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The plasmapause marks the limit of the plasmasphere and is characterized by a sudden change in plasma density. This can influence the other regions of the magnetosphere, including due to different waves circulating inside and outside the plasmasphere. In the present work, we first compare the positions of the plasmapause measured by the NASA Van Allen Probes in 2015 with those of the Space Weather Integrated Forecasting Framework plasmasphere model (SPM). Using the Van Allen Probes and other satellite observations like PROBA-V, we investigate the links that can exist with the radiation belt boundaries. The inward motion of the outer radiation belt associated with sudden flux enhancements of energetic electrons can indeed be directly related to the plasmapause erosion during geomagnetic storms, suggesting possible links. Moreover, the position of the plasmapause projected in the ionosphere is compared with the ionospheric convection boundary. The equatorward motion of the plasmapause projected in the ionosphere is related to the equatorward edge motion of the auroral oval that goes to lower latitudes during storms due to the geomagnetic perturbation, like the low altitude plasmapause and the outer radiation belt. The links between these different regions are investigated during quiet periods, for which the plasmasphere is widely extended, as well as during geomagnetic storms for which plumes are generated, and then afterwards rotates with the plasmasphere. The magnetic local time dependence of these boundaries is especially studied on March 14, 2014 after a sudden northward turning of the interplanetary magnetic field (IMF) and for the geomagnetic storm of August 26, 2018, showing the importance of the magnetic field topology and of the convection electric field in the interactions between these different regions eventually leading to the coupling between magnetosphere and ionosphere.
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INTRODUCTION
The plasmasphere is the extension of the ionosphere at low and mid-latitudes and is filled by low energy plasma (Lemaire and Gringauz, 1998; Darrouzet et al., 2009 for reviews). Plasmaspheric ion temperature is species dependent, with H+ and He+ typically in the range 0.1–1 eV and O+ warmer in the range 1–10 eV (Comfort et al., 1985; Comfort, 1996; Goldstein et al., 2019). The outer surface of the plasmasphere is often characterized by a “knee”, i.e., a sharp decrease of the plasma density: the plasmapause (Carpenter, 1963). Depending on the strength of the level of geomagnetic activity, usually parameterized or measured by the value of the Kp index (Bartels and Veldkamp, 1949), the equatorial position of the observed plasmapause can change from 7 Re to 2 Re, for low and high activity respectively (e.g., Pierrard et al., 2009 for a review). Analyses of ground-based whistler waves and in situ satellite observations of the cold plasma density show that the plasmapause forms closer to Earth when the geomagnetic activity level is enhanced (e.g., Pierrard and Cabrera, 2005). Above the plasmapause, the region of the plasmaspheric trough is characterized by much lower densities, generally below 10 cm−3.
The plasmapause boundary plays an important role in magnetospheric dynamics. In the present article, we study the links and possible coupled feedback mechanisms of the plasmapause with three other regions of the magnetosphere, i.e., the ionosphere, the radiation belts and the auroral oval. These regions and their interactions in the magnetosphere are described, for instance, in the review paper of Borovsky and Valdivia (2018) and in the book chapter of Fuselier et al. (2019).
Links between the inner edge of the outer radiation belt electrons and the innermost plasmapause location were first reported by Li et al. (2006) by using 12 years of 30-days averaged measurements of MeV electrons from both CRRES and SAMPEX satellites. The study was recently revisited in Khoo et al. (2018) with focus on storms. Links between the inner edge of the outer radiation belt and the plasmapause were also identified with previous observations from the LEO satellite SAC-C (Pierrard and Benck, 2012) and with CLUSTER (Darrouzet et al., 2013). Goldstein et al. (2016) quantified the outer belt and plasmapause position for the 5-day period of 15–20 January 2013 and found that for this event, electron fluxes earthward of belt’s peak are anti-correlated with cold plasma density. Here we will investigate such links using the Van Allen Probes and PROBA-V data, as well as some models.
We also study the links between the Magnetic Local Time (MLT) distribution of the plasmapause, the ionospheric convection boundary (using SuperDARN), the radiation belts for different energies from 10 keV to 8 MeV, and the auroral oval during two specific events: March 14, 2014 corresponding to a quiet period with a sudden Northward turning of the IMF, and August 26, 2018 corresponding to a geomagnetic storm. We start in Data and Models with the description of the satellite data and models used. In Long Term Variations of the Plasmapause: Comparison Between Observations and the Space Weather Integrated Forecasting Framework plasmasphere model Model, we compare the plasmapause observed by two satellites (Van Allen Probes and CRRES) with the plasmapause positions obtained from the dynamical SPM model (Pierrard and Lemaire, 2004). We show that long term plumes observed during long storm periods are reproduced by the model. Then, we discuss the long-term links of the plasmapause with the other regions of the magnetosphere, and especially with the radiation belts in Links Between the Plasmapause and the Radiation Belt Boundaries before analyzing specific cases. In Links Between the Plasmapause, Ionospheric Convection Boundary, Radiation Belts and Auroral Oval During a Quiet Period: March 14, 2014, we analyze the quiet period of March 14, 2014 to determine the relations between the radial distance, the latitude, and the MLT distribution of the plasmapause, the ionospheric convection boundary, the radiation belt boundaries and the auroral oval. In Links Between the Plasmapause, Ionospheric Convection Boundary, Radiation Belts and Auroral Oval During the Storm Event of August 26, 2018, we show the evolution of these links during the geomagnetic storm of August 26, 2018, and show the strong decrease in latitude of all these boundaries during the main phase of the storm in the framework of the global magnetospheric dynamics and its effects on the ionosphere-atmosphere. The links between the different boundaries and their MLT distribution are discussed in Discussion About the Links Between the Boundaries and Their the Magnetic Local Time Distribution and the results of the present work are summarized in the concluding section.
DATA AND MODELS
Satellite and Radar Data
Van Allen Probes
Data from the Van Allen Probes mission (Mauk et al., 2013) are used in this study. The NASA Van Allen Probes mission, formerly called RBSP (Radiation Belt Storm Probes A and B) was launched in 2012, enabling unprecedented studies of the electron radiation belt variability in response to solar activity. The two spacecraft of the Van Allen Probes mission flew on a low inclination (<20°) elliptical orbit ranging from 600 to 30,600 km. We will use three of the Van Allen Probes mission instruments, enabling us simultaneous observations of the radiation belts and the plasmapause. A review of recent radiation belt studies involving Van Allen Probes data is available in Ripoll J. F. et al. (2020).
The NASA Van Allen Probes have four magnetic spectrometers aboard each of the two spacecraft, one low-energy unit (20–240 keV), two medium-energy units (80–1,200 keV), and a high-energy unit (800–4,800 keV), which compose the MagEIS (Magnetic Electron Ion Spectrometer) instrument used to measure the radiation belt flux. MagEIS data are background corrected (Claudepierre et al., 2015). This instrument is part the Energetic Particle, Composition, and Thermal Plasma (ECT) suite (Spence et al., 2013), which combines the HOPE (Funsten et al., 2013), MagEIS (Blake et al., 2013), and REPT (Baker et al., 2012) instruments. We use the Level 2 ECT flux combined data (Boyd et al., 2019) which combine the data of these three instruments to bring a view of the radiation belt flux over the whole energy range. This study makes also use of data from the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) instrument suite (Kletzing et al., 2013) and the Electric Fields and Waves instrument (Wygant et al., 2013). Their measurement of electromagnetic waves allows the deduction of the cold plasma electron density and, then, the deduction of the plasmapause position.
PROBA-V/EPT Data
We use the Energetic Particle Telescope (EPT) on board the ESA PROBA-V satellite to provide radiation belt electron flux. PROBA-V operated simultaneously with the Van Allen Probes from 2013 to 2019, so that both data sets allow direct comparison of the electron radiation belt variability in response to solar activity. The EPT instrument has been developed to obtain the best discrimination between the particle species and determine uncontaminated particle spectra useful for space weather predictions (Cyamukungu et al., 2014). It was launched on May 7, 2013 to a polar orbit at an altitude of 820 km onboard the ESA satellite PROBA-V with an inclination of 98.73°, an orbital rotation period of 101.21 min and 10:30 AM as nominal local time at the descending node (Pierrard et al., 2014). The detector measures the particle fluxes for seven virtual channels for electrons, 11 channels for protons and 11 channels for helium ions.
Combined Release and Radiation Effects Satellite Data
We make use of some of the data from the Combined Release and Radiation Effects Satellite (CRRES) (e.g., Johnson and Kierein, 1992). The CRRES mission took place between August 1990 and October 1991. We use the Moldwin et al. (2002) CRRES database for nearly 1,000 orbits of the observed plasmapause positions sorted by the maximum geomagnetic index Kp during the previous 12 h. The plasmapause locations were identified as the innermost sharp density gradient of at least a factor of five within a radial distance of 0.5 L.
Super Dual Auroral Radar Network Observations
We use the SuperDARN (Super Dual Auroral Radar Network) network consisting of more than 30 low-power high frequency (HF) radars that observe the Earth’s upper atmosphere, beginning at mid-latitudes and extending into the polar regions (Ruohoniemi and Baker, 1998). SuperDARN serves to establish the ionospheric convection that, in part, defines the various boundaries we study.
Models
Plasmapause and Plasmasphere Model
Pierrard and Lemaire (2004) have developed a model for the formation of the plasmapause based on the influence of the convection electric field and the interchange instability mechanism. They showed that the plasmapause is formed in the post-midnight MLT sector (typically at MLT = 2h00) and is then propagated by co-rotation to other MLT sectors. This MLT dependence of the plasmapause was also confirmed by Bandic et al. (2016), Bandic et al. (2017) and Verbanac et al. (2018) with CRRES and THEMIS plasmapause observations. The plasmapause is related to Kp and Dst, as well as to other geomagnetic and solar wind indices (Verbanac et al., 2015).
The model has been improved to give not only the position of the plasmapause, but also the density and the temperature of the particles inside and outside the plasmasphere (Pierrard and Stegen, 2008). Later, it has been coupled to an ionosphere model (Pierrard and Voiculescu, 2011) in the framework of the SWIFF (Space Weather Integrated Forecasting Framework) project that allowed coupling of models for different regions of the magnetosphere (Lapenta et al., 2013). The SPM (SWIFF Plasmasphere model) provides daily nowcasts on the ESA SSA (Space Situational Awareness) website (https://swe.ssa.esa.int/space-radiation).
Auroral Oval Model
The OVATION (Oval Variation, Assessment, Tracking, Intensity, and Online Nowcasting) model is an empirical model of the intensity of the aurora (Newell et al., 2002, 2010; Machol et al., 2012). It gives a short-term forecast of the intensity of the auroral oval for both the Northern and the Southern hemispheres. It is based on the solar wind and IMF conditions as measured by the DSCOVR spacecraft. The OVATION model is used here to generate the intensity and location of the auroral oval in the Northern hemisphere for cases of quiet and disturbed periods.
Radiation Belt Model
We make use of the empirical radiation belt model AE-8MAX (Vette, 1991; Fung, 1996) to illustrate the meridian view of the radiation belt during maximum solar activity. This model incorporates satellite measurements that date back into the 1960s from many orbital regimes, e.g., low Earth orbit LEO, (middle) MEO, (high) HEO and (geostationary) GEO.
LONG TERM VARIATIONS OF THE PLASMAPAUSE: COMPARISON BETWEEN OBSERVATIONS AND THE SWIFF PLASMASPHERE MODEL
Van Allen Probes Plasmapause Observations
The EMFISIS instrument on board of Van Allen Probes measures the upper hybrid resonance frequency allowing us to determine the plasma density (Kurth et al., 2015). When EMFISIS density is unavailable, the density is derived from spacecraft floating potential data, which has been calibrated against previous plasma densities determined from the upper hybrid resonance frequency (Thaller et al., 2015). Spacecraft floating potential is measured by the Electric Fields and Waves (EFW) instrument (Wygant et al., 2013). Here, the plasmapause locations (Lpp) are computed from the spacecraft floating potential measured by EFW onboard Probe B of the Van Allen Probes and are equal to the first minimum L-shell at which the density drops below the 100 cm−3 level within a 4-h temporal bin (Ripoll et al., 2020, 2021).
This method allows us to determine the plasmapause location (Lpp) from 1-3-2015 to 31-12-2015 represented in Figure 1 as a function of the logarithm of the minimum of Dst during the last 24 h (top panel). In the present study, we also determine the best linear relation for these data:
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with err (a) = 0.054 is the standard error on the regression coefficient, err (b) = 0.077 is the standard error on the constant and the Root Mean Square Error RMSE = 0.610. Even if the linear trend is obvious, the dispersion is quite high. Here we have kept all MLT to have enough data for the fit. During this period, Van Allen Probes apogee varied from 21 MLT to 11 MLT and the outbound crossing of the L = 3 field line varied from 17 MLT to 7 MLT, making the above law representative of more dusk and day side plasmapause.
[image: Figure 1]FIGURE 1 | Upper panel: Plasmapause observed by Probe B of the Van Allen Probes from 1-3-2015 to 31-12-2015 as a function of the logarithm of the minimum value of Dst observed during the previous 24 h. The best linear relation is provided by the black line for which the expression is shown above the panel. Middle panel: Same plasmapause observed by Probe B of the Van Allen Probes from 1-3-2015 to 31-12-2015 as a function of max (Kp) during the previous 24 h. The best linear relation is provided by the black line for which the expression is shown above the panel. Bottom panel: (Blue dots) Plasmapause Lpp observed by CRRES as a function of Kp maximum during the previous 12 h (Green diamonds) Averaged values of CRRES Lpp as a function of Kp. (Pink line) Plasmapause linear relation found by Moldwin et al. (2002) in the 21-03 h MLT sector. (Gray dashed line) Plasmapause linear relation found by Carpenter and Anderson (1992) from ISEE data. (Black crosses) Mean plasmapause measured by Van Allen Probes from 2012 to 2019 for four Kp ranges in the night side. (Black line) Plasmapause linear relation found in top panel with Van Allen Probes data from March to end December 2015. (Red stars) Plasmapause positions found with the SPM model as a function of Kp. (Red line) Plasmapause linear relation found with the SPM model.
Similarly, we derive the expression of the plasmapause position for this same period as a function of Kp (middle panel) and find the best linear fit:
[image: image]
with lower errors err(a) = 0.010, err(b) = 0.036 and RMSE = 0.601.
Comparison With CRRES Satellite
These new results can be compared with previous observations and fits. Moldwin et al. (2002) selected in the database of CRRES observations all orbits where a sharp density gradient indicated the presence of a well-defined plasmapause. The L-value of the observed plasmapause positions were ranked according to the maximum geomagnetic index Kp during the previous 12 h. The bottom panel of Figure 1 shows these plasmapause positions (blue dots) observed for all local time sectors as a function of the maximum value of Kp. The scatter of the observed values of Lpp is rather wide but there is a clear trend confirming that the plasmapause forms closer to the Earth when Kp is large. The green diamonds symbols in Figure 1 correspond to the mean value of the observed plasmapause positions for Kpjmax between Kpj − 0.4 and Kpj + 0.4.
This trend is evidenced in all local time sectors, but the slope of this relationship is local time dependent (Moldwin et al., 2002). O’Brien and Moldwin (2003) determined linear fits of the average plasmapause locations as a function of Kp for four local time sectors for various time delays between 12 and 36 h. They found lower RMSE in the dawn and day sectors in comparison with dusk and night. Different studies have shown that it is around 2–3 h in MLT that the link between the plasmapause and geomagnetic indices is the clearest because it is the MLT sector where the plasmapause is formed due to a higher convection electric field (Pierrard and Cabrera, 2006; Reinisch et al., 2009). The linear relation found by Moldwin et al. (2002) in the MLT sector corresponding to 21-3 h is represented in magenta on Figure 1 (bottom) and is given by:
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As a comparison, taking the Probe B of the Van Allen Probes mission in 09/2012–07/2019 in the night sector (21–3 h), we find that the mean plasmapause position (defined as the 100 #/cc level of the EFW density) is: Lpp = 2.7 for all events with Kp > 7, Lpp = 3.6 for Kp in ]5,7], Lpp = 4.3 for Kp in ]3,5], and Lpp = 5.2 for Kp < 3. These values are represented by the black crosses in Figure 1 (bottom panel), and the linear relation Eq. 2 that was found with the Van Allen Probes for 2015 is illustrated by the black line.
An empirical relationship between Lpp and Kp had also been deduced previously from ISEE one data for 0–15 LT (Carpenter and Anderson, 1992):
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where Kpmax24 is the maximum value during the preceding 24 h. This best fit linear relationship is shown by the gray dashed line in the bottom panel of Figure 1.
Other authors have derived empirical relations between the plasmapause equatorial distance (Lpp), and a variety of geomagnetic indices such as Kp, Dst or AE. O’Brien and Moldwin (2003) for instance used CRRES data for all MLT and found:
[image: image]
The large dispersion of the measurements from the linear fits (clearly visible in Figure 1) highlights that any plasmapause prediction based only on such linear relation could differ by up to 1 RE from the actual locations depending on the events. A more sophisticated model is thus necessary for predictions, as the SPM model that takes into account the MLT dependence of the plasmapause and uses the historical variation of the Kp index during the 24 previous hours instead of its maximum value only.
Modeling the Plasmapause Position
The red stars in the bottom panel of Figure 1 show the theoretical plasmapause position Mj determined by our numerical SPM model (Pierrard and Lemaire, 2004) for a set of stationary values of the Kp index ranging from one to 6. They correspond to the average position of the plasmapause predicted by the theoretical model based on the mechanism of plasma interchange driven unstable by the enhancement of centrifugal effects and using McIlwain’s Kp-dependent electric field model E5D and his M2 equatorial magnetic field model to calculate the magnetospheric convection velocity (Pierrard and Stegen, 2008). The plasmapause position in the SPM model depends on the historical evolution of the geomagnetic index Kp during the previous days. The plasmapause is formed at MLT = 2 and is transmitted to other MLT sectors due to the plasma motion dominated almost entirely by corotation. It is thus necessary to have the Kp evolution during at least 24 h to determine the plasmapause in all MLT sectors. In Figure 1, stationary values of Kp during the previous 24 h are used to obtain the plasmapause position averaged on all MLT in the model.
We find with the model a best linear relation (red line on bottom panel of Figure 1) corresponding to
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This relation based on averaged values can be used for long term comparisons, but the actual plasmapause positions given by the model are of course more precise since they take into account the historical evolution of Kp during the previous hours and the MLT sector of the plasmapause observation.
Discussion About the Long Term Plasmapause
The linear fits of the equatorial plasmapause positions versus Kp that are shown in the bottom panel of Figure 1 (Van Allen Probes black Eq. 2, CRRES magenta Eq. 3, ISEE1 gray Eq. 4, SPM model red Eq. 6) are rather similar for the satellite observations and the model. The slope for the Van Allen Probes data is lower than the others. This is probably due to the lower number of observations and to the fact that the computation is not restricted to the night side. In comparison, the four mean plasmapause positions (black crosses) given as a function of Kp established over the whole Van Allen Probes mission and restricted to the night side are closer to the other observations and models. The large scatter of the experimental data indicates that the actual plasmapause is a rather irregular and dynamic surface (cf. density plots for the case study in Links Between the Plasmapause, Ionospheric Convection Boundary, Radiation Belts and Auroral Oval During a Quiet Period: March 14, 2014 and Links Between the Plasmapause, Ionospheric Convection Boundary, Radiation Belts and Auroral Oval During the Storm Event of August 26, 2018). It indicates that simulations based on quasi-stationary E-field models with a 3-h time resolution may grasp the general trend but not the small dynamical features. Furthermore, the position of the plasmapause does not depend only on the value of Kp, but is also influenced by the history of the short time variations of the magnetospheric electric and magnetic fields (Pierrard et al., 2008). Moreover, as shown in the next section, the MLT sector can play an important role as the plasmapause can be very asymmetric, especially during geomagnetic storms and substorms, when plumes are created in the afternoon-dusk MLT sector.
Long Term Plumes
Large scale structures like plasmaspheric plumes are reproduced by the SPM numerical simulations as a result of enhancements of the overall convection velocities correlated with enhanced geomagnetic activity (Pierrard and Lemaire, 2004). The plumes rotate with the plasmasphere and are not only confined in the dusk sector, as in the ideal MHD simulation of Grebowsky (1970). Plume merging is one theoretical way of generating fine plasmaspheric structure from successive layers of wrapped residual plumes which merge with newer plumes, creating on the long term layers of filamentary density structure over multiple cycles (e.g., Goldstein et al., 2003; Sandel et al., 2003). In our dynamical model, plumes are convected around the Earth as indeed observed by the EUV/IMAGE experiment (Spasojevic et al., 2004; Pierrard and Cabrera, 2005, 2006; Darrouzet et al., 2006).
The SPM model can determine the plasmapause and the plasmaspheric density for any date. Only the knowledge of the Kp index for the 24 h before the date to be simulated is required to determine the position of the plasmapause at any MLT during stormy periods. This does not mean that plumes generated during storms do not have long term duration. Plumes can remain visible during several days, as we now discuss.
Figure 2 shows the results of the SPM density and plasmapause model for the period of May 1, 1994 to May 7, 1994 at different universal times (UT). For this period, Borovsky et al. (2014) reported observations of long duration plumes from the spacecraft 1989–046 at geosynchronous orbit. They observed dense plasmaspheric plasma advecting sunward toward the dayside magnetopause during more than 10 days. Such long-term plume is reproduced by the SPM model, as visible by the tails appearing in the afternoon MLT sector in the bottom of the left panels of Figure 2. The model shows that it is due to Kp remaining very high all along this 10-day period, always above Kp = 4 (cf. top panels of Figure 2) as soon as the first expansion on May 1, 1994 occurred.
[image: Figure 2]FIGURE 2 | Plasmapause (black circles) and electron number density (color scale) in the plasmasphere obtained with the SPM model in the equatorial plane (left panels) and in the meridian plane (right panels) on May 1, 1994 18 h UT (top), May 3, 1994 6 h UT (middle), and May 7, 1994 6 h UT (bottom). These simulations are examples showing that plumes are reproduced in a continuous manner during the first weeks of May 1994 with the SPM model. Plume occurrence is due to the high values of the Bartels geomagnetic index Kp which is shown at the top of each panel.
Note that a longer period of historical evolution of Kp than 24 h is necessary in the most recent version of the model (Pierrard et al., 2021a) to take into account the refilling that takes around two or 3 days after the storm erosion (Gallagher et al., 2021) and the plasmaspheric wind appearing during prolonged quiet periods (Lemaire and Schunk, 1992).
LINKS BETWEEN THE PLASMAPAUSE AND THE RADIATION BELT BOUNDARIES
The plasmapause is not the only boundary that is clearly correlated to the Dst index. Pierrard et al. (2020) obtained Dst-based relationships of the inner and the outer edges of the outer radiation belt for electrons of energy above 1 MeV. The position of the inner edge of the outer belt is very energy-dependent due to the dependence on electron lifetimes. This study also shows a correlation between the motion of the inner edge of outer belt and that of the innermost plasmapause location. This previous work indicates that it is useful to compare the plasmapause position with the position of the inner edge of the outer belt, as done in the next two sections with the observations of both the Van Allen Probes and the LEO PROBA-V satellite.
Van Allen Probes/MAGEIS and PROBA-V/EPT Observations of the Radiation Belts During 10 months in 2015
The top panel of Figure 3 represents the Van Allen Probes/MagEIS (Blake et al., 2013) electron fluxes (color scale) at 2.28 MeV as a function of the McIlwain (1966) parameter L in Earth radii from 1st March to December 31, 2015. The second panel of Figure 3 shows simultaneous observations of the Energetic Particle Telescope (EPT) instrument on board the PROBA-V satellite for E = 1–2.4 MeV for the active year 2015 that was especially studied with EPT in Pierrard and Lopez Rosson (2016). The inner and outer edges of the outer radiation belt are characterized by very sharp transitions, so that they are clearly visible by color changes from red to blue in Figure 3. The equatorial observations of MagEIS flux and the LEO observations of PROBA-V/EPT at higher latitude show similar electron flux variations, with fast increase during storms (easily identified by Dst inverted peaks given in the third panel of Figure 3) and slower decay afterwards. Differences in flux level and sensitivity to the pitch angle is discussed in Pierrard et al. (2020). The black line represents the plasmapause position that is discussed in the next section.
[image: Figure 3]FIGURE 3 | Upper panel: Electron flux measured by MagEIS on board the Van Allen Probes at 2.28 MeV from March 1, 2015 to December 31, 2015. The black line corresponds to the plasmapause computed from spacecraft charging measured by EFW on board the Van Allen Probes. Second panel: Electron flux measured by PROBA-V/EPT at 1–2.4 MeV from March 1, 2015 to December 31, 2015. The black line corresponds to the plasmapause obtained from the SPM model. Third panel: Observed Dst index from March 1, 2015 to December 31, 2015. Fourth panel: Comparison of the plasmapause observed by Van Allen Probes (black line) with the plasmapause obtained from the SPM model (red line) from March 1, 2015 to December 31, 2015. Bottom panel: Blue dots: lowest position Lm of the flux injected in the slot during the 47 biggest storms observed by PROBA-V/EPT Ch5 (1–2.4 MeV) from May 2013 to December 2019, as a function of log10|min Dst_24 h|. Black line: best linear fit function for Lm. Red line: Best fit of plasmapause position as a function of log10|min Dst_24 h| as observed by Van Allen Probes (Eq. 1). Green line: Best fit of plasmapause position as observed with CRRES (Eq. 5).
Links Between Plasmapause and Radiation Belts Observations
The solid black line on the top panel of Figure 3 corresponds to the plasmapause position measured by the Van Allen Probes as previously discussed. The dotted black line on the second panel corresponds to the plasmapause position estimated by the linear Equation 6 deduced from the SPM model. Both are superposed in the fourth panel of Figure 3. Spearman correlation gives a moderate coefficient of 0.36 and RMSE = 0.817. One can see that the linear relation deduced from the SPM plasmapause model based on the geomagnetic activity index Kp gives positions of the plasmapause close to the Van Allen Probes observations with quite similar time variations and a maximum L < 6.2. During the strongest events, the model gives lower plasmapause than what is observed, while on the contrary, some more moderate events show an observed plasmapause further than what predicted by the model. This can be due to the MLT sector anisotropy not taken into account in the comparison.
During moderate and big storms (e.g., in March 2015), the plasmapause (obtained by the model, as well as that observed by Van Allen Probes) is formed closer to the Earth and shows an inward motion similar to the inward motion of the inner edge of the outer belt, which appears only for the strongest events for the radiation belt. The plasmapause is clearly much more mobile than the inner edge of the outer belt.
Often in the top panel of Figure 3 (e.g., in April 2015), the plasmapause is located close to the outer edge of the outer belt for E = 2.28 MeV, especially during quiet periods longer than several days. During the main phase of storms (with Dst < 50 nT, e.g., mid-March 2015) and even for substorms (inverted Dst peak with 50 nT < minimum Dst < 30 nT), the plasmapause comes closer to the Earth.
The bottom panel of Figure 3 compares the plasmapause with the inner edge of the outer radiation belt for 1–2.4 MeV electrons during storms. The blue dots in the bottom panel show the lowest L-shell (Lm) value of flux penetration of electrons with E = 1–2.4 MeV (Ch 5) observed in the slot region by PROBA-V/EPT during the 47 strongest storms appearing from May 2013 to December 2019. The lower edges Lm of the outer radiation belt during storms are identified using the methodology explained in Pierrard et al. (2020) (see their Figures 8–10), i.e. by determining the lowest L-shell where the flux exceeds the threshold of 2. e2 electrons/(cm2 s sr MeV) in the slot region. The Lm positions are here represented as a function of log10|min Dst_24 h|, like the plasmapause in Figure 1 (panel 1). The black line shows the best fit function for these Lm obtained to be
[image: image]
with err(a) = 0.272, err(b) = 0.529 and RMSE = 0.25. The linear relation is very similar to Eq. 5 obtained for the plasmapause with CRRES observations and represented in green on the bottom panel of Figure 3. This shows a clear link between the radiation belt boundary for the 1–2 MeV energy range and the plasmapause position. Van Allen Probes plasmapause fit (Eq. 1) is also represented in green and shows a similar slope but a position typically 0.8 Re higher, may be due to the lower threshold of 100 cm−3 level used to define the plasmapause with Van Allen Probe data.
Independently of the nature of the acceleration, both inner boundary of ultra-relativistic peak flux and plasmapause are related during the storm main phase. A similar inward motion of the inner edge of the outer belt and the plasmapause is observed, but only for the biggest storms with Dst < 50 nT. In that case, the inward motion of the plasmapause during the storm gives a minimum position very close to that of the inner edge of the outer belt for 1 MeV electrons. During the recovery phase, the plasmapause goes gradually further away from the Earth due to ionospheric refilling that takes several days. Top panels of Figure 3 show no link between the plasmapause and the radiation belt boundary during these recovery times, since the inner edge of the outer belt remains close to the Earth during more extended periods from several days to weeks. Spearman correlation coefficients between the plasmapause and the flux of the radiation belts measured by PROBA-V/EPT do not show significant relation, except may be for 1–2.4 MeV (see Figure 14 in Pierrard et al., 2020).
In summary, we observe that the plasmapause corresponds with the inner edge of relativistic outer radiation belt electrons for E = 1–2.4 MeV during the storm main phase only, while it extends up to the outer edge of ultra-relativistic outer radiation belt electrons during prolonged quiet periods. We do not conclude in general that the depth of penetration of the outer radiation belt electrons into the inner magnetosphere is associated with the innermost plasmapause position as Li et al. (2006), a theory which has been revisited since then (Khoo et al., 2018). Here, in Figure 3, the only link we find is a coincident position of the plasmapause with the 1–2.4 MeV electron outer radiation belt during the storm main phase. No link is found during recovery periods, between the storm and the established quiet times, during which both edges evolve with their own dynamics, one driven by ionospheric refilling, the other by wave-particle interactions.
The inward motion of the outer radiation belt associated with sudden flux enhancements of energetic electrons (e.g., Turner et al., 2015) seems directly related to the plasmapause erosion during geomagnetic storms (e.g., October 2015 in Figure 3). The similar position of the plasmapause and the edges of the energetic outer belt suggests a link between these different populations. The plasmasphere can contribute to explain the impenetrable barrier discovered at L∼2.7 (Baker et al., 2014) through which ultra-relativistic energetic Van Allen belt electrons cannot migrate (Fennell et al., 2015). This barrier is seen during prolonged periods after enhancements at very high energy and could be generalized for lower energies at lower L down to the inner belt (Pierrard et al., 2020). The different waves that are generated inside and outside the plasmasphere and close to the plasmapause position are also able to contribute to the loss and acceleration of outer belt electrons, therefore changing its edges and spectrum (e.g., Reeves et al., 2016; Ripoll et al., 2016; Turner et al., 2019; Pierrard et al., 2020; 2021b). The two-belt radiation structure has been explained as arising from strong electron interactions with plasmaspheric hiss, existing from the inside of the plasmasphere up to the plasmapause boundary, with the inner edge of the outer radiation zone corresponding to the minimum plasmapause location just after the storm (Ripoll et al., 2017). Since during strong storms, the plasmasphere is eroded down to low L, local acceleration of MeV electrons by chorus waves can reach the new region outside of the plasmasphere that was previously located in the slot region and inner belt. On the other hand, during the early storm recovery, the quick recovery of the plasmasphere allows outer belt electrons to be situated in the plasmasphere where intense plasmaspheric hiss can scatter them (e.g., Ripoll et al., 2019).
LINKS BETWEEN THE PLASMAPAUSE, IONOSPHERIC CONVECTION BOUNDARY, RADIATION BELTS AND AURORAL OVAL DURING A QUIET PERIOD: MARCH 14, 2014
Radar and satellite observations for specific dates, as well as models, allow us also to analyze the MLT distribution of different boundaries, i.e., the position of the plasmapause, the limits of the outer belt and the limits of the auroral oval. We start in this section with a quiet period for which we have different observations (March 14, 2014) and we will analyze in the following section 6 the case of a geomagnetic storm (August 26, 2018).
Links Between the Plasmapause and the Ionospheric Convection Boundary
Plasmasphere Model
Figure 4 illustrates the electron density of the plasmasphere obtained with the SPM model on March 14, 2014 at 15h30 UT in the equatorial and meridian plane. The density is provided in geocentric solar magnetospheric (GSM) coordinates. Since Kp = 2 at 15h30 UT and Kp < 3 during the previous 24 h, the activity was low and the plasmasphere was quite extended with Lpp∼4.5 Re and almost circular in the equatorial plane. The meridian view shows clearly that the plasmapause is not only present in the equatorial plane, but also at all latitudes along the magnetic field lines, resulting in a high density gradient at low altitude, and thus also in the ionosphere. As shown on the right panel of Figure 5, a plasmapause between L = 4 and L = 5.2 in the equatorial plane corresponds to a latitude between 60° and 64° when projected in the ionosphere along the magnetic field line.
[image: Figure 4]FIGURE 4 | The electron density of the plasmasphere obtained with the SPM model on March 14, 2014 at 15 h 30 UT in the (left) equatorial and (middle) meridian plane. The right panel illustrates the footprint of the plasmapause projected at high latitude in the Northern ionosphere. The top panel shows the geomagnetic activity index Kp observed from 13 to March 15, 2014.
[image: Figure 5]FIGURE 5 | Top panels: ionospheric convection pattern measured by SuperDARN in the Northern hemisphere (left panel) and in the Southern hemisphere (right panel) on March 14, 2014 at 15 h 30 UT. The x-axis gives the MLT. The green lines represent the Heppner-Maynard Boundary (HMB). The blue-red shades show the ionospheric potential. Bottom panel: Time evolution from 9h00 to 18h00 UT of the HMB boundary on 14 March 2014 estimated by SuperDARN in degrees of geomagnetic latitude at 0h00 MLT.
Ionospheric Convection Observed by Super Dual Auroral Radar Network
The ionospheric convection pattern measured by the SuperDARN radars on March 14, 2014 at 15h30 UT is illustrated in Figure 5. The ionospheric convection boundary, Heppner Maynard Boundary (HMB), determined by SuperDARN (green line in Figure 5) can be used as a proxy for the geographic latitude of the auroral oval (Imber et al., 2013). The HMB delimits the latitudinal extent of the polar ionospheric convection and has also links with the plasmapause, as found by Matar (2021). The convection is less extended in the Northern hemisphere (NH left panel) than in the Southern hemisphere (SH right panel). The convection induced by the solar wind directly controls the different processes within the magnetosphere such as the aurora, the plasmasphere, and radiation belts response.
This is a period of contraction of the auroral zone following a northward turning of the IMF appearing around 13h00 UT, as illustrated in Figure 5 third panel. The bottom panel of Figure 5 shows a time series of the HMB from the NH from 9h00–18h00 UT on March 14, 2014. A sudden northward turning measured at the satellite just after 13h00 UT resulted in a steady rise of the HMB to higher latitudes, consistent with the contraction. The selected map (15h30 UT) from the NH looks like a good representation of this development with LHMB = 69°, except in the noon sector where it is located at higher geographic latitude around 75° due to the compression of the magnetic field lines in the day side. The MLT is provided by the x axis, with 0h00 MLT (midnight) corresponding to the bottom of the top panels in Figure 5. The sequence in the SH is consistent with that in the NH and with some sign of residual plasma convection surviving at somewhat lower latitudes LHMB = 65°. Note that the reconstructed convection pattern from SuperDARN is given by models in addition to the observations, leading to a HMB very different in the Northern and the Southern hemisphere, and a HMB located at higher latitudes in the noon MLT sector than at other MLT, due to strong compression of the terrestrial magnetic field associated to solar wind pressure. The HMB is found to be located at higher latitudes than the ionospheric footprint of the equatorial plasmapause obtained with the SPM model in both hemispheres, at all MLT but especially at noon. The accuracy of the SuperDARN convection pattern reconstruction is to large extent driven by the underlying model.
Radiation Belts
Flux Evolution Observed by PROBA-V/EPT
Figure 6 shows the electron fluxes measured by EPT on PROBA-V from 14 to March 20, 2014 during a quiet period. The SPM model gives a plasmapause position located around L = 5 that is located inside the outer radiation belt for the energies 500–600 keV and 1–2.4 MeV. For higher energies, the outer belt is less extended than at lower energies and the plasmapause around L = 5 lies beyond the outer edge of the outer belt, as also illustrated in Figure 7 with the 1.6 MeV channel. The plasmapause obtained by the model is very stable around L∼5 during this quiet period, which is confirmed by Van Allen Probes measurements of the local density (see bottom panel of Figure 7) showing a plasmapause oscillating between L = 4 (at the Dst minimum) and L = 6.
[image: Figure 6]FIGURE 6 | Upper panel: Electron flux measured by PROBA-V/EPT at 500–600 keV from 14 to March 20, 2014. Middle panel: Electron flux measured by PROBA-V/EPT at 1–2.4 MeV from 14 to March 20, 2014. The black dotted line in the middle panel corresponds to the plasmapause obtained from the SPM model. Bottom panel: Observed Dst index during the same period.
[image: Figure 7]FIGURE 7 | (Top four panels) Radiation belt flux versus time and L-shell for sub-relativistic and relativistic electrons for the quiet period of 14–20 March 2014 measured by the Van Allen Probes/ECT suite in the magnetic equatorial plane. (Next four panels) Low energy seed electrons (10–100 keV), which contribute to the electromagnetic environment and as source of aurora. The magenta line corresponds to the plasmapause position measured by EMFISIS on RBSP A. (Bottom panel) Density measured by RBSP A/EMFISIS during the same period.
Flux Evolution Observed by Van Allen Probes
Figure 7 shows Van Allen Probes/ECT Level 2 combined fluxes (Boyd et al., 2019). Fluxes are binned by temporal bins of 4 h corresponding to half an orbit, which allows to fill all (or almost) the L-shell of that bin (from perigee to apogee) with a flux value. Flux observations are then interpolated in the time direction to produce a smooth representation. This treatment produces a continuous view of the radiation belts (albeit time is frozen within a 4 h bin) for a wide range of energies, here, for a quiet magnetosphere (a similar treatment will be applied to disturbed time fluxes in the next section). At sub-relativistic and relativistic energy, the radiation belt is concentrated in the outer belt above L∼4. Fluxes are low compared with more active times (cf. Van Allen Probes/MAGEIS and PROBA-V/EPT Observations of the Radiation Belts During 10 months in 2015) and gradually decaying with time. The 1 MeV fluxes and above are closer to the inner belt than sub-relativistic electron fluxes, which is due to the fact that sub-relativistic electrons are more sensitive to whistler-mode hiss waves than higher energy electrons and thus are more scattered during extended quiet periods. This forms a remnant denser pocket of MeV electrons in the outer belt explained in Ripoll et al. (2019), which forms the top part of a structure called S-shape when plotted in the (L, E) plane (Reeves et al., 2016; Ripoll et al., 2016).
At lower energy, between 10 and 100 keV, fluxes are much higher and injections are more visible on 14–15 and on 18–20 March 2014, although the activity is very mild as shown by the Dst index in Figure 6. At these low energies, the inner belt reaches L∼4. At 10 keV, the slot fully disappears. These electrons are considered as potential source for in-situ VLF (very low frequency) whistler waves generation, ultimately able to produce local acceleration of hundreds of keV electrons to MeV energies (Tu et al., 2014; Jaynes et al., 2015).
For all these energies during this period of quiet geomagnetic activity, the plasmapause boundary measured by EMFISIS on RBSP A (magenta line) does not seem to correspond to any specific boundary of the electron fluxes. It varies between L = 4 and L = 6 during this time period and is much more irregular than the radiation belt boundaries.
Meridian View From AE8 Model
Van Allen Probes and PROBA-V observations do not give a meridian view due to their limited latitude coverage. That is why to illustrate the meridian view of the integral electron flux with E > 1 MeV in Figure 8, we use the empirical model AE-8MAX (Vette, 1991) to better see the radiation belts from the side view (see Loridan et al. (2019) for more latitudinal representations of the radiation belt dynamics). The slot region (yellow region) appears clearly between the inner belt and the outer belts (red regions). The boundaries depend on the geomagnetic activity, as shown in Figure 3, but also on the energy as shown in Figure 7. Typically, the slot in the AE8 model is located between L = 2 and L = 3 for E = 0.5–7 MeV with quite sharp boundaries. At lower energy, from 40 to 500 keV, the slot is a little bit higher between L = 2.5 and L = 3.5 with more gradual boundaries. This is consistent with the theoretical energy-dependent structure of the radiation belts (Lyons and Thorne, 1973; Reeves et al., 2016; Ripoll et al., 2016). The plasmasphere generally overlaps the radiation belts during low geomagnetic activity. Otherwise, there could not be interactions between plasmaspheric waves and the trapped electrons, and, thus, the observed energetic structure of the radiation belts would not exist.
[image: Figure 8]FIGURE 8 | Electron flux obtained with the empirical model AE-8MAX for 1 MeV.
High-Latitude Magnetic Local Time Maps
The top panels of Figure 9 illustrate the EPT observations of electron fluxes for E = 500–600 keV at 820 km from 14 to March 20, 2014 in the Northern hemisphere (left) and Southern hemisphere (right). At this altitude, the radiation belt population is constituted by low equatorial pitch angle particles, ready to be or soon scattered in the ionosphere. This is different from Figure 7 previously discussed, which showed equatorial electrons, which distribution is dominated by high pitch angle trapped particles. Detailed comparison between polar EPT and equatorial Van Allen Probe observations is made in Pierrard et al. (2020, 2021b).
[image: Figure 9]FIGURE 9 | Top panels: EPT observations at 820 km of electron fluxes 500–600 keV from 14 to March 20, 2014 in the Northern hemisphere (left) and Southern hemisphere with the South Atlantic Anomaly SAA (right). The black circles with increasing radius correspond to constant latitudes of 80°, 60° and 30°. Bottom panels: (Left) The auroral oval as obtained with the OVATION model in the Northern hemisphere for March 14, 2014 at 15h30. The color scale indicates the energy flux producing the aurora. The dotted circles correspond to constant latitudes of 80°, 60° and 40°. (Right) The EPT observations of electron fluxes represented on a latitude/longitude map with the SAA at low latitudes and the outer belt at high latitudes. The black dots correspond to L = 3.5 (inner equatorward edge) and L = 8.5 (outer polar edge).
Figure 9 (top) allows visualization of the oval formed by the outer belt when penetrating at 820 km. The bottom right map in latitude-longitude shows that the outer belt corresponds to the high latitude band located above Scandinavia in the Northern hemisphere. The fluxes are always artificially low above Europe with EPT due to the pause in the measurements during the transmission of the data to the Belgian station of Redu.
One can see that in the Northern hemisphere, the radiation oval is located between L = 3.5 and 8.5 represented by the black dots in the bottom map. The South Atlantic Anomaly SAA is visible in the Southern hemisphere (top right) and in the latitude-longitude map (bottom). Due to the characteristics of the orbit of the PROBA-V satellite that has a period of 101 min (thus about 14 orbits around the Earth per day), it is necessary to accumulate the observations during several days to obtain good coverage on the maps. Here, the data are shown from 14 to March 20, 2014. This accumulation time is consistent with gradual mild loss occurring in both the slot and the outer belt at 500–600 keV (see, for instance, Figure 5 of Ripoll et al. (2019)). As such, Figure 9 represents the total loss accumulated during 6 days in the whole radiation belts region. Further integration (not attempted) would lead to the computation of the total radiation belt electron content (TRBEC) (e.g., Forsyth et al., 2016).
Auroral Oval
The bottom left panel of Figure 9 illustrates a map of the intensity and location of the auroral oval as obtained with the OVATION model in the Northern hemisphere for March 14, 2014 at 15h30. It shows the polar cap energy flux and combines discrete and diffuse electron precipitation, as well as proton precipitation producing the aurora. Boundaries of the auroral oval are clearly visible for direct comparison with the position of the outer belt shown in Figure 9 (top left panel). We find that the auroral oval is located at higher latitudes [from 70° to 80° at 0°–180° of longitude (right side) and from 60° to 70° at 180–360° of longitude (left side)] than the outer radiation belt oval [from 60° to 75° from 0° to 180° of longitude (right side) and from 50° to 60° from 180° to 360° of longitude (left side)] at this date. The auroral oval is at higher latitudes than Scandinavia for instance. The lower (equatorward) edge of the auroral oval corresponds to the outer (polar) edge of the outer belt, even if some overlap is partially observed. Both ovals have similar shape slightly elongated at lower latitudes for longitudes >180°, due to the configuration of the magnetic field. The auroral oval is located at higher latitude than the oval of the outer radiation belt for E = 500–600 keV measured from PROBA-V/EPT.
Thus, to summarize our findings up to now, the auroral oval is located at higher latitudes than the outer radiation belt, as expected since the plasma sheet is located at larger distances in the elongated tail than the inner magnetosphere regions. Globally, we observe that the inner (equatorial) edge of aurora as obtained by OVATION is close to the outer (polar) edge of the outer belt for E = 500–600 keV. Only for sufficiently long quiet periods, the plasmapause also lies beyond the polar edge of the outer belt, only for E > 1.6 MeV. For lower energies, the outer radiation belt is generally more extended than the plasmasphere. The plasmapause located far from the Earth during prolonged low activity periods is still generally below the equatorial edge of the auroral oval for most MLT. The energy of the particles is essential to explain the observed differences and some particular overlap of these regions, since the particle’s energy determines the particle drift velocity, therefore influences the MLT repartition, as well as the (trapped or not) position in the inner magnetosphere.
LINKS BETWEEN THE PLASMAPAUSE, IONOSPHERIC CONVECTION BOUNDARY, RADIATION BELTS AND AURORAL OVAL DURING THE STORM EVENT OF AUGUST 26, 2018
The August 26, 2018 storm is one of the three most powerful geomagnetic storms, which occurred since the launch of PROBA-V in 2013 (see Figure 1 in Pierrard et al. (2020) for a 7-years representation). For this storm, Kp exceeded 6 (see Figure 10) and Dst reached -174 nT, as illustrated in Figure 12.
[image: Figure 10]FIGURE 10 | Plasmasphere electron density in cm−3 in (left) the equatorial plane and in (middle) the meridian plane, as well as the ionospheric footprint of the plasmapause at high latitude (right) obtained with the SPM model on (top panel) August 24, 2018 at 22h30, before the storm, and on (bottom panel) August 26, 2018 at 4h30 during the storm. The Kp index measured between 23 and August 26, 2018 4h30 is also shown in the top figure of each panel.
Links Between the Plasmapause and the Ionospheric Convection Boundary
Plasmasphere Model
Figure 10 illustrates how the position of the plasmapause varies with the geomagnetic activity before (top panels) and during (bottom panels) this storm. The plasmasphere electron density (in cm−3) is obtained in the equatorial (MLT distribution) and meridian planes with the SPM model on August 24, 2018 at 22h30, before the storm and on August 26, 2018 at 4h30 during the storm. The plasmapause develops structures like plumes and shoulders depending on the Kp variations (e.g., Pierrard and Lemaire, 2004; Bandic et al., 2020). A plume is clearly visible forming in the dusk sector on 26 August during the storm. The eroded and more anisotropic plasmasphere is also associated to an ionospheric projection of the plasmapause located at higher latitudes during the storm, as clearly visible on the right panels. Storm enhanced density observed in the ionosphere has been identified as ionospheric signature of plasmaspheric plumes (Foster et al., 2002). We will confirm in Flux Evolution Observed by Van Allen Probes that the plasmasphere observed by Van Allen Probes is highly dynamics for this period.
Ionospheric Convection Observed by Super Dual Auroral Radar Network
We quantify the intensity of convection before and during the storm case of August 26, 2018 in Figure 11 showing ionospheric convection patterns measured by the SuperDARN radars. The convection is much stronger after the storm (bottom panels) than before (top panels). The ionospheric convection boundary HMB determined by SuperDARN is shown by the green line on Figure 11.
[image: Figure 11]FIGURE 11 | Ionospheric convection pattern measured by SuperDARN in the Northern hemisphere (left panels) and in the Southern hemisphere (right panels) on (top) August 24, 2018 at 22h30 before the storm and (bottom) during the storm of August 26, 2018 at 4h30. The green lines represent the ionospheric Heppner-Maynard Boundary (HMB). Arrows represent the measured ionospheric convection velocity (most seen on the Northern hemisphere during the storm). The blue-red shades show the ionospheric potential.
On August 24, 2018 at 22h30 before the storm, the plots are taken from an extended period of stable IMF and the pattern is fairly fixed in orientation through the 22–23 UT interval, giving high confidence. The pattern is characteristic of By-conditions. In the NH, we have LHMB = 65°, in the SH, LHMB = 69°. The amount of data in the SH is very limited (59 vectors), so we can only say that LHMB ≤ 69° as the equatorward limit of the convection zone could extend equatorward of 69°.
On August 26, 2018 at 4h30 during the major storm, there are many vectors observed in the NH. They show that the convection zone is greatly expanded and LHMB = 50°. Under such extreme conditions, SuperDARN may not be seeing the equatorward limit of convection. The problem is that the radar fields of view are limited to latitudes >50° due to the dynamic range of the instrument. So here LHMB ≤ 50°. In the SH, there is evidence as well of a greatly expanded convection zone. Note the vectors that extend almost to the site of the Kerguelen radar (KER). With fewer radars operating at lower latitudes in the south, there is less scope for detecting the equatorward limit, and so here LHMB ≤ 55°. Like the plasmapause, the HMB migrates to higher latitudes during storm, but with a different latitude and MLT distribution that depends significantly on the magnetic field model used to reconstruct the SuperDARN convection pattern.
Radiation Belts
Flux Evolution Observed by PROBA-V/EPT
Figure 12 shows the electron flux measured by PROBA-V/EPT at 500–600 keV (top), 1–2.4 MeV (second) and 2.4–8 MeV (third) from August 1, 2015 to September 20, 2018. The white regions correspond to periods when no observations are available. The black dashed lines (middle panels) shows the plasmapause position obtained with the SPM model. The inward motion of the plasmapause to lower L is clearly visible on August 26, 2018, and leads to a L ∼ 2.5 for E = 1–2.4 MeV similar to the lowest position of the inner edge of the outer belt during the storm. This position of the plasmapause close to the Earth is nevertheless lower than the lowest penetration of the inner edge of the outer belt for higher energy (around L∼3 for 2.4–8 MeV for instance). On the contrary, for 500–600 keV, the injection penetrates deeper, almost down to the inner belt, until a new slot forms 10 days later around L = 3. Note also the dropouts that appear during each substorm and penetrate down to L = 4 on August 26, 2018, due to magnetopause shadowing (e.g., Pierrard et al., 2020).
[image: Figure 12]FIGURE 12 | Electron flux measured by PROBA-V/EPT at 500–600 keV from 1 August to September 20, 2018. Second panel: Electron flux measured by PROBA-V/EPT at 1–2.4 MeV from 1 August to September 20, 2018. The black dotted line corresponds to the plasmapause obtained from the SPM model. Third panel: Same as second panel but for 2.4–8 MeV. Bottom panel: Observed Dst index.
Flux Evolution Observed by Van Allen Probes
This feature is confirmed in Figure 13 that shows the radiation belts prior and after the storm as observed by Van Allen Probes for different energies. The storm produced enhanced 1 MeV flux for 8 days, forming a hard-spectrum outer belt notably different from the quiet outer belt of the beginning of August 2018 (or the one shown previously in Figure 7). The 1 MeV belt reaches as low as L = 2.5 on 28 August. The injection of sub-relativistic electrons deep in the inner belt reaches almost 600 keV. This is quite rare. For comparison, the average energy of substorm injections is ∼250 keV (e.g., Turner et al., 2015). At low energy (30–100 keV), the injections are intense and repeated before and after the 26 August storm. The small substorm occurring on August 15, 2018 does not generate sub-relativistic injections but does inject low energy electrons. Below 30 keV, the inner belt and the outer belt start merging to form a unique active region surrounding the Earth. The waves creating the slot region separating the radiation belts are thus not effective at 10 keV and below.
[image: Figure 13]FIGURE 13 | Level 2 ECT combined radiation belt spin-averaged flux plotted versus time and L-shell from 1 August to September 20, 2018 measured by the ECT suite of Van Allen Probes in the magnetic equatorial plane. The magenta line corresponds to the plasmapause position measured by EMFISIS on RBSP B. (Top 4) sub-relativistic and relativistic electrons. (Next 4) low energy seed electrons (10–100 keV). (Bottom panel) Plasma density of RBSP B/EMFISIS computed as explained in section Van Allen Probes Plasmapause Observations, from 1 August to September 21, 2018.
Last panel of Figure 13 shows the plasma density and the plasmapause extracted from it, also reported on the flux. There is a good coincidence of the plasmapause location with the 1.6 MeV channel during the couple of days of the storm recovery (26–28 August 2018), both reaching L = 3. Lower energy electrons penetrate deeper than the Lpp as shown in Figure 13. This confirms the claims made in section Links Between the Plasmapause and the Radiation Belt Boundaries. In August-September 2018, RBSP apogee is at ∼23–22 MLT and cross the L = 3 field line at 19–18 MLT so that the modeled minimum Lpp at 2.5 and the observed minimum plasmapause at L∼3 are consistent. The complex structure of the modeled density is confirmed by the filamentary structure of the observations with various detached regions of dense plasma and high variability in time as the probes scan a different region from one pass to another. After the early recovery period, both the outer radiation belt and the plasmasphere evolve at their own rates and no link exists anymore.
High-Latitude Magnetic Local Time Maps of the Outer Radiation Belt by PROBA-V/EPT
Figure 14 shows complementing polar maps of the 1–2.4 MeV electron differential flux measured by PROBA-V/EPT at 820 km of altitude in the Northern hemisphere (left panels) and in the Southern hemisphere (right panels). We show a new way to illustrate how radiation belts in the equatorial magnetosphere project and map at high latitudes. Before the storm, from 1 to August 24, 2018 (top panels), the outer radiation belt oval is thin. After the storm, (here accumulated from 25 August to September 20, 2018 on bottom panels), the outer radiation belt oval is more intense and extends at lower latitudes than before the storm, typically 10° lower, as also found for other storms (Pierrard and Lopez Rosson, 2016). It is interesting to note that losses in the slot are only slightly enhanced by the storm times. This is due to the high energy channel (>1 MeV) and the rarity of these particles in the deep slot region, although we note that these electrons reached L = 3 at the Dst peak of the storm (cf. Figure 12).
[image: Figure 14]FIGURE 14 | Maps of electron differential flux measured by PROBA-V/EPT in Channel 5 (1–2.4 MeV) at 820 km of altitude in the Northern hemisphere (left panels) and in the Southern hemisphere (right panels), before the storm from 1 to August 24, 2018 (top panels) and from 25 August to September 20, 2018 (bottom panels) during and after the storm. The thin black circles with increasing radius correspond to constant latitudes of 80°, 60°, 40° and 20°. Greenwich longitude of 0° corresponds to the bottom in the Northern hemisphere (left panels) and the top in the Southern hemisphere (right panels).
During the storm, the lowest boundary of the outer radiation belt oval for the high energy 1–2.4 MeV reaches 40° of latitude for longitudes between 60° and 120° West in the Northern hemisphere, and a latitude of 40° for longitudes between 60° and 180° East. The boundary is located at higher latitudes for other longitudes due to the configuration of the magnetic field.
Auroral Oval by the OVATION Model
Figure 15 illustrates the Northern hemisphere auroral oval as predicted by the OVATION model on 24-8-2018 at 22h25 UT (upper left) before the storm, and successively for three times following the storm. One can see that the auroral oval is very thin and faint before the storm, and becomes brighter and broader during the storm. The position of the oval and its intensity are very dependent on the MLT sector: the aurora is not visible at 12h00 MLT in the dayside, even during the storm, while the probability of auroral visibility oval is the most intense and wide in the nightside shown by the black background region. Already before the storm on 24-8-2018 at 22h25 and during the storm on 25-8-2018 at the same time, Sweden and Norway (easy to identify on Figure 15) are located under the auroral oval, as well as under the radiation belt oval as shown in Figure 14, showing that overlap between these regions are possible. On 26-8-2018 at 10h25 (bottom right), Sweden and Norway are located in the dayside so that the auroral oval does not cover these countries. As illustrated by Figures 14, 15 respectively, intensification and broadening of the auroral oval during storms are common characteristics with the outer radiation belt oval, but there are major differences concerning the position of the boundaries and the MLT distribution that are detailed in the next section, discussing also the plasmapause position and convection pattern during magnetic disturbances.
[image: Figure 15]FIGURE 15 | Northern hemisphere probability of aurora visibility as predicted by the OVATION model before the storm (upper left) on 24-8-2018 at 22h25, and then during the storm on (upper right) 25-8-2018 at 22h25, on (bottom left) 26-8-2018 at 4h25 and on (bottom right) 26-8-2018 at 10h25. Greenwich longitude of 0° is located in the right side of the panels.
DISCUSSION ABOUT THE LINKS BETWEEN THE BOUNDARIES AND THEIR MAGNETIC LOCAL TIME DISTRIBUTION
Links Between the Plasmapause and the Radiation Belt Boundaries
Empirical relations between the plasmapause and Dst have been found, as shown in Data and Models. Similar empirical relations exist also for the inner and outer edges of the radiation belts (for different energies) with the Dst index (Pierrard et al., 2020), indicating a possible link between these positions and the ring current responsible for the Dst decrease during storms. As shown in Long Term Variations of the Plasmapause: Comparison Between Observations and the Space Weather Integrated Forecasting Framework plasmasphere model Model, the plasmapause is located close to the inner edge of the energetic outer belt for E ∼ 1 MeV during the storm main phase and generally above the outer edge of the outer belt for E > 1.6 MeV after sufficiently prolonged quiet periods (Pierrard et al., 2020). The convection electric field that depends on the geomagnetic activity seems also implicated in the dynamics affecting these different regions.
Links between the plasmasphere and the radiation belts can be determinant for the global dynamics of the magnetosphere. The plasmapause boundary determines the electromagnetic waves that circulate in the plasma and may cause energization and loss of the particles. Outside the plasmasphere, whistler-mode chorus waves have been found to play an important role in the enhancement and precipitation of electrons (e.g., Thorne et al., 2013). Inside the plasmasphere, whistler-mode hiss waves can cause the slow decay of radiation belts electrons with loss time scales on the order of 5–10 days (e.g., Ripoll et al., 2019) and rarely contribute to local acceleration. In general, the plasmapause separates chorus waves outside the plasmasphere and hiss waves inside the plasmasphere (e.g., Thorne, 2010). Therefore, changes in plasmapause location can cause drastic change in the hardening or softening of the radiation belt flux. Poloidal ULF (ultra-low frequency) pulsations have also been investigated near the dayside plasmapause and these studies revealed that the wave field is confined in the Alfvén resonator at the outer edge of the plasmapause (Schäfer et al., 2007, 2008). O’Brien et al. (2003) found that electron acceleration at low L shells is closely associated with both ULF activity and MeV microbursts and thereby probably also with chorus activity. Electron flux enhancements across the outer radiation belt are, in general, related to both ULF and VLF/ELF activity. These authors suggest that electron flux peaks observed at L ∼ 4.5 are likely caused by VLF/ELF wave acceleration which appears to be excluded from the plasmasphere, while ULF activity probably produces the dominant electron acceleration at geosynchronous orbit and beyond. Intense local acceleration can occur outside of the plasmasphere from chorus waves (Thorne et al., 2013; Li et al., 2016), bringing very quickly sub-relativistic electrons (E < 500 keV) to ultra-relativistic energies (E > 2 MeV), using the terminology in Drozdov et al. (2015). While this is a classic scenario, with available chorus observations during the March 2015 storm for both a THEMIS spacecraft and Van Allen Probes (Li et al., 2016), there is still a debate on the respective importance of local acceleration and adiabatic transport (Ozeke et al., 2019).
Links Between the Plasmapause and Its Footprint in the Ionosphere
The plasmapause boundary has been shown to be related to mid-latitude ionospheric troughs (e.g., Lemaire, 2001). Such mid-latitude troughs, also called main ionospheric light ion troughs, are density depletions observed in the ionosphere in the F region above 150 km of altitude (e.g., Rycroft and Burnell, 1970). Because the low latitude boundary of the trough corresponds to the projection of the plasmapause into the ionosphere, the mid-latitude troughs have been proven to be a good indicator of the plasmapause location (Yizengaw and Moldwin, 2005; Anderson et al., 2008), including for recent events like the September 2017 storm (Obana et al., 2019). A new study compares the location of the mid-latitude trough and plasmapause boundary using Van Allen Probe observations (Weygand et al., 2021). Their results indicate that the mid-latitude trough observed within vertical total electron content maps represents an additional means of identifying the plasmapause boundary location.
Mid-latitude troughs have to be differentiated from high-latitude ionospheric troughs that are sometimes observed inside and poleward of the auroral oval. They are due to auroral precipitation processes (Collis and Haggstrom, 1988; Voiculescu et al., 2016).
Links Between the Radiation Belts and the Location of the Auroral Oval
We have found that the auroral oval is generally located at higher latitude than the oval of the outer radiation belt. This can be explained by the fact that auroras are due to particles coming from a ring located at larger distances in the equatorial plane than the radiation belts for electrons with E > 500 keV. This ring surrounds the Earth at geocentric distances from ∼7 Re to the magnetopause, near noon, and to∼10–13 Re near midnight, where it corresponds to the plasma sheet (Riazanteseva et al., 2018). Electric potential differences cause the precipitation of energetic particles from the plasma sheet along the elongated magnetic field lines located mainly in the night side, where the auroral oval is thus brighter (Pierrard et al., 2007). It is expected that the energetic ions originate from the ring current and can be scattered by the electromagnetic Ion Cyclotron (EMIC) waves through cyclotron resonance (Sigsbee et al., 2020 and references therein). The energetic electrons can also be precipitated by non-resonant interactions between the electrons and EMIC waves (e.g., Denton et al., 2019). Other studies show the link of proton auroral and plasmaspheric plumes through these same processes (Spasojevic et al., 2004). And several studies have shown that proton aurora spot sources are often located in the vicinity of the plasmapause (Yahnin et al., 2013; Zhou et al., 2019).
Riazanteseva et al. (2018) found that the high-latitude boundary of the outer radiation belt (>100 keV) can be located both inside the auroral oval or equatorward of the low-latitude boundary of the auroral precipitation zone. They also found that for slightly disturbed geomagnetic conditions, the polar boundary of the outer radiation belt is almost always located inside the auroral oval. This is important since the position of the trapping boundary for energetic electrons in the outer radiation belt contains information about the topology of the magnetic field lines of the Earth.
The scenario is different for diffuse aurora since they are caused by precipitations of electrons from 10–30 keV (e.g., Nishimura et al., 2020) and can occur where chorus waves are present. Chorus waves can also cause acceleration of hundreds of keV radiation belt electrons at a lower L-shell. Since chorus are mainly located outside the plasmasphere, this would lead to diffuse aurora being poleward of the plasmapause. Note also that some studies have shown that electron cyclotron harmonic (ECH) waves can also contribute to the formation of diffuse aurora (e.g. Zhang et al., 2015).
Magnetic Local Time Distribution of the Different Regions
The particles of the plasmasphere, of the auroral regions and of the radiation belts are all trapped in the magnetic field of the Earth, giving them a toroidal shape around the Earth in the meridian plane. When projected at low altitude, they correspond to different ovals, at very high latitude for the aurora and at mid-latitudes for the radiation belts and the plasmapause. Nevertheless, their shape is quite different due to their different energy that give them different motion.
The low energy particles (around 1 eV) of the plasmasphere are located in the same region of the inner magnetosphere as the inner and outer belt (500 keV–5 MeV) during quiet periods. The plasmasphere is almost in co-rotation with the Earth. In fact, the velocity of the ionosphere and the low altitude plasmasphere has sometimes a small lag (80–90% of corotation) (Burch et al., 2004; Lejosne and Mozer, 2016). The causes of sub-corotation variability have been explored by Galvan et al. (2010). The azimuthal drift is dominated by the electric force: vdrift= (ExB)/B2. It takes thus approximately 24 h for the particles to make a complete rotation. The plasmapause and the plasmasphere density are thus highly dependent on MLT, with the development of some specific structures like plumes in the afternoon-dusk MLT sector.
The plasma sheet electrons with an energy from 100 eV to several keV causing the aurora are located in the nightside tail and are thus also very dependent on MLT. The auroral oval is clearly broader and brighter in the midnight sector, as shown in Figure 15. For the energetic particles of the radiation belts (E > 500 keV), the drift velocity is not dominated by the electric force anymore, but by the Lorentz force due to the gradient of B and the curvature of the magnetic field lines (Roederer, 1970). This force depends on the energy of the particles. A 1 MeV electron at L = 1.5 Re (respectively L = 6) takes approximately 45 (respectively 11) minutes to rotate around the Earth in the equatorial plane. The longitudinal dependence of the radiation belt is thus more determined by the configuration of the magnetic field than by the MLT. The MLT plays nevertheless a fundamental role in the radiation belts, because, for instance, magnetopause shadowing on the day side is responsible for particle dropouts during the main phase of the storms, highly affecting the outer edge of the outer belt (e.g., Pierrard et al., 2020) and wave-particle interactions determining the radiation belt structure are strongly MLT-dependent (cf. review of Ripoll et al. (2019)).
Since the energies of the particles filling the auroral regions, the radiation belts and the plasmasphere are very different, their drift velocity is also different and can explain some of the differences observed in MLT. The physical processes of plasmapause formation and auroral injections are related to the convection electric field that increases during the storm. The very energetic particles of the radiation belt are less affected by the electric field since their drift velocity is dominated by the effects of the magnetic (gradient and curvature) force during quiet times.
The MLT sector plays an important role for the distribution of the particles trapped in the terrestrial magnetic field. The plasmapause is formed in the post-midnight sector due to the plasma convection and is transmitted to the other MLT sectors by co-rotation (Pierrard and Lemaire, 2004). The formation of plumes in the afternoon-dusk sector and their rotation toward other MLT can influence the other regions. As shown by Imber et al. (2013), the ionospheric convection boundary, Heppner Maynard Boundary (HMB), measured by SuperDARN can be used as a proxy for the latitude of the auroral oval and is magnetically related to the plasmapause, in turn reflecting itself the topology of the system. Matar (2021) observed, by analyzing geomagnetic storms, that the plasmasphere density correlates with the open magnetic flux associated to reconnection, confirming the links we discussed in the present work between the plasmasphere and the aurora.
Global Motion During Storms
The different ovals (aurora, outer radiation belt at low altitude, footprint of the plasmapause projection in the ionosphere, and ionospheric convection pattern) have to be considered within a global view of the magnetosphere as they are all part of this dynamic system. The equatorward motion of the different regions of the magnetosphere during storms, i.e., the plasmapause, inner edge of the outer belt and inner edge of the auroral oval, implies some possible intersections of these different regions at particular times (as seen in Links Between the Plasmapause, Ionospheric Convection Boundary, Radiation Belts and Auroral Oval During a Quiet Period: March 14, 2014 for quiet times and Links Between the Plasmapause, Ionospheric Convection Boundary, Radiation Belts and Auroral Oval During the Storm Event of August 26, 2018 for storms), possibly linking them, all reflecting at their own scales a same magnetic topology of the system.
As shown in Auroral Oval by the OVATION Model, the auroral zone shifts poleward at times of low solar activity, while during periods of high solar activity, the auroral oval moves to lower latitudes (thus southward in the Northern hemisphere). This southward motion during storms and substorm is very similar to the motion of the plasmapause and of the outer radiation belt toward lower latitudes during the same disturbed periods, as shown in Links Between the Plasmapause, Ionospheric Convection Boundary, Radiation Belts and Auroral Oval During the Storm Event of August 26, 2018. The primary source mechanism of the polar aurora is nevertheless different since it is related to reconnection in the magnetotail that extends on the nightside (e.g., Kivelson and Russell, 1995). Reconnection of the geomagnetic field with the IMF mostly occurs when the IMF is directed southward and generates substorm injections. The plasmasphere and the outer belts are in turn also affected by such substorm injection events.
CONCLUSION
In the present work, we study and compare the positions (with respect to L-shell and magnetic local time) of the plasmapause, of the ionospheric convection, of the radiation belt boundaries and of the auroral oval, on the long term during a 10 months period of 2015 and also during two specific periods: one period of quiet geomagnetic activity in March 2014 and one period of disturbed geomagnetic activity associated with the geomagnetic storm of August 26, 2018. We combine different satellite observations (the NASA Van Allen Probes for the plasmapause and the radiation belts, and the ESA PROBA-V for the radiation belts at LEO), radar observations (SuperDARN for the ionospheric convection), and various models (the SPM plasmasphere model, OVATION for aurora, AE-8MAX for radiation belts). We show the dynamics of these regions in three dimensions, i.e., radially, in MLT, and as a function of the latitude. This is done by combining meridian, equatorial and polar maps. We show a similar equatorward motion of the plasmapause, the outer belt and the auroral oval during storms, suggesting a link due to the magnetic field topology and the convection electric field that increases during storms and substorms.
Maps in geographic coordinates allow direct comparison of the different boundaries in MLT sectors at the same UT times during quiet and active periods. We discuss links between the plasmapause and the projection of the plasmapause in the ionosphere. The plasmapause is located at similar distance as the outer edge of the outer belt, but only for E∼1.6 MeV and after sufficiently long quiet periods, and as the inner edge of the outer belt during the main phase of the storms, but only for E∼1 MeV. The radiation belt boundaries are strongly dependent on the energy of the particles. At lower energies, the plasmapause is located inside the outer radiation belt.
The equatorial edge of the auroral oval is often located close to the outer (polar) edge of the outer energetic belt, and to the plasmapause during quiet periods. There is often overlap between the plasmasphere region, the outer radiation belt and equatorward part of the auroral oval, especially in the nightside. During storms, the auroral oval position decreases in latitude, similarly to the plasmapause, the ionospheric trough, the ionospheric convection boundary and the inner edge of the outer belt. All these regions seem related by the magnetic field and the convection electric field.
The boundaries are dependent on the energy of the particles, especially for the outer radiation belt that include electrons from 100 keV to several MeV. The MLT dependence is also different for the plasmasphere, the auroral oval, and the radiation belts due to the relative contributions of convective and magnetic of the particles at different energies.
Recent research studies show the need of a more global view of the magnetosphere dynamics that takes into account the interactions between these different regions. The links between the plasmapause, the ionospheric convection, the boundaries of the radiation belts, and the auroral oval certainly need further investigations. In that perspective and to know further, links between compressions of the plasmapause, multi-keV electrons injections, and luminous phenomena reported in the ionosphere are discussed in Cully et al. of this special issue. Nevertheless, they remain difficult to explore due to the lack of simultaneous observations. Three dimensional dynamic models of different regions of the magnetosphere help providing some vision and understanding global and coupled dynamics between the magnetosphere and the ionosphere, with still the need to validate them from more observations.
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