscillations were
noted, for the upcg-Jason model, we observed a strongly accentuated cyclicity for regions
between 60◦W and 10◦E. In contrast, the semi−annual oscillation calculated concerning
geomagnetic latitude occurs mainly for equatorial areas and close to the geographic Tropic
of Cancer (23.5◦N) and Capricorn (23.5◦S). We also noticed that the power of occurrence
of this oscillation takes place in the western hemisphere. We observed that the strength
of the occurrence of the semi−annual oscillation is similar for most models except for
upcg-Jason, for which this oscillation is weakly accentuated, confirming previous analyses
for Figure 1. When conducting amplitude analyses of individual oscillations, we noted an
additional periodicity, with a 117-day period occurring mostly for geomagnetic latitude.
This oscillation is characterized by a greater spatial dispersion of the amplitude of its
occurrence, where the highest power was obtained for the polar circle areas. For codg-Jason
and whug-Jason, this oscillation is mainly observed for regions below 60◦S, while for
esag-Jason and igsg-Jason, this oscillation occurs mainly for regions above 50◦N.

To perform a more detailed analysis, instead of examining oscillations for the entire
globe, we chose a smaller area, from 5◦W to 5◦E and from 5◦S to 5◦N. In this area, we
have interpolated TEC from GIMs to the position and epoch of Jason. Figure 11 shows the
oscillation amplitudes for respective VTEC sources for the study area. We observed that the
most pronounced cyclicity is the 117-day period with an amplitude of about 5 TECU, where
the amplitude of the semi−annual oscillation reaches up to 4 TECU, while for the annual
oscillation, depending on the VTEC source, it is from about 2.5 to 3.8 TECU. In addition, an
around 59-day oscillation has become apparent, with an amplitude of up to about 1.5 TECU.
It is also worth noting that all studied VTEC sources (individual GIMs and Jason−derived
TEC) have the same distinct oscillation periods, indicating a clear connection to the state of
the ionosphere rather than the mapping technique or equipment used.

In Figure 11, we observed a very clear 117-day oscillation for the Jason data and for the
GIMs data interpolated to the epoch and position of the altimetry measurements. A 117-day
periodicity of Jason Doppler Orbitography and Radiopositioning Integrated by Satellite
(DORIS) measurements has been reported in the literature [54,55]. This periodicity is called
the Jason draconic period, the time that elapses between two flights through the ascending
node. This phenomenon is the likely cause of the 117-day oscillation for the Jason−VTEC
data. However, the lack of information in the literature on the 117-day periodicity in the
ionospheric state forced us to study this phenomenon in more detail. We hypothesized
that the interpolation to position and Jason epochs is the reason for such a pronounced
oscillation for the GIMs data. To confirm this, we performed a spectral analysis for the
ionospheric map data for the map node, which was the center of the study area (0◦N,
0◦E). This approach enabled us to circumvent the interpolation process, meaning that we
retained the identical position and time intervals between samples (2 h).

The results presented in Figure 12 confirm our hypothesis, revealing that interpolating
to Jason’s position and time contributed to a modification in the cyclicity of the GIMs data.
Jason’s measurements exhibit a prominent 59-day oscillation, which is a harmonic of the
117-day oscillation [54]. Furthermore, we observed a slight 121-day oscillation that aligns
with the GIMs oscillation. Moreover, upon examining a specific map node (in this case 0◦N,
0◦E), we did not detect a 59-day oscillation; instead, a weak yet distinct peak spanning 27
days was observed, coinciding with the recognized oscillation associated with the rotation
of the Sun [56].
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We checked the probability of false detection to verify whether the obtained oscillations
were significant. Based on the results, it has been established that for Jason−VTEC, the
annual, semi−annual, and 117-day oscillations are confirmed as significant. However,
the cyclicity of approximately 59 days is deemed to be a false one. This is not surprising
because this periodicity is a harmonic of the 117-day oscillation. When considering node
oscillations for GIMs, the 121-day and 27-day oscillations are both true, along with the
annual and semi−annual oscillations. We did not detect a 117-day or 59-day oscillation in
the GIMs data.
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An intriguing finding arises from the experiment concerning the Dst parameter, which
characterizes geomagnetic activity. While studying oscillations for Jason−TEC, we checked
amplitudes of Dst index, which is displayed in Figure 11, revealing semi−annual and
27-day peaks in data. The 27-day oscillation is related to the rotation of the Sun [57], which
is confirmed by a distinct peak for the sunspot number, which correlates with the peak
in the Dst index. The occurrence of a semi−annual peak for Dst is related to the Russell–
McPherron effect [58]. We observed that annual and semi−annual oscillations occur in the
data, allowing us to conclude that the annual oscillation originates in the annual solar cycle.
In contrast, the semi−annual cyclicity depends on both solar and geomagnetic activity.
However, we observed that the matter is more complicated for an oscillation of 117 days.

Since the 117-day oscillation occurs only in the Jason data, the source of these oscilla-
tions may be related to the measurement technique we described above. In addition, we
did not observe clear peaks for this oscillation in the sunspot number and Dst index data.
The 117-day oscillation has been documented in the literature. However, these studies
do not specifically reference TEC measurements. The 117-day cyclicity in the electron
density distribution within the ionosphere has not yet been addressed in scientific literature.
Additionally, the puzzling aspect lies in the observation that spatio−temporal interpolation
from ionospheric maps to Jason epochs alters oscillatory patterns within the data.

The 120-day oscillation has already been detected in the literature, as presented by
Djurovic and Pâquet [59]. They noted a cyclicity of around 120 days for solar activity
parameters such as Sunspot Number, Interplanetary Magnetic Field (IMF), Solar Activity
index, and some geomagnetic indices. For the sunspot number and the Aa global geo-
magnetic index they observed an oscillation of about 116 days, and for the solar activity
index observed 114 days. In contrast, in our data, we detected a 121-day oscillation for TEC
from the GIMs, which is not reflected in the sunspot number and Dst index oscillations. A
120-day oscillation was also detected when studying the neutral winds in the mesosphere
and lower thermosphere [60]. This cyclicity was observed in particular for the solar activity
described by the F10.7 index and the Lyman−alpha irradiance, indicating the significant
influence of solar activity on this oscillation. The failure to detect clear peaks for the indexes
studied may be due to the long period of data. In his work, Das used 5 years to study
the oscillation, while Djurovic and Pâquet used 9 years. In our work, we study a 16-year
period, which includes the 11-year oscillation associated with the solar cycle.

In the same manner as in Figures 11 and 13, we have presented an analysis performed
for the differences between the 30-day window moving average for individual GIMs
and Jason−derived VTEC. To perform difference analyses, we used VTEC measurements
from GIMs interpolated to epochs and Jason’s position in a 10◦ × 10◦ area around the
point under the study. For the differences, the amplitudes reach values at most around
0.4 TECU for the annual oscillation for the upcg-Jason differences. The semi−annual
oscillation is much weaker, with amplitudes reaching 0.1 TECU. The 117-day and around
60-day oscillations are very weak but still exist, which is visible when the oscillations
associated with the annual cycle are removed. The low amplitude values for the differences
mean that the models used to create the GIMs and the VTEC extracted from the altimetry
measurements represent the cyclic variability of the ionosphere with similar size. This is
related to interpolating ionospheric map data into epochs and Jason’s position. The change
in oscillations that occurred for the GIMs results in the leveling of these oscillations when
considering the differences.

Up to this point, we have discussed oscillations mainly in terms of time, but the
problem is also related to spatial location. Not every part of the globe is characterized by
the same strength of oscillations. We presented the results of the spatial–temporal analysis
in Figure 14. The analysis is similar to Figure 10; however, in this case, we analyzed areas
of 10◦ × 10◦ around particular latitudes and longitudes. The areas for which amplitude
plots were not generated did not reach sufficient data to make them. This is mainly due to
the presence of land since, in our study, we used only areas for which altimetric data are
available. The Y−axis scale is the same for each graph (from 0 to 6 TECU).
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Figure 14. Lomb–Scargle periodogram representing oscillations amplitude for Jason−derived TEC in
10◦ × 10◦ areas around studied coordinates.

We observed distinct annual and semi−annual oscillations for most areas. In addition,
an oscillation of 117 days occurs over most of the globe, and its amplitude is usually larger
or comparable to the semi−annual amplitude. We have not recorded annual oscillation
for tropical areas near 120◦W and 180◦W. We can rule out the lack of data for these areas
because they are located in the oceans where Jason’s data is available. The semi−annual
fluctuations are particularly weak in parts of the Southern Hemisphere east of the zero
meridian.

We also checked the spatial distribution of the amplitudes obtained for nodes of the
IGSG GIM grid. We selected nodes every 30◦ in longitude (from 180◦W to 180◦E) and
every 10◦ in latitude (from 85◦N to 85◦S). We presented the obtained results in the form of
amplitude distribution maps in Figure 15.
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We observed that the 121-day oscillation exhibits relatively low amplitudes compared
to the annual and semi−annual oscillations. We observed a distinct correlation between
its distribution and the course of geomagnetic coordinates. Furthermore, we found that
the highest values of this oscillation are observed near the geomagnetic equator, where the
amplitude reaches up to 1.6 TECU. Conversely, the intertropical region is most susceptible to
the semi−annual oscillation in TEC values, with amplitudes reaching up to 6 TECU, while
they remain relatively weak for the rest of the globe. We noted an interesting phenomenon
regarding the annual oscillation, where a clear division between the Earth’s hemispheres
can be observed. In the southern hemisphere, the GIMs nodes exhibit intense annual
oscillations, with amplitudes reaching up to 8 TECU. On the other hand, in the northern
hemisphere, the amplitudes are lower, yet the oscillation remains quite pronounced, with
amplitudes ranging between 2 and 5 TECU in this area. The results are similar for the other
GIMs, so we chose IGSG as a representative example.

5. Conclusions

This paper focused on spatial and temporal differences between data from GIMs and
altimetry−derived TEC from 2005–2021, depending on solar and geomagnetic activity. The
results of our study allow the spatial–temporal dependencies of TEC to be determined,
allowing for a better understanding of the influence of the modeling technique on TEC
values. We first determined systematic biases between the different altimetry missions
and then aligned the data to Jason−3F. After determining the differences, we examined
their course in 5−minute, daily, and monthly differences and compared them to the F10.7
index describing the solar activity. We observed a correlation between the course of
differences and the course of the F10.7 index. In addition, we determined the biases for
the entire calculation period, through which it can be concluded that the upcg-Jason and
igsg-Jason differences have the lowest standard deviation. In comparison, the highest std
was obtained for the esag-Jason difference. We also investigated changes in average TEC
differences between the GIMs studied and Jason−derived TEC over a 30-day window. The
course of the average differences of the CODE, ESA, and WHU models is very similar
due to the use of spherical harmonics in their solutions. In addition, we observed some
cyclicality in all the differences, which was analyzed based on the Lomb–Scargle method.
We noted two strongly accentuated oscillations in the data: an annual one for all studied
differences and a semi−annual one, which is very weak for the upcg-Jason difference. We
conducted a similar analysis for the 30-day standard deviations in the differences studied.
In this case, we also observed annual and semi−annual cyclicities, with the semi−annual
oscillation being stronger for standard deviations. In addition, we observed an accentuated
120-day oscillation for GIMs. Its occurrence is probably due to the variations in solar and
geomagnetic activity, which has been confirmed in the literature [53,59–61].

To further investigate the distribution of differences, we checked their spatial–temporal
distribution for geomagnetic longitude and latitude against time. Based on these analyses,
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we noted clear oscillations occurring for both cases, where annual oscillation was most
visible. We observed very distinct cyclicities for areas from 0◦ to 120◦W and 120◦ to
180◦E. We also checked the distribution of differences on the map, determining the mean
differences and standard deviation in a 2◦ × 2◦ window moving with a step of 0.5◦. Based
on these analyses, we observed that the most significant values were obtained for the
intertropical areas, the smallest mean differences for the southern hemisphere, and the
minor standard deviation for the northern hemisphere. The smaller standard deviation
for the northern hemisphere is possible because most IGS stations are located in this area.
However, altimetry measurements do not measure land, thus limiting the number of
available data in the northern hemisphere, which is the likely reason for the larger bias.
In addition, the standard deviation decreases closer to the land. The opposite is true in
the southern hemisphere, where we get more altimetry measurements with fewer IGS
stations, so there is a smaller bias and a larger standard deviation. We also discovered that
average differences and standard deviation for each model on the map are arranged along
the geomagnetic parallels.

Finally, to check the strength of the oscillations occurring in the data against geo-
magnetic longitude and latitude, we used a Lomb–Scargle periodogram, where ampli-
tudes are presented as heatmaps. We observed some clearly accentuated oscillations: an-
nual, semi−annual, and for Jason−derived TEC, 117-day periodicity, and for GIMs−TEC,
121-day periodicity.

The occurrence of 117-day oscillation in the Jason data is due to the draconic period [54,
55]. The impact of this oscillation on Jason−derived VTEC has not been studied before. We
noted that the annual oscillation is much stronger for the southern hemisphere for most
of the differences (except for esag-Jason), as confirmed in the paper [50]. In addition, we
observed that the semi−annual oscillation is strongest for the Western Hemisphere, where
the annual oscillation occurs mainly for a geomagnetic longitude between 120◦–180◦E. In
this paper, we presented spatial and temporal distributions for the differences between
individual IAAC GIMs and Jason−derived TECs. This allowed us to detect occurring
oscillations in the data. During the analysis, we observed a strong relationship between
the occurrence of oscillations and solar and geomagnetic activity. We have also confirmed
that the technique of taking measurements may be a direct cause of oscillations, especially
altimetry measurements of the state of the ionosphere. However, each global ionospheric
map is characterized by the same cyclicities with similar amplitudes. The annual and
semi−annual oscillations are common to both Jason and GIM measurements.
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