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Abstract
Predicting of the location of the maximum in high-energy electron fluxes filling a new radiation belt is an endeavor being carried out by physicists studying the magnetosphere. We analyzed the data from the Defense Meteorological Satellite Program (DMSP) satellites and ground-based magnetometers obtained during geomagnetic storm on 8–9 October 2012. The minimum value of the disturbance storm time (Dst) was −111 nT, and the maximum in high-energy electron fluxes that appeared during the recovery phase was observed at L = 4 Re. At the same time, we analyzed the motion of the auroral oval toward lower latitudes and related substorm activity using the data of the low-orbiting DMSP satellites and the IMAGE magnetic meridian network. It was found from the DMSP satellites’ measurements that the maximum of the energy density of precipitating ions, the maximum of the plasma pressure, and the most equatorial part of the westward auroral electrojet are all located at the 60° geomagnetic latitude. This value corresponds to L = 4 Re, i.e., it coincides with the location of the maximum in high-energy electron fluxes. This L-value also agrees with the predictions of the Tverskaya relation between the minimum in Dst variation and the location of the maximum of the energetic electron fluxes, filling a new radiation belt. The obtained results show that the location of this maximum could be predicted solely from the data of the auroral particle precipitations and/or ground-based magnetic observations.
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Introduction
Large fluxes of relativistic electrons in the magnetosphere of the Earth fill the outer radiation belt (ORB). Their properties were studied using the data of many satellites including the recently launched Van Allen (Radiation Belt Storm Probes (RBSP)) mission. However, the problem of the formation of the ORB remains relevant. It is well known (see, for example, Reeves (1998)) that large fluxes of relativistic electrons in the ORB appear during the recovery phase of a geomagnetic storm. Nevertheless, this phenomenon does not always take place. Reeves et al. (2003) showed that geomagnetic storms can either increase or decrease the fluxes of relativistic electrons in the radiation belt. They stressed that the net effect of geomagnetic storms on radiation belt fluxes is a delicate and complicated balance between the processes leading to particle acceleration and loss.
Development of geomagnetic storms is accompanied by an increase of pressure inside the magnetosphere and ring current formation. During storms, intense substorms are usually observed. Magnetic field line dipolarizations during those substorms create seed populations of electrons (see, Baker et al. 2005, Kissinger et al. 2014, and references therein). Later, they are accelerated, and a new ORB is formed. This means that the dynamics of the ORB is strongly affected by the storm-time substorms. All substorms (during storms and in the absence of storms) develop in a region that is mapped into the auroral oval. Therefore, the analysis of the motion of the auroral oval during storms could provide very useful information on the storm/substorm dynamics. Since the report by Akasofu and Chapman (1963), it is well known that during magnetic storms the auroral oval moves toward lower latitudes. Newell et al. (2009) showed that when the geomagnetic activity increases, the form of the auroral oval becomes more circular. This feature of the auroral oval is difficult to understand within the traditional view of mapping of the auroral oval into the plasma sheet proper. This was resolved by Antonova et al. (2013, 2014a,b) who have recently shown that a major part of the oval is mapped into a plasma ring which contains transverse currents surrounding the Earth. In this approach, the circular form of the oval is natural. This finding could be relevant for understanding the storm time auroral dynamics.
Reeves et al. (2013) studied the evolution of phase space density of relativistic electrons during 8–9 October 2012 geomagnetic storm and clearly demonstrated that the region of acceleration of the ORB electrons is located in the inner magnetosphere. They attributed the acceleration of the ORB electrons to the VLF whistler-mode chorus waves. In fact, intense wave activity was observed during this storm. Reeves et al. (2013) carried out a very careful analysis of the evolution of the phase space density of relativistic electrons but did not study the auroral dynamics during this event. However, as shown by Reeves et al. (2003), for many storms, the net effect of storm on electron acceleration is very low (see Figure 2c in Reeves et al. 2003). The electron fluxes decrease during the main phases of such storms and regain pre-storm levels when a storm ends. This means that large-scale variations in the magnetic field during the storm are very important for the processes of particle acceleration and deceleration.
Magnetic field variations at the equatorial plane cannot be adequately studied using the data of the Van Allen probe mission in most cases due to orbit inclination, and Reeves et al. (2013) used the TS04 model (Tsyganenko and Sitnov, 2005) for the determination of the phase space density of relativistic electrons. Fluxes of low energy particles were not analyzed. However, it would be interesting to make this analysis in the future because increases of low-energy fluxes lead to the depression of the magnetic field during the ring current development. Restore of the field during the ring current decay will lead to particle acceleration. Antonova et al. (2014a,b) argued that most part of the auroral oval is mapped into the high latitude part of the ring current. That is why it is interesting to analyze the position of the auroral oval for the Reeves et al. (2013) storm.
In this paper, we analyze the position of the auroral oval and the westward auroral electrojet for the 8–9 October 2012 magnetic storm, using the data of the Defense Meteorological Satellite Program (DMSP) satellites and the International Monitor Geomagnetic Effects (IMAGE) magnetometer network, and show that the analysis of such observations can be very important with regard to solving of the problem of the acceleration of electrons in the ORB.
The 8–9 October 2012 magnetic storm and the position of the auroral oval and of the westward auroral electrojet
Figure 1a shows the solar wind velocity, density, dynamic pressure, and three components of the interplanetary magnetic field (IMF), obtained using the 5-min resolution data from the OMNIweb interface (King and Papitashvili 2005). The 8–9 October 2012 strong geomagnetic storm was caused by two comparatively long periods of the southward IMF orientation: between October 7 16:32 UT and October 8 12:56 UT and between October 8 18:36 UT and October 9 10:02 UT, during which there occurred a strong decrease in the values of the disturbance storm time (Dst) index. Reeves et al. (2013) showed that before the main phase of the storm the fluxes of relativistic electrons in ORB were very low. This decrease is attributed to a previous storm that took place between 30 September and 1 October 2012. Starting from that time, the electron fluxes remained very low. They continued to decrease very slowly until early morning on 9 October following when they began to increase. It is necessary to mention that on 7 October between 3:00 and 18:45 UT, the solar wind density and dynamic pressure were comparatively high, having maximum values 26 cm−3 and 7.2 nPa, respectively (see Fig. 1a). However, the value of Dst variation corrected by the solar wind dynamic pressure (red line in Fig. 1b) Dst* = Dst − b (P
                           
                    d
                  )1/2 + c (Burton et al. 1975) does not differ significantly from the ordinal Dst variation (blue line in Fig. 1b), and hence the variation in Dst index is mainly related to ring current dynamics. Figure 1c shows the Dst and SYM-H, AL, and AU geomagnetic indexes, obtained from the OMNI 5-min resolution database (http://​omniweb.​gsfc.​nasa.​gov/​ow_​min.​html), and the PC index, obtained from the Arctic and Antarctic Research Institute and Technological University of Denmark (http://​pc-index.​org/​). Storm-time substorms were observed when the IMF Bz had a southward orientation resulting in the injection of the seed population of electrons. Some periods of decrease in the module of SYM-H could be attributed to the changes in the sign of IMF Bz. The true recovery phase began on 9 October at 8:28 UT when the Bz component started turning northward.[image: A40623_2015_319_Fig1_HTML.gif]
Fig. 1Solar wind parameters and geomagnetic indexes for the geomagnetic storm on 8–9 October 2012. From top to bottom: the solar wind velocity, number density, dynamic pressure, and three components of the interplanetary magnetic field (a), the Dst (blue curve) and Dst* (red curve) corrected by dynamic pressure Dst indexes (b); from top to bottom: the Dst (blue curve) and SYM-H (red curve), AL (red curve), AU (blue curve), and PC (PC north—blue curve, Pc south—red curve) indexes (c)




                        
Reeves et al. (2013) showed that the period of ORB acceleration had a duration of approximately 11 h (from 23:17 UT on 8 October till 13:02 UT on 9 October) and that the center of the region of acceleration was located at L* = 4 (where L* = 2πM/ΦRe, M is the Earth’s magnetic moment, Re is the radius of the Earth, and Φ the total magnetic flux enclosed within a drift shell of an electron), where L* does not different greatly from the distance to the top of magnetic field line in the equator (L) when the magnetospheric field is nearly dipolar.
To identify the location of the region of acceleration relative to the auroral oval, we analyze the data of auroral precipitations from the DMSP F16, 17, and 18 satellites during the 8–9 October 2012 storm and observe the increase in the thickness of the auroral oval and the shift of its equatorial boundary toward the equator. Figure 2 shows ion and electron energy precipitating fluxes measured by the DMSP F17 satellite during the auroral oval crossing in the night-side southern hemisphere on 8 October 2012. The time of crossing (21:47:40–21:52:50 UT) corresponds to the start of the ORB acceleration in accordance with Reeves et al. (2013, Fig. 2). It is possible to see that the maximum of the precipitating ion energy flux (b2i boundary introduced by Newell et al. (1996)) is located near the 60° geomagnetic latitude which corresponds to L = 4, where L is the McIlwain parameter).[image: A40623_2015_319_Fig2_HTML.gif]
Fig. 2Electron and ion energy auroral precipitating fluxes measured during the time interval near the Dst minimum. From top to bottom: the electron and ion average energies, electron, and ion precipitating energy fluxes measured by the DMSP F17 satellite on 8 October 2012 during the auroral oval crossing in the Southern Hemisphere between 19 and 20 MLT. The time of crossing is close to the time of one of the minimums of Dst variation




                        
Expansion of the auroral oval toward the equator coincides with the expansion of the auroral electrojet. Figure 3 shows the position of the auroral electrojet using the 1D equivalent currents obtained from the data of the IMAGE magnetometer network (http://​space.​fmi.​fi/​image/​beta/​?​page=​home). It is possible to see that for the same time interval near midnight, the westward auroral electrojet was located at the latitude near the 62° geographic latitude, i.e., near the 60° geomagnetic latitude.[image: A40623_2015_319_Fig3_HTML.gif]
Fig. 3Intensity of the westward auroral electrojet, obtained using the IMAGE magnetometer network near the Dst minimum. The 1D equivalent current system obtained using the data of the IMAGE magnetometer network on 8–9 October 2012




                        
The observed coincidence of the maximum of the precipitating ion energy flux and the westward auroral electrojet is a natural consequence of the processes leading to ring current formation during magnetic storms. The shift of the auroral oval toward lower latitudes leads to the shift of its equatorial boundary and hence of the equatorial boundary of the westward electrojet. At the same time, due to dipolarizations related to the substorm activity, both ions and electrons are accelerated, leading to an increase in particle fluxes. Hence, the observed increase in ion fluxes and the ion pressure occurs in the same place where the seed population of electrons emerges. The seed electrons later get accelerated to relativistic energies. That is why in spite of intense radial diffusion, the L-position of the maximum of phase space density of relativistic electrons coincides with the position of the maximum of the precipitating ion energy flux (ion pressure) and the equatorial boundary of the region of the substorm dipolarizations.


Findings
A relation between the minimum value of the Dst variation, maximum of partial ion pressure, and the location of the peak intensity of the relativistic electron fluxes
Analysis of the data of high apogee satellites during storms of different intensity showed that the location of the peak intensity of the relativistic electron fluxes appearing during the storm recovery phase (L
                           max where L
                           max is the McIlwain parameter) depends on the amplitude of the Dst variation (∣Dst∣max) according to the Tverskaya relation (Tverskaya 1986; Tverskaya et al. 2005): ∣Dst∣max = c(L
                           max)−4 where c is the coefficient of proportionality c = 2.75 ⋅ 104. The use of the SYM-H index instead of Dst gives the same relation, but the value of c is slightly different, c = 3 ⋅ 104 (see the review of Tverskaya (2011)). The minimum Dst value for the 8–9 October 2012 magnetic storm is equal −111 nT. This corresponds to L
                           max = 3.97. This value is in very good agreement with the results of Reeves et al. (2013). The Tverskaya dependence was verified for many magnetic storms and satellite observations (see Fig. 4). In this work, we add one more event to the curve: the 8–9 October 2012 geomagnetic storm (blue star). As it was shown in “The 8–9 October 2012 magnetic storm and the position of the auroral oval and of the westward auroral electrojet” section, the maximum of the ion density and the most equatorial boundary of the westward auroral electrojet were located at the same magnetic latitude in dipole approximation.[image: A40623_2015_319_Fig4_HTML.gif]
Fig. 4Relation between the maximum variation of the ∣Dst∣ and the location of the peak in the relativistic electron fluxes (L
                                       max). Experimental curve of the relation between ∣Dst∣ and the peak intensity of the relativistic electron fluxes appearing during storm recovery phase. This diagram is adapted from Tverskaya’s (2011) review, and a new event 8–9 October 2012 geomagnetic storm is added (blue star)




                        
Tverskoy (1997) suggested an explanation why the Tverskaya relation has a power law dependence and obtained the value of power index by analyzing the magnetic field disturbance caused by the azimuthally symmetric plasma pressure distribution with the maximum at L
                           max and radial profile L
                           −7 for L > L
                           max. Later, Antonova (2005, 2006) showed that it is even possible to obtain a theoretical explanation for the coefficient of proportionality in the Tverskaya relation. However, this theory was developed for the low β plasma values (where β is the plasma parameter) and predicts anomalously large increases in plasma pressure inside the magnetosphere. Vovchenko and Antonova (2012) showed that taking into account the nonlinear distortions of the dipole magnetic field by plasma for values of β comparable with unity, it is possible to obtain flatter plasma pressure profile. However, the problem remains partially unsolved. The results of Tverskoy (1997) and Antonova (2005, 2006) show the importance of analyzing of the distribution of plasma pressure for determining of the mechanism of acceleration of the ORB electrons.
To clarify the radial dependence of plasma pressure, we calculated the low altitude radial ion plasma pressure using the data of the DMSP F16-18 satellites crossing the auroral oval between 19 and 24 magnetic local time (MLT). An example of such a crossing is given in Fig. 2. The plasma pressure was calculated using the data of ion precipitating fluxes measured by the SSJ/4 electrostatic analyzer within the energy range 0.03–30 keV. We used the methodology developed by Stepanova et al. (2004, 2006, 2008) for quiet periods and for magnetic storms: this methodology considers the effects of the field-aligned potential drop on the ion precipitations. Mapping from the auroral altitudes into the equatorial plane was done using the IGRF and TS04 geomagnetic field models. Figure 5 shows the variation in ion plasma pressure with the distance from Earth, obtained using the IGRF (red circles) and TS04 (blue circles) models. As can be seen, the pressure maximum is located at R = 4 Re in the case of the International Geomagnetic Reference Field (IGRF) mapping and at R = 4.5 Re in the case of the TS04 model. Analysis of other crossings near to the Dst minima showed that according to the IGRF model the pressure maxima are located between 3.5 and 4.2 Re and are located between 3.7 and 4.6 Re according to the TS04 model. The typical difference between the two models was around 0.4 Re. As can be seen in Fig. 5, the plasma pressure profile is very sharp near the maximum; this result agrees with the predictions of Tverskoy (1997) and Antonova (2005, 2006).[image: A40623_2015_319_Fig5_HTML.gif]
Fig. 5Plasma pressure profiles obtained from the DMSP data shown in Fig. 2. Plasma pressure profiles obtained from the DMSP F17 satellite data during the auroral crossing on 8 October 2012 between 21:47:40 and 21:52:50 UT mapped to the equatorial plane by IGRF (red) and Tsyganenko 2004 (blue) models, we used the methodology proposed by Stepanova et al. (2004, 2006, 2008)




                        
As the DMSP SSJ/4 particle detectors analyzed the ion fluxes with the energies lower than 30 keV, the contribution of higher energies is estimated due to fits by Maxwellian or kappa functions. Nevertheless, the values of ion pressure shown in Fig. 5 could be underestimated considering possible deviations of distribution functions from Maxwellian or kappa and also considering the fact that the analyzer does not allow to determine the ion composition, which can be very important for the calculation of the full pressure (Krimigis et al. 1985). We also do not consider the electron contribution. The knowledge of the particle pressure for the full range of energies and species is important for the development of the theory of ORB acceleration taking into consideration that a diamagnetic decrease in the magnetic field ~100 nT in the region of maximum pressure can produce considerable betatron acceleration during ring current decay. However, we assume that the location of the maximum under the full particle pressure will not differ significantly from the location of the maximum under partial ion pressure.
Reeves et al. (2013) concluded that chorus waves are responsible for the observed local acceleration of ORB electrons. However, Figure S4 in Reeves et al. (2013) shows high levels of chorus waves being measured by the EMFISIS instrument on board the RBSP-A satellite starting from the beginning of the storm till the noon of 9 October 2012 when the IMF was oriented northward. Nevertheless, the increase in particle fluxes was not observed till early morning of 9 October in spite of high level of chorus wave activity observed before. This means that the role of the chorus waves in the acceleration of relativistic electrons should be analyzed more carefully. Our analysis of the DMSP precipitating fluxes shows how the equatorial boundary of the auroral oval is moving toward the equator during the storm; this is in agreement with the classical picture of the auroral oval location. Auroral indexes shown in Fig. 1c also indicate strong substorm activity. During substorms, the wave activity is generally very high, especially when these substorms take place during storms. Therefore, conclusions about the dominant contribution of chorus waves in the acceleration of relativistic electrons need to be checked considering other possible mechanisms of electron acceleration. For example, it would be interesting to understand the contribution of the interaction of electrons with nonlinear waves, in accordance with results of Omura and Summers (2006) and Demekhov et al. (2006). It is also necessary to analyze the form of the spectra of the seed population of electrons and to exclude the contribution of simple betatron acceleration of the seed electrons injected in the region of depressed magnetic field during the storm recovery phase, which could be significant.


Conclusions
In this study, we analyze the auroral and electrojet dynamics during a moderate geomagnetic storm. We use the data of auroral particle precipitating fluxes measured by the DMSP satellites and the data of the location of the westward electrojet from the IMAGE magnetometer network obtained during the 8–9 October 2012 magnetic storm. We show that the maximum of the relativistic electron fluxes filling the ORB is located at the same L as the maximum in the ion pressure obtained in the energy range till 30 keV at low latitudes. This maximum coincides with the position the maximal shift of the westward electrojet toward the equator. We argue that the high level of substorm activity, observed during this storm, could create a seed population of electrons in the region of maximum plasma pressure at comparatively low latitudes (for the analyzed storm, near the 60° MLAT), which could be accelerated by a betatron mechanism during the recovery phase. However, this hypothesis requires additional analysis of the possible contribution of adiabatic acceleration during ring current decay.
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