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ABSTRACT

The FORMOSAT-7/COSMIC-2 (F7/C2) mission can provide near 4000 sound-
ings per day of the Earth’s ionosphere by the TriG GNSS Radio occultation System 
(TGRS) onboard each satellite. The TGRS can receive signals from GPS as the FOR-
MOSAT-3/COSMIC, and additional from GLONASS to increase measurements. In 
this paper, comprehensive validations of ionospheric electron density profiles, and 
results of data assimilation system are reported. First, co-located observations are 
used for self-comparison to prove that the payload is operating normally. Moreover, 
F2 region peak density (NmF2) and peak height (hmF2) estimated from ionosonde 
are served as a reference to evaluate the quality of data. The difference of electron 
density between Jicamarca and F7/C2 reveals a stable bias from 100 to 300 km alti-
tude with slight overestimate. F7/C2 profiles are also highly correlated with world-
wide ionosonde soundings, the correlation coefficients for NmF2 and hmF2 are 0.94 
and 0.84, respectively. The bias of NmF2 and hmF2 are around 104 cm-3 and few ki-
lometers, which indicates F7/C2 measurements are accurate and stable. Even the F7/
C2 satellites received signals at the lower orbital altitudes, they can obtain consistent 
performance of measurements. These dense observations can shorten the data accu-
mulation period to reproduce three-dimensional ionospheric structure and make near 
real-time monitoring of ionospheric conditions possible. In addition, the data assimi-
lation system is applied to analyze the impacts for ionospheric forecast. The results 
show significant improvement of the electron density distribution. Detailed valida-
tion and investigation are reported in this paper to prove that the profiles retrieved 
from F7/C2 are reliable and suitable for operational space weather applications.
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1. INTRODUCTION

The Earth’s ionosphere comprises massive charged 
particles and can affect radio wave propagation. When ra-
dio waves transit through the ionosphere, the signals would 
be reflected or refracted depending on the plasma density, 
ionospheric structure, and frequency of the radio wave. This 
characteristic has been employed to explore and measure 
the morphology and variations in the ionosphere as well as 
the changes brought by space weather, lower atmosphere, 
and lithosphere of the Earth in the past few decades. Most 

instruments are built on the ground at an observatory or in-
stalled on a single spacecraft/satellite. Thus, it is difficult 
to accumulate sufficient observations to cover the entire 
globe with a suitable spatial and temporal resolution for the 
ionosphere since these measurements might be taken either 
only over a specified location or associated with the satellite 
orbits in space.

Since the 20th century, scientists have conducted oc-
cultation experiments to probe the atmosphere of a planet 
by recording the phase and amplitudes of the radio signals 
occulted by a planetary (Phinney and Anderson 1968). 
The first mission to measure the Earth’s atmosphere is the 
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Global Positioning System/Meteorology (GPS/MET) mis-
sion launched in 1995 (Ware et al. 1996; Kursinski et al. 
1997). Subsequently, many missions have been designed to 
carry a radio occultation (RO) instrument onboard a single 
satellite. The FORMOSAT-3/COSMIC (F3/C) launched in 
2006 was the first mission that deployed six microsatellites 
around the Earth to form a constellation for measuring the 
atmosphere and ionosphere using the RO technique. These 
satellites are operated in six separate orbital planes at about 
800-km altitude with a 72° inclination angle. They receive 
radio signals from the Global Positioning System (GPS) to 
estimate the absolute total electron content (TEC) and then 
retrieve electron density profiles (EDPs) for scientists and 
operators to understand the ionosphere (Schreiner et al. 
2007; Anthes et al. 2008). The research results and applica-
tions show the significant achievements of F3/C and further 
pave a way for meteorology and space weather operation by 
RO technology. For instance, the Space Weather Operation-
al Office (SWOO) of the Central Weather Bureau (CWB) 
used EDPs to monitor the global ionospheric conditions and 
forecast ionosphere-thermosphere status via a developed 
data assimilation system. The products are routinely pub-
lished on the web page for the general public to provide 
information on the ionosphere for radio communication and 
satellite positioning usage. By the end of April 2020, there 
were more than 4.6 million ionospheric profiles measured 
by F3/C. After 14 years of operation, the daily amount is 
significantly dropped from a few thousand profiles to less 
than one hundred since the electrical power of satellites 
gradually degrades. Thus, it is difficult to accumulate ob-
servations for operations. Therefore, the National Space 
Organization (NSPO) of Taiwan officially announced that 
FORMOSAT-3’s mission was completed on 1 May 2020.

With that successful experiences and contributions of 
operations, the NSPO and the National Oceanic and Atmo-
spheric Administration (NOAA) of the United States (US) 
proposed a follow-on RO mission named FORMOSAT-7/
COSMIC-2 (F7/C2) for operational needs. Figure 1a depicts 
the six satellites of the F7/C2 mission at low earth orbit with 
orbital altitude and inclination angle of 520 km and 24°, re-
spectively. These six satellites are numbered FS7_1, FS7_2, 
FS7_3, FS7_4, FS7_5, and FS7_6. The RO instrument on-
board F7/C2 is the TriG GNSS Radio occultation System 
(TGRS) that can receive signals from both the US GPS and 
Russian Global Navigation Satellite System (GLONASS) 
to obtain RO measurements for the Earth’s atmosphere and 
ionosphere. The six satellites of F7/C2 were successfully 
launched on 25 June 2019 at the Kennedy Space Center in 
the US by SpaceX’s Falcon Heavy rocket. They are initially 
placed in a circular injection orbit of about 720 km altitude 
with an inclination angle of 24°. When releasing these satel-
lites from the rocket, they are separated sequentially with 
16-minute intervals to maintain enough distance between 
each satellite for ground mission control. Moreover, all six 
satellites will be sequentially descended to the mission orbit 
at 550 km every 3 months to separate their orbital planes by 
60°. After about 18 months, F7/C2 will uniformly provide 
about 4,000 daily observations between -45° and +45° in 
latitude. This amount of observations will be four times that 
generally provided by F3/C in this latitude range. Moreover, 
the ionospheric data latency of F7/C2 will be shortened to 
less than an hour, which is much faster than that of F3/C. 
These advantages are good for the space weather communi-
ties and the real-time ionospheric weather monitoring.

To evaluate the qualities and performances of FO-
MOSAT-7/COSMIC-2, the Taiwan Analysis Center of  

(b)(a)

Fig. 1. FORMOSAT-7/COSMIC-2 (F7/C2) constellation and the first ionospheric electron density profile. (a) Six F7/C2 satellites in low-inclination 
orbits of about 24° at 520 - 550 km altitude illustrated by National Space Organization. (b) The first ionospheric electron density profile of F7/C2 
over the Pacific Ocean on 16 July in 2020. The locations of tangent points for this profile are illustrated in the upper right box.
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COSMIC (TACC) and SWOO have conducted various 
investigations since the first ionospheric electron density 
profile was retrieved. These investigations involve self-
comparison of each satellite during the early stage (from 16 
July 2019 to 31 October 2019), validated with Jicamarca 
and worldwide ionosonde soundings served as independent 
references for data quality. Further, after three of the six 
satellites have been lowered down to mission orbit, another 
co-located comparison was made for evaluating RO profiles 
from different orbit altitudes. Finally, a preliminary im-
provement for daily ionospheric monitoring and ionospher-
ic-thermosphere data assimilation system was illustrated to 
address the benefits of F7/C2 for space weather applica-
tions. Summaries of these comprehensive validations and 
the evaluations of F7/C2 EDPs are described in this paper.

2. PRELIMINARY COMPARISON

After NSPO completed various subsystem investiga-
tions, the payloads of F7/C2 were activated, and they re-
corded the first occultation measurement on 16 July 2019. 
The data was downloaded to the ground station and then 
transmitted to two data processing centers, the US Data 
Processing Center (USDPC) of COSMIC Data Analysis 
and Archive Center (CDAAC) and Taiwan Data Processing 
Center (TDPC) of TACC, simultaneously to retrieve atmo-
spheric and ionospheric profiles. Notably, the EDPs pro-

vided by TDPC and USDPC were derived using the Abel 
inversion (cf. Hajj and Romans 1998) from the RO mea-
surements similar to the F3/C mission. The first ionospheric 
profile produced by TACC is shown in Fig. 1b, which dis-
plays a vertical structure of electron density with clearly E, 
F1, and F2 layers over the Pacific Ocean at about 173.53°E 
and 11.86°N around 15:30 LT (03:30 UT). To check the 
payload condition and quality of observations before deliv-
ering products to operational centers in real-time, calibra-
tion and validation are performed by comparison between 
F7/C2 satellites and independent ionosonde soundings dur-
ing the early stage of the F7/C2 mission (from 16 July 2019 
to 31 October 2019).

First, to evaluate the performance of the RO payload 
onboard each satellite, co-located profiles from different 
satellites are sought after all six TGRS are turned on. To 
identify the co-located measurements, occultation time 
within a time interval of ±30-minute and horizontal sepa-
ration of the maximum electron density location less than 
0.25°. Figure 2 displays a particular case of six profiles ob-
tained from six F7/C2 satellites that received signal from 
the same GNSS satellite, GPS PRN 05, around 13:30 UT on 
21 July 2019. Although those F7/C2 satellites are slightly 
separated due to the deployment procedure, it could be con-
sidered that these satellites measure almost the same region 
of the ionosphere simultaneously. These observations are 
obtained sequentially by FS7_5, FS7_6, FS7_2, FS7_4, 

Fig. 2. Co-located ionospheric electron density profiles measured by six F7/C2 satellites on 21 July 2020. Colored lines represent measurements 
from each satellite from FS7_1 (C2E1) to FS7_6 (C2E6). The corresponding locations of tangent points for these six F7/C2 profiles are illustrated 
in the upper right box.
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FS7_1, and FS7_3. The tangent points of these measure-
ments are projected from -109° to -108° in longitude and 
-5° to 4° in latitude. Figure 2 reveals similar profiles from 
top-down to bottom with slight shifts at around the den-
sity peak altitude. They all also show a clear E layer feature 
near 125 km. Nevertheless, the difference of peak density 
demonstrates that the longitudinal gradient resulted from 
the production of plasma near the local morning, at about 
07:00 LT.

However, since the distances between each satellite 
widen after being launched, it is difficult to find sufficient 
cases with all six satellites observing simultaneously. There-
fore, the measurements of FS7_1 are served as a reference 
to find other co-located profiles and estimate the bias cor-
responding to other satellites. The matched profiles are col-
lected if the distance between two positions of the density 
peak is less than 0.25° in longitude and latitude. In total, 280 
cases are found, which are divided into 2, 4, 24, 20, and 230 
cases of six, five, four, three, and two satellites co-located, 
respectively. These selected profiles are interpolated by cu-
bic spline and resampled in height with 2-km resolution. 
The bias is estimated by subtracting the profile of FS7_1 
from the other co-located profiles. The result of measure-
ment differences is shown in Fig. 3. The mean values of 
bias are almost zero from top to bottom with smaller stan-
dard deviations, except below about 150 km. The standard 
deviation is near 2 × 103 cm-3 above 400 km and increases to 
near 4.5 × 103 cm-3 at around 225 km. This proves that the 
TGRS onboard the F7/C2 satellites can measure the iono-
sphere with identical performance. The standard deviations 
correspond to the mean values and yield obvious fluctuation 

below 150 km, which might be due to the inversion error or 
other reasons.

3. VALIDATIONS

After confirming that the systematic bias of F7/C2 
RO payloads is small, the measurements are compared 
with other reliable instruments to verify the ionospheric 
structure is compatible. The ionosonde located at the Jica-
marca Radio Observatory, Peru, is considered a reference 
in this study. To find nearby profiles for this comparison, 
two criteria are defined: (1) the distance between the po-
sition of the RO peak density and the ionosonde station 
should be less than 2° in longitude and latitude and (2) a 
time interval of 30-minute related to the ionosonde record 
is required. Thus, 115 profiles are selected during the early 
stage. Figure 4a demonstrates the ionogram and profile of 
true height analysis of Jicamarca at 14:30 UT on 14 Oc-
tober 2019. The ionogram reveals clear traces of Es, F1, 
and F2 layers of the ionosphere as well as the automatically 
scaled trace and true height profiles. Figure 4b illustrates the 
FS7_2 profile satisfied the criteria with the Jicamarca pro-
file as a co-located example. Meanwhile, the FS7_2 profile 
also reveals a similar structure to the Jicamarca ionosonde 
measurement. These co-located observations are resampled 
in high with 5-km resolution, and calculated difference by 
subtracting the Jicamarca measurements from the F7/C2 
profiles. The overall difference between F7/C2 profiles and 
Jicamarca ionosonde is shown in Fig. 5. It demonstrates 
that RO measurement is slightly overestimated than iono-
sonde, but it still shows a stable bias and standard deviation 

Fig. 3. Statistical comparison of electron density profiles for all co-located F7/C2 RO soundings from 2019/07/16 to 2019/10/31. The red line indi-
cates the mean of difference, and the blue lines are the standard deviations.
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(a) (b)

Fig. 4. An example of comparison with Jicamarca ionosonde observation. (a) The ionogram of Jicamarca ionosonde at 14:30 UT on 2019/10/14. It 
downloaded from Lowell digisonde database (https://giro.uml.edu/didbase/). (b) The co-located F7/C2 electron density profile (blue) and ionogram 
derived electron density profile (red). In the upper right box, the Jicamarca ionosonde is indicated by red triangle. The ground tracks of RO tangent 
points are illustrated by blue line. The cross is the lowest altitude of RO profile, and the blue dot is location of the peak density.

Fig. 5. Statistical comparison of F7/C2 electron density profiles with Jicamarca observations during the early stage. The red line indicates the mean 
of difference, and the dotted blue lines are the standard deviations. The dashed black line represents the number of observations at various altitudes.

https://giro.uml.edu/didbase/
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from 100 to 300 km altitude, about 2.5 × 104 cm-3 and 8.0 ×  
104 cm-3, respectively. Notably, the number of evaluated 
profiles quickly decreased above 300 km for the topside 
ionosphere and below 150 km for the ionospheric E region 
due to the sounding limitation for ionosonde.

This single station validation shows that the F7/C2 
measurements can generally describe a bottom-side iono-
spheric structure efficiently. To extensively validate F7/C2 
profiles at various longitudes and latitudes, the global iono-
sonde data are acquired from the Digital Ionogram Database 
(DIDBase) operated by Lowell Global Ionospheric Radio 
Observatory (GIRO) Data Center of the University of Mas-
sachusetts Lowell (UML). More detailed information about 
GIRO is described by Reinisch and Galkin (2011). The ob-
servation network of GIRO comprises 105 stations globally, 
but only 41 of these can be used for this validation due to 
the distribution of F7/C2 measurements. The locations of 
these stations are shown in Fig. 6. The DIDBase provides 
two major reliable parameters of ionosonde soundings: the 
ionospheric F2 layer peak electron density (NmF2), which 
is converted from the F2 layer critical frequency (foF2), and 
the peak height (hmF2). It is good to use NmF2 and hmF2 
to evaluate the quality of F7/C2 measurements. Notably, the 
NmF2 and hmF2 provided by DIDBase are derived from 
ionograms using ARTIST, an Automatic Real-Time Iono-
gram Scaler with True height (Reinisch et al. 1983). ART-
IST also provides a value named autoscaling confidence 
score (Galkin et al. 2013) for each record. To avoid some 
absurd values, which might result from the uncertainties of 
the autoscaling method, the quality control of the ionosonde 
soundings is filtered by this score. The confidence score 
varies from 0 to 100, corresponding to a confidence level of 
autoscaling. In this study, only records with an autoscaling 
confidence score of more than 70 are qualified and used to 
evaluate the F7/C2 measurements.

During the early stage, there are 121884 ionospheric 
profiles retrieved from F7/C2 RO measurements as dis-
played in Fig. 6. The selecting criteria are the same as those 
described in the previous section with an additional one: 
the peak height of RO profile should exist between 150- 
and 450-km altitude to avoid error determination due to the 
Es layer. Based on these three criteria, 1637 profiles were 
matched for comparison with ionosonde soundings. Shown 
in Fig. 7, the correlation coefficient and bias are estimated 
to simplify and represent the general results of this valida-
tion. The correlation coefficient, bias, and standard devia-
tion of NmF2 are 0.9395, -1.173 × 104 cm-3, and 8.539 × 
104 cm-3, respectively. The RO measurements would slightly 
underestimate for electron density around the F2 peak alti-
tude. These values indicate that RO measurements of F7/C2 
generally comprise ionosonde soundings for the ionospher-
ic F2 peak density. By contrast, these values of hmF2 are 
0.8382, 3.35 km, and 23.93 km, which also roughly agree 
with the ionosonde soundings, yielding a slightly lower cor-

relation coefficient and higher standard deviation than that 
of the NmF2.

For more detailed investigation, the evaluation is fur-
ther divided by the number of F7/C2 satellites to confirm 
the consistency of measurements from each satellite. The 
correlation coefficients, biases, and standard deviations of 
NmF2 and hmF2 are listed in Table 1. Results of each sat-
ellite yield similar values to the overall results, which also 
indicate that all F7/C2 satellites can provide measurements 
without significant difference.

Moreover, the RO payload of F7/C2 is designed to re-
ceive GNSS signals from the two major systems: GPS and 
GLONASS. It provides a good opportunity to evaluate mea-
surements retrieved from signals of these two systems. The 
previous evaluations are further divided into two groups of 
signals. In general, the correlation coefficients of GPS and 
GLONASS are, respectively, 0.9402 and 0.9561 for NmF2, 
and 0.8361 and 0.8610 for hmF2. The other values of bias 
and standard deviation do not yield obvious inconsistency 
between these two GNSS signals, even after further division 
by six satellites. This result confirms that the profiles re-
trieved by receiving signals from either GPS or GLONASS 
agree well with the ionosonde soundings and demonstrate 
reasonably accuracy in NmF2 and hmF2.

4. ALTITUDINAL COMPARISON

Based on the deployment procedure of F7/C2, the 
six satellites are sequentially descended from parking or-
bit at an altitude of about 720 km to the mission orbit at 
around 520 km in 18 months. During this transition period, 
the RO measurements are taken at these two different orbit 
altitudes. Meanwhile, the EDPs are started from the corre-
sponding highest measurement, at around 720 and 520 km, 
and retrieved downward by Abel inversion method. This 
provides a good opportunity to evaluate the performance 
of RO EDPs retrieved from these two altitudes. Since the 
RO payloads are turned off while the satellite is transfer-
ring orbit, observations are collected after the third satellite, 
FS7_4, completed its orbital transfer at the end of March 
2020. There are 72868 profiles collected for April 2020 that 
when a half satellites have already lowered down to the mis-
sion orbit and the rest of them are still at the parking orbit. 
The EDPs measured by FS7_1, FS7_2, and FS7_4 are at 
orbits around 520 km, the others are at 720 km. Owing to 
the relative positions of F7/C2 satellites and GNSS satel-
lites, it is difficult to find co-located profiles to estimate the 
difference between each satellite. Therefore, these profiles 
are validated with ionosonde soundings from DIDBase, as 
described in the previous section.

There are 272 and 252 profiles selected for the mis-
sion and parking orbits, respectively. The correlation coeffi-
cients, biases, and standard deviations of these two orbits are 
estimated and listed in Table 2. The values of each orbit are 
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Fig. 6. Map of Ionosonde stations from GIRO and data distribution of the F7/C2 ionospheric profiles from 2019/07/16 to 2019/10/31. The triangles 
indicate the locations of GIRO ionosondes and the dots indicate the locations of F7/C2 profiles. The red triangles are the selected ionosondes, and 
the blue dots are validated RO profiles. Red circle is used to simply denote the coverage based on the selected criteria.

(a) (b)

(c) (d)

Fig. 7. Comparisons of F7/C2 ionospheric electron density profiles with the ionosondes. (a) Scatter plots and correlation coefficient of RO profiles 
and ionosonde soundings for NmF2. The red line indicates the linear regression fit. (b) Similar to (a), scatter plot and correlation coefficient for 
hmF2. (c) Bias distributions for NmF2 with a bin width of 104 cm-3. The red line indicates the mean of bias, the dashed black line is zero. (d) Similar 
to (c), the bias distributions for hmF2 with a bin width of 5 km.
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divided into two groups of GPS and GLONASS. The results 
only show slight differences in correlation coefficient, bias, 
and standard deviation of both NmF2 and hmF2. The results 
further indicate that the orbital altitudes do not influence the 
performance of RO soundings. Generally, the correlation 
coefficients of NmF2 and hmF2 agree with the values of 
the early stage shown in the previous section. The averaged 
bias of NmF2 reduces by 90%, from -1.173 × 104 cm-3 to 
-0.109 × 104 cm-3, but the standard deviation increases by 
1.5 times that of the early stage. Meanwhile, the bias and the 
standard deviation of hmF2 are similar to those of the early 
stage. The values of NmF2 and hmF2 also indicate that RO 
measurements generally underestimate the peak density and 
overestimate the peak height for these two orbits.

5. APPLICATION OF SPACE WEATHER

Since F7/C2 can provide more dense observations at 
low and equatorial latitudes, it would contribute more to 
space weather monitoring and forecasting. For near real-
time monitoring purposes, TACC has published high-level 
products of the atmosphere and ionosphere by accumulating 
occultation observations to reconstruct the neutral tempera-
ture at a specified pressure level as well as NmF2 and hmF2 
of the ionosphere. The previous global products collect ob-
servations within 3 hours period to accumulate an adequate 
amount based on data distribution and the number of F3/C 
observations. By contrast, the latest version can reconstruct 
similar products by accumulating F7/C2 observations within 
only an hour This demonstrates that the F7/C2 observations 
can dramatically shorten the accumulating period; hence, it 
is sufficient and valuable to be used for near real-time atmo-
spheric and ionospheric monitoring. The high-level prod-
ucts are produced every hour and published by TACC via 
its web page (https://tacc.cwb.gov.tw/v2/high_qview.html).

On the other hand, SWOO operates an ionospheric 
forecast system by assimilating worldwide ground-based 
GNSS TEC observations and ionospheric RO EDPs into the 
National Center for Atmospheric Research (NCAR) Ther-
mosphere-Ionosphere Electrodynamic General Circulation 
Model (TIE-GCM) since 2015. A more detailed description 
of this ionospheric data assimilation system is given in pre-
vious studies (Matsuo and Araujo-Pradere 2011; Lee et al. 
2012, 2013; Hsu et al. 2014; Chartier et al. 2016; Chen et 
al. 2016). Observation simulation system experiments (OS-
SEs) have been performed in some studies (Lee et al. 2013; 
Hsu et al. 2018) to investigate the advances of ionospheric 
weather forecasts while assimilating the dense RO profiles 
into a numerical model before F7/C2 was launched. Results 
of these OSSEs all reported significant improvements in 
nowcasting and forecasting after assimilating worldwide 
distributed profiles. These studies suggested that the numer-
ical space weather forecast could be advanced by assimi-
lating F7/C2 EDPs in the future. Thus, SWOO set up two 

identical data assimilation systems, one without assimilat-
ing any observation to serve as a control, and another with 
assimilating TEC and F7/C2 RO profiles simultaneously 
to verify the contribution of RO data. The daily operation 
of SWOO mainly assimilated ground-based TEC because 
there are only a few profiles obtained by F3/C during this 
investigating period. All experiments were executed rou-
tinely from 1 March to 30 April 2020. During this particular 
period, the F7/C2 satellites were more uniformly separated 
to provide observations globally than that during the early 
stage. Assimilated results are evaluated by the same method 
with ionosonde soundings.

The evaluated result of the experiment which assimi-
lated TEC and F7/C2 EDPs is shown in Fig. 8. The cor-
relation coefficient, bias, and standard deviation for NmF2 
are 0.8468, 1.208 × 104 cm-3, and 13.699 × 104 cm-3. These 
values of hmF2 are 0.7655, 37.51 km, and 27.52 km. The 
correlation coefficients, biases, and standard deviations of 
the other two experiments for NmF2 and hmF2 were also 
estimated and listed in Table 3. The boundary of the latitu-
dinal region is set to 40° in the northern and southern hemi-
spheres. As the results show, the control run reveals that 
TIE-GCM could reproduce roughly ionospheric electron 
density globally with a correlation coefficient of about 0.75 
for NmF2 and hmF2. Once GNSS TEC is assimilated into 
the system, the results yield the opposite behavior of density 
and altitude adjustments. According to the number of coef-
ficients, the TEC observations would improve the electron 
density of TIE-GCM quantitatively to close the ionosonde 
soundings. Nevertheless, the results of hmF2 are degraded 
and worse than the control run. This might result from the 
imprecise error covariance value between TEC and altitu-
dinal distribution. The assimilation results of F7/C2 RO 
profiles show an additional increment in correlation coef-
ficients and a reduction in the bias and standard deviation 
of peak density. The F7/C2 RO profiles could provide the 
vertical structure of ionospheric electron density and further 
adjust the peak height closer to reality than the other two 
experiments. By contrast, the experiment which assimilated 
F7/C2 RO profiles can yield a better agreement of hmF2 
and NmF2 with ionosonde soundings. In the higher latitude 
regions, these values are also improved with a similar mag-
nitude as the middle and lower latitude regions. They do not 
reveal clear differences between the two regions, although 
most F7/C2 measurements are roughly in the middle and 
lower latitude regions.

6. DISCUSSION

After more than one year of the FORMOSAT-7/
COSMIC-2 launching, SWOO and TACC of CWB have 
performed various validations and evaluations to ensure 
the performance of RO payload and quality of ionospher-
ic measurements by F7/C2. In this study, comprehensive  

https://tacc.cwb.gov.tw/v2/high_qview.html
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validations of F7/C2 RO EDPs are performed, and the cor-
responding results are reported. First, all six F7/C2 satellites 
demonstrate similar precision and quality of measurements 
without large differences in self-comparison. The validation 
result with the Jicamarca ionosonde shows a near-constant 
bias for the bottom-side ionosphere with slight overestima-
tion of electron density. Although the retrieved ionospheric 
profiles could be lower than 100 km and even further extend 
to near the ground surface, the self-comparison yields larger 
uncertainty below 150 km altitude. Therefore, these values 
of extremely lower altitude might be imprecise and need 
careful evaluation before using.

For the worldwide ionosonde validations, the correla-
tion coefficient of NmF2 and hmF2 shown in this study is 
0.9395 and 0.8382, which is similar to that reported by Liu et 
al. (2010). Their correlation coefficient of NmF2 and hmF2 
by comparing RO profiles of F3/C with measurements of the 
digisonde portable sounder (DPS) at Jicamarca is about 0.95 
and 0.83, respectively. Araujo-Pradere et al. (2019) pointed 
out the ionospheric parameters estimated by the ARTIST 
might have errors and need careful quality control. How-

ever, Lin et al. (2020) reported the preliminary validation 
by manually scaled ionosonde soundings, and presented the 
correlation coefficients for NmF2 and hmF2 are both 0.885. 
In this study, the validation results by autoscaling with con-
fidence scores are similar to their reports. These autoscaled 
parameters do not lead errors for this validation when the 
confidence score is considered. In addition, validation of 
RO EDPs of the FengYun 3 C mission presented by Yang 
et al. (2018) show that the correlation coefficient of NmF2 
and hmF2 is 0.96 and 0.85. The other RO EDPs obtained by 
the first China Seismo-Electromagnetic Satellite was vali-
dated with ionosonde and one incoherent scatter radar by 
Wang et al. (2020), who obtained the correlation coefficient 
of NmF2 and hmF2 is 0.9448 and 0.8357 of their results. 
Therefore, the performance of F7/C2 is consistent very well 
with the reports of other RO missions.

Even the correlation coefficient of hmF2 is lower than 
that of NmF2, but the standard deviation of hmF2 is clearly 
less than 50 km, approximately the ionospheric e folding 
scale height around the density peak height. Therefore, this 
validation with worldwide ionosondes could be used to 

(a) (b)

(c) (d)

Fig. 8. Comparisons of assimilated results with the ionosondes. (a) Scatter plots and correlation coefficient of assimilated results and ionosonde 
soundings for NmF2. The red line indicates the linear regression fit. (b) Similar to (a), scatter plot and correlation coefficient for hmF2. (c) Bias 
distributions for NmF2 with a bin width of 104 cm-3. The red line indicates the mean of bias, the dashed black line is zero. (d) Similar to (c), the bias 
distributions for hmF2 with a bin width of 2.5 km.
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prove the quality and reliability of the F7/C2 ionospheric 
profiles. Moreover, Liu et al. (2010) pointed out that RO 
measurements overestimate NmF2 at mid-latitude, but 
underestimate hmF2 and NmF2 in the EIA region. In this 
study, the biases of hmF2 and NmF2 indicate F7/C2 RO 
measurements generally overestimate for altitude but under-
estimate for electron density. However, these values of bias 
for NmF2 and HmF2 are small, and would not affect data 
quality significantly.

Furthermore, the F7/C2 is the first operational constel-
lation that can receive both GPS and GLONASS signals 
to measure the Earth’s atmosphere and ionosphere by the 
RO scheme. The results of validation are further divided 
into two groups of GNSS to prove that the performances 
of retrieved EDPs using two different GNSS constellations 
are consistent. In some cases, the correlation and bias of 
GLONASS are better than that of GPS. Generally, data re-
trieved from the GPS and GLONASS are without system 
differences and can be directly merged for ionospheric 
space weather applications.

Further, the altitudinal comparisons reveal that the RO 
measurements retrieved from different altitudes would not 
cause essential discrepancies. The standard deviations of 
NmF2 in April 2020, were slightly higher than values dur-
ing the early stage, which might have resulted from fewer 
of validated profiles. The correlation coefficient and bias of 
NmF2 are similar to those of the early stage. Notably, it is 
difficult to estimate the bias between the co-located profiles 
taken at the two orbits in more detail. For those selected 
profiles, the locations of maximum density are co-located, 
but the locations of tangent points might be far away from 
the peak altitude due to the relative positions between F7/C2 
satellites and GNSS satellites. Thus, these co-located pro-
files received signals that penetrated through different areas 
of the ionosphere, except near the location of the density 
peak. This could result in the profiles displaying dissimilar 
structures of electron density above and below the peak.

The assimilated result indicates that the amount of 
electron density is improved globally when solely assimi-
lating ground-based TEC observations. Nevertheless, it also 
points out that hmF2 became worse if only TEC observa-
tions were assimilated. By additionally assimilating F7/C2 
EDPs into the system, the model performance can be better 
than the control run. Lee et al. (2013) reported F7/C2 could 
reduce the RMSE by about 4% than the control experiment 
by OSSE. In this study, the results reveal an obvious im-
provement of NmF2 and hmF2 after assimilating real obser-
vations, which well agree with previous studies. This once 
again proves that F7/C2 RO profile can produce a reliable 
density structure of the ionosphere and further adjust the 
model to reality, such as those of previous OSSE studies. 
On the other hand, although the RO profiles are roughly 
distributed within -40° to 40°, the assimilated results also 
show improvements in the higher latitudes. It might have 
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resulted from two reasons. The first one is that some profiles 
measured by higher orbit altitude are possibly distributed 
beyond that latitude boundary; these profiles would further 
make improvement in the higher latitude region. The other 
possibility is the assimilation system using the localization 
function can limit innovation surrounding observations 
during the regression step. As Lee et al. (2013) reported, 
the localization function applied in this system is given by 
the Gaspari and Cohn (1999) function with a half-width of 
about 10° in the horizontal and 200 km in the vertical (cf. 
Lee et al. 2012). In other words, the radius of the impact 
area is about 20° in a circular shape. Therefore, even RO 
profiles occurring near -40° or 40° latitude can also adjust 
the model state variables beyond the latitudinal boundary 
and result in further improvements in the higher latitude.

7. SUMMARY

After the FORMOSTA-3/COSMIC demission in May 
2020, the FORMOSAT-7/COSMIC-2 has taken the impor-
tant place of the operational constellation to provide RO 
measurements for the Earth’s atmosphere and ionosphere. 
More than one year after launch, the F7/C2 is operated nor-
mally and fully deployed on the mission orbit. It can pro-
vide near 4000 soundings per day for the ionosphere on 
average by receiving signals from GPS and GLONASS. 
In general, the F7/C2 provides more than two times RO 
soundings than F3/C. By contrast, the soundings of F3/C 
are distributed globally, but the soundings of F7/C2 are 
mainly distributed within -40° to 40° latitude. Thus, the F7/
C2 can measure the lower and equatorial ionosphere four 
times frequently than the F3/C mission. This would possi-
bly assist to resolve signatures of atmospheric tidal effects, 
solar flux influences, and geomagnetic disturbances with 
shortened date accumulation period.

In this study, comprehensive validations of F7/C2 ion-
ospheric electron density profiles have been performed by 
comparison with independent ionosondes worldwide dur-
ing various periods. These validations confirm that the F7/
C2 can provide ionospheric EDPs reliable and accurate for 
middle and lower latitudes. Dense observations with short 
data latency can reproduce the ionospheric structure within 
a shortened data accumulation period to make it possible 
for monitoring ionospheric space weather in near real-time. 
The SWOO and TACC not only applied F7/C2 measure-
ments for space weather monitoring but also assimilated 
them into the ionosphere-thermosphere coupling model to 
produce forecasting information. According to the model 
results, the performance of numerical ionosphere-thermo-
sphere forecasting is significantly improved by assimilating 
the EDPs of F7/C2. The vertical structure of ionospheric 
electron density additionally adjusts the density altitudinal 
distribution of the model. In the future, these measurements 
would be used to understand the structure and morphology 

of the ionospheric space weather and conduct monitoring 
and forecasting products for radio communication, satellite 
positioning, and other possible usages.

The released ionospheric products of FOMOSAT-7/
COSMIC-2 can be downloaded from the Taiwan Data Pro-
cessing Center of TACC (https://tacc.cwb.gov.tw/v2/down-
load.html) and the US Data Processing Center of CDAAC 
(https://www.cosmic.ucar.edu/what-we-do/cosmic-2/data/) 
simultaneously and freely.
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