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Key Points:

1) Disturbance-related cold plasma redistribution in the ionosphere and magnetosphere is

a unified global phenomenon, defined as the geospace plume.

2) Strong electric fields and O* rich plasma characterize the outer boundary of the

geospace plume in the dusk sector.

3) Geospace plume ions are entrained and accelerated in reconnection exhaust jets at the

dayside magnetopause.
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Abstract: Simultaneous multi-instrument observations of the redistribution of cold (< 2
eV) plasma of ionospheric origin emphasize the role and importance of this system-wide
phenomenon in the processes and across the regions of geospace. The geospace plume
couples the ionosphere, plasmasphere, and magnetosphere from sub-auroral regions to
the magnetopause, on polar field lines and into the magnetotail. We investigate the
geospace plume using ground and space-based observations of the 17 March 2015 major
magnetic storm. Strong electric fields, plasma waves, and accelerated heavy ions
characterized Van Allen Probes observations at the source of the geospace plume in the
dusk sector where energetic ring current ions overlap the outer plasmasphere. On the
dayside, THEMIS spacecraft sampled the outflowing geospace plume and its
involvement in reconnection at the magnetopause. Plume ions were accelerated and

subsequently observed at up to ~1 keV energies in the reconnection exhaust jets.

Historical Perspective:

During major geomagnetic disturbances, cold plasma of ionospheric origin is
redistributed through large portions of geospace [Freeman, 1977; Elphic et al, 1997;
Foster, 2008]. Modeling the effects of ExB plasma motion in the outer plasmasphere,
Grebowsky [1970] found that if the magnitude of the magnetospheric dawn-dusk field
were suddenly increased, the plasmasphere bulge in the dusk sector would move toward
the sun. Chappell [1974] reported observations of detached plasma regions outside the
plasmapause and Chen and Grebowsky [1974] interpreted such observations in terms of
plasmaspheric tails extending sunward in the dusk sector. Ober et al. [1997] first used the
term ‘plume’ in describing the outflowing cold plasma. This picture was validated when
space-based imagery [Sandel et al., 2001] revealed dramatic tails or drainage plumes
stretching sunward from the outer plasmasphere. In situ and remote sensing space based
observational studies have provided detailed characteristics of the plumes (e.g. Garcia et
al. [2003]; Moldwin et al. [2004]; Darrouzet et al. [2008]). In the inner magnetosphere,
cold plasma and plume phenomena are associated with the plasmasphere boundary layer
(PBL) [Carpenter and Lemaire, 2004; Darrouzet et al., 2009], where cold dense material

overlaps hot tenuous plasma leading to significant energy exchange and structuring.
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Foster et al.: The Geospace Plume 3

The mid-latitude ionosphere is significantly perturbed by magnetospheric electric field
effects during storms. The deep mid-latitude density trough that spans the nightside
results both from sunward advection of low density plasma from the night sector and
enhanced ion-neutral collisions and recombination associated with strong ExB plasma
convection at the PBL [Schunk et al., 1976]. Penetration electric fields (e.g. Huang et al.
[2005]) uplift, destabilize, and perturb the low-latitude ionosphere. Termed the dusk
effect [Mendillo et al., 1970; Evans, 1970], increased storm time F-region density and
total electron content (TEC) equatorward of the mid-latitude trough often are observed
near sunset (e.g. Mendillo [2006] and references therein). Evans [1970] related this TEC
increase to processes causing uplift of the F layer to altitudes where recombination
proceeds more slowly. Evans [1973] observed a ~200 m/s westward (sunward) F region
plasma drift associated with the dusk sector increase in TEC. That study concluded that
horizontal transport of ionization from the evening into the afternoon sector could

account for the observed increase in electron density.

Foster [1993] investigated the disturbed mid-latitude ionosphere using scanning
observations with the Millstone Hill incoherent scatter radar (ISR) that provided a two-
dimensional picture of ionospheric F region structure. Spatially extended sunward
convecting density enhancements seen immediately equatorward of the dusk-sector
ionospheric trough were termed storm enhanced density (SED). Radar-derived altitude
profiles indicate that SED is characterized by a significant increase in F region scale
height and peak altitude [Foster, 1993; Foster et al., 2005; Yuan et al., 2009] and
occasionally with strong upward O" plasma velocity (> 1 km s!) in the topside F region
[Yeh and Foster, 2000]. SED is observed as a continuous band (plume) of increased-
density ionospheric plasma spanning a large portion of the midnight to postnoon sector
(Figure 1A). The original definition of storm enhanced density by Foster [1993] was
meant to describe only the enhanced ionospheric plasma streaming along the direction of
the ionospheric plume at velocities of 500 to > 2000 m/s. The SED flow channel extends
into the noon sector where it carries significant heavy ion fluxes into the high latitude F-
region cusp ionosphere with magnitude > 1.0x10'* m? s! [Foster et al., 2004; 2014b;
Erickson et al, 2011]. In this way, a continuous stream of ionospheric plasma is carried in

the SED channel from low latitudes in the evening sector to the cusp and into the polar
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Foster et al.: The Geospace Plume 4

cap at noon (Figure 1B). Detailed observations with the Poker Flat ISR have examined
SED plasma characteristics in the noon sector [Zou et al., 2013]. During disturbed
conditions the greatly enhanced F region density (~10x) associated with SED fluxes at
the cusp provides a rich plasma source for processes accelerating ionospheric ions into
the high latitude magnetosphere (e.g. the cleft ion fountain [Lockwood et al, 1985; Zeng
and Horwitz, 2008] or the polar wind [Banks and Holzer, 1968; Tu et al., 2007]). Cusp
outflow of ionospheric O" ions is believed to be the dominant source of enhanced O in

the storm time ring current [Kistler et al, 2016].

In the magnetosphere, O of ionospheric origin appears in several energy ranges. At ~I1
keV final energy, O" beams streaming away from a source in the cusp have been seen in
the tail lobes and ultimately in the plasma sheet [Liao et al., 2010; Kistler et al, 2010].
Ionospheric O" outflow reaching nightside field lines can be accelerated along drift
trajectories in the magnetotail, reappearing in the inner magnetosphere in the
warm plasma cloak (WPC) [Chappell et al., 2008]. WPC ions are characterized by
energies up to ~1 keV and distinctive bi-directional field-aligned pitch angle
distributions. At energies <~ 3 keV ions accelerated earthward from the tail follow
primarily eastward corotational drift trajectories, while ions > 3 keV experience curvature
drift westward into the pre-midnight sector. O" accelerated to beyond 10 keV populates
the ring current [e.g. Kistler et al, 2016]. In this study, we focus on the cold (< 2 eV)
plasma of the PBL and underlying ionosphere and trace its redistribution and
involvement in processes throughout much of geospace. At these energies, plume plasma
falls below the detector threshold of many particle instruments. However, cold ions can
become visible to the in situ instruments when they are kinetically accelerated by large
convection speeds such as those resulting from the motion of merged field lines as
observed by Gosling et al., [1990]. In addition, low energy electron density in the
plasmasphere also can be determined with active sounding instruments, like WHISPER
onboard Cluster [Décréau et al.,, 2001; Darrouzet et al., 2013] and EMFISIS/Waves
onboard Van Allen Probes [Kletzing et al., 2013 ; Kurth et al., 2015]. In this study, cold
plasma density in the plume at magnetospheric altitudes is determined from spacecraft

potential observations (e.g. McFadden et al. [2008b]) made with the Themis and
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combined spacecraft potential and EMFISIS plasma wave observations with the Van

Allen Probes spacecraft (e. g. Foster et al. [2016]).

Global imaging from the ground and space has extended the two-dimensional picture of
cold plume plasma redistribution at ionospheric and plasmaspheric heights. Such a
geospace system perspective has been provided with distributed ground-based Global
Positioning System (GPS) observations of TEC mapped to the magnetosphere equatorial
plane, as shown in Figure 1D [Foster et al., 2002]. Space-based imagery of the outer
plasmasphere by the IMAGE EUV instrument [Goldstein and Sandel, 2005] has provided
numerous views of the structure and evolution of the erosion plume in the outer
plasmaspheres (cf. Figure 1C). GPS TEC measures the integrated column content of the
cold thermal electrons through the ionosphere and overlying plasmasphere to an altitude
of ~20,000 km (~4 Rg) [Coster et al., 2003]. EUV images remotely sense solar 30.4-nm
light that has been resonantly scattered by plasmaspheric He" ions, and the emission is in
close correspondence to TEC in these regions [Moldwin et al, 2003]. (EUV imagery of
Earth's plasmasphere has been performed from lunar orbit [Murakami et al., 2013] and
with lunar-based instruments [He et al., 2016].) Combining ground and space-based
plasma imaging techniques, Foster et al. [2002] demonstrated that the ionospheric SED
plume was a magnetically-connected low-altitude signature of a drainage plume
(plasmaspheric tail) associated with the stormtime erosion of the outer plasmasphere
(Figure 1 C&D). Plasmaspheric plumes play an important role in the processes and
dynamics of the inner magnetosphere where the presence of cold dense plasmaspheric
ions alters the characterictics of plasma wave growth and wave-particle interactions (e.g.
Chan and Holzer [1976]; Foster and Rosenberg [1976]; Summers et al. [2008]; Yuan et
al. [2012a]; Foster et al. [2016]). Acceleration and loss of relativistic electrons in the
outer radiation belt are strongly dependent on such wave-particle inteactions and the
modulating effects of local cold plasma density (e.g Summers et al., 2007; Yuan et al.,

2012b; Foster et al., 2017]).

For cold plasmas of ionospheric origin in the PBL, ExB redistribution entrains both low
altitude ions (O in the ionospheric F region) and high altitude ions (plasmaspheric and
topside H, He") on the same geomagnetic flux tube. In this way, an active plume

advection channel simultaneously drives horizontal ion motion at all altitudes from the
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ionosphere to the apex of the field lines creating a convection-defined drift shell. These
plasmas convect together from the PBL to the ionospheric cusp at low altitudes and at
high altitude from the dusk sector plasmaspause to the magnetopause on the dayside. At
lower altitudes, the effects of dayside merging carry this large-scale plasma redistribution
poleward away from the cusp into the polar cap (e.g. Zhang et al. [2013a]). A sequence of
polar cap patches or an enhanced TEC tongue of ionization (TOI) results, extending anti-
sunward across polar latitudes to the midnight sector auroral oval [ Whitteker et al., 1976;
Foster et al., 2005; Thomas et al., 2013; Zhang et al., 2013a, 2015]. Incoherent scatter
radars (Sondrestrom and EISCAT) have characterized the plasmas in these polar cap
plumes at altitudes below ~ 1000 km [Foster et al., 2005], while Yuan et al. [2008], using
DMSP observations at ~830 km altitude, reported strong upward field-aligned plasma
velocity and O" flux in the region where a polar TOI intersected the auroral zone near
midnight. The appearance of enhanced TOI plasma density at high altitude (5.5 Re) at the
midnight sector auroral oval/polar cap boundary has been reported with in situ Van Allen

Probes observations [Foster et al, 2014a].

In addition to carrying a significant mass flux to the cusp ionosphere, the characteristics
of SED plasma entering the polar cap across cusp latitudes provide both a tracer and
signature of processes related to reconnection on cusp field lines (e.g. Zhang et al. 2015]).
During disturbed conditions with an expanded polar cap, the Chatanika, Alaska ISR
observed quasi-periodic bursts of enhanced topside ionospheric density streaming
through the noontime cusp [Foster and Doupnik, 1984]. These observations were
interpreted by Lockwood and Carlson [1992] as giving evidence that poleward
convection through the cusp is pulsed with a 7- to 8-min period, consistent with the
expected characteristics of transient magnetopause reconnection. The discrete nature of
the F region patches in the polar cap, as reported by (e.g.) Weber et al., [1984], could be

associated with such a mechanism [Zhang et al. 2013a, b].

Moore and Delcourt [1995] defined the geopause region as the volume defined by the
limits of the instantaneous boundary between plasmas that are primarily of heliospheric
or geospheric origin. Carpenter et al. [1993] described details of the duskside
plasmasphere bulge region where outlying or outward extending plasmas are formed as

products of erosion of the main plasmasphere. The study of Chandler and Moore [2003]
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concluded that during southward IMF periods when inner magnetosphere plasma is
drawn to the dayside, the dayside boundary layer will be filled with very cold plasma
drawn from the plasmasphere, and dominated in density by light ions H* and He* with
densities that can be greater than 50 cm?.This indicated an extension of the geopause to
the outer edge of the magnetosphere on the dayside where cold ion densities >10 cm™
could impact plasma processes and be injected into the magnetosheath on open field lines
(e.g. [Zhang et al., 2018]). Plume plasmas in the outer magnetosphere are usually found
in the afternoon sector with densities typically 10-100 cm™ and fluxes 10%° to 10?7 ions/s
[Chandler et al., 1999; Moore et al., 2008; Darrouzet et al., 2008, 2009; Borovsky and
Denton, 2008]. Andre and Cully [2012] found that low energy ions often dominate the
magnetospheric plasma population at the dayside magnetopause with highest density and
occurrence rates found in the plume drainage region in the low-latitude afternoon sector.
Direct observations of the cold ions of the plasmaspheric plume have been made at the
magnetopause (e.g., Walsh et al. [2013; 2014a]). Accelerated plasmaspheric plasma and
ionospheric ions have been seen in reconnection-outflow fans at the dayside
magnetopause by the ISEE-2 spacecraft [Gosling et al., 1990; Fuselier et al., 1991], by
the Polar spacecraft [Chandler et al., 1999], and by the MPA instrument on the LANL
spacecraft. Su et al. [2000] found evidence that plasmaspheric plume ions and the
entering magnetosheath ions are simultaneously present on the same flux tube at the
magnetopause, indicating that the plasmaspheric flux tubes are involved in dayside

reconnection.

Borovsky and Denton [2008] in their statistical study of plumes at geosynchronous orbit
found that about half of the outer plasmasphere is drained to the magnetopause during the
first 20 hours of a storm. Modeling studies by Elphic et al. [1997] described the transport
of outer plasmasphere flux tubes from the dayside, over the polar cap and into the
magnetotail. Su et al. [2001a] interconnected ionospheric observations of SED with
plasmaspheric tails and the large-scale redistribution of cold plasma in the
magnetosphere. Accelerated plasmaspheric plasma has been seen over the polar cap by

both the Interball and the Polar spacecraft [Su et al., 2001b]. Foster et al. [2014a]

reported spacecraft potential observations of cold TOI plasma at 5 Rg altitude on field
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lines mapping to the region where the trans-polar cap TOI intersected the auroral oval in

the midnight sector.
Observational Synthesis: The Geospace Plume

Previous studies have developed the picture of the redistribution of cold plasma from the
ionosphere and inner magnetosphere to the cusp, magnetopause, polar cap, and into the
nightside auroral ionosphere — i.e. throughout a large portion of geospace. By necessity,
these results have been presented in a gradually evolving fashion over time based largely
on increased capabilities of ground-based and space-based imaging, modeling, and in situ
observations. Moldwin et al. [2016] provided a synthesis of recent literature describing
appearance of plumes in different measurements in different regions and concluded that
those structures are either directly related to or connected in the causal chain of plasma
redistribution throughout the magnetosphere-ionosphere system. Plumes serve to describe
an emerging conceptual framework of the flow of high-density—low-latitude ionospheric
plasma into the magnetosphere. The nomenclature describing the various aspects of the
plume phenomena is varied according to feature identification and scope, and is largely
dependent on the characteristics and location of the separate measurements. We propose
the recognition of disturbance-related cold plasma redistribution as a unified global
phenomenon — the geospace plume. Its wide spatial extent from sub-auroral regions, to
the cusp and the magnetopause, on polar field lines, and into the magnetotail
characterizes the system-wide coupling of the ionosphere, plasmasphere, and
magnetosphere. In the following sections, we describe how the geospace plume manifests

itself in different regions of the ionosphere-magnetosphere system.

Geospace Plume Features at Disturbance Times

We describe a recent disturbance event with near simultaneous observations of the plume
in multiple regions of geospace in order to demonstrate the characteristics and continuity
of the geospace plume through the coupled ionosphere-magnetosphere system. The event

also provides insight into dynamic features of the geospace plume.
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Foster et al.: The Geospace Plume 9

One of the largest geomagnetic disturbances of the past decade began with the arrival of a
solar wind shock at Earth and storm sudden commencement at ~04:45 UT on 17 March
2015. A full description of this storm interval has been provided by Baker et al. [2016].
Other related studies of this storm include those by Goldstein et al. [2017] and Runov et
al. [2016]. Figure 2 presents an overview of solar wind and magnetospheric responses
during 17-18 March 2015 from 1-min cadence observations in the NOAA OMNI
database. A solar wind shock and storm sudden commencement occurred at ~04:45 UT
on 17 March while Bz was positive. Solar wind speed Vsw (not shown) increased from
Vsw ~ 400km/s to Vsw ~ 500 km/s after the shock passage while the total magnetic field
IBsw| (not shown) increased from ~10 nT to > 25 nT. After 12:00 UT Bz turned strongly
southwards (Bz ~ 20 nT), Vsw increased to ~ 600 km/s, and solar wind dynamic pressure
Psw exceeded 30 nPa. As the main storm phase began and SYM-H was decreasing, there
was a 2-hour gap in the ACE solar wind H+ density, velocity, and magnetic field data
where Psw cannot be determined. Minimum SYM-H reached < -220 nT at ~23:00 UT on
17 March and by early on 18 March the plasmasphere had been eroded to L ~ 1.9 [Foster
et al.,, 2016]. During the event, the orbital coverage of the Van Allen Probes twin
spacecraft (also called Radiation Belt Storm Probes (RBSP), [Mauk et al, 2013]) was
well aligned to provide near-equatorial in situ observations (Figure 3) at the source of the
plume (i.e its point of attachment to the plasmasphere in the dusk sector PBL [Darrouzet
et al.,, 2006; Coster et al., 2007]) . At the same time the three THEMIS spacecraft
[Angelopoulos, 2008] probed the dayside extension of the plume from the plasmasphere
to the magnetopause where the cold plume ions were observed to be involved in magnetic
reconnection. Ground-based five-minute median values of GPS TEC at 350-km altitude
ionospheric penetration points were accumulated on a 1 deg by 1 deg latitude/longitude
grid [Rideout and Coster, 2006]. The ionospheric footprint of the TEC observations was
projected into the magnetospheric equatorial plane along magnetic field lines using the
Tsyganenko 2004 magnetic field model [Tsyganenko and Sitnov, 2005]. Excellent
coverage of the spatial extent and development of the SED signature of the plume at
ionospheric altitudes was simultaneously provided by the Millstone Hill incoherent
scatter radar, global GPS TEC mapping, and the DMSP satellites [Strom and Iwanaga,

2005] crossing auroral and polar latitudes at dusk and dawn in sun-synchronous orbits at
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~830 km altitude. This array of space and ground-based instruments provided continuing
coverage of the formation and evolution of the plume throughout the event. Here we

concentrate on an interval of simultaneous observations during the main phase of the
storm near 16:00 UT on 17 March 2015 when IMF B; was strongly negative (~ -20 nT)

and Dst was decreasing (cf. Figure 2) and a strong plume was evolving.

Geospace Plume Source: SAPS and Plasmasphere Erosion

The geospace plume has its origins on inner magnetospheric fields lines in the pre-
midnight and dusk sector. During disturbed conditions at the PBL an electric shielding
layer is set up at the location where the freshly injected ring current particles abut the
plasmapause. The inward extent of the energetic ring current ions lies earthward of the
plasma sheet electrons. Region II currents are driven into the sub-auroral ionosphere
where a strong poleward electric field is set up to drive Pedersen closure currents in the
low conductivity ionosphere equatorward of precipitating auroral electrons. This sub-
auroral polarization stream electric field (SAPS [Foster and Burke, 2002]) overlaps the
outer plasmasphere and draws out the SED/plasmasphere erosion plumes that stretch
sunward from their dusk-sector source to the dayside cusp in the ionosphere and to the
magnetopause merging region [Foster et al., 2002; 2004; 2007; 2014b]. During the 17
March 2015 event, Van Allen Probe A, at 18 MLT and 3 R altitude, was well positioned
to observe the ring current, the SAPS electric field, and the sunward transport of the
geospace plume in the SAPS channel in the inner magnetosphere (Figure 4). (Van Allen
Probe B made a similar encounter with the plume and the PBL some 5 hours later during
the event.) Observations with the Electric Field and Waves instrument (EFW [Wygant et
al., 2013]) measured the electric field and in situ density across the SAPS channel (Figure
4 A, B; electric fields are presented in magnetic field aligned coordinates). The dominant
radially outward electric field component (~ 10 mV/m; shown in red) drove strong
sunward convection in the geospace plume consistent with statistical studies of the SAPS
convection flow [Foster and Vo, 2002].

Ion composition and spectra were observed across the outer plasmasphere, PBL, and
geospace plume with the HOPE instrument on the Van Allen Probes spacecraft [Funsten
et al, 2013]. A ‘nose’ of hot ring current O" ions (e.g. Smith and Hoffman [1974])
extended across the region of SAPS electric field (Figure 4 C). During these disturbed
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conditions, fluxes of O' ions with bi-directional field-aligned pitch angle distribution
were observed immediately adjacent to the outer extent of the geospace plume at energies
below and up to ~ 10 keV. Figure 4 (Panels C and D) present observations of these O"
ions and their field-aligned pitch angle distribution at 7 keV. Although this energy is
quite high with respect to previous discussions of the WPC, the pitch angles and O*/H*
density ratio (~ 1) of these ions are suggestive of the dusk sector WPC as described by
Chappell et al. [2008].

Plasma Redistribution in the Ionosphere

At ionospheric heights, the SAPS channel plays a key role in carrying the geospace
plume to the cusp where F-region plume plasma enters the polar cap on reconnecting flux
tubes. During the 17 March 2015 event, the redistribution of cold ionospheric plasma was
observed in multiple locations with the Millstone Hill incoherent scatter radar and DMSP
low-altitude satellites (Figure 5). Shortly after 16:00 UT the radar scanned to the north
and west across the local noon sector (Panel 5A) and at 16:14 UT (68° maglat, ~11 MLT)

observed plume plasma at 500 km altitude streaming into the cusp and polar cap with
~1000 m/s flow speed (Panel 5B). The spatial distribution and temporal variation of
plume plasma entering the polar cap identifies the ionospheric footprints of reconnecting
field lines at the magnetopause (e.g. Zhang et al. [2013a]). At sub-auroral latitude, DMSP
at 840 km altitude (16:15 UT, ~16 MLT, 57° maglat) crossed the SAPS/SED region
sampled by Van Allen Probe A (cf. Figure 4) and shortly thereafter (16:24 UT; Panel 5C)
intersected the plume plasma in the center of the northern polar cap. Plasma flow velocity
> 1500 m/s was observed in the dusk sector SAPS channel by the DMSP drift meter
(Panel 5D) at the location where a distinct density enhancement delineated the signature
of the geospace plume in the topside ionosphere. (Foster et al. [2014b] provided a
detailed examination of a similar conjunction between Van Allen Probes and DMSP
crossings of the SAPS and plume in the dusk sector during the 17 March 2013 storm

event.)

Later in its orbit, DMSP F-16 clearly observed the anti-sunward transport of geospace
plume plasma in the center of the polar cap. Here magnetic field lines map into the

magnetotail lobes and the motion of patches, blobs, and TOI plasma reflect the transport
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of the geospace plume from the dayside merging region into the magnetospheric tail
[Zhang et al., 2016]. A regular variation of the anti-sunward plasma flow velocity from
~500 m/s to ~ 1000 m/s was observed as DMSP F-16 crossed polar latitudes from dusk to

dawn. Plume plasma largely was confined to the dusk side of the polar region.
Observations of the Geospace Plume in the Dayside Magnetosphere

During the 17 March 2015 event the orbits of the THEMIS spacecraft intersected the
plume at radial distances of 4 to 7 Rg in the noon sector (cf. Figure 3) providing excellent
measurements of plume characteristics in the outer magnetosphere as it was transported
sunward in the SAPS flow. The three THEMIS spacecraft (A, E, and D) traveled along
the same orbit and sequentially sampled (with ~2-hr separation) the outflowing geospace
plume and its appearance in the reconnection region at the magnetopause. Figure 6
presents THEMIS-A observations along its outbound orbit near 16 UT. The spacecraft
exited the morning sector plasmasphere at ~14:40 UT and entered the plume near 15:40
UT. Cold plasma density determined from spacecraft potential values was ~ 100 cm™
within the dayside plume, with lower densities ~10-40 c¢cm™ adjacent to reconnection
sites at the magnetopause. Warm plasma density ~60 cm™ (ESA ion measurements, not

shown) was observed in the magnetosheath beyond the reconnection region.

Reconnection: The next step in the circulation of the geospace plume on this day was
observed at the magnetopause where its cold dense plasma was seen to participate in
magnetic reconnection. As THEMIS-A traveled outward, it encountered the
magnetopause a number of times beginning near 16:00 UT and crossed into the
magnetosheath for the final time at 16:29 UT (cf. Figure 6). At each magnetopause
encounter, several signatures demonstrated active magnetic reconnection and the
participation of cold plasma in the process. High velocity reconnection exhaust jets,
primarily in the Z-direction (measured with the ESA detector, black curve in Panel B),
accompanied a +/- rotation in the Z component of the magnetic field (not shown). The
magnitude of the jet velocity is consistent with theoretical predictions for asymmetric
reconnection [Cassak and Shay, 2007]. That theory predicts an outflow jet velocity of
352 km/s for the boundary parameters at 16:29 UT. At 16:29 UT (arrow on Panel B) the
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spacecraft measured a jet of 343 km/s in the reconnecting component, consistent with

(97% of) the prediction.

Associated with the reconnection exhaust jets, cold plasma (< 3 eV) was accelerated into
the observational range of the ESA ion detector and appeared as distinct ion populations
at the appropriate kinetic energy for both protons and helium. Immediately outside the
reconnection line (cf. at 16:00 UT) a mixture of magnetosheath and accelerated cold ions

was observed with a combined warm plasma density ~100 cm.

Details of the plasma distributions observed as THEMIS-A crossed the reconnection
region from the magnetosphere into the magnetosheath near 16:17:30 UT are presented in
Figure 7. Panel A presents ion energy flux observations over a ~ 3 min interval as the
fluctuating magnetopause position carried the merging region back and forth over the
outbound spacecraft. Panel B presents observations of cold plasma density calculated
from spacecraft potential (blue), the Zgsm component of the magnetic field (red; positive
in magnetosphere, negative in the magnetosheath), and the field aligned velocity (black;
Vz) identifying high-speed flows in the reconnection jets. Sequentially, the instruments
sampled the magnetosheath (16:16:30 UT), the reconnection exhaust jet (16:17:00 UT),
magnetospheric plasma populations immediately earthward of the merging region
(16:17:30 UT), the merging region and exhaust jet (16:18:10 UT), and finally the
magnetosheath (16:18:40 UT). Cold ions (~10 c¢cm) calculated from the spacecraft
potential were observed immediately adjacent to the reconnection region (blue curve in
Panel B). A pronounced low energy population with center energy ranging from <5 eV to
~50 eV was seen (Panel A) in the magnetospheric region between 16:17 UT and 16:18
UT. Although the energy of cold plume ions falls below the minimum detector threshold
of the THEMIS ESA instrument (~ 5 e¢V), the kinetic energy of the cold population can
be increased into the detectable energy range during times of strong flows [Gosling et al,
1990; McFadden et al. 2008a,b; Andre and Cully, 2012; Lee and Angelopoulos, 2014].
Such acceleration and/or heating can occur when cold ions become involved in the
reconnection processes [Zhang et al., 2018]. The effects of cold ion acceleration are seen
in Panel A around 16:17:15 UT and again near 16:17:50 UT when the sharply defined
low energy population was observed with increasing central energy at progressively

closer distances to the edge of the reconnection jet.
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Velocity distributions for the ion populations observed in this region are shown in Figure
8. The magnetospheric ion populations immediately adjacent to the magnetopause were
observed at 16:17:35 UT (panel A). A weak flux of the cold plume ions was seen above
detector threshold around zero energy, surrounded by a halo of warm magnetospheric
ions. Panels B presents four successive 3-s velocity distributions observed as THEMIS-A
approached the magnetopause and the merging region. The cold ion flux above detector
threshold increased by >100x and the energetic magnetosheath ions appeared at higher
energies. ESA ion energy distributions shown in panel C identify the magnetosheath
population near 1 MeV. Kinetic signatures of reconnection are observed in the particle
distribution. Clear “D-shaped” ion distributions, representative of the reflected and
transmitted magnetosheath particles on newly opened field lines [Cowley 1982], are
observed (panel B frames 110 and 111). A portion of the cold population is progressively
kinetically accelerated to > 300 eV energy as the exhaust jet was entered at 16:18:00 UT
(cf Figure 7). The progressively increasing peak energies of the low energy ion peak in
panel C correspond to the kinetic energies of H' ions for the observed values of Vz as
shown in Figure 7. The significant ion fluxes observed at energies below the cold ion
peak indicate that not all of the cold ion population in this region had gained the full jet
flow velocity parallel to the magnetic field. Rather, a population of ions that had picked
up the ExB drift of the boundary layer also was being seen. The THEMIS observations at
the magnetopause during this event demonstrate the complexities and intermingling of

the cold, warm, and accelerated ion populations that characterize this dynamic region.

In the following, we compare the cold magnetospheric ion population identified as
geospace plume plasma in the above discussion with cold plasma characteristics directly
measured in the outer plasmasphere at L ~ 4 during a previous event. In Figure 9A we
show the one-dimensional THEMIS-A ion energy distribution cutting across the low
energy population at 16:17:15 UT (black vertical line in Figure 7). Although there is no
mass discrimination in the THEMIS ESA detectors, the difference in the kinetic energies
of cold ion species accelerated in the outer regions of the reconnection velocity field
produces clearly separated H" and He" energy peaks. We note that here, on the edge of
the merging region, these cold species appear on the same field lines with magnetosheath

ions at higher energies > 2 keV. The larger gyroradii of the more energetic
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magnetosheath ions results in their incursion onto field lines associated with the guiding
centers of the adjacent colder population. Following the method described by Sauvaud et
al. [2001], we find the temperature of this cold H* population to be ~3 eV, as calculated
from the energy spread of its 1-D distribution (Panel B). The ~ 13 eV central energy of

the H* peak corresponds to the kinetic energy of a population of H' ions in the ~65 km/s

velocity field observed at this position. The ~3 eV temperature for the H' ions observed
at the merging region is consistent with ion temperatures in the outer plasmasphere at L ~
4 as has been observed with the Van Allen Probes HOPE ion spectrometer. This
consistency is highlighted in Panel C where we plot the spectral widths of H" and He"
ions accelerated kinetically to energies greater than the ~ 2 eV HOPE energy threshold by
strong storm-induced ULF waves during the shock-induced storm of 8-9 October 2013
[Foster et al., 2015]. The RBSP-A spacecraft was well inside the dusk side plasmapause
at the time. Plasmaspheric H* and He" temperatures near the apex of magnetic field lines
in the PBL for this separate event were 1.5 eV and 2.5 eV, fully consistent with the
temperature of the low energy ion population described in Panel B. Comparing the
spectral peaks across the two different events in Panels A and C, we note that the H+/He+
flux ratio was ~20 in the outer plasmasphere (Panel C) and ~ 40 in the plume at the
dayside magnetopause (Panel A). THEMIS-A ESA observations of warm (i.e. > 5 eV)
ion density (not shown) in the magnetospheric plasma region of Figure 7 Panel A
(16:17:40 UT) were at ~ 1 cm? levels. Cold plasma density observed by spacecraft
potential was significantly larger, varying from 10 - 40 cm? in these regions. As the cold
ions were accelerated kinetically into the energy range of the ESA detector and began to
contribute to the warm ion density, the ion density determined by the ESA instrument
increased to ~ 40 cm™ in regions where no magnetosheath ions were being observed. We
note that it is probable that additional ion sources also can be involved in reconnection
(e.g. the low energy component of warm plasma cloak ions reported at the dayside
magnetopause by Chappell et al. [2008]). Significantly, for the 17 March 2015 event
discussed here, the density, temperature, and ion composition of the low energy ions at
the magnetopause are consistent with those of the geospace plume. We conclude that,
during this event, geospace plume ions were accelerated and entrained into the

reconnection exhaust jets at the dayside magnetopause.
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These observations give strong evidence that the cold ionospheric source plasma of the
geospace plume can be directly involved in dayside reconnection. In previous studies,
these dense populations of cold ionospheric/plasmaspheric material have been shown to
have a significant impact on the efficiency and structure of reconnection processes (e.g.
Walsh et al., [2013, 2014a, b]; Lee et al. [2014]; Wang et al. [2014]; Toledo-Redondo
[2015]; Zhang et al. [2018]). The newly reconnected field lines are carried anti-sunward
into the tail lobe and over the pole, carrying the geospace plume plasma with them at
both ionospheric and magnetospheric altitudes. At the ionospheric footprint of these field
lines, the geospace plume is seen as the tongue of ionization (e.g. Whitteker et al. [1976];
Foster et al. [2005]) or polar cap patches (e.g. Weber et al. [1984]; Zhang et al. [2013b])
that are carried to the nightside auroral oval in the anti-sunward flow across the polar cap
[Foster et al., 2005; Zhang et al., 2015]. This polar region plasma transport is observed in
both the ionosphere and at magnetospheric altitudes. Foster et al. [2014a] have reported
the observation at 5 Rg altitude in the near magnetotail of cold plume plasma on field
lines mapping to the point where the TOI intersected the auroral oval in the midnight

sector.

Plasma flux: The system-wide redistribution of cold ionospheric-plasmaspheric ions
associated with the geospace plume has been presented through a synthesis of
observations made with a variety of instruments. The Van Allen Probes and THEMIS
spacecraft carry a full complement of instruments characterizing electric field, velocity,
cold plasma density, magnetic field, ion and electron energy and pitch angle distributions.
We obtained measurements of plasma density and flow velocity (either directly or from
ExB) for all observing sites, allowing calculation of the plasma flux (velocity * density)
within the plume at multiple points (observations for the 17 March 2015 event are shown
in Table 1). Prior observations of plasma flux in the geospace plume at ionospheric
heights [Foster et al., 2004; Erickson et al., 2011] have been reported with values ~ 1.e14
m2s! for transport toward the cusp, in good agreement with these observations. For the
17 March 2015 event, analysis of THEMIS ESA ion spectra and velocities at the
magnetopause yield an observation of ~ 1.e13 ms! for the flux of accelerated plume
ions entrained in the reconnection exhaust jets. In their statistical study of Cluster

observations, Andre and Cully [2012] estimated low energy ion outflow at the
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magnetopause for their strongest plume events > 10?7 ions s”!. Projecting ionospheric
observations of plume plasma flux into the outer plasmasphere, Foster et al. [2004]

estimated a total sunward flux of > 10?7 ions s’!.

Discussion: The 17 March 2015 event provides a well-observed example of the very
good correspondence between the positions and dynamics of the geospace plume
observed both at low altitudes and with in situ observations at magnetospheric heights.
Recently Krall et al. [2018], using SAMI3 simulations to investigate a long-lived
magnetospheric plume, found that high-speed, field-aligned plasma flows from the
ionosphere contribute significantly to plume density. We find that boundaries, features
and dynamics of ground-based TEC observations associated with the redistribution of
plasma (TEC) at ionospheric heights map to similar characteristics of the plume at
magnetospheric altitudes. We note that the magnitude of the TEC shown in the
equatorially projected ionospheric maps should not be construed as a direct measurement
of the absolute or relative value of the plume plasma density at the apex of the field lines.
The ~4 R orbital location of GPS satellites limits the extent of their coverage to the
ionosphere and near-earth magnetosphere. In addition, most of the integrated TEC
content is found to lie below ~ 1000 km altitude (e.g. as shown in Foster et al. [2014b],
Figure 3). However, while the absolute magnitude of the TEC is controlled primarily by
lower altitude processes in the ionosphere and thermosphere, the structure and dynamics
of the geospace plume as revealed in the TEC images provides an excellent indication of
boundaries in the coupled ionosphere — magnetosphere system, and illuminates the

overall transport of the cold geospace plume plasma throughout the system.

We suggest that the geospace plume has significant effects throughout the coupled
geospace system. The details and processes associated with these effects provide ample

opportunities for further investigation. These include:

- Redistribution of plume plasma to the dayside magnetopause and its subsequent

effects on reconnection;

- Plume plasma as a potential source for heavy ions in the magnetosphere through
processes occurring both in the topside cusp ionosphere and at the magnetopause

merging region;
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- Contribution made by plume plasma to the particle populations accelerated into

the plasmasheet and ring current during substorm injections;

- Cold plasma modification of wave-particle interactions in the magnetosphere,

with subsequent effects on energetic particle populations.

We have found that a multiplicity of aspects of cold plasma redistribution are
interconnected and are manifestations of the geospace plume that threads and
interconnects regions and processes throughout much of Earth’s plasma environment.
Adoption of a common nomenclature for this system-wide phenomenon accentuates the

coupling that underlies geospace processes and characteristics.
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803 TABLES
804 Table 1. Simultaneous Observations of Plume Characteristics
Instrument Location Altitude Velocity Density Plasma Flux
Millstone Hill Noon Cusp 450 km ~1000m/s | ~3.ellm? ~3.el4 m?s’!
DMSP SAPS 19 MLT 840 km ~ 1700 m/s ~3.ell m? ~4.e14 m?s’!
DMSP Polar TOI 840 km ~-500 m/s ~1l.ell m? ~35.e13 m?s’!
RBSP-A SAPS 19 MLT 3 Re ~ 7000 m/s ~1.e8 m? ~7.e11 m?s’!
THEMIS-A Plume 12 MLT 5 Re ~4.e4 m/s ~2.5e8 m? ~1.e13 m?s’!
THEMIS ESA Exhaust Jet 6 Rg ~3.e5m/s ~ 3.7 m? ~1.e13 m?s’!
805
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Figure 1. (A) Azimuth scan observations with the Millstone Hill radar provide a spatial
“snapshot” of a continuous stream of plasma carried from low latitudes in the evening
sector to the cusp and polar cap. The observations of ionospheric electron density were
made over a ~30-minute interval near the noon meridian and are plotted in
latitude//longitude coordinates with north at the top. (B) Aggregation of 5 minutes of
northern hemisphere GPS TEC observations provided global imagery of a nearly-
identical feature some 30+ years later during a January 2013 storm. The TEC data are
presented in polar local time geodetic coordinates with noon at the top for latitudes above
30 N. The plume extending poleward from North America is seen to stretch anti-sunward
across polar latitudes and to merge into the auroral oval in the midnight sector. The
orbital track of a DMSP satellite crossing polar latitudes is shown as a black line. (C)
Space based imagery of the outer extent of the plasmasphere depicts the erosion and
sunward extension of the cold plasma plume. An IMAGE EUV snapshot looking down
on the plasmasphere and plume from above north polar latitudes is shown (the Sun is to
the right). (D) GPS TEC observations, when mapped along the magnetic field into the
magnetospheric equatorial plane (the Sun is to the right), reveal plasma boundaries
closely reproducing the evolution of the geospace plume at magnetospheric heights,
indicating its full sunward extension toward the magnetopause (black line).
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Geomagnetic and Solar Wind Conditions 17 March 2015
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Figure 2. Geomagnetic and solar wind conditions during 17-18 March 2015 from 1-min
cadence observations in the NOAA OMNI database. A solar wind shock and storm
sudden commencement at ~04:45 UTC on 17 March was followed by a main storm phase
with peak at < -220 nT near 23:00 UTC and a subsequent recovery period. The magenta
line indicates the time of the near-simultaneous observations of the geospace plume
examined in detail in this study (~16:00 UTC on 17 March).

ver. May 26, 2018



831

832
833
834
835
836
837

Foster et al.: The Geospace Plume 29

GPS TEC / RBSP-A Equatorial Projection
17-Mar-2015 16:00 to 16:20 UT log10 TEC (TECu)
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Figure 3. Orbits and observing locations for low and high-altitude instruments early in the
17 March 2015 event are projected onto the magnetospheric equatorial plane in X-Y GSE
coordinates (Sun at the top). Their relationship to the evolving geospace plume structure
is described by equatorially mapped northern hemisphere GPS TEC observations. Heavy
shading denotes the extent of geospace plume observations along each orbit/observation
path.
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EFW Electron Density 17 March 2015
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Figure 4. The relationship of the SAPS, the ring current, and the geospace plume were
observed by Van Allen Probe A as its near-equatorial outbound orbit crossed the
plasmasphere boundary layer at 18 MLT. (A) In situ plasma density observations (EFW
boom potential technique) identified the plume near its point of formation near L ~ 3
(15:45 UT). (B) Strong radially outward electric fields (EFW; red curve; azimuthal
component is shown in blue) were observed across the SAPS flow channel responsible
for the sunward advection of outer plasmaspheric ions in the geospace plume. (C) A
‘nose’ of hot ring current O ions observed with the HOPE instruments extended across
the region of SAPS electric field. (D) Bi-directional field aligned fluxes characterized the
HOPE O pitch angle distributions at energies up to ~ 10 keV immediately adjacent to the
outer extent of the geospace plume.
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Figure 5. Radar and LEO observations depict the geospace plume at ionospheric heights.

(A) Similar to the case described in Figure 1A, Millstone Hill radar scans to the north and
west made simultaneous observations of high plasma densities and strong poleward
velocities associated with plume and SAPS flow through the noontime cusp.
(B) Radar observations of F-region O" density and line of sight (LOS) velocity across the
noon sector determined the ion flux to the cusp at 500 km altitude to be > 3.x10'* m? s
(C) In situ ion density (upper panel) and cross-track ion velocity (positive sunward) were
observed by DMSP F-16 across auroral and polar latitudes along a dusk-dawn orbit
similar to that shown in Figure 1B. The polar tongue of ionization (TOI) was encountered
at 16:24 UT near 90 deg latitude embedded in the cross polar cap antisunward flow.
(D) DMSP F-16 crossed the SAPS flow channel between 55 and 58 deg magnetic latitude
at 16 MLT. Storm enhanced density (57 deg; middle panel) embedded in the SAPS flow
marked the equatorward edge of the ionospheric trough. Sunward topside O" ion flux of ~
2.5 x10"“ m? 57! (bottom panel) was observed associated with the SAPS/SED flow.
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Figure 6. THEMIS-A exited the plasmasphere near ~14:40 UT and flew into high-density
plume plasma for the one hour interval ~15:30 UT — 16:30 UT. Magnetopause
reconnection signatures were observed after ~ 16:00 UT and the magnetosheath beyond
the reconnection region was entered shortly after 16:30 UT. (A) The ESA spectrogram of
total ion energy flux between 6 eV and 25 keV observed the characteristics of these
regions (see text). The extent of the region shown in detail in Figure 7 is indicated. (B)
ESA ion velocity measurements spanned the region of the plume (~ 40 km/s) and identify
the regions of active reconnection through the appearance of strong + Vz exhaust jets (>
100 km/s). (C) The in situ electron density profile calculated from THEMIS -A spacecraft
potential clearly defines the extent and intensity of the dayside geospace plume plasma.
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Figure 7. THEMIS-A observed multiple intersections with regions of active reconnection.
(A) An ESA burst mode ion energy flux spectrogram is shown for a ~ 3 min interval as
the fluctuating magnetopause position carried the merging region back and forth over the
outbound spacecraft. A pronounced low energy population with center energy ranging
from <5 eV to ~50 eV was observed between 16:17:00 UT and 16:18:00 UT. A black
vertical line marks 16:17:15 UT (cf. Figure 9).

(B) Observed cold plasma density (blue), Zgsm component of the magnetic field (red),
and field aligned velocity (black; Vz) are shown. Large high speed flows (Vz) identify
the reconnection jets. High cold plasma density, positive Bz, and small Vz characterize
the magnetosphere immediately adjacent to the reconnection region.
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Figure 8. THEMIS-A ESA ion velocity distributions and energy spectra are shown for the
magnetopause crossing recorded between 16:17:40 UT and 16:18:00 UT (cf. Figure 7).
(A) The velocity distribution of magnetospheric ions immediately adjacent to the
magnetopause is shown. A weak flux of the cold ions was seen above detector threshold
around zero energy.

(B) Successive 3-s velocity distributions observed as THEMIS-A approached the
magnetopause and the merging region show that a portion of the cold population was
progressively kinetically accelerated to > 300 eV energy as the exhaust jet was
approached. “D-shaped” ion distributions representative of magnetosheath particles were
observed. The larger gyroradii of the more energetic ions results in their incursion onto
field lines associated with the guiding centers of the adjacent colder population.

(C) Progressively increasing peak energies of the low energy ions at times corresponding
to the 4 distributions shown in panel B correspond to the kinetic energies of H+ ions for
the observed values of Vz as shown in Figure 7.
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Figure 9. A THEMIS-A ESA one-dimensional ion energy distribution cutting across the
low energy population at 16:17:15 UT is shown (see Figure 7 for the spatial location of
this measurement). The difference of kinetic energies for cold ion species accelerated in
the reconnection velocity field produces clearly separated H+ and He+ energy peaks. As
seen in the ion spectrogram of Figure 7, magnetosheath ions are observed separately at
energies > 2 keV.

(B) The temperature of the cold H+ population in the 17 March 2015 event was found to
be ~3 eV, as calculated from the energy spread of its 1-D distribution (see text).

(C) The temperature of the H+ ions at the merging region is consistent with other
measurements of ion temperatures in the outer plasmasphere. Spectral widths of H+ and
He+ ions accelerated kinetically to energies > 2 eV by strong ULF waves were observed
well inside the plasmapause by the HOPE instrument on RBSP-A during the 8 October
2013 shock event. The outer plasmaspheric H+ and He+ temperatures (1.5 eV and 2.5
eV) observed are fully consistent with the temperature of the low energy plume ion
population described in Panel B.
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