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Abstract. From 2 to 5 UT on 14 November, 2012, the Van Allen Probes
observed repeated particle flux dropouts during the main phase of a geomag-
netic storm as the satellites traversed the post-midnight to dawnside inner
magnetosphere. Each flux dropout corresponded to an abrupt change in the
magnetic topology, i.e., from a more dipolar configuration to a configuration
with magnetic field lines stretched in the dawn-dusk direction. Geosynchronous
GOES spacecraft located in the dusk and near-midnight sectors and the LANL
constellation with wide local time coverage also observed repeated flux dropouts
and stretched field lines with similar occurrence patterns to those of the Van
Allen Probe events. THEMIS recorded multiple transient abrupt expansions

of the evening-side magnetopause ~20-30 min prior to the sequential Van
Allen Probes observations. Ground-based magnetograms and all sky images
demonstrate repeatable features in conjunction with the dropouts. We com-
bine the various in-situ and ground-based measurements to define and un-

derstand the global spatiotemporal features associated with the dropouts ob-
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served by the Van Allen Probes. We discuss various proposed hypotheses for
the mechanism that plausibly caused this storm-time dropout event as well
as formulate a new hypothesis that explains the combined in-situ and ground-
based observations: the earthward motion of magnetic flux ropes contain-

ing lobe plasmas that form along an extended magnetotail reconnection line

in the near-Earth plasma sheet.
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1. Introduction

When the interplanetary magnetic field (IMF) turns and remains southward for an
extended period of time, substantial disturbances of the Earth’s magnetosphere, called
geomagnetic storms occur. Major disturbances typically observed during the main phase
of geomagnetic storms include strong convection of plasmas from the magnetotail to the
inner magnetosphere and resultant ring-current injection which decreases the background
magnetic field strength, as quantitatively estimated by the disturbance storm time (Dst)
geomagnetic index, i.e., a measure of the averaged deviation of H (north-south) component
of the magnetic field near the Earth’s equator. The recovery phase, during which the value
of the Dst index gradually returns to its pre-storm level, is due to loss of ring-current ions
via charge exchange with the neutral exosphere and/or loss to the magnetopause.

In conjunction with geomagnetic storms, energetic electron observations in the radia-
tion belt have shown that the significant decrease in flux during the storm main phase is
followed often by a more gradual increase during the recovery phase. Theoretical and ob-
servational studies suggest that during the main phase of a geomagnetic storm a build-up
of the ring current drives outward radial motion of the electron drift paths to conserve
the third adiabatic invariant, i.e., the magnetic flux encircled by a particle’s drift orbit.
Conservation of the first adiabatic invariant, i.e., the magnetic moment of a gyrating par-
ticle subsequently decreases the electron energy flux. This Dst effect, therefore, describes

the adiabatic dynamics of trapped radiation belt electrons [Dessler and Karplus, 1961;

2The Goddard Planetary Heliophysics
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Mecllwain, 1966]. When the fluxes in dropout events often do not return to pre-storm flux
levels, there must be real losses via non-adiabatic processes [e.g., Li et al., 1997; Kim and
Chan, 1997; Onsager et al., 2002; Green et al., 2004].

Loss mechanisms include particle precipitation to the atmosphere and loss to the mag-
netopause. Atmospheric loss of energetic electrons has been attributed to resonant wave-
particle interactions between radiation belt electrons and a variety of plasma waves, such
as whistler-mode chorus waves, plasmaspheric hiss, and electromagnetic ion cyclotron
(EMIC) waves. Whistler-mode chorus waves are distributed over a broad region from mid-
night via dawn to noon. Plasmaspheric hiss waves are mostly confined within the dense
plasmasphere and within dayside plasmaspheric plumes. EMIC waves are enhanced in
the plume and on the dusk-side plasmapause. (See Thorne [2010] and references therein.)
These waves facilitate pitch angle scattering of electrons into the loss cone, leading to
precipitation to the atmosphere [e.g., Millan and Thorne, 2007 for a review of loss mecha-
nisms| on time scales of hours (in association with EMIC waves that preferentially resonate
with > 0.5 MeV electrons) to day(s) (whistler mode chorus) [Albert, 2003; Meredith et al.,
2003; Summers and Thorne, 2003; Albert, 2005; Horne et al., 2005; Thorne et al., 2005].
EMIC waves also resonate with ions, leading to ring current proton precipitation via the
scattering of protons into the loss cone [e.g., Kozyra et al., 1997; Jordanova et al., 2001;
Khazanov et al., 2002].

More recently, the inward motion of the magnetopause (i.e., compression of the day-
side magnetosphere) caused by, for example, the arrival of interplanetary shocks and/or

pressure pulses at Earth has been found to result in dropouts of the outer radiation belt

Institute, University of Maryland, Baltimore
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s electrons on open drift paths that were closed before the magnetopause motion [Des-

s orgher et al., 2000]. These magnetopause losses not only affect those electrons that drift
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into the magnetopause but also promote outward radial diffusion via the inward radial
gradients created by these losses, producing losses of relativistic electrons, and, as a re-
sult, significantly depleting outer belt fluxes on time scales of hours [Shprits et al., 2006].
Numerical and observational studies have shown that the combined effects of outward
transport and loss to the magnetopause may act as a dominant loss mechanism, causing
energy-dependent dropouts throughout the radiation belt on a time scale of a few hours
[Nishimura et al., 2007; Kim et al., 2008; Ukhorskiy and Sitnov, 2008; Loto’aniu et al.,
2010; Shprits et al., 2012; Turner et al., 2012].

Mechanisms providing replenishment of energetic particles include enhancements of the
flux by radial transport or internal energization of trapped drifting electron to > MeV en-
ergy level through resonant interaction with waves such as ULF, VLF, and whistler-mode
chorus waves by violation of the adiabatic invariants [Rostoker et al., 1998; Elkington
et al., 2003; Meredith et al., 2003; O’Brien et al., 2003; Horne et al., 2005; Loto’aniu
et al., 2006, 2010; Reeves et al., 2013; Thorne et al., 2013]. Another mechanism is rapid
acceleration of lower-energy seed plasma sheet populations injected into the inner mag-
netosphere as a consequence of magnetic reconnection related to substorm phenomena
[Meredith et al., 2001, 2006].

During the main phase of an intense geomagnetic storm (minimum Dst = -108 nT) on
14 November, 2012, abrupt repeated dropouts of both thermal and relativistic populations
were observed by NASA’s twin spacecraft of the Van Allen Probes, drawing wide atten-
tion from the magnetospheric physics community to the need to understand the cause and
phenomenological features of the sudden energy-independent dropouts. Various groups

sought to model the spatial and temporal observations of the event, reproducing the alter-
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nating sequences of nominal and dropout intervals that result from sequential crossings of
an open-closed boundary [MacDonald et al., 2013; Glocer et al., 2013]. Moya et al. [2014,
submitted to J. Geophys. Res.] reported different wave amplitude levels and magnetic
field orientations during the quiet and disturbed /dropout intervals, showing the presence
of weak kinetic turbulence which dissipates the energy associated with the intermittent
discontinuities in the magnetic field during the main phase of the storm.

In this paper, we incorporate in-situ measurements from multi-point spacecraft and
ground-based observations to define and understand the global spatiotemporal features
associated with the dropouts observed by the Van Allen Probes. Our synthesized anal-
yses allow us to formulate a new hypothesis for the mechanism that caused this abrupt
repeated dropout event. The following section presents a brief description of instrumenta-
tions we used in this study. In Section 3 we provide an overview of the event detected by
the Van Allen Probes, GOES, LANL, and Geotail spacecraft. Using THEMIS measure-
ments of the dayside magnetopause and ground-based observations, we explore the global
and temporal features of the magnetic disturbances in association with the particle flux
dropouts (Section 4). Section 5 discusses how this event is related to the magnetospheric
configuration and dynamics in response to strong external (interplanetary) drivers, and
explore various hypotheses proposed for the cause of this storm-time dropout event as well
as formulates a new hypothesis, i.e., magnetic flux bundles repeatedly passing those mul-
tiple spacecraft, based on the combined in-situ and ground-based observations. Section 6

presents a summary and conclusions.
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2. Instrumentation

We used spacecraft and ground-based measurements in this study. In-situ measure-
ments were from the Van Allen Probes (formerly known as the Radiation Belt Storm
Probes-RBSP A and B [Kessel et al., 2013; Mauk et al., 2013], terms we will use here-
inafter for brevity), the Time History of Events and Macroscale Interactions (THEMIS)
spacecraft [Angelopoulos, 2008], the geostationary satellite system (GOES) [Singer et al.,
1996; Onsager et al., 1996], and the Los Alamos National Laboratory (LANL) instrument
[Reeves et al., 1997].

High time-resolution (64 vectors/s) DC magnetic field measurements are obtained from
the magnetometer instrument, the Electric and Magnetic Field Instrument Suite and
Integrated Science (EMFISIS) [Kletzing et al., 2013] onboard the Van Allen Probes.
Plasma data are obtained from the three instruments of the Radiation Belt Storm
Probes-Energetic Particle Composition and Thermal Plasma (RBSP-ECT) instrument
suite [Spence et al., 2013]: the Helium, Oxygen, Proton, and Electron (HOPE) mass
spectrometer [Funsten et al., 2013] measuring electron and ion flux distributions over
an entire solid angle on alternating spacecraft spins in the energy range of ~1 eV-52
keV and distinguishing three ion species, H", He', and OT; the Magnetic Electron Ion
Spectrometer (MagEIS) [Blake, J. B. et al., 2013] having one low-energy (20-240 keV),
two medium-energy (80-1200 keV), and a high-energy (800-4800 keV) spectrometers; the
Relativistic Electron and Proton Telescope (REPT) energetic particle instrument [Baker
et al., 2012] measuring high-energy electrons of energy range from a few to >10 MeV.
Magnetic field measurements aboard THEMIS were made by the Fluxgate Magnetometer

(FGM) [Auster et al., 2008] and particle fluxes including onboard plasma moments come
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from the Electrostatic Analyzer (ESA) with 3 s time cadence [McFadden et al., 2008]. We
also use magnetic field and electron flux measurements from the Magnetometer and the
Energetic Particle Sensor (EPS) onboard three GOES-13, 14, and 15 spacecraft [described
for earlier satellite series in Singer et al., 1996; Onsager et al., 1996] as well as electron flux
measurements from the synchronous orbit particle analyzer (SOPA) instruments on six
LANL geosynchronous spacecraft [Belian et al., 1992; Reeves et al., 1997]. Ground mea-
surements were from THEMIS All-Sky Imager (ASI) [Mende et al., 2008], all-sky cameras
at the Sodankyld station (SOD) in Finland, and magnetometers at the stations located

over the northern America and Europe.

3. Observations of abrupt particle flux dropouts

3.1. The Van Allen Probes observations

From 0100 UT to 0600 UT on 14 November, 2013, during an interval in which the
IMF was strongly southward (to be discussed in Section 4.3), the two identical Van Allen
Probes observed repeated particle flux dropouts as they passed through the post-midnight
to dawnside inner magnetosphere [see Figure 1 showing spacecraft locations in Geocentric
Solar Magnetospheric (GSM) coordinates each hour from 0100 UT (large triangle) to
0600 UT]. Figure 2 shows the Van Allen Probes observations between 0100 and 0630 UT.
Panels (a-c) present the (z, y, z) components of the magnetic field for RBSP-A (blue) and
RBSP-B (red) and (d, e) the electron flux spectrogram measured by the ECT/MagEIS
instrument aboard RBSP-A and RBSP-B, respectively.

Both RBSP-A and B observed repeated abrupt dropouts in particle flux (Figure 2d and
e), as bounded by pairs of dot-dashed vertical lines. The dropouts are seen for ions of all

species (Figure 3b-d) and for both thermal and energetic electrons (Figure 2d and Figure
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3e, f) measured by ECT/HOPE, ECT/MagEIS, ECT/REPT, and RBSPICE. Note that
the enhanced fluxes of low-energy ions (below a few hundred ¢V in 3b and c) observed
by HOPE are due to the effects of spacecraft potential, which is often elevated during
storm times and accelerates these low-energy particles into the detector. The fact that
the sudden reductions in particle flux immediately recover during undisturbed periods
following the sequential dropouts is an indication of transient or local phenomena, unlike
the long-term storm-associated loss of particles mentioned in Section 1.

There are intense magnetic-field variations during the disturbed (dropout) times (Fig-
ure 2a-c): B, and B, decrease in magnitude while B, increases along the —y direction,
characterizing events by large magnetic strength. Note that (1) prior to the event, e.g.,
during ~0130-~0155 UT, the magnetic field measurements (/B2 + B2 > |B.|) indicate
an unusually highly stretched status of the inner magnetosphere, (2) each dropout is often
preceded by a small dip in B, (arrows in Figure 2a) and ends with a sharp transient B,
increase (arrows in Figure 2¢) except the first dropout occurring at ~0200 UT where B,
profiles are bipolar rather than transiently peaked over an extended period of the dropout
signature starting from ~0155 UT (marked by another dot-dashed vertical line associated
with the first dropout), indicated by a precursive reduction in the electron flux (Figure
2d), to ~0205 UT.

RBSP-B follows the trajectory of RBSP-A (Figure 1), missing the first dropout, yet
observing a final dropout at ~0507 UT that was not detected by RBSP-A. RBSP-B
also observed a weak flux depression from 0543:15 UT to 0551:30 UT, during which

the magnetic field varies in similar patterns to those for intense dropouts. Having each
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encountered five abrupt dropouts (marked by red shading at the bottom of Figure 2), the

two Van Allen Probes subsequently headed towards perigee.

3.2. The GEO observations

GOES-13, 14, 15 traced geosynchronous orbits (GEO) through the dusk and near-
midnight sectors from 0100 to 0600 UT (Figure 1). Figure 4 shows the magnetic field
and electron and proton particle fluxes measured by the three probes. Simultaneous
changes in the magnetic field and particle flux are seen more clearly towards dusk and
farther from the near-midnight sector. In particular, the number of those intermittent
changes and their periodicity observed by GOES-15 (bottom three panels in Figure 4),
residing mostly in the dusk sector during the event, shows some similarity to the Van Allen
Probes observations. Noteworthy differences between the GOES-15 and the Van Allen
Probes measurements are (1) although similar features associated with flux dropouts are
detected both in the dawn (Van Allen Probes) and the dusk (GOES-15) sectors, there is
no one-to-one correspondence and they are not often coincident, i.e., GOES-15 observes
the second to fifth dropouts 9 — 15 min earlier than those at the Van Allen Probes (see
Table 1) ; (2) electron and proton particle flux dropouts sometimes do not correspond
(indicated by vertical magenta lines), and decreases are often bounded by flux increases
(see dot-dashed vertical lines in Figure 4); (3) patterns of the magnetic-field disturbances
during the dropout intervals also vary, but the most common are enhancements along the
anti-earthward and northward directions. GOES-15 also often displays a gradual change
in the magnetic field prior to the time of maximized dropouts unlike the sudden changes
in magnetic morphology observed by the Van Allen Probes. The gradual change before

the event peaks, which is followed by a fast recovery (for example, see the magetic field
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variations around the dropout occurring at ~0255 UT) possibly indicates a developmental
phase before the onset of the dynamics causing flux dropouts or a precursor to remotely
approaching structures associated with dropouts.

Additional GEO observations providing further local time coverage are obtained from
the LANL constellation (see Figure 1). Figure 5 shows that the six LANL spacecraft also
encountered intermittent electron flux dropouts and simultaneous reductions in proton
flux (not shown). Three noticeable dropouts are detected by LANL-97A, LANL-04A,
and LANL-02A, sequentially (red arrows in Figure 5), indicating azimuthal propagation.
LANL-01A and 1991-080, situated in the afternoon sector and slightly behind the dusk
terminator during 0150-0420 UT and 0300-0530 UT, respectively, experienced prolonged
periods of flux reduction. Interestingly, although 1991-080 was located close to GOES-
15, the two spacecraft measured remarkably different particle flux variations. We find
that the magnetic latitudes of LANL-01A and 1991-080 obtained from the T96 model
[ Tsyganenko, 1995] range between —10° and —30° during the extended dropout intervals
[MacDonald et al., 2013], compared to that of GOES-15, which falls within 10° of the
magnetic equator. These latitudinal differences between GOES and LANL observations
will be discussed further when constructing the global features of these events in Section

4.

3.3. The Geotail observations

Geotail traversed the outer dawn-side magnetosphere toward the morning magnetopause
during the period of interest (Figure 1). Figure 6 shows (a) the magnetic field, (b) energetic
electron flux, (¢, d) energetic ion flux, (e, f) thermal ion and electron flux. [There was

no data available between 0430 UT and 0630 UT.] Geotail made a short excursion to the
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magnetosheath from ~0315 to ~0345 UT, as indicated by a southward B, component
(Figure 6a), a cold dense low-energy (a few hundreds eV or below) populations, and the
sharp decrease in energetic ion populations (Figure 6e, f). Interestingly, Geotail also
observed repeated losses of both thermal and energetic particle flux bounded by pairs of
dot-dashed vertical lines at ~0202, 0300, and 0415 UT. Although less clear than in the
case of the Van Allen Probes observations, the magnetic strength also increases during
these reduced flux intervals, each of which is marked by an enhancement in the dawnward

( —B, ) component of the magnetic field.

4. Propagation of signatures associated with flux dropouts

4.1. Timing analyses of flux-dropout structures

Although the flux dropouts/reductions and corresponding magnetic topology changes
occur intermittently with comparable periodicity at many magnetospheric locations, their
occurrence patterns generally show no clear one-to-one correspondences. We combined all
in-situ measurements available for the event, presented in Section 2, to see if any prop-
agation signatures are revealed. Table 1 lists the observation times for each spacecraft
detection of the onset time (upper number) and the peak flux depression time (lower
number) of the series of flux reduction. Times of weak flux reductions are in paren-
theses. A thick vertical line separates post-midnight/dawn-side observation times from
pre-midnight /dusk-side ones.

The first dropout around at 0200 UT is observed, in sequence, by LANL-97A, RBSP-A,
Geotail, LANL-04A, and LANL-02A, i.e., from post-midnight to dawn and towards morn-
ing sector as indicated by spacecraft locations in Figure 1. Later dropouts are, in general,

consistent with this trend, as was shown from three LANL (LANL-97A, LANL-04A, and
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LANL-02A) observations in Section 3.2. However, the third dropout was measured by
LANL-97A at ~0336 UT, about 0.5 (2.0) min later than RBSP-A (B). During the third
event, LANL-97A was located azimuthally closer to midnight but radially outward from
the two probes, suggesting that this dropout signature propagated slightly outward in
the radial direction in the dawn sector together with its azimuthal motion. [The under-
lying assumptions are that the dropout sigantures propagate like a planar discontinuity
and propagation normals approximately lie on the equatorial plane.] Figure 2, in fact,
demonstrates that RBSP-B, located azimuthally closer to midnight in local time and/or
more earthward than RBSP-A during the first to third dropout times, detected each event
~1-5 minutes earlier than RBSP-A.

Pre-midnight /dusk observations from GOES-13, 14, and 15, LANL 1991-080 and 1994-
084 provide less evidence for propagating features. However, the fourth dropout at ~0400
UT, observed sequentially by 1994-084, GOES-13, 14, and 15 (and/or 1991-080 observ-
ing an extended event until 0422 UT) also suggests azimuthal propagation away from
midnight.

These timing analyses in general indicate that the dropout-associated signatures propa-
gate azimuthally away from midnight. Observations by spacecraft beyond geosynchronous
orbit in the dawn sector also suggest that they propagate slightly radially outward. This
propagation signature is consistent with ground magnetometer data near the stations
magnetically conjugate to the Van Allen Probes that show clear evidence for the eastward
propagation of repeated disturbances (negative bays in H-component and often positive

peaks in D-component, not shown). Ground magnetograms in the dusk sector show

DRAFT January 28, 2015, 7:05pm DRAFT


khwang2
Highlight


263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

HWANG ET AL.: THE GLOBAL CONTEXT OF NOV 14, 2012 STORM X-17

complicated disturbances. Nonetheless, consecutive disturbances characterized mainly by

negative bays in H- and D-components are suggested to propagate westward (not shown).

4.2. All sky images

The overall propagation pattern of the dropout-associated features suggests event origin
in the magnetotail, followed by their earthward propagation to the inner magnetosphere,
and subsequent divergence to both dawn and dusk. We use all sky images, which provide
an effective 2-D display of the physical processes occurring in the magnetotail, to explore
this possibility. The THEMIS All-Sky Imager (ASI) [Mende et al., 2008] data shown in
Figure 7TA demonstrate that narrow north-south auroral forms, called auroral streamers
(marked by red arrows), appeared prior to each dropout. The streamers were primarily
seen at the stations, KUUJ (58.10° north and 291.60° east in geographic latitute and
longitude), SNKQ (56.54° N and 280.77° E), and GILL (56.35° N and 295.34° E). They
mapped to the pre-midnight magnetotail during the event and propagated predominantly
towards lower latitudes, corresponding to earthward motion in the magnetotail. They
soon developed into, or coincided with, striated auroral structures that were extended in
the east-west direction.

The auroral keogram recorded at the subauroral Sodankyla station (SOD, 67.42° N and
26.39° E) in Finland close to the magnetic footprints of the Van Allen Probes according
to T96 model [Tsyganenko, 1995] shows that some disappearances of auroral intensifi-
cations correspond to the Van Allen Probes flux dropouts (indicated by vertical solid
magenta lines Figure 7B). Note that we plotted the image assuming that the height of
the emission is at 110 km. [Sangalli et al., 2011]. The resulting forms of auroral inten-

sity surrounding the disappearance region suggest undulations of the poleward boundary
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of auroral emission. Some of those features are omega bands, which are diffuse aurora
distorted to an omega shape. The disappearances propagated to lower latitudes (blue ar-
rows), again mapping earthward motion in the magnetotail, and eastward or azimuthally
away from midnight (as consecutively observed at increasing magnetic longitudes). Time
lags between (geographic) longitudes and durations of disappearance features seen in the
keogram provide estimates for the azimuthal speed and size of the region: The azimuthal
size of the disappearance region is ~200-430 km, and its eastward speed is ~0.8-1.2 km/s
in the ionosphere. These numbers map to ~0.5-1.1 Rg and 14-20 km/s in the magneto-
sphere according to the T96 model. The derived azimuthal velocity is consistent with the

~2-5 min lag for (averaged) event motion between RBSP-B and RBSP-A.

4.3. THEMIS observations of the magnetopause and upstream solar wind

conditions
As indicated in Figure 1, the two ARTEMIS spacecraft (THEMIS-B and C), lying

upstream from Earth and near the Sun-Earth line (x = 57 Rg) during the event, provide
solar wind observations. Three THEMIS spacecraft (THEMIS-A, D, and E) monitored
the response of the dayside magnetopause in the post-noon sector. Figure 8 shows (a)
the IMF and (b) the solar wind (dynamic, thermal, magnetic, and total) pressures and
density observed by THEMIS-C. Panels (c) and (g) depict the magnetic field, (d, h) the
bulk plasma flow velocity, (e, i) the plasma temperature and density, and (f, j) the ion
energy spectrogram measured by THEMIS-A (middle panels) and D (bottom panels).
During the event, THEMIS-C observed an IMF that pointed strongly southward with
a y-component that changed from duskward (+B,) to dawnward (—B,). THEMIS-E

and THEMIS-A, which were on an outbound trajectory behind THEMIS-D, spent most
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of the interval from 0100 UT to 0630 UT in the magnetosheath, as indicated by the
southward magnetic field, —B,, significant flow velocities in the anti-sunward (—V,) and
duskward (+V},) directions, low (< 200 eV) temperatures with high densities, and larger
ion populations below ~1 keV. THEMIS-A and THEMIS-D did make multiple intermit-
tent excursions into the magnetosphere and/or its magnetopause current layer, where
~10 keV magnetospheric ions leaking out from the magnetosphere coexist with magne-
tosheath plasmas (Figure 8j), at times marked by red vertical dot-dashed lines. The
magnetosphere can be characterized by +B,, reduced flow velocities, higher temperatures
with lower densities, and ion populations with energies above ~1 keV. The multiple mag-
netopause or boundary-layer crossings indicate that the dayside magnetosphere repeatedly
expanded outward and contracted. About 13—15 min before each of these dayside expan-
sion episodes, THEMIS-C consistently observed reduced solar wind (dynamic) pressures,
primarily resulting from depressed densities (blue shading in Figure 8). The ~13-15-
min interval corresponds well to the time required for solar-wind features transit from
THEMIS-C to THEMIS-A /D with an average velocity of V,, = —380 km/s as observed by
THEMIS-C (not shown), suggesting that the repeated dayside expansions were triggered
by intermittent reductions in the solar wind dynamic pressure.

The number of times that the dayside magnetopause was abruptly disturbed (expanded)
is similar to the number of flux dropouts observed by the Van Allen Probes (denoted by
red shaded regions at the bottom of Figure 8). The first expansion occurred ~5 min prior
to the first dropout at the Van Allen Probes. Later magnetopause expansions precede
each of the following dropouts by ~20-30 min, except for the fifth dropout (marked

by light red shading at the bottom of Figure 8) that follows ~5 min after the dayside
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expansion. Furthermore, the longest dayside expansion beginning at ~0303 UT can be
linked to the longest duration dropout feature starting at ~0333 UT at the Van Allen
probes. In Section 5, we review previously proposed hypotheses about the dynamics
causing the flux dropouts and formulate a new one that can plausibly explain multi-
spacecraft measurements of dropout-associated signatures including our timing analysis

results.

5. Magnetospheric dynamics causing the flux dropouts

A number of researchers have addressed the multiple abrupt flux dropouts that are
observed by the Van Allen Probes deep (L = 5) within the magnetosphere. Some attribute
these dropouts to duskward then dawnward IMF and the strongly southward IMF during
the storm (Figure 8a). The IMF-B, component might have caused a substantial tilt of the
magnetotail current sheet (or magnetic equatorial plane), placing the Van Allen Probes
repeatedly in the open field-line (lobe-like) region where rarefied plasmas of both thermal
and energetic populations are present [Cowley, 1981; Khurana et al., 1996]. Because the
Earths dipole lies relatively close on the noon-midnight meridional plane during the event,
the effects of the dipole tilt on the dawn-dusk tilt of the magnetotail current sheet are
insignificant.

However, the predicted IMF-B, tilt effect and the magnetic field variations observed by
the Van Allen Probes during the dropout events are inconsistent: The first three dropouts
from ~0200 UT to 0340 UT occurred during a positive IMF-B, (Figure 8), under which
the magnetotail plasma and current sheets should tilt counter-clockwise when seen from
the Sun, since dayside reconnection adds flux to the northern dawn and southern dusk

lobes under these conditions. The nearly equatorial Van Allen Probes should then lie
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north of the equator and observe a positive B,. However, as illustrated in Figure 2(b),
the Van Allen Probes observe a strongly negative B, when they enter the flux dropout
regions. Furthermore, as seen in Figure 8(a), IMF-B, changes sign from positive to
negative at ~0330 UT during the period of the event. The sense of tail plasma sheet tilt
should, accordingly, change from counter-clockwise to clockwise when the flux resulting
from dayside reconnection is deposited in the northern dusk and southern dawn lobes.
The equatorial Van Allen Probes should then lie south of the tilted equator and observe
a negative B,. However, as seen in Figure 2(b), the probes observe a weaker negative
B, during the fourth to sixth dropouts (after ~0345 UT) than they did during earlier
dropouts.

The extended period of strong IMF intensity might have caused unusually stretched
magnetotail configurations and/or north/south compressions of the magnetosphere, as
indicated by the stretched magnetic field lines (/B2 + B2 > |B.]) in the inner magne-
tosphere at the Van Allen Probes location (Figure 2a-c). From the negative B, that the
probes observed, we know that the Van Allen Probes were located south of the magnetic
equator. The large IMF might distort magnetospheric magnetic fields and cause these
spacecraft to lie near the boundary between the plasma sheet and the southern lobe, oc-
casionally crossing the open-closed boundary according to the magnetospheric responses
to the solar wind driver. Glocer et al. [2013] and MacDonald et al. [2013] developed this
scenario and successfully reproduced the Van Allen Probes and LANL observations using
the global MHD numerical codes and field-line mapping technique. The different times
when the various spacecraft observe the series of flux decrease in the dawn and the dusk

sector would result from local structure in the open-closed boundary.
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Another interpretation of the Van Allen Probes flux dropout is that a series of plasma
bubbles are created in the magnetotail and propagate earthward past the RBSP-B and A
spacecraft, consecutively [Lee et al., 2013]. The IMF-B,-associated tilting and/or global
compression /stretching of the magnetosphere should be more readily detected at the flanks
of the magnetosphere than near midnight, which is opposite to the Van Allen Probes and
LANL observations (Section 3.1 and 3.2). The bubble scenario, therefore, interprets each
event as a localized, transient phenomenon, requiring no clear one-to-one correspondence
of the dropout observations amongst widely-distributed spacecraft. However, we note that
plasma bubbles that are characterized by low entropy are expected to penetrate radially
inward via the interchange instability, which is not consistent with our multi-spacecraft
timing analyses of the mainly azimuthal, but also radially outward propagation of the
dropout signatures (see Figure 9A). More importantly, the rapid and intense magnetic
signatures during the dropouts cannot be explained by this hypothesis because a localized
bubble that carries a large negative B, within it cannot penetrate into the dipolar inner
magnetosphere.

We, therefore, formulate a new hypothesis where the flux-depleted regions are inter-
preted as magnetic flux bundles or flux ropes (Figure 9). These events occurred during
the extended period of strong southward IMF, which caused magnetotail reconnection to
proceed from closed plasma sheet to open lobe magnetic fields, with time. The strong IMF
also leads the plasma sheet to thin enough that the tearing instability occurs at multiple
places along the tail current sheet, generating flux ropes that contain low-density lobe plas-
mas as a result of the extended lobe reconnection and a significant axial (y -directional)

magnetic field component associated with a guide field of reconnection. Supposing that
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intermittent decreases in the solar wind dynamic pressure or other unknown driver inher-
ent in the solar wind lead the dayside magnetopause to expand outward, the flux added
to the northern/southern lobes and tail due to dayside reconnection will most largely
compress the magnetotail region tailward of the previously thinned location, causing the
site of magnetotail reconnection to move anti-sunward. Then, the outflow jets earthward
of the new (and more distant tail) reconnection site push the previously-formed flux ropes
earthward. When these ropes reach the region of strong pressure gradients in the in-
ner magnetosphere, they cannot penetrate further, and then start to wrap around the
boundary, possibly moving to the northern or southern hemisphere off the equator.

The flux-rope scenario explains a majority of the observational features: (1) The lack of
precise timing coincidence between the dawn and dusk observations can be explained by
the fact that the flux-rope motion drifting in the dawn and the dusk sector will depend on
the local environments. The bursty bulk flow events [Angelopoulos et al., 1992] observed
more often and/or stronger in pre-midnight sector than post-midnight [Angelopoulos et al.,
1994; Dubyagin et al., 2010] may also explain the GOES observations of dusk-side dropouts
that are 9 — 15 min earlier than the dawn-side Van Allen Probes observations. (2) The
time lags of ~20-30 min from the THEMIS to the Van Allen Probes observations can cor-
respond to the duration required for the dayside dynamics to lead the nightside responses.
(3) The particle flux enhancement bounding the flux rope (flux dropouts) might be caused
by intense magnetic field squeezing particles out of the flux rope into the surrounding re-
gion [Shirataka et al., 2006] and/or compression of the flux ropes on either side of the
flux rope, thereby explaining the GOES observations of the flux-depleted regions sur-

rounded by short-range flux increases (Figure 4). (4) The equatorward auroral streamers
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seen before each dropout event and the striated, horizontally elongated structures, which
develop shortly after those streamers, also support this scenario, corresponding to the
earthward propagation of flux ropes and their draping around the pressure gradients,

respectively. (5) The draping and/or spreading of flux ropes in the azimuthal direction

laBT>
Y

(0) disturb background magnetic fields, generating field-aligned currents (Jj.) ~ —%;

which explain the magnetogram variations in the dawn and dusk sectors (the reversals
in D-components); Such disturbances in the magnetic field coupled to the auroral region
can generate undulations of the poleward boundary of auroral emission or omega bands
(Section 4.2).

Figure 10A lists boundary normals during the inbound and outbound crossings of each
dropout region by the Van Allen Probes, calculated via magnetic-field minimum variance
analysis [Paschmann et al., 1998]. These normal directions observed by RBSP-A (left)
and RBSP-B (right) are visualized in 3D in Figure 10B. Most normals for entrances into
the flux dropout region point in the z direction whereas most normals for exits point in
the x direction. Figure 11A illustrates the trajectory of the Van Allen Probes with respect
to a motional magnetic flux rope. Since the spacecraft were nearly stationary, it must
be the flux rope that moves past them. This cartoon explains the small dip (increase in
magnitude) in the B, components and sharp increases in B, components at the entrance
and exit of each dropout, respectively, that were noted in Section 2.1 and Figure 2.

Figure 11B demonstrates that the magnetic field variations observed during a single flux-
dropout structure can be relatively well fit to a force-free flux rope model, where pgJ = aB
(so that J x B = 0). For a constant o, Ampere’s law becomes a Helmholtz equation whose

solutions are Bessel functions [Lundquist, 1950]. The flux rope in a force-free configuration
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has a cylindrical symmetry, represented by the axial (B,4), tangential (Br), and radial
(Bgr) components of the magnetic field: By = ByJy(aR), Br = ByH Ji(aR), and Br = 0,
where R is the distance from the axis, H = 41 determines the handedness of the magnetic
field, and By and a are constants determined by the fit. Figure 11B shows the axial (b) and
tangential (c¢) components, and the angle (d) made by the axial component to the total
magnetic strength (with 90° corresponding to the core of the flux rope) during the fourth
dropout episode at ~0417-0429 UT (dot-dashed curves in Figure 11B). Overplotted are
the model values shown in solid curves. H is found to be —1. By and «a in our fit are -182.0
nT and 7.9 Ry ! with a standard deviation of 0.10 and 0.14. These numbers correspond to
an estimated magnetic flux of ~ 1.4 x 105 Wb within a flux rope with a diameter of ~0.61
Rg (~3900 km), which is consistent with the size of the auroral-emission disappearance
regions (or omega bands) in Section 4.2. Fitting for other flux-dropout structures yields
standard deviations of fitted By and a ranging < 0.25 and < 0.17, respectively, indicating

a reasonable consistency between the measurements and the model-predictions.

6. Conclusions

This paper presents multi-spacecraft observations of the storm-time inner and outer
magnetosphere during a multiple flux-dropout event, initially identified by the Van Allen
Probes that exhibited considerable abruptness and intermittency. The event can be fur-
ther distinguished from the flux dropouts typically observed during the main phase of
geomagnetic storms by the unusual magnetic field topology (strong B,) simultaneously
observed with the dropout occurrence. We combined various measurements from in-situ
spacecraft and ground-based magnetosphere monitors to define and understand the global

features associated with the dropouts. The GOES, LANL, and Geotail spacecraft simi-
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larly detected sudden repeated loss of particle flux and/or corresponding magnetic-field
changes with a similar occurrence frequency to the Van Allen Probes measurements. How-
ever, observational discrepancies in occurrence times and flux variation patterns between
those spacecraft differing in locations demonstrate that local magnetic geometry and/or
plasma environments determine the encounter of the event whatever generation mecha-
nisms underlying the event are. We reviewed hypotheses for the cause of the flux dropouts,
including crossings of the open-closed boundary and plasma bubble scenarios. We also
formulated a new hypothesis, i.e., a magnetic flux rope scenario, after combining dayside
magnetopause observations and multiple inner/outer magnetosphere data, together with
ground-based measurements (all sky images, keogram, and magnetograms). This hypoth-
esis explains various features of the Van Allen Probes (and GEO) observations including
time lags between the satellites detecting dropouts, repeated magnetic variations (B, dips
and B, peaks) with inbound/outbound normals when the probes entering/exiting the flux
dropout region, the size of the flux ropes predicted by a model fit, and short-range flux
increases surrounding the flux-depleted regions.

The sequence of events suggests strongly that the magnetospheric process triggering or
facilitating the event may have originated in the tail current sheet, then caused dropout-
associated signatures to propagate earthward and azimuthally away from the midnight.
The present event occurred when the magnetosphere was unusually highly stretched or
compressed in the north-south direction retains plenty of room for further studies in the
aspect of magnetospheric responses to strong interplanetary drivers. The global spa-
tiotemporal context of the event we constructed using multi-spacecraft and ground-based

measurements helps understand such a unique case study.
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RBSP- RBSP- Geotail LANL- LANL- LANL- 1994- GOES- GOES- GOES- 1991-
B A 97A 04A 024 084 13 14 15 080
o111 0115 0128:30 0127,
0112 0117 0131 0144
I 0157 0200 020230 | 0159:50 | 0203 0211 0155 0200 0206
dropout | 0200 0202 0204 0202 0209 0215 0157:30 0202 0208
2 0245 0246 0301 0226, 0236 0230 0319-0338
dropout 0247 0249:50 0303 (weak) 0232
37 0334 0335:30 0336 035530 | 0403 0306 0316 0325 0355-0421
dropout | 0338 0340 0337:30 | 0359 0406 0309 0318 0327
4™ 0415 0420 0415:15 0357 0400:30 0402:30 0403:20
dropout | 0417:30 | 0422 0416:15 0359:30 0405 0406 0406:30
5" 0442:30 | 0441 0445 0455 0500 0417 0428 0433-0509
dropout | 0445 0445 0446 0457 0503 0430:15
6" 0506:30 0513 0521:20
dropout 0508 0529 0524
Table 1. Observation times for Van Allen Probes, GOES, LANL, and Geotail spacecraft

detection of the onset tie (upper times in UT) and the peak flux depression time (lower

times) of the series of flux reduction. Extended dropout timings, 0205-0301 UT, 0305—

0338 UT, 0353-0422 UT, and 0433-0509 UT are shown for LANL 1991-080. Times of weak

flux reductions are parenthesized. A thick vertical line separates the dawnside (left-hand

side) and the duskside (right-hand side) observations.
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Figure 1. Location of Van Allen Probes (RBSP), GOES, LANL, Geotail, and THEMIS
during 0100-0600 UT on 14 Nov, 2012 in the GSM XY plane. Each of six marks corre-
sponds to the spacecraft location at 1-large mark to 6 UT by an hourly cadense. Two

ARTEMIS probes in the upstream solar wind at x ~ 57 Rg are indicated.
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RBSP-A/B during 2012-11-14/01:00 - 06:30 UT
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Figure 2. Van Allen Probes observations of a series of particle flux dropouts: (a-c) the
(x, y, z) components of the magnetic field measured by RBSP-A (blue) and RBSP-B (red),
(d, e) the electron flux spectrogram measured by the ECT/MagEIS instrument aboard
RBSP-A (d) and RBSP-B (e). The magnetic latitudes shown in the bottom ephemeris

are obtained from the T96 model [ Tsyganenko, 1995].
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Figure 3. Van Allen Probes (RBSP)-A observations of the dropouts seen for multi-
species ions and both thermal and energetic electrons measured by ECT/HOPE (b-d),
ECT/REPT (e), and RBSPICE (d). The corresponding magnetic field changes are shown
in the top panel (a). Note that the enhanced low-energy ions observed by HOPE are due to
the effects of spacecraft potential, which is elevated during the storm time and accelerates

these low-energy particles into the detector.
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GOES-13/14/15 during 2012/11/14 01:00-06:30 UT
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Figure 4. Three GOES spacecraft, GOES-13, 14, and 15 observations of the magnetic
field with E (earthward), N (eastward) and P (northward) components and particle fluxes

of electrons and protons during 0100-0630 UT.
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LANL during 2012/11/12 01:00-06:30 UT
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Figure 5. LANL spacecraft observations of dropouts in electron flux. Colored profiles
represent electron flux in nine (E1 to E9) differential energy channels (E1: 50-75 keV,
E2: 75-105 keV, E3: 105-150 keV, E4: 150225 keV, E5: 225-315 keV, E6: 315-500 keV,
E7: 500-750 keV, E8: 750-1100 keV, and E9: 1100-1500 keV). Weighting is applied for

a better viewing of the flux variations.
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Geotail during 2012-11-14/01:00 - 06:30 UT
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Figure 6.  Geotail spacecraft observations: (a) magnetic field, (b) energetic electron

flux, (c, d) energetic ion flux, (e, f) thermal ion and electron flux. Note a data gap between

0430 UT and 0630 UT.
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Figure 7. A. THEMIS All-Sky Imager (ASI) data showing narrow north-south auroral
forms, called auroral streamers, prior to the first to the fourth dropout. Blue line denotes
the midnight meridian. B. Auroral keogram at multiple magnetic longitudes recorded
from the Sodankyléd station (SOD) in Finland close to magnetic footprints of the Van
Allen Probes. Disappearance of auroral intensifications that are possibly Omega bands
are correlated with the Van Allen Probes observations of flux dropouts, indicated by

vertical solid lines. Vertical dashed lines mark no clear correlations.
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Figure 8. Observations by ARTEMIS (THEMIS-C) spacecraft, lying mostly on the Sun-
Earth line (z =~ 57 Rg) and THEMIS-A and D passing the postnoon-side magnetopause
during the event: (a) the IMF and (b) the solar wind pressure and density observed by
THEMIS-C (top panels), (c, g) the magnetic field, (d, h) the flow velocity of bulk plasmas,
(e, i) the plasma temperature and density, and (f, j) the ion energy spectrogram measured

by THEMIS-A (middle panels) and D (bottom panels).
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Figure 9. Illustrations of the flux-rope hypothesis where the flux-depleted regions are
interpreted as magnetic flux bundles or flux ropes, shown in the equatorial (zy) plane (A)
and meridional (zz) picture in sequence (B): During the extended strong southward IMF,
the tail current sheet is highly stretched, compard to a nominal status (top cartoon, B),
that reconnection starting at plasma sheet involves lobe fields with time. The thinned
current sheet also becomes subject to tearing instability to form magnetic flux ropes that
contain lobe components as a result of lobe reconnection. Under sudden intermittent
period of the solar wind dynamic pressure decrease (or other unknown causes inherent in
the solar wind), the dayside magnetopause expands and a new tail reconnection X-line
forms tailward of the previously-formed flux ropes. Earthward reconnection jets push
those flux ropes inward. They cannot penetrate all the way into the inner magnetosphere

due to pressure boundary, where they start to wrap and move around the boundary (A).
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A RBSP-A: boundary normal | RBSP-A: A:i: RBSP-B: boundary normal | RBSP-B i;%ﬁ
1st dropout inbound -0.378, 0.023, 0.926 2.20
1st dropout outbound 0.608, 0.545, -0.577 5.73
2nd dropout inbound 0.166, -0.216, 0.962 9.37 0.185, 0.039, 0.982 6.35
2nd dropout outbound 0.928, -0.313, -0.199 10.6 0.990, 0.030, -0.137 10.1
3rd dropout inbound -0.330, -0.369, 0.869 2,67 -0.066, 0.043, 0.997 2.96
3rd dropout outbound 0.301, 0.365, 0.881 4.59 0.878, 0.203, -0.433 159
4th dropout inbound 0.132, 0.297, 0.946 7.59 -0.083, 0.147, 0.986 3.15
4th dropout outbound 0.946, 0.273, 0.175 6.66 0941, -0.321, -0.105 5.80
5th dropout inbound 0.352, 0.855, 0.380 473 0.370, 0.730, -0.575 7.85
5th dropout outbound 0.901, 0433, 0.011 9.97 0.880, 0.297, -0.372 9.05
6th dropout inbound -0.253, -0.538, 0.804 224
6th dropout outbound 0.743, 0.664, -0.080 4.18
B.

RBSP-A normals

Figure 10. A. Boundary normals in GSM coordinates during the inbound and out-
bound crossings of each dropout region by the Van Allen Probes, calculated from the
magnetic-field minimum variance analysis. The medium-to-minimum eigenvalue ratio in
the minimum variance calculation is shown. The bootstrap error estimate for the mini-
mum variance analysis [Kawano and Higuchi, 1995] shows a standard deviation of <0.047.
B. Illustrations of boundary normals observed at RBSP-A (left) and RBSP-B (right). For

a majority of those boundaries, the inbound (outbound) normal when the Van Allen

Probes entering (exiting) the flux dropout region mainly points along the z (x) direction.
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Figure 11. A. Illustration of the relative trajectory of the Van Allen Probes in the
frame of the magnetic flux rope. This cartoon well explains a little dip (increase in
magnitude) in B, components and sharp increases in B, components at the entrance and
exit of each dropout, respectively, as shown in Figure 2(a and c¢). B. Fitting the observed
magnetic field profiles (a) during a single period (the fourth flux dropout at ~0417-0429
UT) among the sequential flux-dropout structures to a force-free flux rope model, where
toJ = aB (so that J x B = 0). The flux rope in a force-free configuration has cylindrical
symmetry, represented by the axial (B4), tangential (Br), and radial (Bg) components of
the magnetic field. Axial (b) and tangential (c¢) components, and the angle (d) made by
the axial component to the total magnetic strength (with 90° corresponding to the core of
the flux rope) are shown in dot-dashed curves. Overplotted are the model values shown
in solid curves.
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