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Abstract

:

In this work, a dedicated campaign by MetOp-A satellite is conducted to monitor the ionosphere based on radio-occultation (RO) measurements provided by the onboard GNSS (Global Navigation Satellite System) Receiver for Atmospheric Sounding (GRAS). The main goal is to analyze the capabilities of the collected data to represent the bending angle and scintillation profiles of the ionosphere. We compare the MetOp-A products with those generated by other RO missions and explore the spatial/temporal distributions sensed by the MetOp-A campaign. Validation of dual frequency bending angles at the RO tangent points, S4 index, and Rate of the Total electron content Index (ROTI) is performed against independent products from Fengyun-3D and FORMOSAT-7/COSMIC-2 satellites. Our main findings constitute the following: (1) bending angle profiles from MetOp-A agree well with Fengyun-3D measurements; (2) bending angle distributions show a typical S-shape variation along the altitudes; (3) signatures of the sporadic E-layer and equatorial ionization anomaly crests are observed by the bending angles; (4) sharp transitions are observed in the bending angle profiles above ~200 km due to the transition of the daytime/nighttime in addition to the transition of the bottom-side/top-side; and (5) sporadic E-layer signatures are observed in the S4 index distributions by MetOp-A and FORMOSAT-7/COSMIC-2, with expected differences in magnitudes between the GPS (Global Positioning System) L1 and L2 frequencies.
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1. Introduction


GNSS Radio-Occultation (RO) as a technique to measure the Earth’s ionosphere [1] was first applied to the GPS/MET satellite mission in the 1990s [2,3]. Several Low Earth Orbit (LEO) satellites carrying onboard GNSS receivers were later used to further explore the ionosphere. Early examples of RO satellite missions include CHAMP [4], SAC-C [5], and the Formosa Satellite 3/Constellation Observing System for Meteorology, Ionosphere, and Climate (FORMOSAT-3/COSMIC) [6]. Currently, thousands of ionospheric RO measurements are daily obtained by different data providers. Well-known missions are the FORMOSAT-7/COSMIC-2 [7,8], operated by the University Corporation for Atmospheric Research (UCAR), Spire [9], a commercial operator, and Fengyun [10], operated by the National Satellite Meteorological Center (NSMC) of the Chinese meteorological administration. More recently, the MetOp satellite mission, operated by the European Organization for the Exploitation of Meteorological Satellites (EUMETSAT), also provided GNSS RO measurements to explore the ionosphere.



The MetOp-A satellite was launched in October 2006 as the first European polar-orbiting satellite dedicated to meteorology. With an array of several instruments, it was initially designed for global weather forecasting and climate monitoring, providing, e.g., temperature, humidity, wind speed, and ozone parameters. As part of the MetOp payload, the onboard GNSS Receiver for Atmospheric Sounding (GRAS) is dedicated to acquiring GNSS limb-sounding measurements for atmospheric profiling and precise orbit determination [11]. The main objective of the occultations is to provide stratospheric and tropospheric temperature and humidity information to be assimilated in Numerical Weather Prediction (NWP) models. The measurements are therefore provided to describe the lower atmosphere. In 2020, however, during an end-of-life testing campaign of the MetOp-A satellite mission, EUMETSAT enabled the GRAS instrument to extend its vertical measurement range up to 300 and 600 km height in two different experiments. Although the satellite was flying at around 800 km, the received signal was truncated in the upper atmosphere, neglecting the data above 300 km and 600 km. The goal of this campaign was to test the ionosphere monitoring capabilities of the GRAS receiver by validating the ionospheric products (dual frequency bending angle and scintillation index profiles) and minimizing the impact of the vertical range extension over the neutral atmospheric products. Aiming to explore these unique measurements, a dedicated study was launched by EUMETSAT to evaluate the quality of these ionospheric products against similar products independently generated by other processing centers, with a particular interest in the Fengyun 3D and FORMOSAT-7/COSMIC-2 (or COSMIC-2 in short) missions.



The GNSS radio-occultation measurements collected during the end-of-life experimental campaign of MetOp-A covered a three-month period during the Northern hemisphere summer of 2020. The dataset consists of high-resolution (50 Hz) dual frequency amplitude and phases collected by the fore-and-aft antennas of the GRAS receiver during rising and setting occultations, respectively. Within the GRAS ionospheric measurements, this work analyzes the processed dual frequency bending angle and scintillation profiles. The main goal is to compare the GRAS profiles against other RO mission measurements and explore the main ionospheric dynamics observed during the campaign. Usually, GNSS RO measurements are validated against external data sources. Ionosonde stations and incoherent scatter radars, for instance, are commonly used as a reference to the validation [12,13,14,15,16,17,18,19,20,21,22] since they provide accurate observations of the electron density. In-situ measurements provided by external satellite missions are also extensively used to assess the RO measurements [23,24,25,26,27,28,29,30]. Another typical evaluation metric is to compare the RO observations against climatological models of the ionosphere [31,32,33,34,35]. Most of these validation techniques, however, require deriving the electron density values from the carrier phase and pseudo-range measurements. A validation in terms of electron density data observed by MetOp-A is provided by [36]. In the present work, we carry out the validation directly over the bending angle [37,38] and signal fading observations [39,40,41], providing additional validation over the MetOp-A dataset. Details of the dataset collected by the MetOp-A satellite and other RO missions used for comparisons are presented in Section 2. Section 3 and Section 4 show the results regarding the bending angles and scintillation profiles, respectively. The final conclusions are given in Section 5.




2. Materials and Methods


2.1. Dataset


The GRAS dataset released by EUMETSAT refers to the days of the year (DOY) 176 to 253 of 2020, which corresponds from 24 June up to 9 September. The dataset was produced by updating the standard near-real-time processor of EUMETSAT that provides RO L1b products to the NWP centers. This update allowed us to extend the dual frequency bending angle profiles (available in the standard product in the neutral atmosphere only) to cover the entire GRAS measurement range (up to 300 or 600 km depending on the experiment). It also enabled us to include dual frequency profiles of amplitude and phase scintillation indexes at a high rate. The product, one file per each measured occultation, includes high-rate raw observations, i.e., dual frequency excess phases and signal amplitudes. It must be noted that the excess phases represent the phases in excess with respect to the vacuum propagation, i.e., it is obtained by removing the geometry (the straight-line distance between the transmitter and receiver) from the measured carrier phases. Additionally, the MetOp-A and GNSS satellite orbits and clocks trimmed for each individual occultation are released in the products.



To perform validation with independent data, two other RO satellite missions providing similar ionospheric data are selected: Fengyun-3D (FY-3D) and COSMIC-2. The FY-3D data were obtained through the China meteorological administration of the NSMC via the portal http://satellite.nsmc.org.cn/ (accessed on 1 November 2021). Such a dataset includes bending angle measurements at the L1 frequency and the associated electron density profiles. The COSMIC-2 data processed by UCAR was instead obtained through the COSMIC Data Analysis and Archive Center (CDAAC) via the portal https://data.cosmic.ucar.edu/ (accessed on 1 November 2021). The data referred to in the level 1b archive were used to provide TEC and S4 measurements per each occultation observed by the COSMIC-2 GNSS receivers.




2.2. Parameters Used for the Validation


Four parameters are used to analyze and validate the data retrieved by the GRAS measurements collected onboard MetOp-A. They constitute the following:




	
Bending angle in the L1 GPS frequency;



	
S4 in the L1 GPS frequency;



	
S4 in the L2 GPS frequency;



	
Rate of TEC index (ROTI).








Assuming the refractive index as spherically distributed around the tangent points of a radio-occultation event, the bending angle α (the overall bending of the ray path caused by the atmospheric refraction) at the impact parameter  a  (the distance of the asymptotes of the ray path from the Earth’s center) is given by the following Abel integral:


  α  ( a )  = − 2 a  ∫   1     x 2  −  a 2        d ln n   d x   d x  



(1)




where  n  is the refractive index, and  x  is the variable associated with the impact parameter integration. This integral, once inverted, can be used to retrieve the atmospheric refractivity profile which, in turn, can be used to infer the vertical distribution of temperature, pressure, and water vapor in the neutral atmosphere as well as the vertical distribution of electron density in the ionosphere. The basic principles of this radio-occultation technique can be found in Kursinski et al. [1]. The main assumption in Equation (1) is that the refractivity fields are spherically distributed. Another assumption is that the upper limit of the Abel integral is set at an altitude where the refractive index is supposed to be 1. To process the GRAS ionospheric measurements, which are taken only up to 300 km or 600 km, an ad hoc implementation, including the Abel inversion to derive electron density profiles, is used [36]. Then, the ionospheric bending angles are derived by the Doppler-shift measurements following a Geometrical Optics approach. It is well known that the Wave Optics approach [42] improves drastically the neutral bending angle retrieval in the troposphere, where the gradients introduced by water vapor distribution might cause super-refractive layers and even ducting in tropical regions. When this occurs, radio-occultation measurements suffer stronger atmospheric-induced multipath. Multiple signals following different paths and characterized by different impact parameters are contemporaneously received, making the Geometric Optics assumption invalid. On the other hand, it is well known that Wave and Geometric Optics approaches provide similar results when the atmospheric multipath can be neglected, which is mostly the case in the ionosphere. Given that the Geometric Optics approach reduces the computational burden and that the main goal of this study is to show a general picture of the bending angle derived from the high-rate GRAS measurements, we adopted the simpler Geometrical Optics approach.



The S4 index is a measure of amplitude scintillation caused by a severe drop in the C/N0 received by GNSS signals, which is typically used to infer ionospheric irregularities. It occurs differently in GPS L1 and L2 measurements and is defined as the ratio between the standard deviation of the signal’s intensity over its mean intensity [43]:


   S 4 2  =    〈   I 2   〉  − 〈 I  〉 2    〈 I  〉 2     



(2)




where the signal intensity is calculated from the in-phase and quadrature-phase component outputs of the central correlator. The brackets in Equation (2) denote an average over a fixed integration time equal to 1 s. Differently from a ground-based geometry, the space-based RO signals are emerging from the ionospheric limb and are quickly spanning the ionospheric irregularities in the vertical direction. The derived S4 values are therefore a representation of the irregularities over the entire RO ray path, despite being usually mapped at the tangent points. As shown by Wu [44], disturbances in the E- and F-layers can affect the lower atmosphere due to the slant view geometry of the measurements and the tilt angle of the disturbances. However, in the current work, only the ionosphere above the E-layer is studied. As a result, ionospheric S4 profiles are analyzed considering the main source of irregularities at the tangent points. A detailed analysis of the observed S4 profiles is presented in Section 4.



Another metric commonly used to analyze the ionospheric scintillations is the rate of change of TEC (ROT) [45]. It can be used to describe the phase fluctuations and is obtained based on the following equation:


  R O T =   S T E  C  t + τ   − S T E  C t   τ   



(3)




where   S T E C   is the slant TEC and the sample rate  τ  is chosen as 1 s.



We extracted the   R O T   directly from the RO excess phase measurements, avoiding the need for differential code bias (DCB) calibration. In this sense, the   R O T   values are computed by the following:


  R O T = F  (   ϕ  t + τ   L 1   −  ϕ  t + τ   L 2    )  − F  (   ϕ t  L 1   −  ϕ t  L 2    )   



(4)




with


  F =    f 1 2   f 2 2    40.3  (   f 1 2  −  f 2 2   )     



(5)




where    ϕ  L 1     and    ϕ  L 2     are the excess phase measurements for the L1 and L2 frequencies, respectively.



The standard deviation of   R O T  , termed the rate of TEC index (  R O T I  ), can usually be adopted as a better proxy for a scintillation event than   R O T  . The   R O T I   expression is computed in a similar way to the common    σ ϕ   . As shown by [46], it is given as follows:


  R O T I =    〈  R O  T 2   〉  − 〈 R O T  〉 2     



(6)




where 〈 〉 represents the sliding average value over a certain time interval. Usually, the   R O T I   is computed using a 5-min sliding window; however, this is mainly applied to ground-based GNSS observations. The GNSS signal geometry changes very slowly when observed by ground-based receivers. In the case of the present work, satellite-based observations from MetOp-A or COSMIC-2 are used. Since the GNSS signal geometry changes much faster when observed by satellite-based receivers, we selected a smaller time window. Empirically, we selected a 10 s sliding window.





3. Study of RO Bending Angles


The assessment of the RO bending angles derived by MetOp-A observation is performed using the FY-3D data as a reference. Figure 1 shows the differences in the orbits of both missions during arbitrarily selected days from the dates of interest. Each dot represents all the Tangent Points (TPs) used to geolocate the individual ionospheric profiles in terms of latitude and Local Time (LT). As we can see, most of the observation points are in the polar regions. In the other regions, the FY-3D profiles (see black dots) are obtained with a different LT pattern than those from MetOp-A. Due to this difference, we perform a quantitative assessment considering only collocated profiles, mostly occurring in the high latitudes. The results with the collocated data are shown in Section 3.1. Additionally, Section 3.2 presents an analysis of the entire dataset, using non-collocated data. This is performed to explore the latitude and LT dependencies obtained by both satellite mission data, which is not possible with the collocated dataset.



3.1. Collocated Profiles


Figure 2 shows some examples of bending angle profiles obtained by MetOp-A and FY-3D when they are collocated. The collocation is performed assuming that the whole ionospheric profile can be geolocated at a certain location, selected as the latitude and longitude position of the tangent point between the straight line connecting the two satellites. For each profile, one from MetOp-A and the other from FY-3D, we check if the corresponding latitudes, longitudes, and times of these two positions are within a certain threshold. A broad area threshold is assumed with 2.5° × 2.5° in latitude by longitude, and a time window is set as two hours. As Figure 2 shows, the FY-3D and MetOp-A bending angle profiles are quite similar. They all show a similar exponential increase up to ~200 km, followed by a decrease above ~200 km. In case these profiles are converted to electron density values, the peak height (hmF2) would be close to 200 km. This occurs because the bending angle has a linear correlation with the derivative of the electron density, i.e., the electron density inversion point of an ionospheric profile occurs where the bending angle is closer to zero. A difference to be highlighted in this example is that the MetOp-A profile is truncated at ~250 km, whereas the FY-3D data goes up to ~500 km. Although MetOp-A was flying at an orbit height of about 800 km, the GRAS instrument was developed mainly to observe the lower atmosphere, so the measurements were truncated in higher altitudes. In these examples, the FY-3D profiles are intentionally truncated to ~300 km for better visualization. Additionally, the FY-3D profile data points present a lower resolution than the MetOp-A data.



Another example of profiles is presented in Figure 3, however, assuming a time collocation of 4 h. The agreement in this case is worse. The difference between using 2 and 4 h in the time collocation period becomes even more evident when looking at the statistics shown in Figure 4. These results show the mean and standard deviation of the difference considering all the collocated bending angle profiles collected between DOYs 176 and 253 of 2020. The mean difference between MetOp-A and FY-3D has a sinusoidal pattern associated with the sinusoidal pattern of the bending angle profiles. Overall, the mean difference is centered around zero, so no clear bias is observed between the datasets of the two missions. In the case of the 4 h collocation, the differences become more evident at the E-layer peak height (around 110 km) and at the F2-layer peak height (around 230 km). This is expected since these are the regions with the highest variability in the ionosphere. In the case of the 2 h collocation, the standard deviation of the difference is quite constant over the altitudes with a magnitude of about 10 µrads. The magnitude of the standard deviation using a 4 h collocation varies between 10 to 40 µrads. Therefore, as we improve the collocation time of the measurements, we obtain a better agreement. Assuming an ideal case, where the observations are taken at the same TP positions, we can expect a lower standard deviation. This provides evidence that the MetOp-A and FY-3D bending angles are consistent.




3.2. Non-Collocated Profiles


The analysis using non-collocated profiles is performed to evaluate the overall distributions within the latitudes, altitudes, and local times. Figure 5, for instance, shows the profile distributions over altitude, where the entire dataset of the measurements during DOYs 176 to 253 of 2020 is used. The distribution shows the number of occurrences of a specific bending angle value divided by the maximum number of occurrences at the specific height. It can be understood as a two-dimensional histogram binned with 1 µrad by 2 km. The hot color, therefore, shows the region with the highest agglomeration of bending angles. As shown, both distributions (MetOp-A and FY-3D) are very similar. They both show an S-shape variability, with the lowest values close to 225 km. There is also a peak in the E-layer region around 100 km clearly shown in MetOp-A and a bit noisy in FY-3D, which is likely related to the sporadic E-layer.



Figure 6 shows the bending angle distributions of MetOp-A and FY-3D in terms of latitude at a given altitude. Again, we use the entire dataset to compute binned values, however, with bins of 1 degree in latitude and 5 km in altitude. The MetOp-A data shows a very reasonable distribution of the bending angle. We can see higher values in the E-layer associated with the sporadic E-layer dynamics, mainly in the equatorial region and in the Northern hemisphere. This pattern is also confirmed by [47,48], and this shows that the sporadic E-layer mainly occurs in the summer and is quite rare in the winter. As mentioned by Niu et al. [47], the difference between the two hemispheres is induced by the difference between the magnetic and geographic latitudes. This is directly affected by the zonal wind shear, which is the mechanism that controls the sporadic E-layer occurrence. In the case of the FY-3D distributions, we can see that no observations are collected in the equatorial region of the E-layer. This absence of data, unfortunately, limits the comparison between the two datasets. However, we can see higher values of bending angles at +80 degrees and small values at −80 degrees, which indicates a similar pattern to the MetOp-A values. Moving up to 200 km, we can see two peaks around −15 and 15 degrees in latitude. These are associated with the Southern and Northern crests of ionization known as the Equatorial Ionization Anomaly (EIA). It is relevant to notice that the FY-3D crests are more elevated than the MetOp-A crests. This mainly occurs because the passage of the FY-3D satellite in the equatorial region coincides with the daily peak at around 15 h LT (see Figure 1). In the case of MetOp-A, the satellite passage in the equatorial region is around 09:30 or 20:00 h LT, when the vertical drift of the ionosphere is significantly reduced.



Figure 7 shows the bending angle height variation as a function of local time. The averages are computed using bins of 0.5 h in local time and 5 km in altitude. As expected, the highest values from MetOp-A in the E-layer occur in the daytime, due to the previously mentioned dominance of the sporadic E-layer. In the case of the FY-3D data, the E-layer distributions are scattered, which is reasonable due to the absence of data in the equatorial region, as shown in Figure 6 (right panel). Between 125 and 200 km, the FY-3D distribution differs quite strongly from the MetOp-A data, having maximums between 12 and 18 LT. This is expected since the FY-3D passage in the equatorial region is around 15 LT while MetOp-A passes over the equator after 18 h LT. We also see higher values in MetOp-A in the F-layer after 18 h LT. Indeed, the maximum positive values are typically around 125 km. This distribution uplifts to around 175 km shortly after 18:00 LT due to the pre-reversal enhancement period [49]. The electron density peak height (i.e., hmF2) from MetOp-A is therefore found at higher altitudes after 18:00 LT compared to that in mid and high-latitude regions. In the case of the FY-3D, the satellite does not pass over the equatorial region during the pre-reversal enhancement period. Both graphs of Figure 7 also show a U-shape blue region at higher altitudes in the daytime. This occurs due to the bending angle transition between positive to negative at the peak height. The bending angle has a strong transition in the daytime and a rather weak decrease in the nighttime.





4. Study of RO Scintillation Profiles


The characteristics of the RO scintillation profiles derived from MetOp-A observations are compared with the COSMIC-2 scintillation data in this section. The analysis is performed considering dual frequency amplitude scintillations profiles. The COSMIC-2 observations are located at different local times and latitudes in comparison to the MetOp-A observations. Figure 8 shows the differences in the LT patterns of both missions on a few dates of interest. As we can see, all the COSMIC-2 observations are concentrated at latitudes of −40 and 40 degrees. The closest locations between MetOp-A and COSMIC-2 measurements occur mainly in low latitudes and around 8 and 20 LT. Due to this distribution, we could not find a significant number of collocated points to compute statistical differences. Only around 12 profiles were well-collocated. Therefore, in this section, we analyze and compare only the LT, latitude, and altitude distributions of the entire dataset, without considering colocation.



To have an initial idea of the S4 distributions, Figure 9 shows two of the most observed patterns of the S4 values by MetOp-A. The left panel is related to the latitude distribution. The right panel is related to the LT distribution. Most of the S4 values observed by the RO geometry depend on the irregularities of the sporadic E-layer. As we can see, the highest S4 values occur at around 100 km, which is an average peak of the E-layer. Sporadic E activity peaks are more pronounced in the summer. Therefore, the seasonal behaviors directly impact the S4 index values. As expected, the highest S4 values are located around +40 degrees in latitude, since the dates of interest relate to the Northern summer. The LT distributions show two maximums near 10:00–13:00 LT and 18:00–23:00 LT. This semi-diurnal variation is generally consistent with ground-based observations from several sites in the Northern hemisphere [50]. Moreover, as shown in Figure 8, MetOp-A crosses the equatorial region shortly after 18:00 h LT. It is well known that amplitude scintillation is more prominent in the equatorial region, especially after sunset hours. Both distributions agree well with previous research conducted by Wu et al. [44,51]. It is worth mentioning that, in this previous work, the LT peaks are found around 08:00–12:00 LT and 18:00–22:00 LT. Here, the LT peaks are near 10:00–13:00 LT and 18:00–23:00 LT, which is justified due to the differences in the satellite orbits.



Figure 10 shows a comparison of the S4 values computed by MetOp-A in the GPS L1 and L2 frequencies. Overall, we can see that both distributions are very compatible. The major difference is that the S4 values obtained for L2 signals are higher. As expected, the scales of irregularities detected by the L1 and L2 signals are not the same due to different signal frequencies. As shown by [52,53], the S4 index is higher at L2 frequencies in comparison to the L1 frequency. Based on the relation given by Equation (3) in [52], the S4 values are expected to be 1.45 times higher in the L2 frequency when compared to L1. Our computations revealed maximum values of 0.25 at L1 and 0.4 at L2, showing that the S4 index at L2 is 1.6 times larger than the S4 at L1. On average, we have found a factor of 1.5. This is reasonable since the factor computed here is based on experimental data, i.e., affected by measurement noises, while the relation presented by [52] is theoretical.



Figure 11 shows the distribution of the S4 values at the L1 frequency observed by MetOp-A (top panel) and COSMIC-2 (bottom panel) missions as a function of latitude and DOY. Each pixel of Figure 11 is an average of all S4 values measured with a bin of 5 degrees in latitude and 0.1 days, i.e., 2.4 h. The representation is referred to as an altitude of 100 ± 20 km. Figure 12 shows a similar analysis but considers the distribution in terms of latitude by altitude. As can be seen, the MetOp-A S4 index has the highest values around 40 degrees North. As we move towards the equator, the S4 values smoothly decrease until reaching almost zero. There is a sharp decrease of 20 degrees North, where the S4 values vary from 0.2 to zero. As shown by Niu et al. [47], a sharp change in the S4 values is expected at around 20°N latitude at 100 km altitude in the summer. The sudden change of S4 around the 20°N latitude can be explained by the presence of sporadic E-layers, which have a steep boundary on the equator side. The sporadic E-layers observed by the MetOp-A S4 values are mapped at around 100 km, which is coincident with previous studies [22,54,55].



The higher values observed in the Northern hemisphere are related to the Northern summer [22,56]. In the case of the COSMIC-2 data, the observation limitation between −40 and 40 degrees in latitude hampers a proper analysis of the seasonal behavior. However, we can see a slight increase in the S4 values when moving towards 40 degrees North. It is also possible to notice that the COSMIC-2 S4 values are slightly larger in the low latitudes in comparison to the MetOp-A distributions. This difference is also justified since we are not considering collocated measurements in the representation, so the satellites are passing through distinct local times and longitudes, mainly at the equator. Another point is that the estimated S4 index may also depend on the measuring instrument electronics. An ideal comparison is only possible when two missions use the same receiver types. However, this is not the case for MetOp-A and COSMIC-2 missions. COSMIC-2 uses the tri-band GNSS receiver system developed by NASA/JPL capable of receiving and processing signals from GPS, Galileo, and GLONASS systems. MetOp-A uses the GRAS receiver system developed by RUAG, capable of receiving and processing only GPS signals.



To have a similar view of the scintillation distributions between MetOp-A and COSMIC-2 while minimizing the problem due to different GNSS receivers, Figure 13 shows ROTI profiles observed in terms of altitude and local time. Again, the measurements are not collocated. The averages are computed using bins of 0.5 h in local time and 5 km in altitude. In this case, there are several similarities between the distributions over the distinct altitudes and local times. We can clearly see the presence of sporadic E-layers and EIA crests at the times the satellites are passing through the equator. It is relevant to notice that the magnitude of the ROTI values among the missions is more similar when compared to the S4 values, varying up to 4.5 × 1015 TEC/s in both COSMIC-2 and MetOp-A datasets. Differences are evident in the post-sunset E-layer, where we can see higher values by MetOp-A, reaching ~1.8 × 1015 TECU/s, while the COSMIC-2 ROTI values are lower, reaching ~0.9 × 1015 TECU/s. As explained before, these differences are mostly related to the different orbit geometries.




5. Conclusions


This study analyzed the distribution of different ionospheric parameters given by MetOp-A radio-occultation measurements and compared them to parameters observed by FY-3D and COSMIC-2 missions. The following conclusions are outlined:




	
The collocated assessment showed agreement between the MetOp-A and FY-3D datasets in terms of the bending angle measurements. No bias was found between the bending angles. The standard deviation of the differences between the missions reduces as the observations are closer in space and time.



	
FY-3D and MetOp-A bending angle distributions show clear similarities. They both show an S-shape variation within the altitudes with the lowest values close to 225 km in altitude. A peak in the E-layer region around 100 km, related to the sporadic E-layer, is also observed in both datasets in the Northern hemisphere. Above 200 km, two peaks, around −15 and 15 degrees, were observed by the GRAS receiver onboard MetOp-A. These are associated with the impact of the EIA crests on the bending angles. In the case of FY-3D, the EIA crests are more elevated because the passage of the FY-3D satellite in the equatorial region occurs when the vertical drift is enhanced, while the MetOp-A passage in the equatorial region occurs when the vertical drift of the ionosphere is reduced. A U-shape distribution was observed in both missions, with a sharp decrease in altitude of the bending angle during the daytime at the F-layer, and a flat variation of the bending angle at night.



	
In the case of scintillations, we observed similar S4 distributions between the GPS L1 and L2 frequencies, with a difference in the S4 magnitude. The S4 values were about 1.5 times higher in L2 than in L1, which agrees well with the previous literature. An external assessment was not applied to collocated measurements due to the misalignment of the orbital locations between COSMIC-2 and MetOp-A. As in the bending angle analysis, we could find clear evidence of sporadic E-layer-induced effects. Previous literature studies have shown that the presence of a sporadic E-layer is the main source of RO scintillation over the middle latitude region, which is confirmed by our study.



	
The magnitude of the ROTI values varies up to ~4 × 1015 TECU/sec in both COSMIC-2 and MetOp-A datasets, having clear LT and altitude dependencies. It was possible to detect the occurrence of sporadic E-layers and clear signatures of irregularities in the F-layer during the post-sunset hours, likely associated with vertical drifts.








A main limiting factor of the current study is that only three months of data were available. This has restricted the number of profiles collocated with other missions and impacted the statistics computed in the MetOp-A assessment. Additionally, our investigation is restricted to the Northern summer of 2020. It would be relevant to extend the analysis and understand the bending angle and scintillation distributions over distinct seasons and solar activities. Hence, in the future, it is planned to extend the MetOp dataset campaign to provide near real-time RO data on the ionosphere obtained by the GRAS instrument. The data evaluation presented in this work contributed to a change in the MetOp configuration, leading to the permanent observation of the ionosphere. A future study is recommended to determine correlations between ROT, ROTI, and S4 indices between RO and GNSS ground data, with a particular interest in analyzing geomagnetic storms and equatorial plasma bubbles in the upcoming solar cycle peak.
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Figure 1. Local time pattern of the tangent points observed by the MetOp-A (see red dots) and FY-3D satellite. Each panel shows the footprint of the tangent points for specific DOYs of 2020. 
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Figure 2. Bending angle profiles at GPS L1 frequency from MetOp-A (red curve) and Fengyun 3D (black curve) when considering a collocation of 2.5 × 2.5 deg in latitude and longitude. The time collocation is 2 h, i.e., the maximum time difference between MetOp-A and Fengyun 3D is 2 h for all the points in a specific profile. 
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Figure 3. Bending angle profiles at GPS L1 frequency from MetOp-A (black curve) and Fengyun 3D (red curve) when considering a collocation of 2.5 × 2.5 deg in latitude and longitude. The time colocation is 4 h, i.e., the maximum time difference between MetOp-A and Fengyun 3D is 4 h for all the points in a specific profile. 
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Figure 4. Mean and standard deviation of the difference between the bending angle profiles at GPS L1 frequency from MetOp-A and Fengyun 3D when considering the entire dataset (DOYs 176 to 253). The collocation is assumed with 2.5° × 2.5° in latitude and longitude, 2 h in time for the left panel, and 4 h in the right panel. 
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Figure 5. Altitude distribution of the bending angle values at L1 derived from the MetOp-A measurements (left panel) and Fengyun-3D data (right panel) during the entire collocated dataset (DOYs 176 to 253 of 2020). The color bar shows the normalized occurrence of the most predominant patterns in the dataset. The white background represents the absence of data. 
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Figure 6. Bending angle distribution at L1 frequency in terms of altitude by latitude from the MetOp-A measurements (left panel) and Fengyun-3D data (right panel). 
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Figure 7. Bending angle distribution at L1 in terms of altitude by local time from the MetOp-A measurements (left panel) and Fengyun-3D data (right panel). 
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Figure 8. LT patterns of the tangent (representative measurement) points observed by the MetOp-A and COSMIC-2 satellites. Each panel shows the footprint of the tangent points for specific DOYs in 2020. 
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Figure 9. S4 distribution of the entire dataset (DOYs 176 to 253 of 2020) in terms of latitude (left panel) and LT (right panel) observed by the MetOp-A satellite. 
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Figure 10. S4 distribution of the entire dataset (DOYs 176 to 253 of 2020) in terms of altitude by local time from the MetOp-A measurements at L1 (left panel) and L2 (right panel) frequencies. 
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Figure 11. S4 distribution derived from MetOp-A (top panel) and COSMIC-2 (bottom panel) L1 signal as a function of geographic latitude and day of the year. This graph is generated considering all measurements at 100 ± 20 km. The white background represents the absence of data. 
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Figure 12. S4 distribution in terms of altitude by latitude from the MetOp-A measurements at L1 (left panel) and COSMIC-2 measurements at L1 (right panel). 
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Figure 13. Distribution in terms of altitude by local time of ROTI measurements at L1 from MetOp-A (left) and COSMIC-2 (right). Values shown here are not co-located. MetOp-A values are computed from −40 to 40 degrees to better match the COSMIC distribution. The unit of the color bar is TECU/s. 
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