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Abstract   
The objective of this study is to perform a comparison between bottomside electron density measurements from the 
Global Navigation Satellite System (GNSS) radio occultation (RO) FORMOSAT3/COSMIC (F3/C) constellation 
mission along with collocated (in space and time) electron density values from bottomside electron density profile (EDP) 
measurements based on manually scaled ionograms from the Cyprus Digisonde. This comparison demonstrates that there 
is a systematic overestimation of F3/C Ne electron density (as compared to Digisonde) in the bottomside and that the 
relative difference between F3/C and Cyprus Digisonde electron density increases with decreasing altitude (below the F-
layer peak). 
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1. INTRODUCTION  

Atmospheric remote sensing by exploiting the GNSS radio occultation (RO) technique between GNSS and Low 
Earth Orbiting (LEO) satellites is an established approach that can facilitate probing of the vertical ionospheric density 
profile (EDP) beyond the traditional ground-based monitoring techniques such as ionosondes and GNSS receivers. The 
most successful radio occultation mission on the basis of the extent of the dataset assembled is the 
FORMOSAT3/COSMIC (F3/C), which inspired an extended array of studies based on its capability to collect >4 million 
Electron Density Profiles (EDPs) from 2006 to 2018. Some of these studies were carried-out by combining RO 
measurements coinciding in time and space with ionosondes. This approach was very powerful in the sense that it 
leveraged the inherent weakness of ionosondes that can only probe the bottomside EDP (below the F-layer peak) at a 
specific location  with the superiority of the RO technique to monitor the topside EDP (beyond the F-layer peak) on a 
global scale (Figure 1). Based on this compromise offered by each technique, comparison studies of peak ionospheric 
characteristics (NmF2/hmF2) and validation of bottomside and topside ionospheric models was possible on the basis of 
single-station1, multi-station2 and global scale datasets3. In addition colocation studies using other instruments such as 
Incoherent Scatter Radar (ISR) facilitated full (bottomside-topside) EDPs validation4.  In fact since a RO EDP is the 
result of two moving satellites, the actual tangent point during the RO event moves significantly in the horizontal 
direction on the order of several hundred km.  Various studies with a local or global scope were undertaken, and 
established that there is a difference between Digisondes and RO plasma frequencies which is a function of the 
collocation distance5. These studies highlighted a significant overestimation of EDP peak electron density altitude 
(hmF2), and an underestimation of peak electron density NmF2 in addition to a notable discrepancy which varies as a 
function of latitude6. This discrepancy was explained in accordance to the assumption for spherical symmetry required 
for the Abel inversion (used to extract EDPs from RO data) which breaks and a result the horizontal gradient of the 
refractive index exists along the spherical shell should not be ignored7. Therefore, reliable data quality control measures 
have been proposed to screen inaccurate EDPs for further consideration8.  

This study presents a comparison between bottomside plasma frequency values extracted from F3/C RO EDPs and 
collocated bottomside (in space and time) EDPs from the Cyprus European digital ionosonde (Digisonde) that routinely 
probes the ionosphere in the bottomside.  

There is a significant potential to establish a framework based on which GNSS radio occultation (RO) measurements 
on board LEO satellites can be assimilated into ionospheric mapping procedures. This is expected to improve existing 
bottomside ionospheric mapping and related products to facilitate improvement of the bottomside specification based on 
the extended capabilities of populated nanosatellite constellations under private companies such as Spire, PlanetiQ and 
GeoOptics. Spire (with plans to reach 10.000 daily profiles by 2024, and over 100 RO-producing satellites in the full 
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constellation) is currently under evaluation by ESA as a Third Party Mission candidate to investigate the suitability of the 
data for scientific and R&D activities. 

 

                         
 

                                                 Figure 1.  Typical ionospheric electron density profile. 

2. DATA AND METHODOLOGY 

The Digisonde EDPs are based on ionogram inversion provided by the Cyprus Digisonde at Nicosia (35o N, 33o E 
geographic; magnetic dip. 29.3o N). The knowledge on the state of the ionosphere generated by the Cyprus Digisonde is 
valid only for a limited area around Cyprus therefore in order to compare with RO EDPs that, according to the nature of 
a RO measurement, covers a more extended geographical area, strict colocation criteria not only in time but also in space 
were applied. We applied a maximum acceptable time difference of 7.5 min between RO and Cyprus Digisonde EDP. 
For the best colocation in the bottomside we applied very strict spatial criteria ensuring that we consider the RO EDP 
measurement at a minimum distance from the Digisonde coordinates obtained within 2o in latitude and longitude. The 
RO dataset was carefully processed to remove questionable (non-smooth) EDPs and a maximum time discrepancy of 15 
min on some occasions between the Cyprus Digisonde and RO EDP was tolerated to account for ionograms that were 
impossible to scale due to specific ionospheric irregular conditions which are typical over European mid-latitudes 
especially during summer (such as spread F9 or blanketing sporadic E10). 

    

                                            
                            Figure 2.  COSMIC RO EDP ground projection with respect to latitude and longitude around Nicosia. 
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This approach is illustrated in Figure 2. The blue dots represent the ground projection of topside measurements and 
the red dots the ground projection of bottomside measurements. These points typically correspond to altitudes in the 
range 100km<h<250km during day and 100km<h<350km during night. In this paper we focus on the red segment of the 
typical EDP projection which corresponds to the bottomside (i.e. below the F-layer peak). The blue dots (topside RO 
EDP measurements) can be as far as Athens and even further so they are not well collocated with the Cyprus Digisonde 
coverage area. We have restricted Digisonde EDPs to altitudes greater than 90 km since this is the approximate 
minimum virtual height in the ionogram traces that Digisondes capture and from which EDPs are inferred. 

 

3. RESULTS 

For each year in the interval 2009-2012, considered in this investigation, we display altitudinal plots of the relative 
percentage difference [(RO-Digisonde)/Digisonde] in the plasma frequency. In Figure 3 we display results for year 2009 
which actually correspond to an extremely low solar activity year. In fact 2009 was a year of particular interest since 
extremely low solar activity was recorded for a prolonged time period. The vertical line (Relative_difference=0%) 
represents a convenient benchmark to compare plasma frequencies from Digisonde and RO EDPs. An immediate 
conclusion that stems out of these plots is a clear overestimation of RO plasma frequencies in every section of the 
altitudinal range. Since we are mostly interested in the bottomside ionosphere for which the Digisonde performs actual 
electron density measurements, we used the Digisonde dataset as the benchmark since we can assume that this is the 
altitude range at which Digisonde measurements are more reliable as opposed to the topside where the Digisonde dataset 
is based on α-Chapman profiler extrapolation (assuming a constant scale height). The F3/C overestimation in the 
bottomside is clearly identified in all day and night plots (with the exception of the 2009 night plot) shown in Figures 3-
6. This systematic RO overestimation is particularly evident for lower plasma frequencies (at lower altitudes).   

Based on the importance of the bottomside ionosphere we clearly observe that this discrepancy gradually increases as 
the altitude decreases below hmF2 (which is roughly designated by the area at which the count (based on the scale) 
maximises in all plots). For lower altitudes below hmF2 we observe that most of the plots signify even a higher 
overestimation of RO bottomside plasma frequencies.  

 

 

Figure 3. Relative difference of plasma frequencies from colocated Digisonde and F3/C RO EDPs over Cyprus for extreme 
low solar activity year 2009. 
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Figure 4. Relative difference of plasma frequencies from colocated Digisonde and F3/C RO EDPs over Cyprus for low solar 
activity year 2010. 

 
 

 

Figure 5. Relative difference of plasma frequencies from colocated Digisonde and F3/C RO EDPs over Cyprus for moderate solar 
activity year 2011. 

 
For 2009-2010 years more RO EDPs were available since the F3/C mission started to generate less RO EDPs after 

2011.  We can also identify a gradual increase in the EDP altitude range as the solar activity increases from an extremely 
low level in 2009 to a moderate level in 2012 which is in line with the expected variability of EDP over Nicosia11. In 
general the agreement between RO and Digisonde in higher at night. The maximization of the discrepancy around 110-
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120 km for daytime measurements is most likely attributed to sporadic E electron density which are embedded in the RO 
EDP but do not appear in the Digisonde EDP following the inversion of the EDP after manual scaling of Cyprus 
ionograms. Therefore this pronounced discrepancy is artificial and not a true feature. Despite this aspect the gradual 
increase of the discrepancy as a function of decreasing altitude below the peak electron density of the EDP in the 
bottomside is an established and undeniable finding of this comparison. 

 

 

Figure 6. Relative difference of plasma frequencies from colocated Digisonde and F3/C RO EDPs over Cyprus for moderate solar 
activity year 2012. 

4. CONCLUDING REMARKS 

This study demonstrated the overestimation of bottomside F3/C plasma frequency over Cyprus with respect to 
Digisonde measurements that have been used as a benchmark in this comparison. From the extended investigation which 
encompassed extremely low (2009) to moderate (2012) solar activity levels the systematic feature of the increase of this 
underestimation values for lower bottomside altitudes was also manifested. The significance of the overestimation 
established in this study is crucial since a lot of regional and global ionospheric models are based on the fusion of RO 
and ionosonde data. This is particularly valid after the deployment of the F3/C mission that has generated a vast RO 
dataset on a global scale that was ideal for such a purpose. In fact the bottomside is particularly important since it 
actually defines a lot of topside ionospheric parameters. The topside is very important since over 2/3 of the Total 
Electron Content, which a defining ionospheric characteristic quantifying GNSS uncertainties, is mapped to the topside 
ionosphere. It is clear that the discrepancy between the two techniques necessitates careful data filtering before 
combining them on an equal basis for modeling or assimilation schemes for ionospheric nowcasting. This is the most 
important implication of this study and is very relevant for the near future when extended capabilities of populated 
nanosatellite constellations under private companies such as Spire, PlanetiQ and GeoOptics will become fully developed. 
In the near future a more thorough investigation will be undertaken to achieve better colocation between RO and 
Digisonde datasets in an attempt to analyse this discrepancy further in an effort to identify and analyse thoroughly its 
underlying drivers.  
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