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Observations of a viable process for the loss to space of terrestrial atmospheric matter
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Earth’s atmosphere is protected from direct solar wind erosion by the geomagnetic field. Escape of
atmospheric atoms to interplanetary space requires photoionization and subsequent upward ion
acceleration to overcome Earth’s gravity. However, these ionospheric ions have not yet escaped the
terrestrial environment because the Dungey circulation (convection) keeps most within the inner
magnetosphere where they either remain or precipitate back into the atmosphere. Key problems in
estimating isotopic loss rates on geological scales are quantifying the fluxes of source upflows
and evaluating the fraction that subsequently returns to Earth. We present direct evidence of
ionospheric ions making their way, via detached regions from the dusk plasmasphere, into the
accelerated flows along the magnetopause generated by magnetic reconnection. Using recently
developed techniques to find the transit time of open flux tubes across the polar cap, we show that
they gain enough energy to escape from the terrestrial environment into interplanetary space.
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位相理論と４衛星観測をもちいた渦中心と極値線同定法
Identifying Vortex Core and Extremum Lines using four Satellites based on Field Topology
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Identifying vortices are the key to understanding the turbulence in plasma shear layers. Here, the
term ‘vortex’ or ‘vortex core’ is associated with a region of Galilean invariance [Jeong and
Hussain, 1995]. Unfortunately, no single precise definition of a vortex is currently universally
accepted, despite the fact that many space plasma authors claim that many observations have
detected “vortices” (as Kelvin-Helmholtz vortices at/around the magnetopause). By using the four
satellite velocity data, and Taylor series, we expand the velocity data around the satellites,
calculate its first order tensor, and linearly approximate the field. We can identify the vortex
structures by using various vortex identification criteria as follows: (i) The first criterion is
Q-criterion that defines vortices as regions in which the vorticity energy prevails other energies;
(ii) the second criterion is the lambda2-criterion that is related to the minus of the Hessian
matrix of the pressure related term; and (iii) the third criterion requires the existence of
vortex-core-lines that is the Galilean invariance inside the four satellite tetrahedral region.
Using these methods, we can identify and analyze more precisely the 3D vortex using tetrahedral
satellite configuration. In the field topology theory, the extremum lines (X-lines) that are other
manifolds corresponds to different eigenvalues also can be identified using the same method.
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Global MHD simulation study of the vortex at the magnetopause boundary for the southward
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We have used a high-resolution and three-dimensional global magnetohydrodynamic (MHD) simulation to
study the interaction between the steady solar wind and Earth’s magnetosphere during the weak
southward IMF. The simulation results show that the vortex like is generated at about = 11.7RE 
region (1600LT-1700LT) with a vortex size of about 2.9 RE at the inner boundary of magnetosphere.
The vortices are propagating tailward with a velocity of 55 km/s up to 86 km/s. Moreover, the
quasi-periodic fluctuations of magnetic field and plasma properties clearly show 8−10 min
variations across the vortex. The total magnetic field and density are enhanced in center of the
vortex with a bipolar magnetic field perturbation in the field component normal to the
magnetopause. Also the velocity is low in the center of the vortex and Vx and Vy components have an
opposite polarity across the vortex. Magnetic reconnection favorably occurs in anti-parallel field
region with slower shear velocity in the magnetosheath. The magnetic field lines are highly bent by
parallel vorticity in the flanks of the magnetopause boundary. We suggest that the reconnection is
a mechanism of generating vortex with a periodicity in the dayside during the southward IMF.
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Particle dynamics in the electron current layer in collisionless magnetic reconnection
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Particle dynamics in the electron current layer in collisionless magnetic reconnection is
investigated by using particle-in-cell simulations. Electron motions and velocity distribution
functions are studied by directly tracking self-consistent particle trajectories. New classes of
electron orbits are discovered: a figure-eight-shaped regular orbit inside the electron jet,
another regular orbit on the jet flank boundaries, a Speiser-like noncrossing orbit, and
nongyrotropic electrons in the downstream of the jet termination region (a remagnetization front).
Based on these discoveries, we will discuss the composition of electron velocity distribution
functions, fluid properties of a super-Alfvenic outflow jet, and implications for upcoming MMS
observation in the magnetotail.
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interpretation of substorm triggering
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Using data from Time History of Events and Macroscale Interactions during Substorms (THEMIS)
spacecraft and ground-based observatories at high temporal and spatial resolutions, we studied the
time sequence of near-Earth magnetotail and auroral arc development associated with a substorm
onset. We discuss four steps of auroral development, auroral fading, initial brightening of an
auroral onset arc, enhancement of the arc's wave-like structure, and poleward expansion, and link
them to magnetotail changes. A case study shows that near-Earth magnetic reconnection began at X ~
-17 Re at least ~1 min before auroral fading and ~3 min before initial auroral brightening.
Large-scale ionospheric convection was also enhanced just before auroral fading and before initial
auroral brightening. Then low-frequency waves were amplified in the plasma sheet at X ~ -10 Re,
with the pressure increase likely due to arrival of an earthward flow from the near-Earth
reconnection site ~4 min after initial auroral brightening and ~50 s before enhancement of the
wave-like auroral structure. Dipolarization began ~7 min after initial auroral brightening and ~30
s before auroral poleward expansion. On the basis of these observations, we suggest that near-Earth
magnetic reconnection plays two roles in substorm triggering. First, it generates a fast earthward
flow and Alfven waves. When the Alfven waves, which propagate much faster than the fast flow, reach
the ionosphere, large-scale ionospheric convection is enhanced, leading to auroral fading, initial
brightening, and gradual growth of the wave-like auroral structure. Second, when the
reconnection-initiated fast flow reaches the near-Earth magnetotail, it promotes rapid growth of an
instability, such as a ballooning instability, and the wave-like auroral structure is further
enhanced. When the instability has grown sufficiently, dipolarization and auroral poleward
expansion are initiated.
 

サブストーム、オーロラアーク、オーロラ爆発、磁気圏尾部、磁気リコネクション、サブス
トームトリガー
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The ionospheric plasma in midlatitude moves upward/downward during the geomagnetic sudden
commencement causing the HF Doppler frequency changes; SCF (+ -) and (- +) on the day- and
night-sides, respectively, except for the SCF (+ -) in the evening as found by Kikuchi et
al.[1985]. Although the preliminary and main frequency deviations (PFD, MFD) of the SCF have been
attributed to the dusk-to-dawn and dawn-to-dusk potential electric fields, there still remain
questions if the positive PFD can be caused by the compressional magnetohydrodynamic (MHD) wave and
what causes the evening anomaly of the SCF. With the HF Doppler sounder, we show that the dayside
ionosphere moves upward toward the sun during the main impulse (MI) of the SC, when the
compressional wave is supposed to push the ionosphere downward. The motion of the ionosphere is
shown to be correlated with the equatorial electrojet (EEJ), matching the potential electric field
transmitted with the ionospheric currents from the polar ionosphere. We confirmed that the electric
field of the compressional wave is severely suppressed by the conducting ionosphere and reproduced
the SC electric fields using the global MHD simulation in which the potential solver is employed.
The model calculations well reproduced the PI and MI electric fields and their evening anomaly. It
is suggested that the electric potential is transmitted from the polar ionosphere to the equator by
the TM0 mode waves in the Earth-ionosphere waveguide. The near-instantaneous transmission of the
electric potential leads to instantaneous global response of the incompressible ionosphere.
 

Incompressible ionosphere, geomagnetic sudden commencement, TM0 mode wave, ionospheric
current, potential electric field
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We present observations from the Van Allen probes which show the coincident occurrence of Alfvénic
fluctuations in the equatorial plane, field-aligned electrons and outflowing energized ionospheric
ions during geomagnetic storms. Based on these observations we build a model for the observed
wave-fields and the particle acceleration that occurs within them. It is shown how Alfvén waves
extract ions from the topside ionosphere and through the action of trapping and stochastic
acceleration drive the acceleration of these ions to energies which may exceed 100 keV in the
equatorial plane. The agreement in the form and evolution of the observed and simulated ion
distributions provides confidence in the veracity of the modelling and simulation results. It is
estimated for observed wave amplitudes and ion densities that this process may make a significant
contribution to magnetospheric ion energy density. This is supported by statistical results which
reveal an inverse correlation between the time rate of change of Dst and Alfvén wave spectral
energy density.
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The ballooning instability has been investigated as a possible mechanism for triggering the
substorm in the magnetosphere. The ballooning mode is destabilized, when the interchange term
provided with the pressure gradient and the magnetic curvature overcomes the line bending term
causing the shear Alfven waves. In the magnetosphere-ionosphere (M-I) coupling system in polar
regions, on the other hand, the shear Alfven waves (or the kinetic Alfven waves) can also be
destabilized by the magnetospheric convection, if the ionospheric density change is taken into
account with the feedback mechanism [1-3]. 
In the present study, we have investigated the ballooning and the feedback instabilities in the
same theoretical framework. Our linear analysis demonstrates that, as the interchange term
increases, the "unstable" shear Alfven waves with the opposite sign of the real eigenvalues in
their lowest harmonic branch collide with each other and transit to the ballooning mode. It implies
that competitions and/or interactions between the two instabilities may provide a plausible
explanation of auroral breakup triggered through the M-I coupling. 
[1] T. Sato, J. Geophys. Res., 83, doi:10.1029/JA083iA03p01042. 
[2] T.-H. Watanabe, Phys. Plasmas, 17, 022904 (2010). 
[3] T.-H. Watanabe, Geophys. Res. Lett., 41, doi:10.1002/2014GL061166 (2014).
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We often find auroral images very helpful for diagnosing magnetospheric processes, especially from
a global point of view, supplementing spatially sparse satellite observations. The assumption that
is very often made, if not explicitly, is that the temporal and spatial development of auroral
forms reflects that of the corresponding magnetospheric processes. Although this assumption may be
reasonable in many cases, caution needs to be exercised since the aurora is a manifestation of
complex coupling between the magnetosphere and ionosphere, and the ionosphere does not always
respond passively. In this presentation I shall discuss, with an actual example, how our
perspective would change if the foundation of this assumption is not as solid as we generally
consider.
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オーロラの残像に見られる複雑な高速流
Complex and fast motion of the afterglow of aurora
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Afterglow of aurora at 732 nm can be used to track the plasma flow in the topside ionosphere at 300
km altitude (Dahlgren et al., 2009). From ground-based high-speed (50 fps and 200 fps) imaging
observations made by Kataoka et al. (2015) at Poker Flat Research Range in Alaska, we found two
interesting afterglow events on January 7 and January 28 2015, in which the speed of the brightest
arc is suddenly accelerated within the field-of-view (15 deg by 15 deg). Both events occurred near
the substorm onset. The existence of the afterglow is confirmed at wavelength range of >665 nm, and
any contributions from major forbidden lines at 557.7 and 630.0 nm are rejected. The lifetime of
the afterglow is an order of 5 s, which is consistent with the expected emissions from metastable
O+ ions at 300 km altitude. The motion of afterglow is complicated and contains counterclockwise
rotation. The maximum speed of the motion is more than an order of magnitude faster than those
previously reported by Dahlgren et al. (2009). We report the results of the analysis of the optical
flow to investigate the motion of afterglow, combined with the ionospheric conditions obtained by
Poker Flat Incoherent Scatter Radar, and discuss the possibility of such a fast and complex plasma
flow in the topside ionosphere. In addition, we have started our high-speed observation for this
season in January. The accurate timing measurement of the imaging system has been realized by
installing a newly developed GNSS timing board. That makes it possible to perform a synchronized
observation with multiple cameras in different places. We also report our newly developed system in
this presentation.
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The generation mechanism of flickering auroras has been considered as Landau resonance between
electrons and electromagnetic ion cyclotron (EMIC) waves. The typical frequencies of the flickering
aurora are 3-15Hz which correspond to oxygen ion cyclotron frequency at altitudes of 3000-10000 km.
The necessary condition of the appearance of the flickering aurora remains unsolved. Recent cameras
enable us to see the extreme situation and the moments when the flickering aurora appears or
disappears. An sCMOS camera we used in this study has two advantages: a high spatial resolution and
a high sampling rate. Observations taken the former advantage were already conducted during two
winter seasons. The camera captures fine images at 50 frames per second (fps). The field of view
and the spatial resolution at the 100 km altitude is 26.6 x 26.6 km and 52 m, respectively. We
found that the modulation of small flickering patches less than 1 km occur in narrow frequency
variations while the modulation of large flickering patches with a few kilometers scale occur in
broad frequencies. Such a tendency is consistent with the dispersion relation of O+ EMIC waves. On
the subject of the auroral intensity, the camera is capable of detecting extremely bright auroras
without causing a saturation. The flickering aurora occur in the bright and extremely bright
auroras. The ranges of the auroral intensity are roughly estimated approximately 10-100 kR at 557.7
nm by comparison with a keogram obtained from a meridian spectrograph at PFRR. We also found that
the frequency ranges of the flickering aurora are constant, but the ratio of the flickering
amplitude to the steady auroral intensity systematically increases with the decreasing of the
steady auroral intensity . The result may suggest the slightly energetic electrons tend not to
fulfill the resonance condition of EMIC waves. We also found some flickering auroras coincidentally
occur with an isolated magnetic impulse in the Pc5 ULF range observed by magnetometer nearby PFRR.
Such a tendency may indicate that mesoscale (of the order of 100 km) traveling current vortices are
one of the necessary conditions to generate the flickering aurora. We will discuss on the relation
between the excitation of EMIC waves and the traveling auroral arcs with the current
centralization. To verify the possibility of EMIC waves as the generation mechanisms, we are now
challenging a high-speed imaging at 320 fps which is taken the latter advantage. It has the
potential to capture faster modulations by H+ and He+ EMIC waves. We will collect the data in April
2016, and will report initial results in this talk.
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We conducted a campaign of auroral tomography observation using multi-point imager network and the
EISCAT UHF radar in Northern Europe in March, 2015. During this campaign, an auroral breakup was
observed at 23:15 UT on March 14 by three all-sky EMCCD imagers and three wide-view CCD imagers.
Wavy structure of discrete arcs was often observed around the magnetic zenith at Tromso from 22 to
23 UT and pulsating aurora was observed after the breakup. The monochromatic (427.8 nm) images were
taken at a sampling interval of 2 seconds by the three EMCCD imagers and at an interval of 10
seconds by all the six imagers. The EISCAT UHF radar at Tromso measured the ionospheric parameters
along the field line at the magnetic zenith from 20 to 24 UT. 
We apply the auroral tomography method to these data set to reconstruct reliable three-dimensional
distribution of the 427.8 nm emission, that will allow us to investigate quantitatively the
following subjects; (1) relation between the 427.8 nm emission and electron density enhancement
along the field line, (2) spatial distribution of energy of precipitating electrons in the wavy
structure, in particular, relation between the energy of precipitating electrons and thickness of
discrete arc, (3) relation between motion of the wavy structure and spatial distribution of the
ionospheric conductivity, and (4) spatial and temporal variations of energy distribution of
precipitating electrons at the auroral breakup. We present preliminary results from the auroral
tomography analysis of the discrete arcs.
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We have statistically analyzed data from the European Incoherent SCATter (EISCAT) UHF/VHF radars in
Tromsoe (69.60N, 19.20E), Norway to reveal how the occurrence of pulsating aurora (PsA) modifies
the electron density profile in the ionosphere. By checking 5 winter seasons (2007-2012)
observations of all-sky aurora cameras of National Institute of Polar Research (NIPR) in Tromsoe,
we have extracted 21 cases of PsA. During these PsA events, either UHF or VHF radar of EISCAT was
operative and the electron density profiles were obtained along the field-aligned or vertical
direction near the zenith. From these electron density measurements, we calculated hmE (E region
peak height) and NmE (E region peak density), which are proxies for the energy and flux of the
precipitating PsA electrons, respectively. Then, we examined how these two parameters changed
during the evolution of 21 PsA events in a statistical fashion. The results can be summarized as
follows: (1) hmE is lower (the energy of precipitation electrons is higher) during the periods of
PsA than that in the surrounding interval, (2) When NmE is higher (flux of PsA electrons is
larger), hmE tends to be lower (precipitation is harder), (3) hmE is lower and NmE is larger in the
later magnetic local time, (4) When the AE index during the preceding substorm is larger, hmE is
lower and NmE is larger. These tendencies are discussed in terms of the characteristics of
particles and plasma waves in the source of PsA in the magnetosphere. In addition to the statistics
of the EISCAT data, we carried out several detailed case studies, in which the altitude profiles of
the electron density were derived by separating the ON and OFF phases of PsA. This allows us to
estimate the true altitude profiles of the PsA ionization, which can be used for estimating the
characteristic energy of the PsA electrons and better understanding the wave-particle interaction
process in the magnetosphere.
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auroral image data
A quantification method for the properties of diffuse and pulsating aurorae based on
auroral image data
 
*中野 慎也1、小川 泰信2

*Shin'ya Nakano1, Yasunobu Ogawa2

 
1.情報・システム研究機構　統計数理研究所、2.情報・システム研究機構　国立極地研究所
1.The Institute of Statistical Mathematics, 2.National Institute of Polar Research
 
The auroral images provide much information on the state of the magnetosphere-ionosphere system.
However, since the variations of aurorae are highly complicated, it was difficult to quantify the
dynamical properties of the aurorae. We are developing a technique for obtaining quantitative
metrics about various auroral properties by analyzing a sequence of auroral images taken with high
temporal resolution. We introduce a state space model to describe the translational motion of
diffuse aurorae, and estimate the translational velocity by using an algorithm which approximates
the Kalman filter. We also extract the features of pulsatingaurora, patches of pulsating aurora by
using a technique based on a sparse modelling. We will report some results of our analyses.
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We examine morphological and statistical characteristics of Omega band auroras. In order to study
statistical feature of Omega band aurora we used the THEMIS ground-based all-sky imager network
data for 8 years from January 2007 to December 2014. Omega band auroras show their own distinctive
behavior on shape and movement, so we could easily pick up an Omega band auroral event from the
THEMIS summary plot database on keogram and all-sky image. Consequently, we could identify ~330
events of Omega band type auroras. 
In this study we examine statistical features for the following parameters when Omega aurora
observed; 1) magnetic local time (MLT), 2) seasonal variations, 3) annual variations, 4) life time,
5) drift speed, 6) scale size, 7) Kp and AE index dependence, 8) solar wind speed and pressure, 9)
IMF By and Bz dependence. Then we will discuss their signature.
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When trying to understand the role of precipitating high-energy particles in variations of
atmospheric properties, we are still facing the fact that accurate measurements throughout the
chain from the origin of the particles, their acceleration and interactions in the
magnetosphere-ionosphere system down to details of final atmospheric effects are limited.
Similarily models mostly cover only specific regions and a consistent holistic model is not
available. However, recent individual studies have shown for example evidence of energetic electron
precipitation causing statistically significant decrease of upper stratospheric and mesospheric
ozone during extended periods of time. Indeed, we need to include energertic electron precipitation
as a process in general atmospheric circulation models, if we want to understand our atmosphere as
a whole. Here we first review shortly the impact of energetic particles in atmosphere in general,
and present the current status of knowledge in chemical variations of atmosphere caused by these
particles, including galactic cosmic rays, solar protons and electrons of magnetospheric origin.
The effects are both direct and indirect by first generating chemically active minor constituents
of the atmosphere, such as odd nitrogen and odd hydrogen, which in turn can affect atmospheric
ozone via catalytic reactions either directly in-situ, or after transport in atmosphere to lower
altitudes and lower laitudes. Then we discuss recent advance in studying the effects of high-energy
electron precipitation in atmosphere. In order to assses the role of precipitating particles in
atmospheric variations one needs new measurements which characterize more accurately the energy and
flux, as well as spatial and temporal variations of the energetic electron precipitation, both at
high and subauroral latitudes, such as given for example by the Japanese ERG satellite mission, so
that combined studies using advanced ground-based and satellite measurements together with
theoretical modeling would be possible.
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Cold plasma in the plasmasphere and plumes plays an important role in wave-particle interactions in
the inner magnetosphere. Plumes regulate the excitation of electromagnetic ion cyclotron (EMIC)
waves. Plumes modulate the resonant EMIC wave-particle interactions by energization of cold ions
and the pitch angle scattering of the ring current hot ions and the radiation belt relativistic
electrons. Furthermore, a remarkable correlation has been observed between the inner edge of the
outer radiation belt electrons and the innermost plasmapause location. Very recent observations
show that plasmaspheric plumes can influence the dayside magnetic reconnection rate. 
A newly developed global three-dimensional ionosphere-plasmasphere-electrodynamics (IPE) model is
used to understand the dynamical redistribution of the cold plasma in the plasmasphere and it’s
coupling to the ionosphere-thermosphere system. The IPE model reproduces the ionospheric Storm
Enhanced Density (SED) plumes as frequently observed in TEC during geomagnetically active
conditions. The SED plumes are transported into the cusp and over the pole due to the high latitude
convection, which is characterized as Tongues of Ionization (TOIs). The model captures the
corresponding formation of the plasmaspheric drainage plume-like structure in the magnetospheric
equatorial plane as reported in previous studies. The plumes gradually start to rotate around the
earth, and the plasmasphere gradually refills from the ionosphere as the storm time convection
weakens. In this presentation, the temporal and spatial evolution of the redistribution of cold
plasma between the plasmasphere and ionosphere is examined depending on the types of the solar wind
driving conditions. Furthermore, the role of the Sub-Auroral Polarization Streams (SAPS) electric
field is evaluated in draining the plasmaspheric plasma and plumes, as SAPS field penetrates into
the plasmasphere due to enhanced convection. An example of how the ERG spacecraft will measure the
dynamical evolution of the plasmasphere and plumes is demonstrated.
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The ionosphere is the only region of the terrestrial magnetosphere-ionosphere system where in situ
observations with high temporal resolution and approaching global spatial scale are possible.
Ionospheric measurements of magnetic fields with such spatio-temporal coverage have become
available from the Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE),
combining data from the Iridium satellites. Motivated by the emergence of this dataset, we report
here on the first results of assimilation of low-altitude ionospheric magnetic perturbations into
the Lyon-Fedder-Mobarry (LFM) global magnetospheric model coupled with the Rice Convection Model
(RCM). Our assimilation approach relies on the assumption of a quasi-steady, linear approximate
relation between equatorial magnetospheric pressure and ionospheric field-aligned currents. This
approximation is implemented numerically by perturbing the coupled LFM-RCM model and considering
only large-scale modes from the Fourier decomposition of the ionospheric magnetic field and
equatorial magnetospheric pressure. This methodology was validated by using model-based
assimilation tests of the so-called ”fraternal-twins” type. In this approach, the LFM-RCM model
with one set of parameters is used to generate synthetic observations, while a model version with a
different parameters is used to assimilate the ionospheric observations and calculate the
magnetospheric pressure corrections which are then applied to reproduce the synthetic observations.
The model with assimilated synthetic data responded correctly by modifying ionospheric currents and
magnetic perturbations in the expected way. We thus found the approach proposed herein 
to be promising for future assimilation of real data.
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