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Abstract

:

The electron temperature (Te) behavior at small scales (both spatial and temporal) in the topside ionosphere is investigated through in situ observations collected by Langmuir Probes on-board the European Space Agency Swarm satellites from the beginning of 2014 to the end of 2020. Te observations are employed to calculate the Rate Of change of electron TEmperature Index (ROTEI), which represents the standard deviation of the Te time derivative calculated over a window of fixed width. As a consequence, ROTEI provides a description of the small-scale variations of Te along the Swarm satellites orbit. The extension of the dataset and the orbital configuration of the Swarm satellites allowed us to perform a statistical analysis of ROTEI to unveil its mean spatial, diurnal, seasonal, and solar activity variations. The main ROTEI statistical trends are presented and discussed in the light of the current knowledge of the phenomena affecting the distribution and dynamics of the ionospheric plasma, which play a key role in triggering Te small-scale variations. The appearance of unexpected high values of ROTEI at mid and low latitudes for specific magnetic local time sectors is revealed and discussed in association with the presence of Te spikes recorded by Swarm satellites under very specific conditions.
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1. Introduction


The topside ionosphere is an environment characterized by very complex dynamics due to the interplay between solar radiation, the flux of particles embedded in the solar wind, the configuration of the Earth’s magnetic field, the distribution and dynamic properties of the different chemical species in the Earth’s atmosphere, and the interaction with the neutral atmosphere dynamics [1,2,3]. All of this influences the plasma distribution and dynamics of the topside ionosphere, which in turn exhibits peculiar spatial, diurnal, seasonal, solar, and magnetic activity variations on very different spatial and temporal scales [4,5].



Over the years, most attention has been focused on the description of the topside ionosphere electron density (Ne) at both large and small spatial and time scales. Large scales describe the median statistical behavior of Ne, i.e., the main spatial, diurnal, seasonal, and solar activity variabilities. Ne behavior at these scales is well described by empirical climatological ionospheric models like the International Reference Ionosphere (IRI, [6]). Differently, small scales describe the large day-to-day variability of the ionosphere, like for example that exhibited during geomagnetic storms [7,8]. Small-scale irregularities in Ne can be investigated through the calculation of ionospheric indices based on local in situ Ne observations from Langmuir Probes (LP) on-board low-Earth-orbit (LEO) satellites, or based on nonlocal total electron content (TEC) observations from ground-based or satellite-based Global Navigation Satellite System (GNSS) receivers. The ionospheric index named Rate Of change of electron Density Index (RODI, [9]) is derived from LPs in situ Ne observations, while the Rate Of change of Total electron content Index (ROTI, [10]) is calculated from nonlocal TEC observations. These two indices allowed identifying a large spectrum of Ne irregularities ranging from meters to hundreds of kilometers, particularly affecting the high [9,11,12,13,14] and low [15,16,17,18] latitudes.



On the contrary, as far as we know, electron temperature (Te) small-scale variations have not been extensively investigated yet, despite their possibly crucial role in the characterization of the energy budget of ionospheric plasma, especially at auroral latitudes, and in the occurrence of plasma irregularities [19,20,21,22,23,24]. This is why Pignalberi [25] has recently proposed a new ionospheric index named the Rate Of change of electron TEmperature Index (ROTEI) for the characterization of the in situ Te small-scale variability. ROTEI shares the same mathematical framework of the best known RODI; as a consequence, it inherits the RODI features and skills. In the Topside Ionosphere Turbulence Indices with Python (TITIPy, https://github.com/pignalberi/TITIPy, accessed on 3 January 2021, [25]) tool, ROTEI is derived from Te values measured at 2 Hz rate by LPs on-board the European Space Agency (ESA) Swarm satellites constellation [26]. After defining ROTEI and describing the corresponding calculation algorithm, Pignalberi [25] provided a first example of ROTEI application based on Swarm A data recorded during a period encompassing the St. Patrick’s day geomagnetic storm that happened on 17 March 2015. From that very preliminary analysis it emerged that high ROTEI values characterize the auroral latitudes, and that during geomagnetic disturbed conditions the regions characterized by high ROTEI values expand equatorward while ROTEI increases in magnitude [25].



The orbital configuration and the instrumentation on-board the three Swarm satellites [27] guarantee an accurate determination of ROTEI on a global basis, for different magnetic local times (MLT), seasons, and for the different solar activity levels covered since Swarm satellites were deployed in orbit at the end of 2013. Taking advantage of seven years (1 January 2014 to 31 December 2020) of Swarm Te observations, we investigated the statistical behavior of ROTEI in order to characterize the main features of Te small-scale variations in the topside ionosphere. We discussed the ROTEI spatial distribution on a global scale, its diurnal and seasonal trends, and its variations induced by solar activity. Moreover, the appearance of very high ROTEI values at mid and low latitudes for specific MLT sectors was investigated and related to the presence of Te recorded by Swarm LPs.




2. Data and Method


2.1. In Situ Electron Temperature Data by ESA Swarm Langmuir Probes


Swarm is an ESA constellation of three LEO satellites in operation since December 2013 [26]. The three satellites (conventionally named A, B, and C) were deployed in a circular near-polar orbit with the following orbital configurations: Swarm A and C fly in-tandem with an orbit inclination of 87.35° at an initial altitude of about 460 km, while Swarm B has an orbit inclination of 87.75° and an initial altitude of about 510 km. As a consequence, Swarm satellites take about 130–140 days to cover all MLTs.



Swarm satellites carry LPs providing in situ Ne and Te observations at 2 Hz rate [28,29]. Swarm LPs data are available at ftp://swarm-diss.eo.esa.int (accessed on 14 April 2021). In this work, we used 2 Hz Te observations from LPs on-board Swarm satellites recorded from 1 January 2014 to 31 December 2020 to compute ROTEI. However, in this paper we show only the results from the Swarm B satellite, those from Swarm A and C being consistently similar. Specifically, we considered only data recorded with LPs in “High-Gain” mode (by applying the flags described in https://earth.esa.int/documents/10174/1514862/Swarm_L1b_Product_Definition%20 (accessed on 14 April 2021)) to maximize the reliability of the dataset.




2.2. ROTEI Calculation


Time series of ROTEI at 2 Hz rate for the Swarm B dataset were calculated by running the TITIPy tool [25] available at https://github.com/pignalberi/TITIPy (accessed on 3 January 2021).



ROTEI is the standard deviation of the Te time derivative calculated in a window of fixed width sliding along the time series [25]:


  ROTEI ( t ) ≡    1  N − 1       ∑   t i  = t − Δ t / 2   t + Δ t / 2      ROTE (  t i  ) −   ROTE  ¯  ( t )      2    ,  



(1)




where ROTE (Rate Of change of electron TEmperature) is the time derivative of Te recorded at time t:


   ROTE ( t )  ≡   Δ T e ( t )   Δ t   =   T e ( t + δ t ) − T e ( t )   δ t   ,  



(2)




and     ROTE  ¯  ( t )   is the arithmetic mean of ROTE values in the sliding window:


    ROTE  ¯  ( t ) =  1 N    ∑   t i  = t − Δ t / 2   t + Δ t / 2    ROTE (  t i  )   .  



(3)







In Equations (1)–(3), δt is the time step of the Te time series, Δt is the width of the sliding window, and N is the number of Te values falling in the window (which in turn depends on δt and Δt according to N = Δt/δt + 1).



ROTEI was calculated with the default TITIPy specifications [25], namely δt = 0.5 s (since Te data are at 2 Hz rate), Δt = 10 s, then N = 21. For more information on the ROTEI calculation algorithm by TITIPy refer to [25].



An example of ROTE and ROTEI values obtained from Te observed by Swarm B is presented in Figure 1. In the first two rows of this figure, we report the Te values recorded by Swarm B on 5 January 2018 at 13:53:04 Universal Time (UT) (equator crossing point, ascending semiorbit) in the first column, and the corresponding ROTE and ROTEI in the second and third columns, respectively. Data are represented both in geographic maps (first row plots) and as a function of latitude (second and third row plots). Figure 1 clearly displays the ability of both ROTE and ROTEI in catching Te small-scale variations. In fact, between about 50°N and 85°N, large variations in the magnitude of Te cause the steep increase of ROTE and ROTEI (consider that ROTE and ROTEI are represented in a logarithmic scale).



Generally speaking, ROTEI is more effective than ROTE in describing Te variations because it is calculated on a sliding window whose width has been chosen to accurately represent a range of scales spanning from few to hundreds of kilometers. This range of scales has been widely investigated in the past years, in particular for what concerns Ne irregularities; for example, ([13,14,18] and references therein) showed how irregularities occurring at these scales are intimately related to turbulent phenomena, at both low and high latitudes. Due to its mathematical definition, ROTEI describes the variability of Te at the scale of the window used for its calculation and is unaffected by larger-scale Te variations; this is well visible in Figure 1 by comparing the Te and ROTEI trends at low latitudes with the corresponding ones at Northern high latitudes. Likewise, ROTEI values are much lower where Te varies slowly (like at Southern mid latitudes in Figure 1); in fact, Figure 1 shows a difference of more than two orders of magnitude between the lowest and highest ROTEI values.





3. Statistical Trends of ROTEI in the Topside Ionosphere


Spatial, diurnal, seasonal, and solar activity trends of binned ROTEI values were obtained from Swarm B Te observations at 2 Hz from 2014 to 2020. The mean value was considered as the representative one within each bin. Since the plasma distribution and dynamics in the topside ionosphere is strongly affected by the configuration of the Earth’s magnetic field, we binned ROTEI as a function of the Quasi-Dipole magnetic latitude (QD, [30]), and MLT. Specifically, data were binned in 2.5° wide bins in QD latitude, and fifteen-minute wide bins in MLT.



3.1. On the ROTEI Diurnal and Seasonal Trends


The seasonal trend is investigated by splitting data in four periods centered at solstices and equinoxes based on the day of the year (doy): March equinox, 35 ≤ doy ≤ 125; June solstice, 126 ≤ doy ≤ 217; September equinox, 218 ≤ doy ≤ 309; December solstice, doy ≤ 34 OR doy ≥ 310. The mean value of each bin was calculated to represent the main statistical behavior of ROTEI. In each bin, the number of ROTEI values on which the mean values were calculated ranges between 102 and 104.5 with the bulk of bins containing about 104 values. The less populated bins are those characterizing the low latitudes in the diurnal sector for years of high solar activity (2014 and 2015), due to the use of only “High-Gain” LPs data (see Section 2.1). The mean values were calculated only for bins with at least 10 values.



In Figure 2, ROTEI mean values are represented as polar projection with MLT and the QD latitude being respectively the azimuth and radius, for the Northern (NH, first row plots) and Southern (SH, second row plots) hemispheres. The different local seasons are represented in different columns: spring in the first column plots, i.e., March equinox for NH and September equinox for SH; summer in the second column plots, i.e., June solstice for NH and December solstice for SH; autumn in the third column plots, i.e., September equinox for NH and March equinox for SH; winter in the fourth column plots, i.e., December solstice for NH and June solstice for SH. The scale is the same across all plots and is logarithmic to best represent the large variability in magnitude exhibited by ROTEI for different latitudes and MLTs.



Figure 2 highlights the spatial, diurnal, and seasonal features of ROTEI mean values. In more detail:




	a)

	
ROTEI exhibits a well-marked latitudinal dependence. Auroral latitudes are characterized by the highest ROTEI values (in the range between 102 and 103 K/s), while non-auroral ones experience the lowest values of ROTEI except for very specific MLTs;




	b)

	
limited to the MLT sectors around 9:00 and 15:00, the mid and low latitudes are characterized by the presence of very high ROTEI values that depart from the equator and merge with the high ROTEI values at auroral latitudes. Specifically, at the equator such high ROTEI values are always located at 9:00 and 15:00 MLT, but rising towards mid latitudes their shape can change with the season and these very high ROTEI values can be found also at different MLTs. In particular, this is the case for the winter season, where the two strips of high ROTEI values start at the equator at 9:00 and 15:00 MLT, but then merge with each other at 12:00 MLT at mid latitudes;




	c)

	
at mid and low latitudes, ROTEI is higher during daytime (between 10 and 101.75 K/s) than at nighttime (between 100.25 and 101.25 K/s). The two different behaviors are well separated at MLTs characterized by the solar terminator passage (both at sunrise and sunset), the shape of which changes with the season due to the different solar illumination conditions;




	d)

	
the seasonal dependence is limited to the auroral latitudes and to MLTs 9:00 and 15:00 at mid and low latitudes. In fact, the high latitudes exhibit a large seasonal variation, with highest ROTEI in winter and lowest in summer, which is opposite to the solar illumination conditions. Moreover, in local winter, the high-latitude region characterized by the highest ROTEI expands towards mid latitudes by reaching about 55–60° of QD latitude in both hemispheres, compared to about 65–75° in summer, and 60–70° at equinoctial seasons. At high latitudes, for all seasons, the latitudinal extension of high ROTEI values is more marked at nighttime, where lower latitudes are reached, compared to daytime. Somewhat expected is the fact that equinoctial seasons are very similar at all latitudes and MLTs.









The presence of very high ROTEI values at high latitudes finds its explanation in the phenomena affecting the auroral oval. At high latitudes, ROTEI highest values draw a ring around the magnetic poles and are elongated towards lower latitudes in the nighttime sector. Indeed, auroral latitudes are characterized by particle precipitation causing the increase of Te in the topside ionosphere through Joule heating. A recent work by [31] investigated the seasonal behavior of the electrical conductivity parallel to the Earth’s magnetic field, by using only plasma data (Ne and Te) from Swarm A spacecraft. Although the parallel conductivity also shows a slight dependence on Ne, the main contributor to it remains Te (see Equation (6) in [31]). In their work, the authors of [31] estimated the contribution to conductivity from particle precipitation by subtracting from the overall conductivity that inferred from Ne and Te modeled by IRI [6]. They found a remarkable variability with season of the parallel conductivity (and, to a large extent, of Te), showing that the effect of precipitation increases the parallel conductivity (and Te) especially in the nightside and approaching the border of the auroral oval at ± 60° QD latitude, and in the region of the dayside cusp, and this effect is stronger in winter than in summer and at equinoxes.



Differently from parallel conductivity and Te, the maps in Figure 2 show an almost homogeneous enhancement of ROTEI throughout the auroral oval regions, with the exception of a maximum in the cusps, that could be directly associated with the effect of particle precipitation. Moreover, the area of high ROTEI at high latitudes seems to considerably expand to lower latitudes in winter, especially in the Southern hemisphere. This implies that the distributions of the small-scale Te gradients at high latitudes only broadly match the patterns of Te itself, and the occurrence of Te variations seems rather to be a ubiquitous phenomenon of the auroral regions, possibly related to the presence of horizontal currents and zonal electric fields which strongly act on plasma dynamics almost all the time.



It is also worth noting that ROTEI exhibits very peculiar features under different solar illumination conditions. Firstly, while at mid and low latitudes the highest (lowest) ROTEI values observed at daytime (nighttime) suggest a strong coupling with the sunlit conditions, at high latitudes the situation is very different. There, the diurnal trend of ROTEI does not follow the solar illumination conditions and, more importantly, the seasonal trend shows the highest values of ROTEI in winter and the lowest in summer, as already pointed out above. Te gradients are present at all MLTs and QD latitudes due to the energy deposited via the joint action of solar illumination on the dayside, particle precipitation on both the dayside (in correspondence of the cusp and at lower latitudes in the prenoon sector) and the nightside (especially in correspondence with the boundary between Region 2 and the ionospheric trough), and convective motions of plasma through neutrals in the polar cap regions (see, e.g., [32,33]). Above around ±60° of QD latitude, i.e., at auroral latitudes, the strongest Te gradients observed point out the steeper small-scale variation of Te, which is mainly due to particle precipitation, which is a manifestation of the magnetosphere-ionosphere coupling and plays a fundamental role in the exchange of energy and momentum. In more detail, on the dayside, at QD latitudes of around ±80°, an enhancement of Te is expected around noon [34] and at slightly lower latitudes in the prenoon sector [21] due to an intense electron precipitation from the (open) magnetosphere [35]. On the nightside, an intense particle precipitation is observed especially in the equatorward part of the Region 2 [36], corresponding to field-aligned currents flowing from the magnetosphere to the ionosphere. The energy peak of precipitating particles is observed in correspondence with the position of the main ionospheric trough, where Te increases due to both the energy exchanges with the nightside magnetosphere and the depletion of Ne [37]. This behavior also affects Te gradients, as we can see from Figure 2. The net result is an enhancement of ROTEI (and, thus, of Te gradients) at almost all MLTs. This enhancement of Te is particularly pronounced during the nightside winter, when the contribution of particle precipitation to Te is dominant due to both the increased energy of the precipitating particles and the decreased Ne that prevents the slowing of precipitating particles via collisional cooling [38]. We also notice that the regions of enhanced Te gradients on both dayside and nightside are located more poleward during the summer than during the winter. This is consistent with the findings of the authors of [39,40], who discussed this observation in terms of the shift of field-aligned current systems. We remark that despite a reduction of precipitation events is expected at very high latitudes on the dayside winter with respect to the dayside summer due to the reduced electron flux number [41], when looking at local small-scale Te gradients pointed out by ROTEI, an increase during winter emerges also in the dayside. This suggests that while Te during summer is higher than in winter on the dayside polar regions, Te gradients undergo the opposite behavior, and are higher on the dayside in winter than in summer.



The presence of very high ROTEI values at mid and low latitudes for the MLT sectors around 9:00 and 15:00 is hard to explain. In fact, for these MLTs and locations, Te in the topside ionosphere does not exhibit any specific large-scale feature that could be readily connected with these very high ROTEI values. Moreover, we have to consider that in Figure 2 we represented the mean ROTEI values in the bin; as a consequence, these extremely high ROTEI values are not sporadic but represent the bulk of the data for the interested bins. This is why, in Section 4, we look for a possible correlation between high ROTEI values and spikes in the Te values recorded by Swarm LPs, whose presence is known to the Swarm community.




3.2. On the ROTEI Solar Activity Variation


To study the solar activity impact on ROTEI, we calculated ROTEI maps in polar projection (like we did for Figure 2 plots) for each year. Our dataset comprises data collected by Swarm B satellite from 2014 to 2020, i.e., from maximum to minimum solar activity level of the last solar cycle.



In Figure 3, ROTEI mean values are represented in polar projection (MLT vs. QD latitude), for the NH (first row plots) and the SH (second row plots), from 2014 to 2020 (from left to right). To highlight the variation of solar activity, the third row plot represents the daily F10.7 solar index time series [42] and the corresponding 81 day running mean (F10.781), which best represents the long-term solar activity variation. As highlighted by F10.781 values, the year 2014 encompasses the maximum of the last solar cycle, the years 2015–2017 the descending part of the solar cycle, and the years 2018–2020 the quite-long-lasting solar minimum.



Overall, ROTEI exhibits a faint solar activity dependence by showing higher values during low solar activity. Specifically, at mid and low latitudes, ROTEI increases from 2014 to 2020; this is particularly evident at nighttime and dawn hours. In these MLT sectors, the highest ROTEI are recorded for the years 2019 and 2020. Moreover, at high latitudes a slight increase of ROTEI is visible. Compared to the spatial, diurnal, and seasonal variations, solar activity is a source of Te variations that is of second order importance. However, in this comparison we should keep in mind that the last solar cycle was very weak if compared to the previous ones.



Unfortunately, despite the fact that several papers have pointed out the dependence of Te on altitude, latitude, local time, season, geomagnetic and solar activity mainly with radar facilities, to our knowledge very few statistical characterizations of small-scale Te variations exist in the literature. For example, [43] found that Te at mid latitudes is slightly higher during low solar activity than during high solar activity, especially in summer and at equinoxes. [44] found that Te increases with solar activity of a few degrees K per sfu. [45] found that Te increases during solar flares on the dayside from 1.3 to ~2 times the value during quiet periods. In this respect, the observed ROTEI behavior seems to agree with those pictures. In a very recent work, [46] investigated the statistical behavior of the electrical conductivity parallel to the Earth’s magnetic field as a function of solar and geomagnetic activity by using the same approach as the authors of [31]. They found that the parallel conductivity (and so, to a larger extent, Te) generally increases in the dayside, and decreases in the nightside with solar activity. The explanation given by the authors of [46] to this effect is the following: during periods of high solar activity, the increase of Te in the nightside due to particle precipitation is balanced by a cooling due to collisions with ions, while the reduction of the EUV flux during low solar activity periods causes a strong reduction of both ion and electron densities, so also reducing the electron cooling; therefore, as a net result, a higher Te (and a higher parallel conductivity) is observed in the nightside during low solar activity. This is also observed in the ROTEI maps of Figure 3, especially when looking at the maps of 2019 and 2020, which correspond to the minimum of the last solar cycle.





4. Investigating the Correlation between High ROTEI Values and Electron Temperature Spikes


The investigation of Swarm LPs data has revealed the presence of spikes in Te, i.e., abrupt increases above the background state lasting for a few seconds. Such Te spikes are known to the Swarm community and the interpretation of their occurrence and distribution is still ongoing and matter of debate (see, e.g., https://earth.esa.int/eogateway/documents/20142/37627/swarm-preliminary-plasma-dataset-user-note.pdf/6e8c356f-16d9-5145-1cc9-a9c5736653ab, accessed on 9 April 2021). At least part of the features exhibited by Te spikes can be associated with physical phenomena happening at auroral latitudes as, for example, intense subauroral ion drifts [19]; while for other features it is difficult to find a physical reason, and the contamination due to instrumental/environmental effects is also taken into consideration as a possible explanation.



We tried to correlate the distribution and magnitude of ROTEI with the occurrence of spikes in the Swarm B Te dataset. We consider as spikes those Te observations greater than 6000 K. To properly compare ROTEI and Te spikes, from the Swarm B dataset (see Section 2.1) we selected all the observations for which Te ≥ 6000 K and then binned them like we did for ROTEI (see Section 3.1) to reveal their spatial, diurnal, and seasonal occurrence. In Figure 4, to facilitate the visual comparison between the distribution and magnitude of both ROTEI and Te spikes, ROTEI mean values (the same as Figure 2), the number of occurrences of Te spikes in the bin, and Te spikes percentage occurrence in the bin are shown side-by-side as polar plots in MLT vs. QD latitude, for the four seasons and for both hemispheres. Te spike percentage occurrences in the bin are calculated by normalizing the number of Te spikes in the bin to the total number of Te observations in the same bin.



The comparison between ROTEI and Te spikes in Figure 4 reveals several interesting similarities between them. Specifically:




	a)

	
the spatial distribution of Te spikes matches quite well with that of high ROTEI values. Te spikes are present at high latitudes all over the day, at mid and low latitudes for the MLT sectors around 9:00 and 15:00, and around the equator in the concomitance of the Te pre-sunrise peak. This matching also suggests that the Te spikes found occurred on small scales, as they correspond to small-scale Te gradients pointed out by high ROTEI values;




	b)

	
Te spikes maximize in the winter season, are minimum in summer, and show an intermediate behavior at both equinoxes (that are very similar to each other). The seasonal variation in the number of spikes is very remarkable at high latitudes whose number can reach up to 40% of the Te total observations in winter in the Southern hemisphere, while they are below 10% in summer, and can reach up to 20% in the equinoxes at nighttime. The seasonal variation is similar to that exhibited by ROTEI values;




	c)

	
the Te spikes’ spatial distribution shows an asymmetry between hemispheres (not present in ROTEI). In particular, at high latitudes, in the NH spikes are more concentrated in the nighttime sector, while in the SH their diurnal distribution is more homogeneous. Moreover, the number of Te spikes is much larger in the SH than in the NH;




	d)

	
it is very remarkable how the spatial distribution of Te spikes at mid and low latitudes for the MLT sectors around 9:00 and 15:00 matches that of high ROTEI values. In fact, seasonal variability of Te spikes matches very well that of ROTEI at both mid and low latitudes.









According to Figure 4, high ROTEI values and Te spikes exhibit very similar spatial, diurnal, and seasonal patterns. However, while for high latitudes the high percentage occurrence of Te spikes suggests a strong link with high ROTEI values, at mid and low latitudes for the MLT sectors around 9:00 and 15:00 the relatively low number of Te spikes (less than 5%) can hardly explain the occurrence of very high ROTEI values. In fact, ROTEI polar plots represent the mean value of ROTEI within each bin. The only presence of sporadic Te spikes at mid and low latitudes is not enough to explain the high ROTEI there observed.



To further investigate the possible link between high ROTEI values at mid and low latitudes around 9:00 and 15:00 MLT and the corresponding Te spikes, we selected all the Swarm B semiorbits (both ascending and descending) from 2014 to 2020 for which at least one Te spike is present for |QD latitude| ≤ 45° and 8:00 ≤ MLT ≤ 16:00, and plotted Te, ROTE, and ROTEI time series to visually check their behavior under these conditions. As an example, in Figure 5 we show these three quantities as a function of geographic latitude for three consecutive Swarm B descending semiorbits on 24th June 2017 at around 10:00 MLT (shown in three different plots), for which Te spikes are present at SH mid latitudes. In all the three plots on the left of Figure 5 a cluster of Te spikes between -40° and -20° geographic latitude is present; each cluster is composed of a few Te spikes (between 3 and 7), but each spike is surrounded by highly oscillating Te values (like highlighted in the inset on the right of Figure 5) that cause the increase of both ROTE and ROTEI. In fact, we can see that ROTEI maximizes in concomitance of Te spikes but very high ROTEI values are also present around the spikes due to the very high variability that Te exhibits around them. The cases shown in Figure 5 are very representative of the Te spikes morphology and Te variability at mid and low latitudes. ROTEI keeps values 1–2 orders of magnitude higher with respect to its background level in rather wide latitude ranges encompassing the actual spikes’ occurrence. This behavior is not sporadic and casual, but it happens in a systematic way in these MLT sectors. This is why the presence of steep Te variations, whose origin is still not unambiguously known and under investigation, is the most probable explanation of the high ROTEI values at mid and low latitudes around 9:00 and 15:00 MLT. A similar behavior is also characteristic of the high latitudes, as highlighted in Figure 5, and certainly plays a role in the explanation of the high ROTEI values at high latitudes (see Figure 4).




5. Conclusions


In this work, we highlighted the statistical behavior of ROTEI to characterize the mean spatial, diurnal, seasonal, and solar activity variations exhibited by small-scale Te variations in the topside ionosphere. Taking advantage of both seven years (from 2014 to 2020) of in situ Te observations at 2 Hz from LPs on-board Swarm B satellite, and the TITIPy tool [25], we calculated time series of ROTEI and binned them as a function of the QD latitude, MLT, season, and year, to unveil the corresponding behavior for different conditions.



The most remarkable outcomes of the study are:




	1)

	
the presence of very high ROTEI values at high latitudes all over the day, and at mid and low latitudes for the MLT sectors around 9:00 and 15:00;




	2)

	
ROTEI exhibits a distinct day/night diurnal trend at low and mid latitudes, which is instead quite negligible at high latitudes;




	3)

	
high latitudes exhibit a large seasonal variation with the highest ROTEI values in winter and lowest in summer, while at mid and low latitudes the seasonal dependence is weaker;




	4)

	
ROTEI exhibits a faint solar activity dependence with slightly higher values at low solar activity.









To explain the presence of high ROTEI values at mid and low latitudes for the MLT sectors around 9:00 and 15:00, the possible correlation with the occurrence of spikes in the Te values recorded by Swarm B has been investigated. From the statistical analysis of the occurrence of Te ≥ 6000 K, we found that the occurrence of high ROTEI values and Te spikes is very well correlated, like highlighted by their spatial, diurnal, and seasonal patterns. Moreover, Te spikes are associated with very oscillating Te values; they are both responsible for the very high ROTEI values found at mid and low latitudes. A similar pattern is also valid at high latitudes, where the percentage of Te spikes occurrence is very high and can reach up to 40% of the total Te observations in the Southern hemisphere in winter.



This study represents a first step towards a complete understanding of the ROTEI behavior and corresponding physical characterization. More in-depth analyses are needed to explain and confirm the relation between high ROTEI values and Te spikes, and understand the nature of this relation. Moreover, the ROTEI dependence on the geomagnetic activity will be investigated in the future.



The knowledge of the ROTEI statistical patterns is important for the characterization and description of the Te small-scale variations in the topside ionosphere that may be caused by different drivers. As a consequence, ROTEI turns out to be a very useful ionospheric index to study the small-scale behavior of the ionospheric plasma for both scientific and Space Weather application purposes.
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	ROTE
	Rate Of change of electron TEmperature



	ROTEI
	Rate Of change of electron TEmperature Index



	ROTI
	Rate Of change of Total electron content Index



	SH
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	Te
	Electron Temperature



	TEC
	Total Electron Content



	TITIPy
	Topside Ionosphere Turbulence Indices with Python



	UT
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Figure 1. Te (first column), ROTE (second column), and ROTEI (third column) values recorded by Swarm B on 5 January 2018 at 13:53:04 UT (equator crossing point), ascending semiorbit. Data are represented in geographic maps (first row plots), and as separated (second row plots) and superposed time series (third row plots). In the first and second row plots, data are represented as scatter points whose color identifies the corresponding magnitude (ROTE and ROTEI values are in logarithmic scale). In the bottom plot, data are represented as curves of different colors: black for Te, blue for ROTE, and red for ROTEI. 
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Figure 2. Statistical spatial, diurnal, and seasonal trends of ROTEI obtained from Te data measured by Swarm B from 2014 to 2020. Those represented are binned mean values in QD magnetic coordinates in polar projection; the bin size is (azimuth) 15 minutes in MLT, (radius) 2.5° in QD latitude. First row for the Northern hemisphere, second row for the Southern hemisphere. The first column plots are for the spring season, the second column for summer, the third column for autumn, and the fourth column for winter. 
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Figure 3. Statistical annual trends of ROTEI obtained from Te data measured by Swarm B from 2014 to 2020. Those represented are binned mean values in QD magnetic coordinates in polar projection; the bin size is (azimuth) 15 minutes in MLT, (radius) 2.5° in QD latitude. First row for the Northern hemisphere (NH), second row for the Southern hemisphere (SH). In the third row the time series of the F10.7 solar index (blue curve) and the corresponding 81 day running mean (F10.781, red curve). 
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Figure 4. Comparison between ROTEI values shown in Figure 2 and Te spikes (Te ≥ 6000 K) recorded by Swarm B from 2014 to 2020, for each season and for both hemispheres. Each panel contains the ROTEI mean values (first and fourth columns), the number of values satisfying the condition Te ≥ 6000 K in the bin (second and fifth columns), and the percentage occurrence of Te spikes in the bin (third and sixth columns). Data are binned in QD magnetic coordinates in polar projection; the bin size is (azimuth) 15 minutes in MLT, (radius) 2.5° in QD latitude, for the Northern and Southern hemispheres. Clockwise from the upper left panel, the spring, summer, winter, and autumn seasons are represented. 
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Figure 5. Te (in black), ROTE (in blue), and ROTEI (in red) time series for three consecutive descending semiorbits (from top to bottom panels), as recorded by Swarm B on 24 June 2017. The date, UT, and MLT of the equator crossing point are given on the top of each plot. 
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