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Abstract: This study examines the Vertical Total Electron Content (VTEC) estimation performance
of multi-instruments on a global scale during different ionospheric conditions. For this purpose,
GNSS-based VTEC data from Global Ionosphere Maps (GIMs), COSMIC (F7/C2)—Feng–Yun 3C
(FY3C) radio occultation (RO) VTEC, SWARM–VTEC, and JASON–VTEC were utilized. VTEC
assessments were conducted on three distinct days: geomagnetic active (17 March 2015), solar active
(22 December 2021), and quiet (11 December 2021). The VTEC values of COSMIC/FY3C RO, SWARM,
and JASON were compared with data retrieved from GIMs. According to the results, COSMIC RO–
VTEC is more consistent with GIM–VTEC on a quiet day (the mean of the differences is 4.38 TECU),
while the mean of FY3C RO–GIM differences is 7.33 TECU on a geomagnetic active day. The range
of VTEC differences between JASON and GIM is relatively smaller on a quiet day, and the mean
of differences on active/quiet days is less than 6 TECU. Besides the daily comparison, long-term
results (1 January–31 December 2015) were also analyzed by considering active and quiet periods.
Results show that Root Mean Square Error (RMSE) values of COSMIC RO, FY3C RO, SWARM, and
JASON are 5.02 TECU, 6.81 TECU, 16.25 TECU, and 5.53 TECU for the quiet period, and 5.21 TECU,
7.07 TECU, 17.48 TECU, and 5.90 TECU for the active period, respectively. The accuracy of each data
source was affected by solar/geomagnetic activities. The deviation of SWARM–VTEC is relatively
greater. The main reason for the significant differences in SWARM–GIM results is the atmospheric
measurement range of SWARM satellites (460 km–20,200 km (SWARM A, C) and 520 km–20,200 km
(SWARM B), which do not contain a significant part of the ionosphere in terms of VTEC estimation.

Keywords: COSMIC RO; Feng–Yun 3C RO; GIM; JASON; SWARM; VTEC

1. Introduction

The ionosphere is the layer of the atmosphere consisting of electrically charged atoms
and molecules caused by solar radiation that extends from about 60 km to 1100 km above the
Earth’s surface. The ionosphere undergoes dynamic fluctuations, experiencing both regular
(diurnal, seasonal, 27-day, 11-year, etc.) and irregular changes. The irregular variations
of the ionosphere are caused by many factors, such as solar activities [1], geomagnetic
storms [2], traveling ionospheric disturbances (TIDs) [3], ionospheric scintillations [4],
volcanoes [5], earthquakes [6], etc. Due to the variations in the ionosphere and the effect
of the ionosphere on satellite signals, it should be monitored regularly. As a result of the
monitoring studies, various models have been developed for several decades (International
Reference Ionosphere (IRI) [7], Parameterized Ionospheric model (PIM) [8], Bent model [9],
NeQuick model [10,11], Semi–Empirical Low Latitude Ionospheric Model (SLIM) [12], IRI
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PLAS [13], and more. The most widely used and regularly updated empirical model is
the IRI model. The most recent version of the model is IRI–2020. Besides the Vertical Total
Electron Content (VTEC), it provides monthly averages of the electron density, electron/ion
temperature, and ion composition. Details of this model are given in Alcay [14] and Bilitza
et al. [15]. However, these models are suitable for quiet ionospheric conditions.

Many data sources can be used in monitoring the ionosphere (Ionosonde, SWARM, For-
mosat/COSMIC, TSX, JASON, GRACE, GNSS). In recent years, the Global Navigation Satellite
System (GNSS) has become a valuable tool for ionosphere-based studies [16–19]. One of the
most important ionospheric quantities is the VTEC, which is capable of indicating varia-
tions within the ionosphere. It can be obtained using dual-frequency measurements [20].
The slant Total Electron Content (STEC) is calculated along a ray path between the satellite
and receiver and then converted into VTEC by a mapping function. The details of the
VTEC calculation are given in Senturk and Cepni [21]. VTEC data can be obtained on a
station-based, regional, and global scale. Global ionosphere maps (GIMs) are offered by
various analysis centers and are usually provided in the IONosphere EXchange format
(IONEX) [22]. These maps are widely used in the studies associated with the ionosphere.
There are many studies on the examination of ionospheric parameters obtained using
different data sources [20,23–32]. Xu et al. [27] examined the ionospheric parameters re-
trieved from FY3C/COSMIC RO and found that FY3C RO TEC and COSMIC RO TEC
correlated with GIM TEC by 95% and 92%, respectively. Milanowska et al. [20] evalu-
ated the performance of GIMs over the oceans with respect to altimeter VTECs during
high/low solar activity and geomagnetic storm periods. Vardhan et al. [26] compared
GPS–TEC, Ionosonde TEC, COSMIC RO TEC, and SWARM TEC over the Indian region,
and according to the results, the validation of ground-space-based TEC with GPS TEC was
significantly observed.

Given the multi-instruments employed for ionospheric VTEC estimation, it becomes
crucial to assess the compatibility of VTEC data from these sources across varying iono-
spheric conditions and ascertain the extent of any disparities. For this purpose, VTEC
values obtained from JASON, SWARM, GIM, COSMIC RO, and FY3C RO on a global scale
were examined with a comparative approach in this study. This study is significant because
it will provide an initial insight into whether incorporating all available data sources would
be advantageous in generating GIMs for various ionospheric conditions.

2. Data Sources
2.1. GIM VTEC

Global ionosphere maps (GIMs) are widely used in ionosphere-based research and
positioning applications. Several ionosphere-associated analysis centers (IAACs) provide
final, rapid, or real-time GIMs using different techniques. Among these agencies, the
International GNSS Service (IGS), the Center for Orbit Determination in Europe (CODE),
the European Space Agency (ESA), the Jet Propulsion Laboratory (JPL), the Polytechnic
University of Catalonia (UPC), Natural Resources Canada (NRCan), the Chinese Academy
of Sciences (CAS), and Wuhan University (WHU) provide the final GIMs. CODE, ESA,
JPL, UPC, CAS, and WHU also provide rapid GIMs. In addition, UPC, CAS, and the
Centre National d’Etudes Spatiales (CNES) provide Real-Time (RT) GIMs. Details of GIMs,
including the methods used, are given by Yang et al. [33]. In this study, the final GIMs
of the CODE data center were used. The spatial resolution of CODE’s final GIMs is 2.5◦

latitude and 5◦ longitude, and the time resolution is 1 h.

2.2. COSMIC and FY3C Radio Occultation Data

The FORMOSAT–3/COSMIC (F3/C) mission was started in 2006 with six Low-Earth-
Orbit (LEO) satellites in different orbital planes with an inclination of 72 degrees at 800 km
altitude; the FORMOSAT–7/COSMIC–2 (F7/C2) was launched on 25 June 2019 with the
same number of LEO satellites into different orbital planes with 24 degree inclinations at
550 km altitude [24]. These missions are designed to provide atmospheric and ionospheric
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RO soundings. COSMIC Data are provided by the COSMIC Data Analysis and Archive
Center [34]. In order to derive electron density, the Abel inversion technique is used. COS-
MIC provides VTEC information in TEC0 (ionospheric content) and TEC1 (plasmaspheric
content) terms. The addition of TEC0 to TEC1 provides reliable VTEC observation for an
occulted location [26].

Feng–Yun 3C (FY3C) RO is the radio occultation project developed by the National
Satellite Meteorological Center of China (NSMC). FY3C satellite was launched in 2013 with
an orbital inclination of 98.75 degrees and an orbital altitude of about 836 km, which has
Beidou and GPS occultation observation capabilities [27,35,36]. FY3C–RO observations
are provided by NSMC [37]. In this study, VTEC data were obtained from FY3C RO by
integrating electron density up to LEO altitude (Equation (1)), as the details are given in Xu
et al. [27].

TEC =
∫

Neds (1)

where Ne is the electron density and s denotes the height above the surface.
The VTEC values from FY3C RO include gross errors due to observation noise and

ionospheric plasma inhomogeneity [32]. In this study, to remove unqualified products, the
mean deviation (MD) method was applied as per the details given by Jiang et al. [32].

2.3. SWARM Data

The SWARM satellite mission of the European Space Agency is to survey Earth’s
magnetic and electric fields with high resolution using three Low Earth Orbit satellites,
called Alpha (A), Bravo (B), and Charlie (C). SWARM satellites orbit the Earth at different
altitudes. While SWARM A and C are orbited at around 460 km above the earth’s surface
(with an inclination of 87.35 degrees, separated by 1–1.5 of longitude), SWARM B flies
at about 510–520 km altitude with an orbital inclination of 87.75 degrees [26,38]. These
satellites are equipped with various instruments to measure several parameters such as
strength, direction, and variation of Earth’s magnetic field, electric field, plasma density,
and TEC [39]. Ionospheric data from SWARM satellites can be downloaded through the
retrieval interface of the virtual research service [40]. The details of the SWARM–VTEC
estimation are provided in the document “Swarm level2 TEC product description” [41].

2.4. JASON 3 Data

The altimeter–derived VTEC data were initiated with the Topex/Poseidon satellites,
followed by JASON–1, JASON–2, and finally JASON–3 satellites. JASON–3 is the last
element of altimeter missions that provides data for sea/ocean regions since 12 February
2016 [28]. The JASON–3 satellite flies on the same ground track with a 254 pass, 10–day
exact repeat cycle [42]. The orbital height of JASON–3 is 1336 km. JASON–3 can provide
VTEC information up to this orbital altitude. Thus, VTEC information only includes the
ionosphere layer and not the plasmaspheric part, above the orbital height. However,
considering the VTEC data above and below this altitude in the atmosphere, it can be said
that it contains a large part of it. JASON–VTEC is determined as follows:

VTEC = −
dR × f 2

Ku
40.3

(2)

where dR is the Ku band ionospheric range correction and fKu, is Ku band frequency
(13.575 GHz). Some JASON–VTEC data may have gross errors due to the influence of
measurement noise. In this study, to reduce the measurement noise, a 100 s median filter
was applied to smooth the data. Smoothed JASON–VTEC values were used for comparison.
Since JASON–3 data started in February 2016, while JASON–3 data were used for solar
active and quiet days in 2021, JASON–2 data were used for active and quiet days in 2015.
JASON 2/3 data were obtained from [43].
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3. Space Weather Conditions and Indices

Events due to the sun or sources outside the solar system create a type of weather
called space weather. A number of phenomena originate from space weather conditions
that have an influence on Earth and the rest of the solar system (Solar flares, Solar wind,
Solar radiation storms, Coronal mass ejections, Galactic cosmic rays, Solar EUV irradiance,
etc.). For details on these phenomena, see Alcay and Gungor [44]. A geomagnetic storm
is a major disturbance of Earth’s magnetosphere caused by the solar wind. In this study,
solar activity index (F10.7) and Geomagnetic storm indices (Kp, Dst) were taken into
consideration [45]. For daily comparison, three different days were used: geomagnetic
active (17 March 2015), solar active (22 December 2021), and quiet days (11 December 2021).
In the long-term analysis, 123 geomagnetic/solar active days (kp ≥ 5, Dst ≤ −50, and
F10.7 ≥ 140) and 242 quiet days were also taken into account.

4. Analysis of Daily Results

In order to examine the performance of different data sources on a daily basis, three
different ionospheric conditions, geomagnetic active, solar active, and quiet days, were
chosen. The reason for choosing these days is also to determine the influence of active
and quiet days on the TEC estimation performance of each data source. When the indices
are examined (Figure 1), it is seen that there is a severe storm in the post-noon hours on
the geomagnetic active day (17 March 2015). On the solar active day, the F10.7 index is at
140 sfu (22 December 2021). There is no solar or geomagnetic activity on the quiet day (11
December 2021).
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To ensure spatial and temporal harmony with the VTEC values obtained from COSMIC
RO, FY3C RO, SWARM, and JASON at certain times, the corresponding GIM–VTEC values
were obtained using bilinear interpolation. Comparative results of multi-instrument VTECs
are given in the following subsections.

4.1. GIM VTEC versus COSMIC RO VTEC

In the analysis of COSMIC RO data, the data duration on active and quiet days was
taken into account. For this purpose, five missions were used on the geomagnetic active
day (17 March 2015) and one mission on the other two days. The occultation VTEC points
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obtained from COSMIC RO missions, along with the GPS satellite number, are given in
Figure 2. The Pseudo–Random Noise (PRN) numbers given in Figures 2–8 belong to the
GPS satellites tracked by the Low Earth Orbit (LEO) satellites. Mission ID ranges from
C001 to C006 and refers to six low–orbit satellites. In each mission, COSMIC RO TEC0,
TEC1, and TEC0 + TEC1 values and corresponding GIM–VTEC values were calculated
and given in Figures 3–8 for active and quiet days. Since TEC0 + TEC1 include ionosphere
and plasmasphere, they are closer to the GIM–VTEC as expected. On the geomagnetic
active day (17 March 2015), GIM or COSMIC RO underestimates/overestimates VTEC
values, which differ according to the missions. For example, while PRN 24 mission ID
C001 has higher GIM–VTEC values, PRN 30 mission ID C001 usually has larger COSMIC
RO–VTEC values. On quiet (11 December 2021) and solar active (22 December 2021) days,
the GIM TEC and COSMIC RO–VTEC values are quite compatible with each other, and the
GIM–VTEC values are slightly higher.
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Besides the VTEC values obtained by the two methods, the basic statistical values,
including maximum, minimum, mean, and Root Mean Square Error (RMSE) for GIM–VTEC
and COSMIC RO–VTEC differences, were calculated and given in Table 1. To examine the
accuracy of the VTEC from different data sources, RMS errors are used. The error (v) from
COSMIC RO, FY3C RO, SWARM, and JASON to GIM is calculated using Equation (2)

vi = TECG
i − TECC/F/S/J

i (3)
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where vi is the absolute error between GIM and other measurements in the i-th pair, TECG
i

denotes TEC derived from GIM, and TECC/F/S/J
i represents COSMIC RO (C), FY3C RO

(F), SWARM (S), and JASON (J) based TEC. The RMSE values are calculated as follows:

RMSE =

√
1
n

n

∑
i=1

(v i)
2 (4)

where n represents the number of data.
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Table 1. Basic statistical values of GIM–VTEC and COSMIC RO–VTEC differences for active and
quiet days.

Date Satellite Maximum Minimum Mean RMSE VTEC Points

17 March 2015 24/25/28/30/31 19.14 0.20 6.21 7.66 48
11 December 2021 32 8.41 0.81 4.38 4.65 22
22 December 2021 05 11.45 2.82 5.78 6.35 19

In the table, VTEC points mean the number of data used within the scope of the paper
for the relevant date. While five GPS satellites with the most data were selected on 17
March 2015, one satellite was selected for others. According to the table, the differences
range between 0.20–19.14 TECU on the geomagnetic active day, 2.82–11.45 TECU on the
solar active day, and 0.81–8.41 TECU on the quiet day. When the mean and RMSE values
are examined, it is seen that the results obtained by the two methods on a quiet day are
more compatible with each other than expected.

4.2. GIM VTEC versus FY3C RO VTEC

In order to evaluate the VTEC estimation performance of FY3C RO, only the geomagnetic
active day was considered, as FY3C RO data were not available for quiet and solar active
days. The occultation VTEC points obtained from FY3C RO missions, along with the GPS
satellite numbers, are given in Figure 9. Figure 10 gives the VTEC values corresponding to
GIM–VTEC and FY3C VTEC along the five missions with the highest data duration. The
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differences range between 0.4 TECU and 26.02 TECU. The maximum, minimum, mean, and
RMSE of the differences corresponding to 48 VTEC points are provided in Table 2. Although
the differences are sometimes less than 1 TECU, the mean of the differences is 7.33 TECU.
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Table 2. Basic statistical values of GIM–VTEC and FY3C RO–VTEC differences for geomagnetic active day.

Date Satellites Maximum Minimum Mean RMSE VTEC Points

17 March 2015 16/24/28/30/31 26.02 0.40 7.33 9.42 48

4.3. GIM VTEC Versus SWARM VTEC

SWARM–VTEC data were obtained from SWARM–A, SWARM–B, and SWARM–
C satellites at certain points in the world on geomagnetic/solar active and quiet days
(Figure 11). SWARM–VTEC values and corresponding GIM–VTEC data are provided in
Figures 12–14 for geomagnetic active, quiet, and solar active days, respectively. Upon
examination of the VTEC values obtained through both methods, notable discrepancies are
observed. The main reason for this is the vertical coverage of the SWARM satellites, which
includes the region between the orbital heights of SWARM satellites and GPS satellite
altitudes (462/511 km–20,200 km). When the basic statistical values of the differences are
examined (Table 3), it is observed that the differences can exceed 34 TECU, although the
differences are quite small in some periods. The mean of the differences is larger on active
days than on quiet days.
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Table 3. Basic statistical values of GIM–VTEC and SWARM–VTEC differences.

Date Satellites Maximum Minimum Mean RMSE

17 March 2015
SWARM A 28.75 0.36 7.19 7.30
SWARM B 32.50 3.48 13.15 9.66
SWARM C 34.75 1.42 13.96 8.64

11 December 2021
SWARM A 25.75 0.25 7.23 7.26
SWARM B 24.09 0.18 6.59 7.12
SWARM C 25.71 0.14 7.11 6.99

22 December 2021
SWARM A 33.84 0.04 11.63 9.98
SWARM B 34.79 0.45 13.15 10.73
SWARM C 29.03 0.04 10.75 8.59
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4.4. GIM VTEC versus JASON VTEC

Since the JASON satellites only provide data over the ocean/sea, only these regions
were considered in the comparison. The ground tracks of JASON–2 on geomagnetic active
days and JASON–3 on solar active and quiet days are given in Figure 15. Details of the
VTEC values obtained from the GIM at the same points as JASON on active and quiet days
are given in Figure 16. JASON and GIM data are generally compatible with each other,
particularly on the quiet day, and differences range between 1.41 and 10.92 TECU. When
the mean/RMSE of the differences are examined, it is seen that 5.20/5.77 TECU on the
quiet day, 5.75/7.88 TECU on the geomagnetic active day, and 4.93/5.80 TECU on the solar
active day (Table 4).
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Table 4. Basic statistical values of GIM–VTEC and JASON–VTEC differences.

Date Maximum Minimum Mean RMSE

17 March 2015 19.51 0.11 5.75 7.88
11 December 2021 10.92 1.41 5.20 5.77
22 December 2021 12.02 0.29 4.93 5.80

5. Analysis of Long-Term Results

Besides the daily results, to examine the long-term TEC estimation performance of
various data sources with respect to GIM in 2015, 242 quiet days and 123 active days were
chosen based on the criteria given in Section 3. Figures 17 and 18 show the linear fitting
of COSMIC RO, FY3C, SWARM, and JASON–VTEC with respect to GIM–VTEC during
quiet and active periods, respectively. The correlation coefficients of COSMIC RO, FY3C,
SWARM, and JASON–VTEC with GIM–VTEC for the quiet period are 0.94, 0.89, 0.87, and
0.97, respectively (Figure 17). In Figure 17, it can be observed that point distributions
between JASON–VTEC and GIM–VTEC are slightly more condensed around the fitting
line compared to COSMIC, FY3C, and SWARM. Furthermore, the RMSE of COSMIC RO,
FY3C RO, SWARM, and JASON are 5.02 TECU, 6.81 TECU, 16.25 TECU, and 5.53 TECU,
respectively.

When the comparison results for active days are examined (Figure 18), it is seen that
the correlation coefficient between JASON–VTEC and GIM–VTEC is 0.97, which is better
than others. However, the distributions of points between JASON–VTEC and GIM–VTEC
are mainly concentrated near the fitting line, while the distributions of the points between
SWARM–VTEC and GIM–VTEC are more dispersed. The RMSE of data sources are slightly
larger compared to the quiet period, which are 5.21 TECU, 7.07 TECU, 17.48 TECU and
5.90 TECU for COSMIC RO, FY3C RO, SWARM, and JASON, respectively. The results also
show that the VTEC of SWARM exhibits a lower value consistent with that of GIM–VTEC
for both active and quiet periods.
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6. Conclusions

In this study, VTEC values of different data sources for daily and long-term were
analyzed on a global scale with a comparative approach.

Firstly, the quality of COSMIC RO, FY3C, SWARM, and JASON–VTEC was analyzed
by using corresponding GIM–VTEC values for geomagnetic/solar active and quiet days.
As a result of the daily VTEC comparisons, it was determined that the differences increased
on active days. The differences obtained according to the GIM–VTEC values showed that
the JASON–VTEC was closer to the GIM–VTEC. The most important reason for this is the
coverage range of the JASON in the vertical direction. The RMSE values of JASON are
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5.75 TECU, 5.20 TECU, and 4.93 TECU for geomagnetic active, solar active, and quiet days,
respectively. Furthermore, the most significant difference was observed in SWARM.

Secondly, long-term results were examined using 123 active (solar and geomagnetic)
and 242 quiet days in 2015. Results show that the RMSE of COSMIC RO, FY3C, SWARM,
and JASON–VTEC are 5.02 TECU, 6.81 TECU, 16.25 TECU, and 5.53 TECU in the quiet
period and 5.21 TECU, 7.07 TECU, 17.48 TECU, and 5.90 TECU in the active period,
respectively. Similar to the daily comparison, the RMSE values of SWARM are larger
and increase in the active period. Because the vertical coverage of SWARM is about
462/511 km to 20,200 km, it encompasses only a portion of the upper ionosphere. In order
to further examine the consistency of the results, the correlation coefficients were calculated.
The results indicate that JASON–VTEC has a better correlation with GIM–VTEC for both
ionospheric conditions (97%).

The most important reason for these differences is the vertical coverage range of
the data sources. While COSMIC RO provides VTEC data including the ionosphere and
plasmasphere, FY3C RO does not include the upper ionosphere and plasmasphere; JASON
2–3 includes the ionospheric part, whereas SWARM A–C and B do not include the lower
ionosphere as well as a significant part of the upper ionosphere with high electron density.

All these data sources have advantages and disadvantages compared to each other
in terms of the data they provide. For instance, when considering the location of GNSS
stations, GIM–VTEC data derived from observation data show superior quality for land
areas in contrast to oceanic regions, while JASON provides high-quality VTEC data only for
ocean regions. Although the COSMIC RO and FY3C RO results are expected to be similar,
it appears that the COSMIC–RO data gives better results as it additionally provides data
on the plasmaspheric part. However, due to the observation noise of the derived data from
multi-instruments, gross errors should be removed using suitable methods. Considering
all these aspects, it may be feasible to present global VTEC maps in an appropriate format
using all data sources.
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