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Abstract

:

In the framework of space weather, the understanding of the physical mechanisms responsible for the generation of ionospheric irregularities is particularly relevant for their effects on global positioning and communication systems. Ionospheric equatorial plasma bubbles are one of the possible irregularities. In this work, using data from the ESA Swarm mission, we investigate the scaling features of electron density fluctuations characterizing equatorial plasma bubbles. Results strongly support a turbulence character of these structures and suggest the existence of a clear link between the observed scaling properties and the value of the Rate Of change of electron Density Index (RODI). This link is discussed, and RODI is proposed as a reliable proxy for the identification of plasma bubbles.
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1. Introduction


The equatorial ionospheric F region is characterized by the presence of electron density irregularities which are mainly created after sunset [1] by the nonlinear evolution of the Rayleigh–Taylor instability [2,3,4]. These irregularities, which are initially generated at relative low altitudes in the bottomside of the equatorial ionosphere, end up penetrating the top layers until they reach the topside of ionosphere up to altitudes as high as 1200 km or more [5,6]. Among these electron density irregularities are the so-called plasma bubbles. These are plasma structures aligned to the geomagnetic field in the night-time equatorial ionosphere where plasma density is from 1 to 3 orders of magnitude lower than the environmental one. The typical size of these plasma depletions ranges from a few meters to hundreds of kilometers [7,8], and their distribution in space and time is controlled by different geophysical parameters: local time, latitude, longitude, season, geomagnetic activity, and solar activity [9,10].



Nowadays, many characteristics of plasma bubbles are known, thanks to the great number of measurements made in the last decades from the ground and space. However, these plasma structures are still of interest to the scientific community. Many studies suggest that these irregularities are not only at the basis of the disturbances suffered by the propagation of radio waves in the ionosphere, but are also responsible for the degradation and occasionally disruption of signals received by the Global Navigation Satellite System (GNSS) [11,12,13]. Our society is increasingly dependent on positioning and timing services of GNSS and this makes the subject of extreme interest. The understanding of this phenomenon, as best as possible, means to pave the way to a possible mitigation of its effects on our infrastructures.



A feature of these irregularities is that their energy spectra obey to a power-law scaling suggesting their possible turbulent character. Indeed, it has been suggested that at high altitudes in the night-time equatorial ionosphere the environmental conditions support the development of classical two-dimensional turbulence processes characterized by the typical energy cascades in the inertial regimes [14,15]. The dynamical evolution of these irregularities has been studied through several numerical simulations [16,17] where the power spectrum of density fluctuations has been found ranging between   − 5 / 3   and   − 3  , implying the occurrence of energy and enstrophy cascades according to Kraichnan [18] and Kraichnan and Montgomery [19]. In the last years, the ionospheric models capable of describing the spatial and temporal evolution of electron density irregularities have been improved, and nowadays there are models able to reproduce the turbulent structures of equatorial plasma bubbles with high resolution (see for example Yokoyama et al. [20], Yokoyama [21]) under specific assumptions.



However, both the origin and the dynamics of the ionospheric irregularities are very complex and not yet fully understood. Instability and turbulence processes certainly play an important role, but they are not the only processes responsible for the onset and evolution of irregularities. Comprehensive reviews of the physics of ionospheric irregularities can be found in the books by Kelley [22] and Materassi et al. [23], and in several papers such as those by Kintner and Seyler [14], Tsunoda [24], Sahr and Fejer [25], Hysell [26], just to mention a few. Many electron density measurements have been collected in the past using different instruments installed on board rockets and satellites. These measurements have allowed analyzing the spectral features of the electron density in the equatorial region and investigating their properties at different spatial scales depending on the time resolution of the instruments used. One of the first measurements of the spectral properties dates back to almost fifty years ago, when Dyson et al. [27] found the power law nature of the electron density spectrum analyzing data recorded on board Ogo 6. Later, by analyzing the spectra of electron density data recorded from the Atmospheric Explorer-E satellite (AE-E) in the interval 20:00–02:00 LT (local time), Livingston et al. [28] found a distribution of spectral slopes in the range between 1 and 3 centered around 1.9. The same results were found by Cerisier et al. [29], who analyzed data on board the Aureol-3 satellite, while Hobara et al. [30] found a slope around 2.2. These are just some examples that show how the scientific literature reports a wide range of possible values for the spectral indices. This can be due to different reasons. For example, it is important to consider the range of analyzed scales: the use of instruments with a different sampling frequency allows probing different spatial scales, which can be of the order of meters, kilometers, or hundreds of kilometers. Moreover, further important elements to take into account are whether the electron density measurements are made on board rockets or satellites and lastly whether the observations are along the magnetic field (for near-polar orbiting satellites) or in a direction transverse to it (for low-inclination satellites). In such a context, the measurements made on board Swarm allow to investigate the spectral and scaling features of electron density fluctuations in the low-frequency domain, where observed spectral slopes are less steep than in the high-frequency domain.



The aim of our investigation is to analyze the scaling properties of the electron density irregularities, associated with equatorial plasma bubbles and recorded at low latitudes by Swarm A satellite, one of three satellites of ESA Swarm constellation, and compare them with the same properties of the environment plasma medium where plasma bubbles form. Specifically, we focus on the scaling properties of plasma bubbles to investigate their possible turbulent nature.



Last, we try to understand whether the Rate of change Of electron Density Index (RODI), which is a proxy of the occurrence of ionospheric electron density irregularities, may provide information on the scaling properties of electron density fluctuations and on the possible physical mechanisms at their origin. The idea is that the irregularities characterized by a turbulent nature are associated with high RODI values. Recently, it has been found that a crucial factor for causing the global positioning systems (GPS) signal loss is the large density gradients associated with ionospheric plasma irregularities [31,32]. In light of this, our analysis would support the hypothesis that a crucial factor for causing the GPS signal loss is the presence of plasma density irregularities generated by a turbulence mechanism.




2. Data


To investigate the scaling features of the low-latitude electron density irregularities, we use measurements recorded on board Swarm A satellite [33], which flies at an altitude   ∼  460 km. In detail, we consider measurements of in situ electron density,   N e  , at a rate of 1 Hz collected by the Langmuir Probes on board ESA satellite, during a period of 22 months (from 1 April 2014 to 31 January 2016), which have been downloaded from the ESA dissemination server (ftp://swarm-diss.eo.esa.int accessed on June 2019). The selected period is characterized by a high/moderate solar activity with an average value of the solar radio flux index (F10.7) equal to   ( 100 ± 30 )   sfu.



In our study, we focus on the LT sector ranging from 18:00 to 24:00, consider a range of   ±  40 ∘    in geographic latitude, and select periods characterized by low/moderate geomagnetic activity (  K p ≤ 3  ). In these conditions, the probability of observing plasma bubbles is the highest, as vastly documented in the previous literature on this matter see, e.g., and references therein [6,34,35]. Indeed, we remark that equatorial plasma bubbles are large-scale magnetic field-aligned plasma density depletions (negative density anomalies) which are widely documented as being generated by the Rayleigh–Taylor instability mechanism at the bottomside of the of the F region in the post-sunset ionosphere [22] with a high occurrence rate localized in the pre-midnight sector as shown by in situ and ground-based data see, e.g., and references therein [2,34,36,37,38,39,40,41,42,43,44,45,46]. According to this literature, our analysis is confined to the dusk-midnight sector.



To select the plasma bubble events, we use Swarm Level-2 Ionospheric Bubble Index (IBI) product (http://earth.esa.int/swarm accessed on September 2020). This index, which identifies the occurrence of plasma bubbles analyzing the magnetic field variations associated with electron density depletions, can assume three values [47]. It is equal to 0 when there are not plasma bubbles, i.e., the plasma ambient is quiet; equal to −1 when it is not possible to determine with absolute certainty the presence of a plasma bubble, i.e., when data are outside of the night-side region or the quality is poor; and finally equal to 1 when plasma bubbles are detected [47]. Furthermore, when IBI=1 there is an additional flag, the Bubble Flag (BF), indicating the quality of plasma bubbles detection (see https://earth.esa.int/documents/10174/1514862/Swarm_L2_IBI_product_description accessed on September 2020). In particular, if this additional flag is BF=1 then we are in presence of a high correlation between plasma density and magnetic field signatures. Here, we chose the condition IBI = 1 and BF = 1 for the occurrence of a plasma bubble. The IBI is evaluated for each of the three Swarm satellites and is available with a sampling rate of 1 Hz. The top panel of Figure 1 reports the accumulated plot of   N e   in the latitude–longitude plane according to aforementioned conditions for all the selected time interval (i.e., 22 months), while the bottom panel of Figure 1 reports the accumulated plot of   N e   associated with plasma bubbles identified using IBI = 1, and BF = 1.



This index is based on the diamagnetic effect according to which plasma density irregularities are always accompanied by magnetic field perturbations. This effect has been confirmed by simultaneous observations of magnetic field and electron density recorded by CHAMP satellite [34], which have shown a high correlation between the increase of a few nT of the main magnetic field intensity and the depletions of plasma density. Furthermore, some studies [34,35] revealed magnetic signatures that closely reflected that of the plasma bubbles previously obtained using different methods, such as GPS scintillation [10], in situ plasma density measurements [48], and radio wave propagation [49], thus suggesting the possibility to use the magnetic measurements as an indirect way of sampling plasma density structures. To obtain the IBI product, the plasma bubbles are identified by using the effect they produce on the magnetic field measurements, and their existence is then validated using plasma measurements, as described by the BF.




3. Method and Analysis Results


To investigate the scaling features of   N e   at different temporal scales we evaluate the so-called generalized qth-order structure function, namely,   S q  , which is defined according to the following expression:


   S q   ( τ )  ≐  〈 ∣  N e   ( t + τ )  −  N e   ( t )   ∣ q  〉  ,  



(1)




where t is the time,  τ  is the time increment, and   〈 . . . 〉   stands for a statistical average. It may happen that    S q   ( τ )    has a power-law behavior as a function of  τ :


   S q   ( τ )  ∝  τ  γ ( q )   ,  



(2)




where   γ ( q )   is the so-called scaling exponent. In this case, the analyzed signal is characterized by a scale invariant feature and the scaling exponent   γ ( q )   allows defining the scaling nature of the increments of the signal under investigation.



In this work, we investigate the 1st- and 2nd-order structure function scaling exponents, which give information on some particular features of the signal under investigation such as the occurrence of scaling invariance, the persistence nature of the increments, and their spectral features. For instance, the 1st-order scaling exponent,   γ ( 1 )  , is equivalent to the well-known Hurst exponent, H, which quantifies the persistence of signal increments (see, e.g., De Michelis et al. [50] and references therein). Furthermore, according to the well-known Wiener–Khinchin theorem it is possible to show that the 2nd-order scaling exponent,   γ ( 2 )  , is related to the Fourier power spectral density (PSD) exponent,  β , via the following relation:


  β = γ ( 2 ) + 1 .  



(3)







Furthermore, using the first two scaling exponents,   γ ( 1 )   and   γ ( 2 )  , it is possible to provide an estimation of the occurrence of anomalous scaling features, i.e., of intermittency. Indeed, in the case of signals characterized by simple scaling features, such as mono-fractal signals, the 2nd-order scaling exponent   γ ( 2 )   is expected to be linearly related to the 1st-order one by the following relation:


  γ ( 2 ) = 2 γ ( 1 ) .  



(4)







Conversely, in the case of multifractal signals, which display anomalous scaling features, the last relation is not valid being the dependence of   γ ( q )   on q nonlinear. Therefore, it is possible to introduce a correction to the linear scaling of the structure function exponents. This quantity can be treated as a sort of intermittency coefficient, although this is not exactly the usual intermittency value to be applied to the spectral correction. This intermittency coefficient, I, is defined as


  I = 2 γ ( 1 ) − γ ( 2 ) ,  



(5)




which is a measure of the departure from a linear scaling of the structure function exponents. We remind that intermittency, i.e., the occurrence of an anomalous scaling of the structure functions, is a peculiar property of turbulent media and gives information on an inhomogeneous redistribution of energy from large scales to the small ones in the cascading mechanism [51]. The higher the intermittency, the greater the inhomogeneity with which the energy at a given scale is redistributed to the smaller and smaller scales.



In our study, the analyses and discussion focus on the relationship among   γ ( 2 )  , the intermittency coefficient I and the features of the equatorial plasma bubbles.



The choice to perform the analysis of the spectral and scaling features of electron density local fluctuations using the structure function approach instead of the Fourier-based methods relates to the fact that results provided by this method are more stable than those provided by Fourier-based approaches when detection of features is made on local short time intervals. This is because the structure function method is based on an analysis in the time-domain using the increments of the time series under investigation that are expected to satisfy the quasi-stationarity for signals with a power spectral density characterized by a spectral slope in the range of [−3, −1] see, e.g., and reference therein [52].



To evaluate the local scaling features of the electron density time series, we refer to the local structure function analysis method discussed in De Michelis et al. [50]. In particular, the structure–function analysis is applied on a moving window of   N = 301   points after having detrended the time series in the window using a linear function. The investigated time increments  τ , and therefore the time scales, range from 1 to 40 s, and the estimated scaling exponents are associated with the position of the satellite corresponding to the center of the considered time window.



Before moving to the description of our analysis, we would like to elaborate on the requirement of stationarity of the analyzed time series. The signals under investigation are generally characterized by spectral features with exponents ranging from −3 to −1. According to Davis et al. [53], such kinds of signals are generally non-stationary with stationary increments (specifically see the discussion on fractional Brownian motions). Thus, we can assume that in our case the requirement of stationarity for the increments used in the structure function analysis is satisfied. Last, it is interesting to note that the analysis made in the temporal domain may also be valid in the spatial one (see, e.g., in [52,54] and references therein). Thus, taking into account the orbital velocity of Swarm A satellite, which is around 8 km/s, we can suppose that the results obtained in the temporal range between 1 and 40 s are valid in the spatial domain between   ∼  8 km and   ∼  300 km. Therefore, the analysis carried out on the scale properties of the electron density in correspondence with the plasma bubbles will allow studying the properties of these plasma irregularities in a range of scales between a few kilometers and a few hundred kilometers, thus allowing the investigation of the low-frequency (or wavenumber) part of the electron density fluctuations.



The analysis is done on the entire time series. This means that we initially work on time series of around   5 ·  10 7    points (22 months with a time resolution of 1 Hz). Successively, we select the values of   γ ( 2 )   associated with the occurrence of plasma bubbles. Figure 2 reports the obtained results. It shows the values of   γ ( 2 )   associated with the plasma bubbles’ occurrence in the latitude–longitude plane (left bottom panel) and the corresponding histogram (right bottom panel). For comparison, the same figure on the top reports the distribution of   γ ( 2 )   in the latitude–longitude plane relative to the whole electron density dataset for selected conditions (18:00–24:00 LT,   ±  40 ∘    geographic latitude,   K p ≤ 3  ) and the corresponding histogram.



Last, using the same structure of Figure 2, we report in Figure 3 also the results of the analysis related to the intermittency coefficient.




4. Discussion


As stated above, in this work we focus on the scaling properties of the electron density time series recorded on board Swarm A in order to verify the possible turbulent nature of plasma bubbles. All the satellites of Swarm constellation are characterized by a nearly polar orbit, and consequently the electron density measurements recorded on board Swarm A permit to examine the structure of the plasma bubbles approximately along the magnetic field, which is the direction along which they are expected to move. In particular, our analysis offers the possibility to study the scaling properties of plasma bubbles and to evidence how these density structures appear significantly different from those that characterize the electron density fluctuations in the environment where plasma bubbles develop.



Figure 2 clearly shows that inside the plasma bubbles the 2nd-order structure function exponent in the investigated range of time scales spreads from 0.4 to 2 with the highest probability occurring for values around   ( 0.98 ± 0.21 )  . Differently, the same quantity associated with the electron density fluctuations in the environment where the plasma bubbles are detected, though covers the same range between 0.4 and 2, shows values which cluster around 2. This means that, according to Equation (3), the electron density inside the plasma bubbles is characterized by a Fourier PSD exponent   β = ( 1.98 ± 0.21 )   that is instead around 3 outside of them. This result suggests a dynamics of the electron density fluctuations significantly different inside and outside plasma bubbles. The different character of the fluctuations inside the plasma bubbles, as suggested by the values of   γ ( 2 )  , could be due to the proposed turbulence origin of these irregularities at least at Swarm A altitude (∼460 km). These electron density irregularities are also characterized by high intermittency degree as estimated by a mean intermittency coefficient   I = ( 0.24 ± 0.09 )  , which is about one order of magnitude larger than the value of the surrounding environment (see Figure 3). The occurrence of high values of intermittency correction suggests that the electron density fluctuations inside the plasma bubbles can be influenced by the local value of energy dissipation rate. In the case of classical Kolmogorov’s fluid turbulence, for which the statistical behavior of the electron density fluctuations should be characterized by a   β = 5 / 3   power-law spectral exponent, the effect of intermittency is that to make the spectrum steeper [55,56,57]. Thus, it is possible to introduce an intermittency correction (not to be confused with our intermittency coefficient I) to the classical Kolmogorov’ spectral slope according to which the new spectral exponent   β ′   is    β ′  =  ( 5 / 3 + μ )   . In our case, we get   μ ∼ 0.3  , a value that supports the hypothesis that intermittency is extremely relevant for plasma bubbles.



Recently, it has been found that at high latitudes the RODI, which is a proxy of the occurrence of ionospheric electron density irregularities, is capable of providing information on the scaling properties of electron density fluctuations [58]. Very high values of RODI have been found to be correlated with the antipersistent character of electron density fluctuations and with the values around 5/3 of the power spectral density scaling exponent.



To understand whether this relation between the high values of RODI and some peculiar features of the scaling properties of the electron density fluctuations is valid also in the equatorial region, we analyze the value of RODI inside and outside the plasma bubbles. This index, which is essentially a measure of the standard deviation of the rate of change of electron density evaluated in a moving window of 10 s along the orbit of the satellite, has been computed using the standard method reported, for example, in De Michelis et al. [58], Pignalberi [59], Jin et al. [60] and Piersanti et al. [61].



Figure 4 reports the obtained results. They show that inside the plasma bubbles RODI reaches high values (>   10 4    cm    − 3   s    − 1   ) which are not observed outside these irregularities where the mean value of RODI is around   10 3   cm    − 3   s    − 1   . A very small secondary peak for RODI values around   10 3   cm    − 3   s    − 1    is visible in the distribution related to the plasma bubbles. The origin of this peak could be due to some spurious effect in the detection of plasma bubbles. However, this second family is negligible. To better visualize our findings, we evaluate also the joint probability densities between RODI and 2nd-order scaling exponent, and between RODI and intermittency coefficient values inside plasma bubbles. Figure 5 reports our results. The plasma bubbles, which are characterized by scaling properties different from those of the electron density fluctuations outside these irregularities, are characterized by high RODI values. This means that inside plasma bubbles the electron density fluctuations, which seem to be characterized by a turbulent nature, also show large density gradients as highlighted by the associated RODI values.




5. Summary and Conclusions


The scaling properties of the electron density time series recorded on board Swarm A were analyzed in order to verify the possible turbulent character of plasma bubbles. These plasma density irregularities were selected using the Swarm Level-2 Ionospheric Bubble Index (IBI) product considering a period of 22 months, a local time interval of six hours (18:00–24:00 LT) and a geomagnetically quiet period (  K p ≤ 3  ). The selected period allowed analyzing a significant number of equatorial electron density irregularities associated with the occurrence of plasma bubbles. Using the classical structure function method, we evaluated the 1st- and 2nd-order structure functions and analyzed the relative spectral exponents. In detail, we analyzed the 2nd-order exponent and used the 1st-order one to evaluate the intermittent character of the electron density time series. The work shows a comparison between the scaling properties of the electron density fluctuations inside and outside the plasma bubbles. Under Taylor’s hypothesis, the results are valid in the spatial scales between 8 and 300 km, and refer to the electron density fluctuations recorded along the satellite orbit, which is in first approximation parallel to the geomagnetic field lines. Combining the occurrence of anomalous scaling as estimated by the intermittency coefficient to the classical Kolmogorov theory for fluid turbulence, our results support a possible turbulent nature of the electronic density fluctuations inside the plasma bubbles. Moreover, the occurrence of intermittency suggests that we are in presence of intermittent turbulence [62]. Clearly, in this fluid turbulence scenario we are assuming that the turbulence is mainly 3-dimensional. However, in the case of magnetohydrodynamic turbulence, the observed spectral features could be the result of a 2-dimensional intermittent turbulence due to the formation of coherent structures (the plasma bubbles) as shown by Wu and Chang [63] and in other works [62,64].



For what concerns the scaling features of the surrounding environment, the observation of a 2nd-order scaling exponent near 2 could be attributable to the occurrence of a 2-dimensional turbulence phenomenon in the presence of an enstrophy cascade [19]. In this situation, the power spectral features are expected to display a spectral exponent  β  near 3, i.e., a 2nd-order exponent   γ ( 2 ) ∼ 2  . A possible mechanisms at the base of this could be the generation of large scale vortical structures due to shear flows associated with other current systems. An alternative explanation could be the occurrence of drift-wave turbulence that in the case of direct cascade, assuming the Taylor’s hypothesis for a high speed moving detector, could display spectral slopes   β ∼ 3   [65]. However, this is just a speculative point that needs to be better investigated in future works.



Plasma bubbles exhibit scaling properties, which are completely different from the surrounding environment and are associated with large density gradients. These large density gradients, which are certainly the result of the turbulent nature of the irregularities, are reflected in high RODI values. As already observed at high latitudes [58], this index seems to be capable of identifying the presence of turbulence processes in the ionosphere. Therefore, also in this case, RODI could be used as a proxy of those ionospheric irregularities which are characterized by a turbulent nature. It is possible to set a minimum value of RODI equal to   10 4   cm    − 3   s    − 1    above which the index is able to identify this type of irregularities.



Recently, it has been shown that an important factor responsible for GPS losses of lock is the presence of large density gradients associated with ionospheric plasma irregularities [31,32]. The results of our study suggest that among all the possible ionospheric irregularities, those that can have a disruptive impact on our ground and space infrastructures are mainly those generated by turbulence processes.
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Figure 1. Top panel: Global accumulated plot of   N e   values as recorded on board Swarm A from April 2014 to 31 January 2016, for   K p ≤ 3   and between 18:00 and 24:00 LT. Bottom panel: Accumulated plot of the subset of   N e   values corresponding to IBI = 1 and BF = 1, and therefore to the presence of plasma bubbles, over the same time interval considered in the top panel. 
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Figure 2. (Top):   γ ( 2 )   values associated with electron density data selected according to the following conditions: 18:00–24:00 LT,   ±  40 ∘    geographic latitude,   K p ≤ 3   in the latitude–longitude plane (left) and corresponding probability density (right). (Bottom):   γ ( 2 )   values for electron density data associated with plasma bubbles in the latitude–longitude plane (left) and corresponding probability density (right). 
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Figure 3. (Top): Intermittency values for electron density data selected under the following conditions: 18:00–24:00 LT,   ±  40 ∘    geographic latitude, and   K p ≤ 3   in the latitude–longitude plane (left) and corresponding probability density (right). (Bottom): Intermittency values for electron density data associated with plasma bubbles in the latitude–longitude plane (left) and corresponding probability density (right). 
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Figure 4. (Top): Rate of change Of electron Density Index (RODI) values associated with electron density data selected under the following conditions: 18:00–24:00 LT,   ±  40 ∘    geographic latitude, and   K p ≤ 3   in the latitude–longitude plane (left) and corresponding probability density (right). (Bottom): RODI values associated with the plasma bubbles in the latitude–longitude plane (left) and corresponding probability density (right). 
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Figure 5. Joint probability densities between RODI and   γ ( 2 )   (on the left) and between RODI and Intermittency (on the right) inside plasma bubbles. 
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