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Abstract

:

Time-domain structures (TDS), manifested as ≥ 1 ms pulses with significant parallel electric fields, play an important role in accelerating electrons in the field-aligned direction. These precipitated electrons contribute to the formation of aurora. In this study, we present observations of time-domain structures that occurred in the plasmaspheric plumes at the post-midnight to dawn sector. The close correlation between TDS and plasmaspheric plumes implies that the generation of TDS might be modulated by plasma density. During the wave occurrence, protons with an energy level below 1 keV show the enhanced field-aligned pitch-angle distributions, and the electron fluxes with the energies ranging from tens to hundreds of eV are also significantly enhanced. The correlation between TDS and scattered particles indicates the importance of including time-domain structures in future studies of radiation belt dynamics.
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1. Inroduction


Plasmaspheric plumes are important plasma regions partially detached from the plasmasphere and may extend far from the Earth [1,2]. A number of satellite missions and ground-based measurements observed the plasmaspheric plume structures beyond the plasmapause [3,4]. They can be identified as a significant localized density increase, followed by a sharp density decrease near the plasmapause [5]. Plasmaspheric plumes preferentially occur under geomagnetic storms or substorms from the duskside to nightside sector [6,7].



Plasmaspheric plumes can provide favorable conditions for generating different types of plasma waves, such as plasmaspheric hiss [8,9,10], whistler-mode chorus [11], and electromagnetic ion cyclotron waves [12,13]. These plasma waves play a crucial role in the dynamics of the inner magnetosphere and the coupling between the magnetosphere and the ionosphere. For example, plasmaspheric hiss is found to be very effective in energetic electron precipitation loss [14,15]. Evidence of scattering the radiation belt electrons and heating cold electrons caused by electromagnetic ion cyclotron waves has also been found in plasmaspheric plumes [10,13]. Thus, plasma waves in plasmaspheric plumes have attracted a lot of attention from researchers in the community.



Time-domain structures (TDS) are of several milliseconds duration; they are repetitive spikes with significant parallel electric field components [16]. These structures are abundant through space and occur in the Van Allen radiation belt at L ∼ 5–6 from the night to the dawn sector [17,18]. TDS are believed to produce magnetic-field-aligned electron-pitch-angle distributions at energies up to a hundred keV [16,19,20]. Numerical simulations confirmed that TDS could accelerate thermal electrons along geomagnetic field lines [21,22]. Direct observational evidence supports that TDS scatter electrons into the ionosphere [23]. Although some generation mechanisms of TDS have been proposed, including the instability of two electron beams, parametric decay, and nonlinear evolution [16,22,24,25], the detailed process is still an ongoing topic.



TDS were observed in different plasma regions of space before, such as in the polar magnetosphere [19], the magnetotail [26], the plasma sheet boundary [27], and the magnetic reconnection location [28]. In this study, by analyzing the data from the Van Allen Probes satellite, we show that TDS are observed within the plasmaspheric plumes. These waves might be associated with field-aligned distributed protons and the enhancement of electron flux.




2. Instruments and Data


The Van Allen Probes consisting of two identical spacecraft (A and B) were launched in 2012 into a nearly equatorial elliptical orbit. The perigee of the orbit is ∼  1.1  R E   , and the apogee is ∼  6.5  R E   . The mission covers most regions of the inner magnetosphere and provides a comprehensive plasma wave, and particle measurements [29]. The wave magnetic field measurements used in this study are from the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) [30]. The EMFISIS suite contains the tri-axial fluxgate magnetometer (MAG), the waveform frequency receiver (WFR), and the high-frequency receiver (HFR) covering different frequency ranges. The MAG observes the local magnetic field, and the WFR provides the wave spectra matrix in the frequency range from ∼10 Hz to 12 kHz. A primary objective of HFR is the determination of the electron density, which can be inferred from upper hybrid frequency [31]. The electric field data from the Electric Fields and Waves (EFW) instruments [32] can measure waves with frequencies below 16 Hz. The helium oxygen proton electron (HOPE) instrument measures electrons and ions with different species over the energy range from ∼1 eV to ∼50 keV [33]. The energetic and relativistic particle flux is measured by MagEIS [34] and REPT [35]. In this study, we only use the HOPE instrument for particle analysis.




3. Observation


In this section, we present representative events that show the characteristics of time-domain structures (TDS) in plasmaspheric plumes and their effects on particle dynamics.



3.1. Example Event: 29 January 2013


Figure 1 presents an overview of the time-domain structures observed in the plasmaspheric plume region on 29 January 2013. Van Allen Probe A (VAP-A) was inside the high-density plasmasphere before 18:00 UT. VAP-A passed through a plasmaspheric plume with a sudden increase of the electron density during the time from 18:24 UT to 21:12 UT, denoted by the transparent block. A plume is identified as a region of localized density enhancement followed by a plasmapause location, which is adjacent to the main plasmasphere. The plasmapause location can be first identified as the innermost steep gradient of electron density [2], which requires the electron density to drop by a factor   > 5   within a half L-shell. Outside the plasmapause, there are some regions where the observed electron density sharply increases and exceeds the density value calculated by Sheeley’s model [36] for several minutes.


   n e  = 1390   (  3 L  )   4.83   − 240   (  3 L  )   3.6    



(1)







The identified plasmaspheric plume regions have been marked by blue transparent boxes in Figure 1a. Figure 1b,c shows the overview of the WFR electric and magnetic spectrogram in the frequency range of 10–1000 Hz. The horizontal dashed line in Figure 1b,c denotes the lower hybrid frequency. The wave spectrogram indicates that only electrostatic waves exist in this case. Figure 1d,e illustrates the magnetic spectrograms over the frequency range from 0.1 to 5 Hz, where the electric and magnetic field power spectra are obtained from the EFW and MAG measurements, respectively. In Figure 1d,e, the white dashed, dashed-dotted, and solid lines represent the proton gyrofrequency (  f cp  ), helium gyrofrequency (  f He  ), and oxygen gyrofrequency (  f o  ), respectively. Additionally, only electrostatic waves were observed.



To identify the wave characteristics, we focus on the high-cadence (16,384 samples/s) measurements of the magnetic and electric field waveforms, which can be identified from the burst mode data of the EMFISIS instrument. Figure 2 provides a zoom-in interval of the magnetic (Figure 2a) and electric field (Figure 2b) perturbations in field-aligned coordinates at the time interval denoted by the white vertical dashed line in Figure 1. Three-component magnetic field data were rotated using a running average into local mean field-aligned coordinates, with x and y transverse components and a z parallel component. The black line shows the total magnitude of the magnetic and electric field. As can be seen, the magnetic field magnitude is very small (∼0.01 nT) and the magnetic field components are irregular. However, the electric field signal varies sinusoidally. The amplitudes of field-aligned electric field can reach ∼0.2 mV/m. This implies the electrostatic nature of the observed electric field spikes. The parallel and perpendicular components of the electric fields are comparable [21,37]. Mozer et al., (2015) [16] illustrates different types of TDS. Some structures contain not only net parallel electric potential but also perpendicular electric field components.



To understand the wave effects on protons and electrons, we evaluate proton and electron distribution in detail. Figure 3a shows the proton flux at energies up to   ∼ 50   keV measured by HOPE, and Figure 3b–g provide pitch-angle distributions of protons at different energies. Plasmaspheric plumes usually occur during periods of geomagnetic disturbance. A typical feature of the substorm is the injection of ring current protons. As Figure 3a suggested, protons with the energy   > 1   keV are freshly injected from the plasma sheet. The proton spectra demonstrate "nose-like" structures [38,39]. Accompanied by the proton injection, the low-energy proton population (<1 keV) shows an enhancement from 18:20 UT to 21:50 UT. The pitch-angle distribution of Figure 3b–g shows that these enhanced protons at energies from 0.1 to 1 keV present a field-aligned distribution, almost at the same time interval as TDS. We also checked proton pitch-angle distributions of higher energies measured by MagEIS (not shown here). Higher-energy protons do not exhibit a similar trend. Previous studies have shown that TDS can cause the acceleration of suprathermal electrons to ∼100 keV in the parallel direction. The close correlation between the suprathermal proton enhancement in the field-aligned direction and the TDS may imply the possible scattering effects on low-energy protons due to the TDS.



The temporal behavior of electrons in the same time interval is given in Figure 4. Figure 4 displays the same figure format as Figure 3 but for electrons. During the time interval from 18:20 UT to 21:50 UT, the low-energy (below several keV) electron flux shows a clear enhancement, mainly in the perpendicular direction. Electrons can be trapped by Landau resonance in the potential well formed by the parallel electric field of TDS [17,40,41]. In this case, TDS have a substantial electric field component transverse to the background magnetic field. The quasilinear diffusive scattering of these electrons might substantially increase the flux of electrons.




3.2. More events


Figure 5 shows the four events (Event A, B, C, and D) observed in the plasmaspheric plumes. In each case, the electron density data are presented in the top panels. The spectrograms of the electric wave and the magnetic field are shown in the two panels below. The four events represent different trends of density variation. According to the criteria above, the plasmaspheric plumes can be identified in these four events. In events A and B shown in the left column of Figure 5, WFR data suggest that only TDS were observed. In events C and D shown in the right column of Figure 5, besides the occurrence of TDS in the plume region, the density variation also modulates the growth of plasmaspheric hiss. Plasmaspheric hiss is an electromagnetic whistler-mode emission with a frequency range between 0.1   f ce   to   f ce   [42]. Previous studies [10,14,43] have revealed that the intensity of plasmaspheric-hiss emission is strongly modulated by plasma density variation, with larger intensity in regions of higher density. Fine-density variations may also affect TDS generation. On the other hand, events with only TDS observed (events A and B) are located near the midnight and dawn sector. The events in which TDS and plasmaspheric hiss appear simultaneously (events C and D) are located near the duskside.



The cases above cannot represent all of the characteristics of TDS in plasmaspheric plumes. A visual inspection of waves in plasmaspheric plumes [7] shows that TDS in plumes are quite common. To identify the preferential region for such a phenomenon, a comprehensive survey of TDS in plasmaspheric plumes observed by Van Allen Probe A from 2013 to 2015 has been performed. The criteria for selecting these events include the following. (1) Plume regions were identified first with a technique mentioned above [2,7,11]. (2) TDS were identified manually by the electric field spikes. We do not distinguish whether other wave modes were present at the same time. A total of 85 events have been selected and used in the statistics. Figure 6 displays the spatial distribution of these identified waves. Figure 6a,b shows their location on the meridian plane and equatorial plane, respectively. These events do not show a particular dependence on the latitudinal distribution. However, most waves occur from the dusk to dawn sector (18-24 and 00-03 MLT) over the L shell range between 4 and 6. The number of TDS in plasmaspheric plumes from the dusk side to the midnight side is the largest. The number of samples at different MLT is roughly uniform, so the preferential MLT region may not be affected by the satellite trajectory. However, the L shell range is limited by the orbital coverage.





4. Discussion and Conclusions


In this study, we present some representative events to report the close relationship between time-domain structures (TDS) and plasmaspheric plumes using Van Allen Probes data. The main findings are summarized below.



	
TDS are often observed inside the plasmaspheric plumes. Plasmaspheric plumes tend to occur from the duskside to the midnight sector during active geomagnetic conditions. The events shown here occur in similar regions from the duskside to the midnight sector and dawnside.



	
The generation mechanism of TDS has been discussed a lot in previous studies, such as current-driven and beam-related instabilities. The induced parametric interaction could also be one mechanism for quasiperiodic TDS generation [25]. The observation presented here suggests that density modulation may also affect the excitation of TDS.



	
The representative event shows that TDS in plasmaspheric plumes have different effects on protons and electrons. During the occurrence of TDS, the flux of low-energy protons is significantly enhanced. Moreover, these enhanced low-energy protons exhibit field-aligned pitch-angle distributions. The fluxes of electrons are also enhanced, but these are mainly in the perpendicular direction.






This study provides important information on the TDS characteristics. It should be helpful to better understand the generation mechanism of TDS and their potential roles in energetic particle dynamics in the Earth’s magnetosphere. As a next step, there are several directions worth further investigation in depth.



	
Plasmaspheric plumes in the inner magnetosphere are preferentially observed during moderate to strong geomagnetic storms. During periods of active geomagnetic activities, whether the cold plasma density and the fresh injection of energetic protons make it easier to generate the TDS generation remains to be discussed.



	
The characteristics of TDS, including the wave amplitudes, types, and spatial distribution, should be determined. Comprehensive statistics of events observed in plasmaspheric plumes should also be used to estimate the importance of TDS in the particle dynamics of the radiation belt. Plasmaspheric hiss emissions are believed to be the dominant mechanism for pitch-angle scattering and the ultimate loss of energetic radiation belt electrons [44,45]. When TDS and plasmaspheric hiss emissions appear simultaneously, but whether there will be additional effects on energetic particles is unknown.



	
Waves in plasmaspheric plumes may also have an influence on ionospheric irregularities. TDS can provide seed electrons that are further accelerated by whistler waves to relativistic energies [46]. It is necessary to determine the relative importance of each source on particle acceleration and on loss, as well as their contributions to auroras when more than one wave mode exists. Through a joint observation from magnetospheric and ionospheric satellites, and ground measurements, the quantitative evaluation of TDS in plasmaspheric plumes can be obtained.






TDS in plumes are important to reveal the mechanism of wave-particle coupling in the Earth radiation belt. Based on observations, more theoretical and comprehensive modeling will be studied in our future project.
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Figure 1. Van Allen Probe A observations from 18:00 UT to 22:00 UT on 29 January 2013. (a) The electron density was measured by the EMFISIS instrument in cm    − 3   . (b) Frequency-time spectrogram of the electric field power spectral density measured by WFR. (c) Frequency-time spectrogram of the magnetic field power spectral density measured by WFR. The white dashed line in Figure 1b,c denotes the lower hybrid frequency (  f LH  ). (d) A Fourier spectrogram of the electric field measured by the EFW instrument. (e) A Fourier spectrogram of the magnetic field measured by the MAG instrument. The white lines in Figure 1d,e from top to bottom represent the local proton gyrofrequency (  f cp  ), helium gyrofrequency (  f He  ) and oxygen gyrofrequency (  f O  ). The transparent block represents the time interval between 18:24 UT and 21:12 UT. The white vertical dashed line denotes the time analyzed in Figure 2. The magenta arrows denote the occurrence of TDS. 
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Figure 2. The waveform of the identified time-domain structures. (a) The magnetic field signature. (b) Electric field signature. The electric and magnetic fields are in field-aligned coordinate. In this coordinate, both x and y are transverse components, and the z axis is the direction along the background magnetic field. This moment is marked with a white vertical line in Figure 1. 






Figure 2. The waveform of the identified time-domain structures. (a) The magnetic field signature. (b) Electric field signature. The electric and magnetic fields are in field-aligned coordinate. In this coordinate, both x and y are transverse components, and the z axis is the direction along the background magnetic field. This moment is marked with a white vertical line in Figure 1.



[image: Magnetochemistry 09 00022 g002]







[image: Magnetochemistry 09 00022 g003 550] 





Figure 3. (a) Energy spectrogram of spin-averaged proton flux. (b–g) pitch-angle distributions of proton fluxes at energies from ∼10 eV to 1000 eV. The energy channel is marked on the left side of each panel. 
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Figure 4. (a) Energy spectrogram of spin-averaged electron flux. (b–i) pitch-angle distributions of electron fluxes at energies from ∼26 eV to 1476 eV. The energy channel of each panel is marked on the left. 
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Figure 5. Four examples (Events A, B, C, and D) of TDS in plasmaspheric plumes. (a,d,g,j) Plasma density is inferred from the upper hybrid resonance line. (b,e,h,k) Power spectral density of the electric field. (c,f,i,l) Power spectral density of the magnetic field. In these spectrograms, the dashed line denotes the lower hybrid frequency. 
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Figure 6. (a) Distribution of events in magnetic latitudes and L shell. (b) Spatial distribution of events in magnetic local time and L shell. 
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