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Abstract

:

A growing number of SmallSat/CubeSat constellations with high-rate (50–100 Hz) global navigation satellite system radio occultations (GNSS-RO) as well as low-rate (1 Hz) precise orbit determination (GNSS-POD) limb-viewing capabilities provide unprecedented spatial and temporal sampling rates for ionospheric studies. In the F-region electron density (N   e  ) retrieval process, instead of the conventional onion-peeling (OP) inversion, an optimal estimation (OE) inversion technique was recently developed using total electron content measurements acquired by GNSS-POD link. The new technique is applied to data acquired from the COSMIC-1, COSMIC-2, and Spire constellations. Although both OE and OP techniques use the Abel weighting function in N   e   inversion, OE significantly differs in its performance, especially in the lower F- and E-regions. In this work, we evaluate and compare newly derived data sets using F2 peak properties with other space-based and ground-based observations. We determine the F2 peak N   e   (NmF2) and its altitude (hmF2), and compare them with the OP-retrieved values. Good agreement is observed between the two techniques for both NmF2 and hmF2. In addition, we also utilize autoscaled F2 peak measurements from a number of worldwide Digisonde stations (∼30). The diurnal sensitivity and latitudinal variability of the F2 peak between the two techniques are carefully studied at these locations. Good agreement is observed between OE-retrieved NmF2 and Digisonde-measured NmF2. However, significant differences appear between OE-retrieved hmF2 and Digisonde-measured hmF2. During the daytime, Digisonde-measured hmF2 remains ∼25–45 km below the OE-retrieved hmF2, especially at mid and high latitudes. We also incorporate F-region N   e   measurements from two incoherent scatter radar observations at high latitudes, located in the North American (Millstone Hill) and European (EISCAT at Tromso) sectors. The radar measurements show good agreement with OE-retrieved values. Although there are several possible sources of error in the ionogram-derived N   e   profiles, our further analysis on F1 and F2 layers indicates that the low Digisonde hmF2 is caused by the autoscaled method, which tends to detect a height systematically below the F2 peak when the F1 layer is present.
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1. Introduction


The F-region electron density (N   e  ), which can typically be found between 160 and 500 km, is mainly produced by extreme solar UV radiation and X-rays. While these sources are dependent on the solar zenith angle and its variation, soft particle precipitation from the magnetosphere and solar wind also produce a significant level of ionization at high latitudes under geomagnetically disturbed conditions. Being closely coupled to the neutral thermosphere and overlying magnetosphere, the F-region plasma behavior is mainly controlled by chemical processes at lower altitudes and diffusive and other transport processes at higher altitudes. During the daytime, the region generally splits into two regions, with the lower region being the F1 layer (peaks at ∼160–200 km) and the higher region being the F2 layer (peaks at ∼300–350 km). The two regions merge into one during nighttime. The F2 layer, which has the greatest concentration of N   e  , is the most variable and the most anomalous region. Variation in chemical composition, especially in atomic oxygen and molecular nitrogen, and their temperature sensitivity can cause changes in N   e  , which are, in turn, transported by electric fields and neutral winds. For example, in the equatorial region, equatorial ionization anomaly (EIA) is created during the daytime by upward E × B drift, and causes crests with an accumulation of N   e   within ∼±20   ∘   geomagnetic latitudes (e.g., [1]). These features are enhanced during geomagnetically disturbed conditions, leading to variations in both the F2 peak N   e   (NmF2) and its altitude (hmF2).



For several decades, ionospheric N   e   measurements have been mainly made using ground-based radio wave techniques such as ionospheric sounding (ionosonde) and incoherent radar scattering, as well as occasional space-borne topside sounders. Vertical incidence ionospheric sounders transmit a sweep of frequencies in the high-frequency (HF) band (∼1–30 MHz), and the time delay of the reflected signals are measured [2]. As the wave penetrates further into the ionosphere, the energy is reflected at the level where the plasma frequency is equal to the probing wave frequency (i.e., critical frequency). Hence, the travel time of the pulses at different frequencies allows to associate a reflecting height for a given frequency on a graphical plot, an ionogram [3]. Since the transmitted signals travel slower in the ionosphere than in free space, the observed altitudes are called virtual heights, which exceed the true reflection heights. Subsequently, an inversion algorithm is used to retrieve the true heights of the reflected signals, and hence, N   e   as a function of altitude [2]. In ionosondes, since the measurements can only be made up to the F2 peak altitude, modeled true heights are used above the F2 peak. Over the years, extensive developments have been made in the sounding technique, especially in measuring the time of flight, polarization, absorption due to collision, and Doppler shift of signals as a function of frequency (e.g., [4,5,6]). Modern digital ionosondes can automatically calculate N   e   profiles in near real time using automated software systems [7], and subsequently, data are sent to a central repository system [8].



In the case of incoherent scatter radar (ISR), scattering arises due to thermal fluctuations in electron density, known as Thomson scatter [9]. The technique is one of the most powerful and flexible tools to observe and continuously monitor the ionosphere. Unlike ionosondes, the frequency of incoherent scatter radar is much higher than the plasma frequency in the ionosphere to ensure that the waves pass through the plasma without perturbing. Hence, it can receive echoes from spatial density fluctuations, both the top and bottom sides of the F2 peak. The scatter is indeed from the spatial component in the spectrum of the ion-acoustic and electron-acoustic waves in the ionospheric plasma [10]. Scattering occurs when the Bragg scatter condition is matched, in which the spatial scales are half the wavelength of the probing radar. Although both ionosondes and ISRs make reliable routine measurements, they are limited in number, and make single-location observations only over inland areas, leaving no coverage in ocean areas.



In recent decades, sounding techniques using the radio-link between SmallSat/CubeSat constellations and global navigation satellite systems (GNSSs) have become one of the major techniques for global atmospheric and ionospheric observations [11]. Although in the early years, high-rate radio links (50–100 Hz) from radio occultation (RO) antennas were mainly utilized for measurements, low-rate radio links (1 Hz) from precise orbit determination (POD) receiver antennas have also been greatly utilized in recent years (e.g., [12,13]). In the case of F-region N   e   retrieval, the onion-peeling (OP) inversion technique has been conventionally used over the years [14]. The retrieved N   e   profile is based on Abel inversion, which requires a spherical symmetry assumption. Studies have shown that this could cause errors at lower altitudes (∼below 200 km), where in general, the horizontal gradients in N   e   are relatively large and prominent [15,16]. In recent years, improvements in the OP inversion technique (e.g., [17,18,19]), as well as alternative approaches [20], have been proposed to improve the accuracy of N   e   retrieval. The improved versions of OP retrieval have been utilized in several ionospheric studies and have become a useful tool to explore large-scale Ne studies, especially in the F-region (e.g., [21,22]). Recently, an optimal estimation (OE) inversion technique was developed using total electron content measurements acquired by the GNSS-POD link [23]. Although the OE inversion algorithm also uses the same input parameters as in the case of OP inversion, the former shows some unique features, and in particular, its results significantly differ in the lower ionosphere, as will be described shortly.



In this work, we provide an evaluation of the OE inversion technique along with its capabilities in a wide variety of ionospheric studies. The technique is applied to all GNSS-POD data acquired from the COSMIC-1, COSMIC-2, and Spire constellations. We determine NmF2 and hmF2 in OE-retrieved N   e   profiles and perform climatological comparisons with preexisting OP-retrieved data. In addition, we also use NmF2 and hmF2 measurements from a number of worldwide Digisonde locations along with two ISR observations, located in the North American (Millstone Hill) and European (EISCAT at Tromso) sectors. Following the description of the different types of data sets, the application of our strict quality control procedures, as well as the determination of NmF2 and hmF2 values, are described in Section 2. The estimated NmF2 and hmF2 values from the two different inversion techniques are compared in Section 3.1. Subsequently, in Section 3.2, NmF2 and hmF2 measurements from ∼30 global Digisonde stations are used to compare and analyze diurnal sensitivity and latitudinal variability among these data sets. The OE-retrieved N   e   profiles are compared to ISR measurements in Section 3.3, followed by discussion and conclusions.



In the Discussion section, we present an extensive discussion in Section 4.1 related to the observed differences between the OE-retrieved and Digisonde-measured hmF2 values, especially during the daytime. We also discuss the possible reasons for this disagreement between them in Section 4.1.1. In addition, we also describe some of the other capabilities in Section 4.2, in particular investigating the topside and bottomside of the F2 layer in relation to the shape of the N   e   profile.




2. Materials and Methods


2.1. Space-Borne Data Sets


The newly developed OE inversion technique, namely OE/v6p, utilizes GNSS-POD limb sounding total electron content (hTEC) measurements. The hTEC profile is a function of tangent height, defined as an integrated TEC along the limb where the elevation angle is negative [20]. Thus, the retrieved N   e   from GNSS-POD is only valid at altitudes below the orbital height of the satellite. A detailed description of the OE inversion technique can be found in [23]. The technique is applied to three SmallSat constellations: COSMIC-1, COSMIC-2, and Spire, and the derived F-region N   e   data sets from COSMIC-1 and COSMIC-2 are compared and evaluated using preexisting N   e   retrievals, in which the conventional OP inversion technique was applied. The latter data set was obtained through the COSMIC Data Analysis and Archive Center (CDAAC). As in the case of the OP technique, the OE technique also uses the Abel weighting function in the N   e   inversion. However, it significantly differs in its performance in the lower ionosphere; in particular, the new OE results can overcome the large N   e   oscillations, sometimes negative values, seen in the OP retrievals in the lower F- and E-region ionosphere. Figure 1 shows an example of OE (red) and OP (black) retrieved N   e   profiles at two geographical locations using measurements from COSMIC-1 (left) and COSMIC-2 (right). In the figure, the OE- and OP-retrieved N   e   profiles, which are from the measurements taken within a short time interval, show disagreements, especially at low altitudes. The left side of the figure shows an example in which the OP-retrieved N   e   profile monotonically increases with decreasing altitude, whereas the right side shows an example for negative N   e   values starting at ∼250 km and below.



To further analyze the differences between these two techniques, we utilize globally available OE- and OP-retrieved profiles from COSMIC-2 observations during 1–10 December 2021 and establish distributions of N   e   values for lower altitudes during local 11–13 hours. Table 1 summarizes their means and standard deviations from 150 km down to 90 km, along with number of samples (shown in brackets). As is noticeable in the table, although the OP-retrieved mean and standard deviation agree reasonably well with OE retrieval at 150 km, they start to deviate from OE values at lower altitudes. At 90 km, the mean N   e   for the OP retrieval becomes negative with a high standard deviation, confirming the oscillatory and negative nature of the OP-retrieved profiles. Furthermore, the number of samples that are available in OP retrieval is significantly lower than OE retrieval, and it further decreases at 90 km. This indicates that some of the OP-retrieved N   e   profiles do not reach down to low altitudes. Nonetheless, as we will see shortly, these observations in the OP retrieval will not impact our current study, since both profiles reasonably agree well in the F-region.



In our analysis, we determine NmF2 and hmF2 values and compare them globally for given temporal and spatial intervals. To ensure accuracy and consistency, we apply a strict quality control check procedure on both data sets, as described below.



	1.

	
We determine the initial NmF2 and hmF2 values for retrieved profiles within an altitude range. Although F2 peak altitudes tend to stay generally below 400 km, previous studies indicate occasionally higher values, especially at equatorial latitudes [24,25]. Hence, we set this range as 150–500 km. In some cases, the profiles are modulated with saw-tooth-like perturbation. Figure 2 shows such an example for the OE-retrieved N   e   profile from the Spire constellation during June 2021. We apply a 7-point sliding window filter to smooth all profiles (shown in red), and re-evaluate NmF2 and hmF2 values to ensure that the initial and final values of hmF2 are not exceeded by 10 km.




	2.

	
In the OE inversion algorithm, the input parameter hTECs are fed only when their measurements are present for all tangent heights from the satellite orbital altitudes (∼450–600 km) down to ∼100 km. However, as shown above, such strict criteria are not generally applied in the case of OP inversion, and hence, large spatial gaps are present in some of the OP-retrieved N   e   profiles. To ensure that our data sets are not affected by this, we check the continuity of these profiles within the selected altitude range. If any missing data are evident for more than a 10 km altitude range, the respective profile is discarded from the analysis. To further strengthen our selection criteria, we also discard any monotonically increasing or decreasing N   e   profile, i.e., if the detected hmF2 occurs within 10 km of the lowest or highest edge of the set altitude range (150–500 km), the profile is discarded.




	3.

	
The estimated NmF2 and hmF2 values are then binned into a 5   ∘   latitude by 10   ∘   longitude grid for each hour. To perform a comparison study with Digisondes and radars with meaningful statistics, we need to maintain the above grid size for OE-retrieved measurements. In addition, we also identify the thickness of the retrieved F2 layer with 95%, 90%, and 80% of NmF2. The estimated F2 layer thicknesses from the OE retrieval are later used for comparison with Digisonde measurements.








2.2. Ground-Based Data Sets


2.2.1. Digisondes


We compare and evaluate the OE-retrieved NmF2 and hmF2 values with a number of global Digisonde measurements. Figure 3 shows 30 Digisonde stations along with their respective locations used in this study. The map also contains lines of constant geomagnetic latitude based on apex geomagnetic coordinates referenced to an altitude of 350 km [26]. The geomagnetic equator is shown by a dashed line, and ±10   ∘   geomagnetic latitudes are shown by dotted lines. Most of the global locations are now operated by Digisonde Portable Sounders (DPS version 4D), which are capable of making measurements of the overhead ionosphere and providing real-time on-site automatic scaling, namely the Automated Real-Time Ionogram Scaler with True height (ARTIST) software (Version-5) [7]. Subsequently, data are sent to the Digital Ionogram DataBase (DIDBase) repository [8]. The data used in this study were gathered from the Global Ionosphere Radio Observatory (GIRO).



While automatically scaled ionograms are prone to errors and uncertainty [27,28,29], manual scaling is unfeasible for large data sets such as those used in this study. Additionally, a recent study found that ARTIST F2 peak frequency (foF2) estimations agree with manually scaled values for ∼95% of ionograms [30]. Therefore, we believe that our decision to compare the OE-retrieved NmF2 and hmF2 values strictly to Digisonde measurements autoscaled with ARTIST-5 is justified for this large data set. Systematic biases between the OE retrieval results and the autoscaled ionograms can help to guide future improvements and refinements for one or both techniques. In the Digisonde ionogram autoscaling procedure, ARTIST-5 maintains a measure of quality assurance by providing confidence scores (CS) [31]. The CS score starts with a value of 100 (maximum) and decreases when encountering uncertainties or unusual profiles. Although the acceptable value of CS is above 40, in our case, we use data with CS higher than 80 to reduce uncertainty.




2.2.2. Incoherent Scatter Radar


In addition to Digisondes, we also use measurements from two ISRs located at Millstone Hill (42°N, 72°W) and Tromso (70°N, 19°E). As described in Section 1, unlike Digisonde, the frequency of the ISR is much higher than the plasma frequency in the ionosphere; thus, the waves pass through the plasma. Hence, ISRs make measurements for the entire ionosphere typically from ∼90 km, with a time resolution on the order of minutes. This allows to compare not only the OE-retrieved NmF2 and hmF2 values, but also the entire N   e   profiles with ISR measurements. It is generally considered that ISRs provide the most accurate measurements of N   e  . However, their ability to provide a global morphology is limited, since they are limited in number due to high installation and maintenance costs. The radar data used in this study were gathered from the Coupling, Energetics, and Dynamics of Atmospheric Regions (CEDAR) Madrigal Database.






3. Results


We consider selected months for 2008, 2011, 2012, 2021, and 2022 to compare the OE-retrieved NmF2 and hmF2 values with the OP-retrieved NmF2 and hmF2 values, as well as with ∼30 Digisondes and two radar measurements. Selection of the months and years are based on the optimal availability of all data sets relevant to this study.



3.1. Climatological Comparison of Global NmF2 and hmF2 Maps


In this section, we compare the estimated NmF2 and hmF2 values from the OE and OP inversion techniques. We produce global maps of NmF2 and hmF2 from the retrieved N   e   profiles for COSMIC-1 and COSMIC-2 constellations. Applying the OE inversion technique on COSMIC-1 measurements produces ∼700–1600 N   e   profiles per day for the period of the investigation (June 2008). Among those, ∼5–7% are discarded due to the application of our strict quality control procedure. In the case of OP-retrieved N   e   profiles, ∼1000–2000 profiles are available. However, ∼17–22% fails to pass our quality control measure. As described in Section 2.1, the occasional existence of data gaps larger than 10 km of altitude in the OP-retrieved N   e   profiles is the main cause for this difference to occur. From retrieved N   e   profiles, we establish monthly global NmF2 and hmF2 maps. To ensure consistency, we establish 5   ∘   latitude by 10   ∘   longitude bin size maps for both retrieval techniques. Figure 4 shows a comparison of NmF2 from OE and OP techniques applied to COSMIC-1 measurements during June 2008. The figure compares the two retrievals at selected 4-hour universal time (UT) windows. The left column shows a global map of NmF2 from OE-retrieved profiles for 00–04 UT, 10–14 UT, and 16–20 UT. The middle column shows the same for OP retrieval. The right column shows scatter plots between the two retrieved NmF2 values for respective universal time intervals, in which local midday (10–14 LT) and midnight (22–02 LT) hours are marked by red and blue, respectively. The figure shows good agreement between the two techniques. It is also noticeable in scatter plots that NmF2 values from OE and OP techniques agree well both during local midday (red) and midnight (blue) hours, especially for low and moderate NmF2 values. However, a slight increase in standard deviation is also evident at high NmF2 values.



In COSMIC-2, a high sampling rate produces ∼6000 N   e   or more profiles per day (since 2021). However, it has limited coverage only within ±45   ∘   latitudes. Figure 5 shows the same comparison using the measurements from COSMIC-2 during June 2021. As in the case of COSMIC-1, good agreement between the two techniques is evident in COSMIC-2 as well. The data shown for COSMIC-1 and COSMIC-2 are from solar minimum years of cycles 23/24 and 24/25. Although it is generally expected that NmF2 values may smear out, especially in the EIA region due to strong horizontal gradients, such impacts are not prominent in either COSMIC-1 or COSMIC-2 results. These results are in agreement with previous NmF2 studies using COSMIC-1 [32] and COSMIC-2 [21], implying that the impact due to the assumption of ionospheric spherical asymmetry may not influence the F2 peak measurements.



Figure 6 and Figure 7 show a comparison of hmF2 between the two techniques for the data collected during June 2008 and June 2021 by COSMIC-1 and COSMIC-2, respectively. Overall, good agreement is present between the OE- and OP-retrieved hmF2 estimations. However, differences appear in scatter plots (right column), especially during local midday hours (red) for low altitudes. Note that we applied the same OE retrieval algorithm in both constellations. The COSMIC-2 has geographical coverage only within ∼±45   ∘   latitudes, whereas COSMIC-1 has coverage for ∼±85   ∘   latitudes. Nevertheless, COSMIC-2 has a better sampling rate compared to COSMIC-1. It is noticeable in figures that the degree of agreement between the OE- and OP- hmF2 values improved from COSMIC-1 to COSMIC-2.



The OE inversion retrieval technique is also successfully applied to Spire constellation [23]. Figure 8 shows global maps of NmF2 and hmF2, estimated during local 10–14 hours in June 2021. The Spire constellation has global geographical coverage, along with a reasonably good sampling rate [23]. This is evident in Figure 8, as it contains a minimal number of gaps compared to COSMIC-1 (Figure 4 and Figure 6).



As expected, Figure 8 shows higher NmF2 values along the EIA region (upper panel). The equatorward neutral winds tend to move F2 region plasma to a higher altitude in the EIA region, where the recombination rate is relatively low, leading to enhancements in the EIA crests (e.g., [1]). Studies have also shown that winds often cause net transport of plasma from the summer to winter hemisphere, leading to asymmetry in the formation of EIA crests, which are, in turn, modulated by tides, resulting in longitudinal variability [33]. On the other hand, relatively higher hmF2 values are present on the northern side of the EIA crest region (lower panel). These results are also evident in COSMIC-1 and COSMIC-2, and moreover, these results show good agreement with previous studies [34]. The observed elevated hmF2 values in the southern EIA crest region could also influence the scale height above the F2 peak, and we will discuss this further in Section 4.




3.2. Comparison of OE-Retrieved F2 Peak Properties to Digisonde Measurements


Digisondes generally make measurements every 5–15 min. However, in this analysis, we use hourly means of NmF2 and hmF2 to match the sampling rates of the satellites. Additionally, since Digisondes are operated continuously during day and night, we can also perform a comparative diurnal sensitivity analysis between the two data sets, utilizing Digisonde measurements of NmF2 and hmF2. Figure 9 shows latitudinal variation of the hourly NmF2 means from OE retrieval (red) and Digisonde measurements (green), plotted in geomagnetic coordinates. The left column shows the measurements from COSMIC-1 during June 2011/2012. The middle and right columns show the measurements from COSMIC-2 and Spire, respectively, during June 2021. The top row compares the OE-retrieved NmF2 to Digisonde measurements for the full local day, and the middle and bottom rows compare for local midday hours (10–14 LT), as well as local midnight hours (22–02 LT). Generally, the figure shows good agreement between OE-retrieved and Digisonde NmF2 values for all three satellites. Better agreements are evident in the figure between COSMIC-2 (middle column) and Spire (right column), since both are from the same month/year period. However, they differ from COSMIC-1, which are from June 2011/2012. Note that 2011/2012 were in the rising phase of the solar cycle 24, while 2021 was a solar minimum year of cycle 25. As expected, NmF2 for June 2012 (left column) is higher by a factor of ∼2 compared to June 2021, especially during midday hours (middle and right columns). The COSMIC-2/Digisonde comparison (middle column) also consists of standard deviation values. Daytime standard deviations seem higher than nighttime values. While the standard deviations for the Spire/Digisonde comparison are very similar to COSMIC-2/Digisonde, the COSMIC-1/Digisonde values are higher by a factor of ∼2 (not shown due to the high density of data points).



Figure 10 shows a similar comparison for hmF2 between OE retrieval and Digisonde. The left column shows comparisons between COSMIC-1 and Digisonde at different local time windows for June 2012, whereas the middle and right columns show the same for COSMIC-2 and Spire, respectively, for June 2021. Significant differences appear between OE-retrieved hmF2 and Digisonde hmF2, especially during midday hours (middle row). Moreover, the differences seem higher in mid and high latitudes compared to the equatorial region. While Digisonde-measured hmF2 values are ∼5–25 km lower than the OE-retrieved values in the equatorial region, the differences between them increase to ∼25–45 km in mid and high latitudes. As in the case of the NmF2 comparison, the standard deviations for hmF2 estimates are shown only for the COSMIC-2/Digisonde comparison (middle column). While the standard deviations for the Spire/Digisonde comparison are very similar, the COSMIC-1/Digisonde values are relatively high by a factor of ∼2.



Following the comparison of latitudinal variation between OE retrieval and Digisonde measurements in Figure 9 and Figure 10, Figure 11 shows scatter plots of NmF2 and hmF2 between the OE retrieval and global Digisonde measurements. The upper row shows NmF2 and the lower row shows hmF2. In the figure, local time intervals of 0–24 LT hours, 22–02 LT hours, and 10–14 LT hours are marked by blue, cyan, and red dots, respectively. The figure reconfirms good agreement between OE-retrieved and Digisonde-measured NmF2, especially for COSMIC-2 and Spire. In the case of the hmF2 comparison, while COSMIC-2 and Spire show deviations from the Digisonde measurements (for June 2021), COSMIC-1 shows relatively better agreement with Digisonde measurements (for June 2011/2012). The reason for this could be associated with the fact that 2011/2012 were in the rising phase of the solar cycle 24 and closer to the maximum. It seems that the Digisonde-measured hmF2 values agree relatively better with OE- and OP-retrieved hmF2 during these times when NmF2 values are high, as we will discuss further in Section 4. However, in most cases, individual inspection at each Digisonde location shows evidence for consistent patterns of disagreements in both OE- and OP-retrieved hmF2 values with Digisonde-measured hmF2.



We further investigate the diurnal sensitivity of NmF2 and hmF2 between OE retrieval and Digisonde measurements. Figure 12 shows an example of NmF2 diurnal sensitivities among different data sets at six selected Digisonde stations. The top row has two stations (Eglin and Rome) that have similar geomagnetic latitudes in the Northern Hemisphere but at different longitudes, located in the American and European sectors, respectively. The middle row represents two stations (Fortaleza and Wake) at low geomagnetic latitudes, located in the American and Asian sectors. The bottom row includes two stations (Port Stanley and Grahamstown) in the Southern Hemisphere, located in the South American and African sectors, respectively. The top row compares OE retrieval from Spire to Digisondes for the data collected during June 2021. The middle and bottom rows compare OE retrievals from COSMIC-2 and COSMIC-1 to Digisonde measurements for the data collected during June 2021 and June 2011/2012, respectively. The OE-retrieved hourly values are shown as red dots, and the Digisonde hourly values are shown as green dots. The mean values are marked by solid lines with respective colors. Green dotted lines refer to the 3 σ  boundary for Digisonde measurements (3 times the standard deviation). For completeness, we also include OP-retrieved NmF2 values (blue line) for COSMIC-1 and COSMIC-2 in the figure. As noted in Section 3.1, OP-retrieved data are not available for Spire when performing this analysis. It is noticeable that hourly mean NmF2 values from the three data sets (solid lines) show good agreement in general. Although the number of samples for these sites varies from site to site, they remain higher than 100. In the case of OE-retrieved hourly data, Grahamstown has the lowest number (108 samples during June 2011/2012), and Fortaleza has the highest (572 samples during June 2021). Digisonde sites have a relatively higher number of samples in general: Grahamstown has the lowest (180 samples during June 2012), and Port Stanley has the highest (643 samples during June 2012).



An example of a similar comparison but for hmF2 diurnal sensitivity for the same locations is shown in Figure 13. The OE-retrieved hourly hmF2 values are shown in red dots, and Digisonde hourly values are shown in gray dots. The mean values of OE retrieval and Digisonde measurements are shown by red and black solid lines, respectively. The 3 σ  boundary for Digisonde measurements is shown by black dotted lines. The OP-retrieved hmF2 values are shown by blue lines. It is noticeable in the figure that while agreement exists among all three measurements during local midnight hours, differences appear during daytime. The daytime differences between the two techniques are very similar at Eglin and Rome (top panel), and also at Port Stanley and Grahamstown (bottom panel). This indicates that the differences between the Digisonde-measured and OE-retrieved hmF2 values are consistent and systematic along geomagnetic longitudes, at least in mid latitudes. We will notice similar trends at high latitudes as well when we incorporate ISR N   e   measurements in the following section.




3.3. Comparison of OE-Retrieved hmF2 with Incoherent Scatter Radar Measurements


While the OE-retrieved NmF2 values show good agreement with the Digisonde measurements, the estimated hmF2 values from OE retrieval show disagreement with the Digisonde measurements, especially during the daytime. To investigate this further, we use N   e   observations from two incoherent radar systems located at Millstone Hill and Tromso. Our comparison shows that OE retrievals reasonably agree with radar measurements. Figure 14 (left) shows an example of the OE-retrieved F-region N   e   profile at 10:16 UT (red) along with radar measured profiles at Millstone Hill during the 10 UT hour (blue dots) on March 16, 2007. For comparison purposes, we have also included the OP-retrieved N   e   profile (green). In particular, the hmF2 values of OE- and OP-retrieved profiles agree with the radar measurements. However, slight differences appear in the case of NmF2 values. Figure 14 (left) also contains an example of an OE-retrieved N   e   profile (dashed black) in which the calibrated hTEC values of CDAAC were used. Significant differences occur between green and dashed black profiles, especially in the vicinity of ∼10 km below the satellite orbital altitude. As already discussed in [23], the OE inversion technique uses an empirical calibration method, and ∼10 TECu offset in hTEC is evident between empirical calibration and the CDAAC’s hTEC calibration values, especially at satellite orbital altitudes (see Figure 4 in [23]). Nevertheless, as shown in Figure 14 (left), the N   e   values in the actual OP-retrieved N   e   profiles (green) obtained from CDAAC show good agreement with the OE-retrieved profile (red), especially closer to the satellite orbital altitude. The exact reason for this difference between the two N   e   profiles (green and dashed black) is not known, since detailed information related to CDAAC’s hTEC calibration values and their applications in the N   e   profiles, especially around satellite orbital altitudes, are not yet available in the literature to the best of our knowledge.



Figure 14 (right) shows a comparison of radar-measured hmF2 diurnal sensitivity with OE retrievals and Digisonde measurements. The upper panel refers to hmF2 measurements at Millstone Hill during June 2012. The hourly mean of the radar measurements is shown in blue along with OE retrieval from COSMIC-1 (red), as well as Digisonde measurements (gray and black). The lower panel refers to the measurements at Tromso during March 2022, in which OE retrieval from Spire is used. The comparisons at these two radar locations show that OE-retrieved hmF2 values agree better with radar measurements, especially during the daytime. However, differences are present, especially in midnight hours, and this is obvious at Tromso. Note that the Tromso site constantly stays under the auroral oval, and frequent precipitation events are common at this location. It can also be noticed in the figure that the standard deviations for the hourly Digisonde measurements are high during the night.



Finally, we also compare the climatological morphology of the F-region N   e   between OE retrieval and radar measurements. Figure 15 shows the contour plots of N   e   at Millstone Hill using OE retrieval from COSMIC-1 and ISR measurements during June 2012. A good agreement is evident between the two data sets, except for 5–10 LT, where slight differences appear.





4. Discussion


In the previous section, we compared OE-retrieved NmF2 and hmF2 with OP retrieval and Digisonde measurements. The OE-retrieved NmF2 values from COSMIC-1 and COSMIC-2 show good agreement with the OP-retrieved values (Figure 4 and Figure 5). In the case of hmF2, a slight deviation appears for midday hours, as is noticeable in the respective scatter plots (Figure 6 and Figure 7, right columns). It is also noticeable in those figures that the degree of agreement between the OE- and OP- hmF2 values improved from COSMIC-1 to COSMIC-2. Note that we applied the same OE retrieval algorithm in both constellations. Nevertheless, COSMIC-2 has a better sampling rate than COSMIC-1. Moreover, COSMIC-2 has coverage only within ±45   ∘   latitudes, whereas COSMIC-1 has coverage for ∼±85   ∘   latitudes. Therefore, it is possible that the differences occur due to the above reasons.



4.1. Differences in OE-Retrieved and Digisonde-Measured hmF2s


In the comparison of OE retrieval with Digisonde measurements, good agreement is present for NmF2. However, significant differences appear in the case of hmF2 during local daytime, as is evident in latitudinal variation analysis (Figure 10), as well as diurnal sensitivity analysis (Figure 13). This difference seems high at mid and high latitudes where the measured hmF2 values in Digisonde are on average ∼25–45 km below the OE-retrieved hmF2. Note that our Digisonde-measured F2 peak parameters are autoscaled values. While Digisonde-autoscaled NmF2 measurements agree well with OE-retrieved values (see Figure 11 upper row), the same software-autoscaled hmF2 values do not agree well, especially during local midday hours (Figure 11 bottom row). Hence, questions arise as to whether the Digisonde autoscaling procedure plays any role in the disagreement.



To verify this, we estimate F2 layer thicknesses using OE-retrieved N   e   profiles at 95% of NmF2 above and below the mean values of hmF2 and compare them with Digisonde hmF2 values. As an example, Figure 16 shows OE-retrieved F2 layer thicknesses at three locations: Chilton (top panel), Fortaleza (middle panel), and Hermanus (bottom panel) from COSMIC-1 and COSMIC-2. Chilton and Hermanus are located at mid latitude, whereas Fortaleza is located in the equatorial region. In this figure, the F2 layer thickness (dashed line) is considered at 95% of NmF2 above and below the mean values of hmF2 (solid red), and is plotted with Digisonde hmF2 measurements (black). It is noticeable that at Chilton (top panel) and Hermanus (bottom panel), Digisonde-measured hmF2 values remain at ∼95% of NmF2 or below, especially during the daytime. On the other hand, Digisonde hmF2 agrees with OE-retrieved hmF2 at Fortaleza.



Note that in our analysis, we use ARTIST-autoscaled F2 peak parameters with CS > 80. In contrast, manually scaled values (either fully or partially) were used in most of the previous studies (e.g., [21,35,36]). In a recent study on ARTIST CS numbers, it was found that the autoscaling procedure can detect the F2 layer almost 90% of the time when CS ≥ 40 [37]. This indicates that the CS numbers indeed act as a reasonable filtering parameter for the Digisonde F2 peak measurements. However, the main question here is whether the level of accuracy also increases along with higher CS numbers, particularly when interpreting virtual height measurements to the true heights.



4.1.1. Does the F1 Valley Cause Underestimations in Digisonde Autoscaled hmF2?


Although improvements have been made over the years in Digisonde-autoscaled procedures, recent evaluations among different autoscaling software indicate that differences still appear, especially with the accuracy of hmF2 [38,39]. In addition, it was also noticed in previous studies that the accuracy of autoscaling depends on local time, season, and solar activity (e.g., [40]). There are several possible sources of error in ionogram-derived N   e   profiles, including the “valley problem”, which describes the unknown width and depth of the valley between the E-region peak and the base of the F-region (see discussion in [41]). This valley problem is severe for lower magnitudes of the F2 peak critical frequency (foF2) because the inversion relies more heavily on modeled valleys. Additionally, ionograms with relatively small differences between foF2 and foF1 (F1 peak critical frequency) are dependent on estimated F1-region profiles that are often difficult to characterize [30,42,43]. Hence, hmF2 estimates from daytime ionograms with the F1-region present will possess larger uncertainties/errors for lower foF2 values. As an example in our case, Figure 17 shows Digisonde-measured foF2 (green) and foF1 (red) values for the Digisonde stations shown in Figure 16. It is noticeable that the separation between foF2 and foF1 is wider in the case of Fortaleza (middle panel) compared to Chilton (top panel) and Hermanus (bottom panel).



To investigate this with meaningful statistics, we consider Digisonde locations where autoscaled foF1 measurements are available and compare the differences of (foF2–foF1) with OE-retrieved and Digisonde-measured hmF2 values. Figure 18 (left) shows latitudinal variation of mean foF2 (green) and mean foF1 (red) at these locations during local 10–14 hours in June 2021. As is noticeable in the figure, the separation between foF2 and foF1 is larger at the equator and low latitude region, and it starts to decrease from the equator/low latitudes to mid and high latitudes. The latitudinal variation of (foF2–foF1) appears to be opposite to the differences in hmF2 observed between OE retrievals and Digisonde measurements (Figure 10 middle row). Figure 18 (right) shows the correlation between hourly (foF2–foF1) values and the differences in OE-retrieved and Digisonde-measured hmF2 values during local noon hours (red) and 10–14 hours (blue). As is evident in this figure, the separation between foF2 and foF1 maintains an inverse relationship with the differences in OE-retrieved and Digisonde hmF2 values in most cases. Although Spire OE-retrieved hmF2 values were used in the above case, verification with COSMIC-1 and COSMIC-2 also indicate a very similar relationship between (foF2–foF1) and the differences between OE-retrieved and Digisonde hmF2 values.



Hence, the error dependence on both foF1 and foF2 could explain our latitudinal trends in hmF2 differences where the GNSS retrievals and ionosonde estimations agree near the geomagnetic equator and differ at mid and high latitudes. Note that our results are based on an hourly climatology comparison. Our results are in agreement with the observations in previous studies and also with the recent error estimations in F2 layer peak parameters, especially for hmF2 using ARTIST-5 [39,40]. As pointed out in Section 2.1, to increase the number of data points in the OE retrieval, we had to consider a 5   ∘   latitude by 10   ∘   longitude region at each Digisonde location. While it is true that the F-region ionosphere has a high level of spatial and temporal variability, we notice a consistent pattern of differences between OE retrieved and Digisonde hmF2 measurements across the globe, as described.





4.2. F2 Layer Thickness and the Shape of the N   e   Profile


Since GNSS N   e   retrievals are based on measurements at every altitude, they can be effectively utilized to investigate the shape of the N   e   profile for the topside and bottomside of the ionosphere. As an example, we estimate thicknesses of the F2 layer at 90% of NmF2 above and below the F2 peak. Figure 19 shows the top and bottom layers obtained using COSMIC-2 measurements during local 10–14 hours for June and December 2021. The topside and bottomside thicknesses are estimated using the height differences between the F2 peak (NmF2) and 90% of NmF2 in the top and bottom sides, respectively. In figure, the estimated thicknesses for June are shown on the left side and the thicknesses for December are shown on the right side. The upper panel shows the topside thicknesses and the middle panel shows the same for the bottomside. The differences between the topside and bottomside of the F2 layer (i.e., topside thickness–bottomside thickness) are shown in the bottom panel. As expected, a distinct hemispheric asymmetry is evident both in the topside and bottomside layers. In addition, a prominent longitudinal variation is also evident in both of the layers, especially along the geomagnetic equator. The F2 layer thickness appears to be modulated by the tidal component of wavenumber 4 (WN4), which is also observed in N   e   (see [23]). A similar but opposite hemispheric asymmetry is evident in December 2021 COSMIC-2 measurements. However, the tidal WN4 component is not prominent, as in the case of June.



The estimated thickness differences between the topside and the bottomside of the F2 layer (i.e., topside thickness–bottomside thickness) shown in the bottom panel of Figure 19 reveals another prominent feature in the N   e   profile. In addition to the expected seasonal variability, substantial differences are also evident between June and December. During June (left), the highest level of difference between top- and bottom-layer thicknesses is shifted toward the southern EIA crest region (bottom panel). It is prominent and consistent at all geomagnetic longitudes. This indicates that a relatively higher E × B uplift occurs during northern summer, which, in turn, affects the scale height, and hence the shape, of the topside N   e   profile. However, during December (right), such a prominent feature is not consistent along the northern EIA crest region at all longitudes. It is prominent only in the European and Asian sectors. Earlier, [44] showed that the variation in scale height for the topside is small, and hence, it can be assumed to be a constant scale height, and the topside N   e   profile can be approximated by the  α -Chapman function with a constant scale height equal at hmF2. However, several subsequent studies using topside measurements indeed indicated that adaptation of height-dependent scale height is important for the topside (e.g., [45,46]). Since the ionospheric scale height is the key parameter that defines the shape of the N   e   profile, efforts have been made in recent years to establish the vertical N   e   distribution using several analytical functions such as Chapman, exponential, parabolic, and Epstein step functions ([47,48,49]). An increasing number of SmallSat/CubeSat constellations with better sampling rates provide potential opportunities to investigate the vertical N   e   distributions in great detail. Although the inherent assumption of spherical symmetry makes RO analysis difficult in regions of sharp gradients, GNSS-based measurements provide reliable F2 layer measurements on the global level (e.g., [32,50]), and our results further reconfirm this.





5. Concluding Summary


In this work, we evaluated and compared newly derived F-region N   e   retrieval profiles from an optimal estimation (OE) inversion technique with conventional onion-peeling (OP)-retrieved N   e  , as well as measurements from Digisondes and incoherent scatter radars (ISRs). The OE inversion algorithm was applied to COSMIC-1, COSMIC-2, and Spire constellations to retrieve N   e   profiles within ∼100–500 km. The estimated NmF2 and hmF2 values from OE-retrieved N   e   show good agreement with the OP-retrieved values. For COSMIC-1 and COSMIC-2, the best-fit agreement between the two retrieval techniques remains ∼0.9–1.0 for NmF2 and ∼0.8–0.9 for hmF2. While a higher level of agreement is evident with COSMIC-2, we were unable to compare the agreement in the case of the Spire constellation due to the unavailability of OP-retrieved N   e   profiles.



We also compared the OE-retrieved NmF2 and hmF2 values with ∼30 worldwide Digisonde-autoscaled NmF2 and hmF2 measurements. While good agreement is present in the NmF2 comparison (with an overall best fit of ∼0.9), a significant level of differences is evident in the case of the hmF2 comparison with all three constellations. The hmF2 differences between the two techniques depend on both the time of day and latitude. During the daytime, the Digisonde-measured hmF2 values are ∼5–25 km lower than the OE-retrieved values in the equatorial region, and the deviations further increase to ∼25–45 km in mid and high latitudes. In addition, comparisons of OE-retrieved NmF2 and hmF2 values with ISR N   e   measurements at two locations (Millstone Hill and Tromso) show good agreement.



Our further analysis in the observed Digisonde-autoscaled hmF2 indicates that the presence of the F1 layer during the daytime causes uncertainties in the autoscaled hmF2 values, especially when the critical frequency of the F1 layer (foF1) is relatively closer to the critical frequency of the F2 layer (foF2). During the daytime, it is noticeable that the separation between foF2 and foF1 is wider in the equatorial region and tends to become narrower at mid and high latitudes. Hence, this could be the possible cause for the observed differences between OE-retrieved and Digisonde autoscaled hmF2 values.



In addition, we also briefly showed that the estimated OE-retrieved topside and bottomside ionospheric layer thicknesses in the EIA region reflect tidal modulation of wavenumber 4. This indicates that the OE retrieval technique will be a very useful tool to investigate topside scale height and its variability, which are important for realistic reconstruction of ionospheric N   e   models. Our careful evaluation of OE/v6p using NmF2 and hmF2 values shows that this inversion algorithm is a good alternative for the OP retrieval of F-region N   e   profiles and provides unprecedented capabilities to perform comprehensive ionospheric studies.
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Figure 1. A comparison of OE (red) and OP (black) retrieved N   e   profiles at two geographical locations derived from COSMIC-1 and COSMIC-2 measurements. While the two profiles reasonably agree in the F-region, occasional differences are evident at low altitudes. In the case of OP retrieval, the left side shows an example of a monotonically increasing N   e   profile in E-region, whereas the right side shows an example of negative N   e   values in lower F- and upper E-regions. 






Figure 1. A comparison of OE (red) and OP (black) retrieved N   e   profiles at two geographical locations derived from COSMIC-1 and COSMIC-2 measurements. While the two profiles reasonably agree in the F-region, occasional differences are evident at low altitudes. In the case of OP retrieval, the left side shows an example of a monotonically increasing N   e   profile in E-region, whereas the right side shows an example of negative N   e   values in lower F- and upper E-regions.
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Figure 2. Initial (blue) and smoothed (red) OE-retrieved F-region N   e   profile from the Spire constellation during June 2021. 
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Figure 3. Locations of the Digisonde stations used in this study. The geomagnetic equator and ±10   ∘   geomagnetic latitudes at an altitude of 350 km (based on apex geomagnetic coordinates) are marked by dashed and dotted lines, respectively. 






Figure 3. Locations of the Digisonde stations used in this study. The geomagnetic equator and ±10   ∘   geomagnetic latitudes at an altitude of 350 km (based on apex geomagnetic coordinates) are marked by dashed and dotted lines, respectively.



[image: Remotesensing 15 04048 g003]







[image: Remotesensing 15 04048 g004] 





Figure 4. Comparison of global NmF2 maps from COSMIC-1 during June 2008. The left column shows OE-retrieved NmF2 values, and the middle column shows OP-retrieved NmF2 values at 00–04 UT (upper row), 10–14 UT (middle row), and 16–20 UT (bottom row). The right column shows scatter plots between the two retrieved NmF2 values for local midday (10–14 LT) and midnight (22–02 LT) hours for the respective universal time intervals. 
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Figure 5. Comparison of global NmF2 maps from COSMIC-2 during June 2021. The left column shows OE-retrieved NmF2 values and the middle column shows OP-retrieved NmF2 values at 00–04 UT (upper row), 10–14 UT (middle row), and 16–20 UT (bottom row). The right column shows scatter plots between the two retrieved NmF2 values for local midday (10–14 LT) and midnight (22–02 LT) hours for the respective universal time intervals. 
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Figure 6. Comparison of global hmF2 maps from COSMIC-1 during June 2008. The left column shows OE-retrieved hmF2 values and the middle column shows OP-retrieved NmF2 values at 00–04 UT (upper row), 10–14 UT (middle row), and 16–20 UT (bottom row). The right column shows scatter plots between the two retrieved NmF2 values for local midday (10–14 LT) and midnight (22–02 LT) hours for the respective universal time intervals. 
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Figure 7. Comparison of global hmF2 maps from COSMIC-2 during June 2021. The left column shows OE-retrieved hmF2 values and the middle column shows OP-retrieved hmF2 values at 00–04 UT (upper row), 10–14 UT (middle row), and 16–20 UT (bottom row). The right column shows scatter plots between the two retrieved hmF2 values for local midday (10–14 LT) and midnight (22–02 LT) hours for the respective universal time intervals. 
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Figure 8. Maps of NmF2 (upper panel) and hmF2 (lower panel) obtained by applying the OE retrieval technique to the Spire GNSS-POD limb measurements during local 10–14 hours in June 2021. 
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Figure 9. Latitudinal variation of hourly NmF2 means from OE retrieval (red) and Digisonde measurements (green) are plotted in geomagnetic coordinates. The left column compares OE retrieval to Digisonde from COSMIC-1 during June 2011/2012. The middle and right columns compare COSMIC-2 and Spire to Digisonde during June 2021. Rows are separated by local time intervals from full day on the top, local midday hours (10–14 LT) in the middle, and local midnight hours (22–02 LT) in the bottom. 
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Figure 10. Latitudinal variation of hourly hmF2 means from OE retrieval (red) and Digisonde measurements (blue) are plotted in geomagnetic coordinates. The left column compares OE retrieval to Digisonde from COSMIC-1 during June 2011/2012. The middle and right columns compare COSMIC-2 and Spire to Digisonde during June 2021. Rows are separated by local time intervals from full day on the top, local midday hours (10–14 LT) in the middle, and local midnight hours (22–02 LT) in the bottom. 
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Figure 11. Scatter plots of NmF2 (top row) and hmF2 (bottom row) for the OE retrieval and Digisonde measurements at ∼30 global Digisonde locations for COSMIC-1 (left column), COSMIC-2 (middle column), and Spire (right column). The local time intervals of 0–24 LT hours, 22–02 LT hours, and 10–14 LT hours are marked by blue, cyan, and red dots, respectively. 
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Figure 12. A comparison of diurnal sensitivity of NmF2 at six selected Digisonde stations using Digisonde measurements and OE and OP retrievals from COSMIC-1, COSMIC-2, and Spire during June 2012 and June 2021. See text for detailed descriptions. 
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Figure 13. A comparison of diurnal sensitivity of hmF2 at six selected Digisonde stations using Digisonde measurements and OE and OP retrievals from COSMIC-1, COSMIC-2, and Spire during June 2012 and June 2021. See text for detailed descriptions. 
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Figure 14. Left: Examples of F-region N   e   profiles at Millstone Hill from OE retrieval (red), OP retrieval (red and dashed black), and radar measurement (blue dots) are shown for 16 March 2007 (see text for details). Right upper panel: Comparison of radar measured hmF2 diurnal sensitivity with OE retrieval from COSMIC-1 and Digisonde measurements at Millstone Hill during June 2012. Right lower panel: Comparison of radar-measured hmF2 diurnal sensitivity with OE retrieval from Spire and Digisonde measurements at Tromso during March 2022. 
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Figure 15. Contour plots of F-region N   e   at Millstone Hill using OE retrieval from COSMIC-1 (upper panel) and ISR measurements (lower panel) during June 2011/2012. 
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Figure 16. OE-retrieved F2 layer thicknesses at three locations: Chilton (top panel), Fortaleza (middle panel), and Hermanus (bottom panel). The F2 layer thickness (dashed line) is considered at 95% of NmF2 above and below the mean values of hmF2 (solid red), and is plotted with Digisonde-measured mean hmF2 (black). 
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Figure 17. Digisonde-measured daytime foF2 (green) and foF1 (red) values at three locations: Chilton (top panel), Fortaleza (middle panel), and Hermanus (bottom panel). The black line refers to hourly mean values. 
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Figure 18. Left: Latitudinal variation of Digisonde-measured mean foF2 (green) and mean foF1 (red) during local 10–14 hours in June 2021. Right: Scatter plot of hourly (foF2–foF1) differences versus hmF2 differences between OE retrieval (Spire) and Digisonde measurements at these locations for local noon (red) and 10–14 hours (blue). 
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Figure 19. OE-retrieved thicknesses of the F2 layer at 90% of NmF2 using COSMIC-2 measurements during local 10–14 hours in June (left) and December (right) 2021. The upper panel shows topside thickness and the middle panel shows the bottomside thickness. The difference between these two layers is shown in the bottom panel. 
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Table 1. A comparison of statistics for OE- and OP-retrieved N   e   at selected low ionospheric altitudes. The means and standard deviations are estimated based on the COSMIC-2 global observations in local 11–13 hours during 1–10 December 2021. The number of available samples in each category is shown in brackets. See text for additional details.
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	Height (km)
	Optimal Estimation

Mean / Std (m−3)
	Onion Peeling

Mean and Std (m−3)





	150
	1.7 ×   10 11  /1.0×   10 11   (5998)
	2.2 ×   10 11  /1.2 ×   10 11   (3788)



	120
	8.5 ×   10 10  /7.1 ×   10 10   (5998)
	1.3 ×   10 11  / 1.2 ×   10 11   (3751)



	100
	2.7 ×   10 10  /1.3 ×   10 10   (5998)
	9.1 ×   10 10  /1.0 ×   10 11   (3596)



	90
	3.2 ×   10 09  /1.9 ×   10 09   (5998)
	−6.8 ×  10 09  /9.5 ×   10 10   (3542)
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