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Dayside Field Aligned Current and Energy
Deposition (FED) Focus Group (2010-2012):
Final Report

Delores J. Knippl2*, Stefan Eriksson,3 and Geoff Crowley+*

The Dayside Field Aligned Current
and Energy Deposition (FED) Focus Group
(FG) commenced in 2010 to explain the rela-
tion between enhanced dayside field-aligned
currents, their sources in the solar wind and
their 1impacts in the 1ionosphere-
thermosphere system. The FG’s primary ob-
jective was to develop an understanding of
the magnetospheric source of localized heat-
ing that produces unanticipated regions of
dayside thermospheric expansion at high lat-
itudes. A secondary objective was providing
data-model comparison for events exhibiting
this behavior. A tertiary objective was to im-
prove GGCM specification of dayside energy
input possibly associated with bowshock, di-
pole tilt (seasonal effects), and IMF Bx modu-
lations. When the Focus Group was approved
for a 2.5-year run instead of the requested 5-
year run, the tertiary objective was dropped
and the remaining research tasks were ad-
dressed with the following priority:

Priority 1 Strong IMF By and precipitat-

ing particle effects

e Dayside energy sources and transport for
events with large IMF By (with Bz +/-)

e Dayside field-aligned current systems for
large in-the-ecliptic IMF (By)

e The location and nature of Poynting and
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particle energy deposition for IMF Bz>0

¢ The relation of such events to cusp region
thermospheric neutral density anomalies

e Overall magnetospheric structure during
large IMF By disturbances

¢ Particle and conductivity influences on
high-latitude heating events

Priority 2 Measurements and model-

data comparison

o Methods for detecting such disturbances;
indices vs. space-based monitors

e MHD modeling of such disturbances and
model-data comparisons

Priority 3 Solar wind drivers, magneto-

spheric structure, asymmetry, seasonal-

ity

e The role of enhanced solar wind density
and speed during such events

¢ Overall energy contributions to the cou-
pled magnetosphere-ionosphere-
thermosphere

Activities and Research Topics: The Day-
side FED FG inspired 16 peer-reviewed
publications. See list at the end. Research-
ers affiliated with the FED FG investigated
magnetospheric disturbances that appeared
to provide direct energy into the dayside
thermosphere with little energy input to the
magnetotail. The implication of such events
is that the Dst index could remain unper-
turbed or even show storm recovery while the
coupled dayside high-latitude region is great-
ly disturbed. This possibility was explored
during the Joint GEM-CEDAR meeting in
2011. Results from the FED effort also linked
to the M-I Coupling Ion Outflow FG and the
GGCM Metrics FG. Additionally:

o At the first FED FG meeting a list of stor
was proposed and posted on the GEM
Wiki page. This list guided many of the
subsequent model-data comparison stud-

ANO.LSINHD



HANOLSINHD

Volume 23, Issue 2

ies.

e In addition to the summer and fall 2010,
fall 2011 and summer 2012 GEM FED
sessions at the GEM and Mini GEM
meetings, the FED FG hosted a Joint
GEM-CEDAR session during the 2011
joint meeting.

SUMMARY: Carlson et al. [2012] list four
factors that cause the high-latitude cusp re-
gion to be sensitive to external energy input.
1) Strong velocity shears and flow channels
near the cusp; 2) Strong vertical expansion
over flow channels; Thermospheric density
response to altitude dependent Joule heat-
ing; and 4) Thermospheric density response
to altitude dependent electron density pro-
file. FG activities investigated deeply items 1
and 4. Work on item 3 was underway as the
FG ended.

Advances for Priority 1: Strong IMF By
and precipitating particle effects. The
origin and influence of dayside strong, con-
fined velocity shears and sunward flow chan-
nels during intervals of large IMF By were
amply demonstrated by: Crowley et al.
[2010], Knipp et al. [2011], Li et al. [2011],
Eriksson and Rastdtter [2013] and Wilder et
al. [2012a, 2012b and 2013]. Several of these
studies showed IMF Bzt+ was also important
in creating localized flow channels. The solar
wind mechanical force and the J x B force
act on the newly opened field high-latitude
field lines created by cusp reconnection to
produce a Pedersen current, which conse-
quently generates an intense Joule heating
region, and a pair of adjacent and opposite
field-aligned currents (FACs) connecting to
the magnetopause currents, forming a closed
circuit. The intense Joule heating region is
also the region with strong downward Poyn-
ting flux. The distribution, scale, and magni-
tude of this Joule heating region and corre-
sponding FACs in the polar regions are
mainly controlled by IMF clock angle, IMF
magnitude, and solar wind dynamic pres-
sure. A northward IMF condition with a
large By component will result in an extend-
ed region with intense Joule heating and
FAC, thus making a spacecraft transiting the

dayside region more likely to observe a
strong downward Poynting flux. Convection
in the flow channels and localized convection
under northward IMF can lead to intense
localized neutral upwelling, as well as large-
scale gravity waves.

The role of soft particle precipitation
in dayside energy deposition also came under
scrutiny and debate. Both Zhang et al. [2012]
and Deng et al. [2013] concluded that while
soft electron precipitation have relatively mi-
nor effects on the interaction between the
magnetosphere and ionosphere, they can sig-
nificantly modify the plasma distribution of
the F-region ionosphere and the neutral den-
sity of the thermosphere. Both papers at-
tempted to quantify the interaction.

Advances for Priorities 2 and 3: Meas-
urements, model-data comparison, solar
wind drivers, magnetospheric structure
and asymmetry, and seasonality. Easy
access to CCMC runs-on-request was crucial
to the success of the Dayside FED FG. The
importance and necessity of satellite constel-
lations (AMPERE and DMSP) for providing
measurements and promoting model-data
comparison cannot be overstated.

Outstanding Issues for Priority 1: The
single most important aspect of unfinished
FG business is the relative roles of Poynting
flux and particle precipitation in the cusp
region.

Outstanding Issues for Priorities 2 and
3: Even with the expanded data coverage
provided by AMPERE and DMSP, several
studies showed that the cusp region with
confined regions of reverse convection were
not covered with sufficient resolution to re-
veal important dynamics (see entries below).
Further, numerous issues such as dynamic
pressure effects; northern-southern hemai-
sphere and day-night asymmetries and sea-
sonal influences were not investigated ade-
quately during the short FG lifetime.

DETAILS: Below are detailed outcomes from
Priority 1, 2 and 3 tasks, as well as the Joint
GEM-CEDAR discussions.
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Outcomes from Priority 1 tasks: Strong
IMF By and precipitating particle ef-
fects. In all meetings of the FED FG there
were active discussions of energy deposition
and field aligned current structures related to
events associated with large IMF By and/or
strong positive IMF By.

Climatology:

To provide a background of FAC struc-
ture and orientation Simon Wing discussed
source regions of dayside FAC based on sta-
tistical analysis of many years of DMSP data.
Wing et al. [2011] found that each FAC sheet
originates from more than one region in the
magnetosphere, depending on the latitude
and the magnetic local time. Region 0 FAC
are located mostly on open field lines. Regionl
FAC mostly map to closed field lines, in morn-
ing and afternoon, but near noon, they map
mostly to the low latitude boundary layer. Re-
gion 2 FAC originate mostly from the central
plasma sheet and boundary plasma sheet and
and inner magnetosphere, all of which are on
closed field lines. Near noon, some R2 may
originate from the low-latitude boundary lay-
er and can be on open or closed field lines.

Art Richmond showed statistical
Poynting flux patterns from DE -2 derived
from 18 months of data. The derived patterns
show net Earth-directed Poynting flux. He
showed that dayside energy deposition domi-
nates for all IMF clock angles.

Delores Knipp presented patterns of
extreme Poynting flux deposition associated
with a large east-west interplanetary magnet-
ic field component, based on DMSP data.
Knipp et al. [2011] demonstrated that high-
latitude Poynting flux was sometimes in ex-
cess of 100 mW/m2—an order of magnitude
above typical values. During intervals of large
IMF By the Poynting flux deposition peaks in
the dayside with the pre/post noon maximum
in Poynting flux depending on IMF By sign. A
significant fraction of these events occur with
high-speed solar wind. The locations of these
extreme events are consistent with the day-
side flows channels discussed in Li et al.
[2011].

Case and Event Studies:

Wenhui Li showed results from an
OPENGGCM study of dayside energy deposi-
tion during northward IMF during the 21
Jan 2005 storm event. He was able to trace
the field lines from the flank-merging region
to the location of strong Poynting flux deposi-
tion shown in the DMSP data by Knipp et al.
[2011]. Li et al. [2011] showed OPENGCM
simulations for several events in late 2004
and in 2005. They conclude that flank merg-
ing is a source of FACs, dayside E x B flow
channels and intense Poynting flux to the
cusp.

Geoff Crowley provided an overview
of thermospheric response from select events.
Crowley et al. [2010] presented evidence of
large thermospheric density effects associat-
ed with localized Poynting flux deposition
based on CHAMP satellite data and simula-
tions using the Thermosphere Ionosphere
Mesosphere Electrodynamics General Circu-
lation Model (TIMEGCM). The TIMEGCM
was driven by high-fidelity high-latitude in-
puts specified by the Assimilative Mapping of
Ionospheric Electrodynamics (AMIE) algo-
rithm, and reproduced the main features of
the density enhancements observed by
CHAMP. This first detailed explanation of a
high latitude density enhancement observed
by CHAMP focused on the August 24, 2005
interval.

Stefan Eriksson reviewed Poynting
flux observations for the 15 May 2005 storm:
He showed the relation between high-
latitude reconnection driven convection and
NBZ currents and further illustrated FACs
adjacent to well-defined flow channels. Sub-
sequently he used DMSP and AMPERE mag-
netic perturbations for the 5 April 2010
storm to show IMF By effects and dawnside
FAC evolution during the early storm phase.
This material is partially reported in a recent
submission by Wilder et al. [2013]. Subse-
quently Stefan Eriksson described Alfvén
Mach number and IMF clock angle depend-
encies of sunward directed ExB flow chan-
nels and their embedded Joule heating rates
in the ionosphere. He showed a BATSRUS
run from CCMC for 15 May 2005, highlight-
ing field aligned currents and flow channels.
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A BATSRUS simulation on the effects of
Alfven Mach number and IMF clock angle on
the location and flow speed magnitude within
the magnetospheric counterparts of such flow
channels is reported in Eriksson and Rastdt-
ter [2013].

Rick Wilder investigated intense
Joule heating, thermospheric upwelling, and
large-scale gravity waves and their associa-
tion with reverse convection under north-
ward IMF for April 5 2010. Wilder et al.
[2012a] used AMPERE and AMIE data to
show that reverse convection under north-
ward IMF could also lead to intense localized
upwelling, as well as large-scale gravity
waves. During intervals of strong northward
IMF there can be intense reverse convection
that produces vertical winds and enhanced
thermospheric density. Large-scale gravity
waves with 700 m/s wave speed and 1000 km
wavelength can arise from the density per-
turbations. The challenge for this event is
separating solar wind dynamic pressure ef-
fects from IMF change effects. Subsequently
Wilder et al. [2012b] used DMSP particle da-
ta and the AMIE convection patterns to show
that the most intense cusp-region Joule heat-
ing occurred on streamlines which crossed
the open-closed boundary. This confirmed the
prediction by Li et al. [2011] that the intense
energy deposition in the cusp on Aug 24,
2005 was driven by reconnection between the
IMF and magnetosphere at high latitudes.
Additionally, Wilder et al. showed that asym-
metric reconnection theory [e.g. Birn et al.,
2008 and references therein] could be used to
predict average ionospheric flow conditions
in the channels where Joule heating was at
its most intense.

Aaron Ridley: Investigated effects of
concentrated dayside energy deposition on
the global and regional thermosphere using a
BATSRUS idealized simulation for 15 May
2005. He also reported neutral density en-
hancements associated with IMF BY and ap-
propriately placed particle deposition.

Modeling:

Yue Deng showed the significance of
different heating mechanisms to the cusp
neutral density enhancement using the Glob-

al Ionosphere Thermosphere Model (GITM)
nonhydrostatic model. She compared effec-
tiveness of Poynting flux and soft particle
precipitation in producing neutral density
enhancements near the cusp. Using a speci-
fied input of Poynting flux of and soft elec-
trons for a GITM simulation, Deng et al.
[2013] showed that the Poynting flux increas-
es the neutral density 34%. While the direct
heating from soft electron precipitation (100
eV) produces only a 5% neutral density en-
hancement at 400 km, the associated en-
hanced ionization in the F-region from the
electron precipitation leads to a neutral den-
sity enhancement of 24% through increased
Joule heating. Thus, the net effect of the soft
electron is close to 29% and the combined in-
fluence of Poynting flux and soft particle pre-
cipitation causes a more 50% increase in neu-
tral density at 400 km, which is consistent
with than CHAMP observations in extreme
cases. The effect of electron precipitation on
the neutral density at 400 km decreases
sharply with increasing characteristic energy
such that 900 eV electrons have little effect
on neutral density. Deng et al., [2013] con-
clude that the altitudinal distribution of en-
ergy input is important to neutral upwelling
and TEC distribution and that soft particle
deposition into the upper F region cusp is a
very efficient heat source.

Brent Sadler (presented by M. Les-
sard): Sadler et al., [2012] investigated soft
electron precipitation effects at higher alti-
tude using the Otto model. In the model au-
roral precipitation and Joule heating heat
ambient electrons. The electron gas expands
upward and the ions are pulled upward by
the electric field. JTon momentum drags the
neutrals upward. The estimated “cooking
time” for this effect is 10-30 min: Electron
temperatures rise in 1-3 min and upward ion
velocity increases in 3-5 min. This should
drive ion outflow and possibly enhanced neu-
tral density structures in the F-region.

Binzheng Zhang discussed the roles
of particles in heating the dayside near-cusp
region. He used the coupled magnetosphere-
ionosphere thermosphere model
(LFM+TIEGCM = CMIT) to investigate the
effects of precipitating soft electrons. Zhang
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et al. [2012] included two types of soft elec-
tron precipitation - direct-entry cusp precipi-
tation and Alfvén-wave induced, broadband
electron precipitation - the effects of which
were self-consistently included in a coupled
global simulation model. Simulations show
that while both types of soft electron precipi-
tation have relatively minor effects on the
interaction between the magnetosphere and
ionosphere, they can significantly modify the
plasma distribution of the F-region iono-
sphere and the neutral density of the ther-
mosphere. Enhancements in F-region elec-
tron density and temperature and bot-
tomside Pedersen conductivity caused by soft
electron precipitation are shown to enhance
the Joule heating per unit mass and the
mass density of the thermosphere at F-region
altitudes. The simulations provide a causal
explanation of CHAMP satellite measure-
ments of statistical enhancements in thermo-
spheric mass density at 400 km altitudes in
the cusp and pre-midnight auroral region.

Ramon Lopez suggested that some
of the FAC associated with the large dayside
energy deposition events originate at the
bowshock during intervals of low Mach num-
ber [Lopez et al., 2011].

Bob Strangeway discussed earlier
work that related cusp-region FACs to IMF
By control and ion outflow using FAST data
and. Paul Song discussed heating in the
cusp region during northward IMF. Betsy
Mitchell showed evidence from her Ph.D.
dissertation that IMF By decouples energy
input into the ionosphere from energy input
into the inner magnetosphere. This is the
subject of a soon-to-be-submitted manuscript.

Outcomes from Priority 2 and 3 tasks:
Measurements and model-data compari-
son _and Solar wind drivers, magneto-
spheric structure and asymmetry, sea-
sonality. In addition to the model data com-
parisons associated with task 1, the following
investigations shed light on the relation be-
tween enhanced dayside field-aligned cur-
rents, their sources in the solar wind and
their 1impacts in the ionosphere-
thermosphere system.

Crowley et al. [2010] used TIMEGCM

and AMIE to provide a global framework for
interpretation of the CHAMP densities.
These simulations revealed that the observed
density enhancement in the dayside cusp re-
gion results from unexpectedly large
amounts of energy entering the Ionosphere-
Thermosphere system at cusp latitudes dur-
ing an interval of strong (+20 nT) By. The key
data input in the AMIE runs was the DMSP
data. When only magnetometers were ingest-
ed, the corresponding potential patterns were
much smoother and the cross-cap potential
was underestimated, and a thermospheric
model driven by such AMIE patterns was
unable to reproduce the Joule heating peak
in the noon sector, and as a result failed to
produce the observed density enhancement.

Gang Lu showed distributions of
FACs and Poynting Flux under northward
and southward IMF. She compared the indi-
vidual satellite measurements with the glob-
al maps of Poynting flux derived from AMIE
for November 2004 storm, and showed that
even with 2 concurrent DMSP satellites
(DMSP F-15 and F16), their coverage was
not adequate to describe the full global ener-
gy storm deposition. She also showed dayside
energy deposition during northward IMF and
large east-west IMF. These results were re-
ported in Deng et al. [2009].

Eric Lund presented sounding rocket
measurements of electron heating in associa-
tion with field-aligned currents and soft pre-
cipitation measured by the SCIFER rocket
launch on 18 Jan 2008 over Svalbard. The
rocket had an apogee of 1468 km. The rocket
payload included a sensor that is designed to
measure the temperature of thermal elec-
trons. Lund et al. [2012] show that elevated
electron temperatures measured in situ are
correlated with electron precipitation as in-
ferred from auroral emissions (poleward
moving forms) during the 60-120 s preceding
the passage of the rocket. This integrated
“cooking time” is an important factor in de-
termining the origin and resulting flux of
outflowing ions.

Lasse Clausen showed global Poyn-
ting flux derived from SuperDARN and AM-
PERE measurements. He used SuperDARN
and AMPERE to get 2-min average Poynting
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flux. He showed example from 20 Dec 2010.
He concluded that the AMPERE coverage
may miss confined reverse-convection at high
latitudes.

Slava Merkin used AMPERE, Super-
DARN, and a Lyon-Fedder-Mobarry (LFM)
global MHD simulation to deduce ionospheric
electrodynamics. He reconstructed the poten-
tial distribution from AMPERE and com-
pared this with SuperDARN. AMPERE and
Super-DARN can help confirm conductances
by rotations of flow vectors. The AMPERE
data show NBZ system during August 3-4
2010 in the sunlit hemisphere. Using LFM,
he mapped a Poynting flux patch in northern
hemisphere to reconnection site in opposite
hemisphere. Subsequently he compared
(AMPERE) data and an ultra-high resolution
(~60 km in the ionosphere) LFM simulation
for an interval during the August 3-4 2010
storm, wherein there was a solar wind dy-
namic pressure jump and a south to north
rotation of the IMF Bz component with By
<0. The LFM and AMPERE current patterns
showed remarkable agreement during this
period. The dayside peak of the upward cur-
rent moved from post-noon to pre-noon in re-
sponse to the IMF Bz rotation. He showed
that the magnetic perturbations underlying
AMPERE patterns were consistent with the
simulated response. He also noted that, par-
ticularly during northward IMF conditions, if
the orbit crossing point is far from the locus
of the NBZ current system, the AMPERE fit
may not capture the true geometry of the
currents because the pole of the inversion
basis functions is at the orbit crossing point
rather than the magnetic pole. The new gen-
eration of AMPERE inversions fixes this
problem by putting the basis function pole at
the magnetic pole.

Delores Knipp showed dayside
DMSP Poynting flux and soft particle asym-
metries and compared those to CHAMP neu-
tral enhancements. For all years and most
conditions the enhancements were stronger
in northern hemisphere cusp than in south-
ern hemisphere cusp. As suggested by Art
Richmond’s climatology study in many in-
stances the cusp energy deposition over-
whelms the nightside energy deposition.

Temporal variability of this effect is under
investigation. She also showed dayside ener-
gy deposition for slow flow, high-speed
streams and solar ejecta. High- speed
streams compete with ejecta as the dominant
dayside energy driver.

Outcomes from the Joint GEM-CEDAR
2011 Session. The joint GEM-CEDAR ses-
sion supported a number of cross-disciplinary
discussions that extended into investigations
reported at the summer 2012 GEM meeting.

Herb Carlson showed 2-min resolu-
tion data from the EISCAT radar that likely
contained Flux Transfer Events. (FTEs). The
FTE'’s should pull solar-produced plasma into
polar cap and create patches that give rise to
polar cap scintillation. He suggested that
poleward moving forms with signatures of
particle flash are indicators of FTEs. Carlson
et al. [2012] addressed four key aspects of
cusp upwelling: 1) Ubiquitous strong velocity
shears and flow channels near the cusp; 2)
Strong vertical expansion over flow channels;
Joule heating is a strong function of altitude;
and 4) Thermospheric density response is
strongly dependent on the electron density
profile. Together these factors help explain
the 10-50% cusp neutral density enhance-
ments reported by Luhr et al. [2004].

Juan Rodriguez: Discussed auroral
forms that extend equatorward from the per-
sistent midday aurora during geomagnetical-
ly quiet periods. He showed data from a 630
nm allsky imager near the cusp. The auroral
forms appeared equatorward of cusp near
noon with east-west extent of 1000 km.
These are possible flux transfer events. He
also showed additional events called
“crewcut” events. These are quiet-time auro-
ral features extending equatorward from the
dayside oval during negative Bx and By-
dominated conditions.

Chin Lin: Showed polar cap neutral
density enhancements observed by the
CHAMP accelerometer. He surveyed
CHAMP neutral density data and searched
for density perturbations that were two sig-
ma or more above the previous 24-hour orbit
average. He found a tendency for long lasting
perturbations on dayside and near dawn. The
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tendency appears to have strong IMF By
modulation. Further the high-latitude densi-
ty peaks occur in summer hemisphere in
2001-2005.

Dan Weimer reviewed measure-
ments and predictions of thermospheric tem-
perature changes based on work he has done
with drag data provided by US Space Com-
mand. He reported good global agreement
from the empirical model.

Yi-Jiun Su discussed the high-
altitude energy input to the thermospheric
dynamics: for the August 4-7 2011 storm
event. She compared density from DMSP and
GRACE sensors, the High Accuracy Satellite
Drag Model (HASDM), and the JB2008 and
JB2008-with-Weimer-2005 models. She re-
ported that the thermosphere responded im-
mediately as the solar wind energy began to
deposit energy into the high-latitude region;
however, it took 6 hours to reach the maxi-
mum of the thermospheric energy. The ther-
mosphere did not return to pre-storm level
for a very long time. She estimated that the
high latitude system transferred 3x10¢ J of
energy to 2.5x1016 J of heat—very efficient
heat transfer.

Jiannan Tu: Discussed the time
scales of dynamic Magnetosphere-Ionosphere
-Thermosphere coupling. He characterized:

e Short time scale= Alfvén wave travel
time
e Intermediate time scale = 10-20 min for
quasi steady state
e Long time scale > 1 hr for steady state of
entire M-I-T system
He reported most energy deposition is during
intermediate time scales. Tu et al. [2011] in-
vestigated convection-driven ionosphere-
thermosphere (I-T) heating using a three-
fluid inductive approach. The M-I-T coupling
was via a 1-D stratified atmosphere. They
reported the heating to be essentially fric-
tional in nature rather than Joule heating, as
commonly assumed. The heating rate reach-
es a quasi-steady state after about 25 Alfvén
travel times. Further, the dynamic heating
rate can be more than twice greater than the
quasisteady state value. The heating is
strongest in the E-layer but the heating rate
per unit mass is concentrated around the F-

layer peak height. This implies a potential
mechanism of driving O* upflow from O* rich
F-layer. They also reported that the I-T heat-
ing caused by the magnetosphere-ionosphere
coupling can be simply evaluated through the
relative velocity between the plasma and
neutrals without invoking field-aligned cur-
rents, ionospheric conductance, and electric
field.

Athanasios Boudouridis presented
a case study of the effect of solar wind dy-
namic pressure fronts on dayside field-
aligned currents and thermospheric density
for April 5 2010 using CHAMP data and
TIMEGCM simulations. The challenge is to
separate pressure pulse effects from IMF ef-
fects and determine their relative im-
portance, since often both happen at same
time. The pressure and IMF front passed
ACE at ~ 0830 UT. The first responses were
in the post-noon/afternoon MLT sector; these
appear to coincide with intense FACs and
Joule heating as produced in the AMIE pro-
cedure. The CHAMP and TIMEGCM results
show enhanced neutral density in the same
general region, but the magnitudes of the
perturbations are not yet in agreement. The
associated traveling atmospheric disturbance
traveled to the equator in ~ 3.5 hr. More ef-
fort will be devoted to determining how com-
mon the response is and to determining the
relative roles of the changing IMF and dy-
namic pressure.
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Near-Earth Magnetosphere: Plasma, Fields, and
Coupling Focus Group (2007-2012):
Final Report

Sorin G. Zaharia,! Stanislav Sazykin,2* and Benoit Lavrauds3

Introduction

Throughout its lifetime (2007-2012),
the GEM focus group “Near-Earth Magneto-
sphere: Plasma, Fields, and Coupling” served
as a primary forum within the GEM struc-
ture for discussion and exchange of ideas re-
garding the physics of the inner magneto-
spheric plasmas (of ring current energies)
and electromagnetic fields and connections of
the inner magnetosphere to the plasma sheet
and to the ionosphere. The focus group was
proposed to the GEM Steering Committee in
December 2006, and after its approval at the
December meeting of the Steering Commit-
tee, it held its first sessions at the 2007 sum-
mer workshop. The focus group met every
year at summer workshops and AGU
(December) mini-workshops, with the final
sessions held in 2012.

The group brought together inner
magnetospheric modelers and experimental-
ists, facilitated discussions of unsolved ques-
tions, fostered cross-model comparisons, and
provided floor for stimulating debates. The
organizers wish to deem it a success, as a
number of questions were answered, novel
insights regarding the inner magnetosphere
were obtained, new data sets were used to
challenge the modelers, and common ground
truth was established for a variety of first-
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principles models. These (but not all)
achievements, which were facilitated (or at
least the organizers hope so) by the existence
of the focus group, are summarized briefly in
the rest of this report.

The broad goals of the focus group were:

e To characterize large-scale electric and
magnetic fields in the inner magneto-
sphere

e To understand how plasma sheet proper-
ties control the dynamics of the ring cur-
rent

e To improve first-principles models of the
inner magnetosphere by including physi-
cal self-consistency between the plasma
and fields

The following science questions were tar-

geted by the focus group:

e What are the effects of including self-
consistent magnetic field in ring current
models?

e What are the magnitudes of inductive
electric fields in the inner magneto-
sphere?

¢ How do plasma sheet parameters and
their cross-tail variations control ring cur-
rent dynamics?

e What are the relative roles of various par-
ticle loss processes?

¢ How can convective electric field patterns
be specified empirically in a more accu-
rate fashion?

The list of deliverables expected at the con-

clusion of the focus group included:

e Modules (numerical models) for the inner
magnetosphere with self-consistent fields
and plasmas

e Empirical maps of convection -electric
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fields
e Global maps of magnetic fields (modeled
and empirical) for different geomagnetic

conditions
e Understanding of the dependence of inner
magnetospheric dynamics on plasma

sheet properties

In what follows we briefly summarize some
of the progress made to address these goals.
Our emphasis is on surveying overall pro-
gress, with some examples illustrating major
accomplishments. More details can be found
in the publications cited and listed at the
end.

Accomplishments

1. Development of Inner Magnetospher-
ic Models.

The focus group commenced its activi-
ty shortly after the end of the GEM “Inner
Magnetosphere/Storms” campaign. At the
time, most inner magnetospheric models
(some of them sometimes also called ring cur-
rent models) did not have fully consistent
electric and magnetic fields. These models
underwent significant improvements during
the lifetime of the focus group. In the first
column of Table 1, we list some of the models
that were discussed as part of the focus
group work.

Major development of most of these
numerical codes resulted in addition of new
inputs, physics modules, or numerical meth-
ods. The 3rd, 4th, and 5th columns list the
status of basic physics modules as of 2012
(information in Table 1 is supposed to be il-
lustrative but not comprehensive).

2. Development of coupled models

In addition to standalone inner mag-
netospheric models (I/M), the focus group
provided forum for discussion of and collabo-
ration in development of coupled models of
geospace that incorporated inner magneto-
sphere into global magnetospheric models.
Table 2 lists several such examples, with re-
ported additions and accomplishments listed
in the rightmost column.

12

3. Empirical Field and Plasma Models

Empirical models of the inner magne-
tospheric electrostatic potential electric field
[Matsui et al., 2008; Puhl-Quinn et al., 2008;
Matsui et al., 2010] were developed from
Cluster data for use with ring current models
that do not provide self-consistent electric
field solutions [e.g., Jordanova et al., 2009].
A standing challenge in designing such glob-
al characterization of convection is inclusion
of subauroral polarization stream (SAPS)
narrow flow channels and transient region-2
Birkeland currents shielding effects. SAPS
electric fields structures are routinely ob-
served with high-resolution HF radars
[Baker et al., 2007; Greenwald et al., 2008;
Clausen et al., 2012].

Two recently developed empirical
models of the magnetospheric magnetic field
[T'syganenko and Sitnov, 2007; Kubyshkina et
al., 2008; Sitnov et al., 2008] were used by
the modelers to provide data-based input for
event simulations. Use of empirical dynamic
models was proven to be an improvement
over static magnetic field models [Fok et al.,
2010; Ganushkina et al., 2010]; however, the
morphology of the currents implied by empir-
ical models is not always straightforward to
interpret [Sitnov et al., 2010].

Empirical models of the plasma sheet
were also developed and analyzed that could
be used to set boundary conditions on the
nightside high-L boundaries of simulations
[Guild et al., 2008; Lemon and O’Brien, 2008;
Wang et al., 2009; Wang et al., 2010; Wang et
al., 2011]. A way to estimate ion tempera-
tures in the plasma sheet from ENA observa-
tions [Keesee et al., 2011; Keesee et al., 2012]
provided an alternative way to specify ion
temperature boundary condition for modeling
the inner magnetosphere.

4. Understanding Inner Magnetospheric
Dynamics

Self-consistent magnetic field

Modeling studies of idealized and real
event simulations with codes that compute
magnetic field self-consistent with the plas-
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Table 1. Inner magnetospheric models used as part of the Near-Earth Magnetosphere (NEM)
focus group work during 2007-2012.

Model/Institution Modeling E-field B-field Auroral Development dur-
region Conduct- | ing lifetime of fo-
(nightside) ance cus group

CRCM L<12 Self- Empirical Empirical Developed parallel

(GSFC) [Buzulukova et consistent version

al., 2010a; Fok et al.,

2010]

RAM-SCB (LANL) L<10 Empirical Self- N/A Completed full cou-

[Zaharia et al., 2008; consistent pling between ki-

Jordanova et al., 2010; netic ring current

Jordanova et al., 2012; model and 3-D B-

Yu et al., 2012] field equilibrium
solver. Added in-
duced E-fields

RCM L<25 Self- Empirical Self- Addition of new

(Rice) [Yang et al., consistent consistent empirical B-field

2008; Zhang et al., models, plasma

2008; Zhang et al., sheet boundary

2009a; Zhang et al., conditions.

2009b]

RCM-E L<25 Self- Self- Self- Addition of MLT-
(Rice) [Yang et al., consistent consistent consistent varying outer plas-
2011a; Yang et al., ma boundary condi-

2012] tion

RCM L<25 Self- Self- Self- New data-based

(UCLA) [GEioulidou et consistent consistent consistent outer plasma

al., 2009; Gkioulidou et boundary condi-

al., 2011; Wang et al., tion, self-consistent

2011; Gkioulidou et al., B-field

2012]

RCM-E (Aerospace) L<10 Self- Self- Self- New numerical

[Chen et al., 2012] consistent consistent consistent methods to solve
for B-field consist-
ently, addition of
new plasma bound-
ary condition.

HEIDI L<6.6 Self- Arbitrary Empirical Reformulation for

(UMich) [Ilie et al., consistent general B-field; ad-

2012a; Ilie et al., 2012b] or empiri- dition of new mod-

cal els of geocorona for

charge-exchange

IMPTAM L<6.6 Empirical Empirical N/A Addition of new

UMich [Ganushkina et
al., 2012a; Ganushkina
et al., 2012b]

event-based empiri-
cal B-field model
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Table 2. Coupled geospace models with an inner magnetospheric module discussed during the
lifetime of the focus group.

Model Nature of coupling

Source Achievements

RAM-SCB in SWMF Global MHD drives

I/M+self-consistent

Inclusion of ion
composition in I/M

[Zaharia et al., 2010]

B-field improves model
predictions.
RCM in SWMF Global MHD with [Ganushkina et al., Better prediction
I/M, full coupling 2010; Rastdtter et al., of B-field at geo
2013] orbit.
CRCM in SWMF Global MHD with [Buzulukova et al., Full pitch-angle
I/M, full coupling 2010b; Meng et al., anisotropy in the
2012; Glocer et al., ring current. Ani-
2013] sotropic MHD
LFM-RCM Global MHD with I/M | [Pembroke et al., 2012] | Prediction of en-
module, full coupling tropy bubbles.
OpenGGCM with Global MHD with [Hu et al., 2010; Hu et Simulations sug-
RCM I/M, full coupling al., 2011] gest that entropy

violation
(“antidiffusion”)
precedes onset re-
connection in sub-
storms.

ma pressure [Zaharia, 2008; Wu et al., 2009;
Gkioulidou et al., 2011; Chen et al., 2012]
showed conclusively that inclusion of a self-
consistent magnetic field instead of a pre-
scribed field leads to lower ion flux levels in
the ring current and brings model predic-
tions in closer agreement with observed val-
ues of ion fluxes [Jordanova et al., 2010;
Gkioulidou et al., 2011; Yang et al., 2011a;
Chen et al., 2012]. Furthermore, self-
consistent magnetic field calculations are
necessary to reproduce ground-based signa-
tures of entropy channels used to approxi-
mate effects of the substorm expansion phase
in the inner magnetosphere [Yang et al.,
2011b; Yang et al., 2012].

Role of plasma sheet properties
Specification of the plasma sheet
properties on the outer boundaries of inner
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magnetosphere models is another crucial

physical input needed for ring current mod-

eling. Simulations with several different
models consistently show that:

¢ Formation of cold and dense plasma
sheet following favorable geomagnetic
conditions [Lavraud and Jordanova,
2007; Guild et al., 2008; Li et al., 2008]
leads to the development of the ring cur-
rent with its peak pressure higher in val-
ue and located closer to Earth [Lavraud
and Jordanova, 2007; Jordanova et al.,
2009; Jordanova et al., 2010; Zheng et
al., 2010; Chen et al., 2012; Jordanova et
al., 2012].

e Allowing the properties of the plasma
sheet to vary in MLT has a noticeable
effect on the storm-time ring current
[Lavraud et al., 2008] allowing more effi-
cient ring current injection in the post-
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midnight sector. Furthermore, variations
of the plasma moments in MLT were
found necessary to model sawtooth oscil-
lations [Yang et al., 2008] and substorm-
related particle injection [Zhang et al.,
2008; Zhang et al., 2009a; Zhang et al.,
2009b].

Inductive electric fields

Zaharia et al. [2008] analyzed the role
of induced electric fields, showing for a mod-
erate storm that their role on ring current
particle injection can be important at the
peak of the main phase of a storm. A limita-
tion of that study was the 1-hr interval for
time changes — more recent work allowing 5
min. time steps for the B-field change show
much stronger induced electric field effects at
the peak, but also during the storm recovery
phase. Aside from storms, [Zhang et al.,
2008; Zhang et al., 2009b] found that in an
isolated substorm, transport from the plasma
sheet into the ring current is primarily due
to the induced electric fields combined with
gradient-curvature drifts. Thus, the role of
inductive electric field can be important and
depends on the type, phase and strength of
geomagnetic activity.

Self-consistent electrodynamics

Simulations that include self-
consistent electric field, Birkeland currents,
and auroral precipitation were used to show
that the ionospheric region of Harang discon-
tinuity around midnight MLT can be ex-
plained in terms of differential gradient-
curvature drifts and their role on formation
of region-2 Birkeland currents [Gkioulidou et
al., 2009]. Another successful application of
inner magnetospheric modeling with self-
consistent electrodynamics was prediction of
formation of SAPS channels and their time
evolution in good agreement with Super-
DARN HF-radar observations [Clausen et al.,
2012].

Role of loss processes
Relative roles of various loss processes
in the ring current (charge exchange with

15

geocorona, precipitation into the atmosphere
due to pitch-angle scattering into the loss
cone) were quantified to various degrees. In
spite of recent progress, much remains to be
learned about the magnitudes and time
scales of these processes. While charge-
exchange is a rather slow loss process for
ring current particles, simulations of [Ilie et
al., 2012b] indicated that loss rates are sensi-
tive to the assumed empirical models of geo-
corona. Another source of uncertainty is the
assumed rate of precipitation of plasma sheet
and ring current electrons and their control
of auroral conductance [Gkioulidou et al.,
2012] and of higher-energy electrons that
serve as the seed population for radiation
belts [MacDonald et al., 2008]. Furthermore,
[Siscoe et al., 2012] pointed out a seemingly
MLT-dependent decay of the storm-time ring
current unexplained by the existing theory or
modeling. These results suggest that under-
standing of losses and their relative roles re-
mains an open question.

Connections to other GEM FGs

The focus group collaborated with the
GGCM Metrics and Validation (M&V) focus
group in running a challenge that was part of
the overall GEM 2008-2009 challenge and
focused on the Dst prediction. Several inner
magnetospheric models were run for the four
selected storm intervals with various inputs,
boundary conditions, and configurations. Re-
sults were archived in the CCMC online ar-
chive (http://ccme.gsfc.nasa.gov/support/
GEM metrics 08/index.php), with initial
overview of results published by [Rastditer et
al., 2013]. Some of the work related to loss of
ring current particles due to precipitation
due to wave-particle interaction was covered
more extensively by the concurrent focus
group “Diffuse Aurora”.

Summary and Outlook

At its conclusion, the focus group has made
significant contributions to all the science
goals set in the beginning. As its legacy, it
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leaves a number of inner magnetospheric
models that received major improvements
(both in terms of physics and numerical
methods) from its developers. It also facilitat-
ed coupling several of these models with
more global, MHD-based models of geospace.
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Plasma Entry and Transport into and within the
magnetotail (PET) Focus Group (2008-2012):
Final Report

Simon Wing!, Jay R. Johnson?, and Antonius Otto3

Abstract. The GEM Plasma Entry and
Transport into and within the magnetotail
(PET) focus group’s goal was to improve un-
derstanding of the magnetotail—how it is
populated and how plasma is redistributed
by physical processes that occur in the mag-
netotail. The plasma sheet is primarily pop-
ulated by the solar wind. Three solar entry
mechanisms are examined: (1) double cusp
reconnection [Song and Russell, 1992], (2)
KHI [e.g., Otto and Fairfield, 200], and (3)
KAW [Johnson and Cheng, 1997]. These
three mechanism have been shown to be ef-
fective at transporting solar wind particles
into the magnetotail during northward IMF,
although KHI and KAW can also operate at
other IMF orientations. All three mecha-
nisms can efficiently fill the plasma sheet
with cold dense ions during northward IMF.
However, the double cusp reconnection entry
rate is proportional to ~ns:%% whereas KAW
and KHI entry rate is proportional to ~ng.
Observations of the dawn-dusk density and
temperature asymmetries suggest that KAW
may be important in heating particles at the
dawn flank magnetopause. Solar wind en-
trees lower the specific entropy (s=p/p’) along
the flanks. Temperatures and specific entro-
pies increase when the solar wind particles
are transported across the magnetopause,
but ion-to-electron temperature ratio 1is
roughly conserved. The plasma sheet may
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also be populated by ionospheric outflows
that result from transverse ion heating,
Alfven Poynting fluxes, wave-particle inter-
actions associated with field-aligned cur-
rents, centrifugal acceleration, ambipolar
outflows associated with photoionization of
electrons. Within the plasma sheet,
transport is primarily controlled by the di-
rection of the IMF leading to a relatively
cold, dense, stagnant population during
northward IMF conditions with relatively
slow inward transport towards the center of
the plasma sheet. During southward IMF
conditions transport is dominated by inter-
mittent periods of fast magnetospheric con-
vection such as fast flows and dipolarizations
associated with substorms. Turbulence is a
common property in the mid- to far-tail and
tends to dominate transport processes in
those regions. Transport within the plasma
sheet has been described with MHD models,
which conserve entropy. Total entropy (pV")
conservation provides important constraints
on the accessibility of plasma to the plasma
sheet and governs the redistribution of plas-
ma when flux tubes are depleted of total en-
tropy due to nonadiabatic processes such as
reconnection, plasma diffusion, and wave-
particle interactions. The PET focus group
used the framework of entropy to examine
plasma entry, magnetotail transport, fast
flows, and magnetotail state transitions as-
sociated with substorms. Finally, the PET
focus group also included discussion of com-
parative magnetotails, such as Jupiter and
Saturn, considering similarities and differ-
ences with Earth’s magnetosphere.

Keywords: solar wind entry, ion outflows,
particle transport, reconnection, Kelvin-
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Helmholtz, Kinetic Alfven wave (KAW), en-
tropy, fast flow, turbulence, ion to electron
temperature ratio.

1. Introduction

The Earth’s magnetosphere on the
nightside is stretched out in an elongated
fashion that resembles a tail like configura-
tion, which is often referred to as magneto-
tail. The magnetotail is fundamentally im-
portant for understanding dynamical pro-
cesses In the magnetosphere such as geomag-
netic storms and substorms. A region in the
magnetotail that is usually characterized by
high plasma density (n > 0.5 cm-3) and high
plasma b is called the plasma sheet, which is
an important source population for ring cur-
rent, energetic outer radiation belt particles,
and auroral precipitation.

It is believed that there are only two
plasma sources for the plasma sheet namely,
the solar wind and the ionosphere. Their rel-
ative importance depends on solar wind and
geomagnetic conditions.

It has been argued based on observa-
tions that the ionosphere is a fully adequate
source to populate the magnetosphere
[Chappell, 1987]. Welling [PET, 2009]
showed global simulations in which the iono-
sphere was the primary source of the plasma
sheet for southward IMF, while the solar
wind was the primary source for northward
IMF.

On the other hand, it is well estab-
lished that plasma sheet properties such as
density, pressure, and temperature are corre-
lated with solar wind conditions [e.g., Bo-
rovsky et al., 1998a; Terasawa et al., 1997,
Wing and Newell, 2002; Nagata et al., 2008].
For example, Wang [PET, 2006] reported
that higher solar wind velocity increases
plasma sheet temperature and higher solar
wind density increases plasma sheet density.
Plasma sheet energetic electrons are correlat-
ed with solar wind velocity, but not solar
wind energetic electrons or IMF [Burin des
Roziers et al., 2009; X. Li, PET, 2008].
Yiqun Yu [PET, 2007] showed that plasma
sheet thermal pressure correlates with solar
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wind Vx, but not dynamic pressure. Howev-
er, the path the solar wind takes to reach the
plasma sheet and the plasma transport with-
in the plasma sheet are still a major unre-
solved question in space physics.

During southward Interplanetary
Magnetic Field (IMF), reconnection can occur
at the low latitude magnetopause on the day-
side where the IMF and the Earth’s magnetic
field line are nearly anti-parallel [Crooker,
1979]. After reconnection, the open field
lines would convect to the nightside toward
the lobe region. Because of the solar wind
duskward electric field, these open field lines
would ExB drift to the equatorial region
where they would once again reconnect [e.g.
Pedersen et al., 1985]. This process is depict-
ed in Figure 1. Once reconnected, the field
line, which is filled with magnetosheath plas-
ma, becomes part of the plasma sheet. In
essence, the magnetosheath plasma is now
captured in the plasma sheet. Subsequently,
this newly closed field line would ExB con-
vect sunward to the dayside, returning the
magnetic flux back to the dayside. This pro-
cess is known as the Dungey cycle [Dungey,
1961], although the solar wind entry into the
plasma sheet during southward IMF can be
more complicated than the Dungey cycle and
can involve other processes.

Figure 1. (from Figure 11 of Pedersen et al.
[1985])
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In the anti-parallel merging model
[Crooker, 1979], the reconnection would oc-
cur at high-latitude poleward of the cusp in
the lobe during northward IMF. After the
reconnection, the footpoint of the newly re-
connected field line would initially move sun-
ward before being swept away to the
nightside, but the solar wind electric field is
dawnward, instead of duskward for south-
ward IMF case. So, the entry mechanism for
northward IMF would not be as simple and
straightforward as the scenario portrayed in
the Dungey cycle. The intrigue and the diffi-
culty only deepened when it was discovered
that compared to southward IMF conditions,
more solar wind particles enter the magneto-
tail during northward IMF conditions, which
can lead to the formation of cold, dense plas-
ma sheet [e.g., Terasawa et al., 1997; Fujimo-
to et al., 1998; Wing and Newell, 2002; Stenu-
it et al., 2002].

It turns out, reconnection can still
play an important role in transporting solar
wind plasma into the magnetotail during pe-
riods of northward IMF. A special case of
high latitude reconnection, where the Earth’s
field lines are reconnected at both hemi-
spheres, forming a newly closed field line
filled with magnetosheath plasma [Song and
Russell, 1992; Le et al., 1996; Sandholt et al.,
1999; Fuselier et al., 2002]. Magnetohydro-
dynamic (MHD) simulations have been per-
formed to show that this process can effec-
tively bring magnetosheath plasma into plas-
ma sheet [Raeder et al., 1995; 1997; PET,
2009]. This process is depicted in Figure 2,
which shows the time sequence of the newly
field line from the time of reconnection to the
convection to the magnetotail flank in an
MHD simulation [Li et al., 2005; PET, 2007].
Initially, the newly closed dayside field line
would move sunward and then it would move
tailward to the flanks. In MHD simulations,
this whole process can take about 90 min [Li
et al., 2008]. Oieroset et al. [2005] reported a
fairly good agreement in temperature and
density between an MHD simulation and
Cluster satellite observations in a case study.
MHD simulations for northward IMF condi-
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Figure 2. (from Li et al. [2005])

tions replicate the development of a low-
latitude boundary layer detected by the five
THEMIS spacecraft as they encountered the
magnetopause boundary [Li et al., 2009].

Another possible solar wind entry mecha-
nism is Kelvin-Helmholtz Instability (KHI).
Kelvin-Helmholtz waves grow along an inho-
mogeneous velocity shear layer (as found on
the flank magnetopause) and eventually de-
velop a rolled up vortex pattern in density
and magnetic field, as illustrated in Figure 3.
KHI has been successfully simulated with
MHD code [e.g., Otto and Fairfield, 2000;
Nakamura and Fujimoto, 2005; Nykyri and
Otto, 2001; Nykyri et al., 2006; Guo et al.,
2010]. Signatures of these vortices have
been found on the dusk and dawn flanks of
the magnetosphere [e.g., Fairfield et al.,
2000; Fujimoto et al., 2003; Hasegawa et al.,
2006]. KHI periodically compresses the mag-
netopause current sheet, setting up condi-
tions for reconnection to occur [Otto, PET,
2006]. Moreover, reconnection in the nonlin-
ear stage of the K-H instability could lead to
the detachment of plasma from the vortex
structures, leading to significant magneto-
pause transport [e.g., Otto and Fairfield,
2000; Nykyri et al., 2006]. Hybrid simulations
have indicated that ion blobs could become
detached from the vortex structure of the K-
H instability and could provide filaments,
producing a mixing of plasma in the shear
layer [Thomas and Winske, 1991; 1993; Fu-
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Figure 3. (from Hasegawa et al. [2004Db])

jimoto and Terasawa, 1994; 1995]. Hasega-
wa et al. [2006] has developed criteria for de-
tecting rolled up KH vortices with a single
spacecraft that can be implemented as an
automated computer algorithm.
Large-amplitude Alfvén waves have
also been observed on the magnetospheric
boundary [e.g., Tsurutani et al., 1982; La-
Belle and Treumann, 1988; Anderson and
Fuselier, 1994]. There is evidence that the
waves could be the result of mode conversion
of magnetosheath compressions in the sharp
magnetopause gradients at the magneto-
pause [Lee et al., 1994; Johnson and Cheng,
1997; Johnson et al., 2001]. Because the
wavelength of the mode converted waves are
on the order of the ion gyroradius, they can
lead to efficient convective and diffusive
transport of ions across the magnetopause,
as illustrated in Figure 4 [Johnson and
Cheng, 1997; Chen, 1999; Chaston et al.,
2008]. The mode conversion process has
been simulated with 2D hybrid simulations
[Lin et al., 2010] showing linear mode con-
version, and 3D simulations [Lin et al., 2012]
showing nonlinear decay of the mode con-
verted waves such that transport is greatly
enhanced because of the development of
modes with large azimuthal wave number.
These three processes are not neces-
sarily mutually exclusive and have all been
demonstrated to be capable to transport plas-
ma across magnetic boundaries. For exam-
ple, KH waves can excite KAW [Sibeck et al.,
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Figure 4. (Johnson, PET, 2010)

1999]. KAWs have been observed in conjunc-
tion with reconnection and Kelvin-Helmholtz
structures [Chaston et al., 2005, 2007, 2009]
and [PET, 2007]. Nishino et al. [2007] also
observed bidirectional electrons and cold pro-
tons inside a KH vortical structure, which
they interpreted as a signature of reconnec-
tion. Additionally, they observed electron
and ion heating, which they attributed to
wave-particle interactions such as KAW
heating [Johnson and Cheng, 1997]. Taylor
and Lavraud [2008] found that there could
be three distinct ion populations, which can
be interpreted as evidence for KAW, KHI,
and reconnection processes. KHI and KAW
can also play significant roles in the plasma
entry during southward IMF. Nykyri [PET,
2009] also presented three component ions
with similar interpretation.

It has been a challenge to distinguish
which of these three mechanisms can play a
more significant role and under what condi-
tions. Recent observations have attempted
to identify several potential discriminators
based on both in situ and remote sensing
methods. One of the potential discriminators
is the filling rate. Each entry mechanism
may lead to a different entry or filling rate.
Another potential discriminator is the dawn-
dusk asymmetries. Dawn-dusk asymmetries
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are particularly interesting because they
may be related to how upstream boundary
conditions (e.g. Parker spiral magnetic field
orientation) affect the various entry mecha-
nisms, which can be tested by observation
and theory. Another potential discriminator
1s the specific entropy or entropy per unit vol-
ume (p/n’ where vy is polytropic index).
Changes in the entropy profiles may be indi-
cators that nonadiabatic processes are oper-
ating in conjunction with plasma transport,
and how the entropy changes is likely related
to the entry mechanism.

While cold plasma is preferentially
observed in the plasma sheet during periods
of northward IMF, hot plasma is preferen-
tially observed during periods of southward
IMF. However, both hot and cold plasma
have been observed to co-exist in the same
region/field-line under all IMF conditions.
The mechanism for heating cold plasma, ei-
ther solar wind or ionospheric origin, to hot
plasma population has not been firmly estab-
lished, but it does appear that the ion to elec-
tron temperature ratio (7;/7Te) is roughly con-
served by the entry, energization, heating,
and transport processes. This intriguing and
seemingly “conserved” property deserves
close and careful examinations. Unlike en-
tropy, there has not been a physical argu-
ment for the conservation of 7Ti/T. ratio. It is
not clear what causes the 7:/7T. ratio conser-
vation, if it is conserved, and if 7i/7. ratio
can really serve as a constraint on the plas-
ma transport across the magnetopause and
within the plasma sheet.

Once the solar wind plasma enters
the magnetotail, it will be distributed
throughout the plasma sheet by the
transport processes within the magnetotail
or plasma sheet. The plasma can get heated
and energized during these processes. Some
of the transport processes such as curvature
and gradient drifts introduce dawn-dusk
asymmetries in the particles, especially for
the hot component.

During active times, ion outflow rates
increase [e.g., Wilson et al., 2001; Tung et al.,
2001] and so the plasma sheet heavy ion pop-
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ulation can be significant [Chappell et al.,
1987; Schriver and Ashour-Abdalla, 1990].
Bouhram et al. [2005] analyzed Cluster data
and found that O* density is significantly
higher on the duskside than the dawnside of
the magnetosphere near the magnetopause.
Lund [PET, 2009] discussed parameteriza-
tion of ion outflows using a kinetic model for
wave particle interactions. Peterson
[Peterson, 2009; PET, 2009] discussed the
importance of in-transit populations for iono-
spheric outflow. A substorm epoch study of
plasma sheet populations also revealed an
increase in cold ion densities following about
30 minutes after substorm onset [Wing and
Johnson, 2009], and this population likely is
of ionospheric origin.

Ion outflows or more precisely the
presence of the heavy ions may affect the
transport processes within the plasma sheet
such as magnetotail convection and recon-
nection [e.g., Winglee et al., 2002].

Heavy ions can affect reconnection at
the magnetopause by reducing the Alfvén
velocity leading to a slower reconnection rate
[Shay and Swisdak, 2004]. The study of Ka-
rimabadi et al. [2011] suggests that heavy
ions only affect the reconnection rate when
they are the primary current carrier, but
that in the nonlinear stage a proton-
dominated current sheet can be replaced by
heavy ions in the surrounding plasma lead-
ing to reduced reconnection efficiency, reduc-
tion in the production of secondary islands,
and broadening of the reconnection struc-
tures.

Kelvin-Helmholtz instability is also
significantly affected by the presence of
heavy ions. When heavy ions are present at
the magnetopause, the plasma density can
be increased leading to a reduction of Alfvén
velocity and reducing the stabilizing force of
the magnetic tension. However, MHD simu-
lations suggest that oxygen stabilizes KH
simulations on the flanks—possibly by thick-
ening the boundary layer [Merkin, PET,
2010]. The effect of heavy ions on K-H sta-
bility in MHD simulations remains a topic of
interest. On the other hand, hybrid simula-
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tions [Delamere, 2010; PET, 2010] suggest
that the inertia of heavy ions causes the
heavy particles to decouple from field lines so
that they decouple from the vortex motion
leading causing stabilization and mixing.

Kinetic Alfvén waves are also affected
by heavy ions. The ion polarization velocity
is larger for heavy ions, leading to larger
density perturbations, which require larger
parallel electric fields to maintain quasineu-
trality. This effect leads to larger transport
coefficients for all species. However, heavy
ions have a lower thermal velocity than light
ions (assuming a similar temperature), so a
much smaller fraction of heavy particles
would be resonant with the kinetic Alfvén
wave leading to a barrier to transport of
heavy 1ions across the magnetopause
[Johnson, PET, 2010].

In the following sections, we will dis-
cuss and review (a) plasma sheet filling rate;
(b) dawn-dusk asymmetry; (c) entropy; and
(d) T:/T. ratio and how they can discriminate
the three entry mechanisms. Then, we will
discuss the transport within the plasma
sheet. We will end with a summary and con-
clusion.

2. Plasma transport across the mag-
netopause (solar wind entry)

2a. Plasma sheet filling rate

In the discussion of which entry
mechanism(s) are significant in filling of the
plasma sheet with solar wind plasma, it is
useful to establish first whether each entry
mechanism is able to explain the observed
plasma sheet filling rate. In other words,
how much of the observed filling rate can be
attributed to each entry mechanism. In an
attempt to do this, Wing et al. [2006; PET,
2007] selected an event in which IMF is
northward for almost 24 h, providing a rare
opportunity to monitor the filling of the plas-
ma sheet with cold dense ions. They found
that all three mechanisms are capable of fill-
ing the plasma sheet with the observed fill-
ing rate. However, there is a difference in
the dependence of the entry rate on the mag-
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netosheath density (nsh). As shown in egs.
(1) and (2), the double cusp reconnection en-
try rate is ~ n0-% whereas the diffusive entry
rate (either KHI or KAW) is ~ ns. This de-
pendency has not yet been observationally
verified.

The results in Wing et al. [2006] are
consistent with double cusp reconnection
studies [e.g., Oieroset et al., 2005] and KHI
studies [e.g., Nykyri and Otto, 2004; Nykyri
et al., 2006], which showed that double cusp
reconnection or KHI is sufficient to fill the
plasma sheet with cold dense ions, respec-
tively. Lemon [PET, 2009] modeled the fill-
ing of the plasma sheet during northward
IMF using a Lorentz particle tracking code.
In their model, plasma sheet temperatures
decrease with time and achieve steady state
in 3 hours.

2b. Dawn-dusk asymmetries

Global asymmetries in plasma sheet
profiles can provide a significant constraint
on plasma entry. Fujimoto et al. [1998]
showed that in Geotail observations, during
northward IMF, ions frequently have two
components (a hot and a cold component) on
the dusk flanks, but only one component with
a broad peak on the dawn flank, as shown in
Figure 5. Moreover, Hasegawa et al. [2003]
reported that Geotail observations show that
the ion hot component is frequently nearly
isotropic on both the dusk and dawn flanks.
However, the cold component, which is simi-
lar to the magnetosheath ion population, is
heated in the direction perpendicular to the
magnetic field on the dawnside while it re-
mains isotropic on the duskside, as shown in
Figures 6a and 6b [Hasegawa et al., 2003].
In their followed up study, Hasegawa et al.
[2004a] performed a statistical study on the
ion properties on both flanks. The results
are shown in Figure 7 (from Hasegawa et al.
[2004a]). When the ions have clear two com-
ponents, one component with 7% > 3 keV and
T. < 3 keV, they are plotted as red and green
dots respectively. However, when the ions
have just one peak, then they are plotted as
black dots. Figure 7 shows statistically that
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ions frequently have two components on the
duskside, but only one component on the
dawnside. The cold component of the elec-
tron (temperature less than a few hundred
eVs) has been heated in the direction parallel
to the magnetic field line [Hasegawa et al.,
2003; Fujimoto et al., 1998].

Wing et al. [2005] used DMSP satel-
lites to infer plasma sheet temperatures and
densities during periods of northward IMF.
They fitted the ion spectra to one-component
Maxwellian, two-component Maxwellian, and
Kappa distributions and selected the best
fits. Their cold component density and tem-
perature profiles are displayed in Figures 6¢
and 6d, respectively. The cold component
density profile has peaks at dawn and dusk
flanks, as shown in Figure 6¢. This suggests
that the source of the cold component is mag-
netosheath or LLBL. In contrast, the hot
component ion density profile does not have
peaks at the flanks (see Figure 8 in Wing et
al. [2005]), which would be expected if the
source of the hot component is not the solar
wind. Interestingly, the density of the cold
component is higher on the dawnside than
that on the duskside, suggesting perhaps
there are more solar wind ion entry on the
dawnside than on the duskside of the magne-

Temperature and density dawn-dusk asymmetries
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Figure 6. (a) and (b) (from Hasegawa et al. [2003]) and (c) and (d) (from Wing et al. [2005]).
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topause (see also Guild et al. [2008] and Na-
gata et al. [2007; PET, 2007]). Figure 6d
shows that the cold component temperatures
are higher on the dawnside than the
duskside, consistent with Hasegawa et al.
[2003]. This observation suggests that the
magnetosheath ions have been heated in the
entry process on the dawnside.

It is not clear what causes the temper-
ature asymmetry in the cold ion profile. For
the solar wind Parker spiral, which is the
dominant solar wind orientation, the magne-
tosheath magnetic field has been shown to be
more turbulent or have more fluctuations or
down stream of the quasi-parallel shock (the
dawnside magnetosheath) than down stream
of the quasi-perpendicular shock (the
duskside magnetosheath) [Petrinec, 2013;
GEM, 2009]. The fluctuations in the magnet-
ic field could indicate the presence of the
compressional waves. KAW can be generat-
ed when the compressional waves interact
with the magnetospheric boundary, which
can lead to diffusive transport of the solar
wind/magnetosheath ions across the magne-
topause boundary [Johnson and Cheng,
1997]. The waves have a parallel electric
field, which can heat electrons in the direc-
tion of the magnetic field [Hasegawa and
Chen, 1975; Hasegawa and Mima, 1978].

27

When the waves have large amplitudes, they
can also heat ions in the direction perpendic-
ular to the magnetic field [Johnson and
Cheng, 2001]. Because the source of com-
pressions could be compressional instabilities
generated in the magnetosheath or compres-
sions driven directly by the solar wind, in a
statistical sense, there can be a dawn-dusk
asymmetry in the KAWs and ion heating
during entry. A recent survey of wave power
in the sheath and magnetopause suggests
that the wave power associated with tranvs-
verse KAWs is enhanced along the dawn
flank [Yao et al., 2011], which would provide
enhanced transport. The study of Chaston et
al., [2008] also provides observational evi-
dence of stochastic heating of ions by KAWs
as predicted by Johnson et al. [2001].

It is not clear what causes the dawn-
dusk asymmetry in the cold ion density pro-
file either. The dawn-dusk density asym-
metry can be caused by the dawn-dusk asym-
metry in the source, i.e., magnetosheath pop-
ulation itself, or by a dawn-dusk asymmetry
in the entry rate. Several magnetosheath
studies showed that that the magnetosheath
n is higher on the dawnside than the
duskside [e.g., Petrinec, GEM, 2009; Pau-
larena et al., 2001, Nemecek et al., 2002].
More interestingly, Walsh et al. [2012] found
that in THEMIS observations, near noon, the
magnetosheath density is essentially dawn-
dusk symmetrical, ndawn/nause ~ 1, but
Ndawn/Nause Tatio grows larger away from
noon, reaching ~1.2 at 5 h away from noon.
They also found similar patterns in BATS-R-
US MHD, except that the asymmetry is even
more pronounced, ~ Rdawn/Ndausk ~ 1.5, near
dawn and dusk flanks. This new result may
put an additional constraint on the entry lo-
cation of the magnetosheath ions. That is, if
the source of the magnetospheric cold ion
dawn-dusk density asymmetry is magne-
tosheath, then the magnetosheath source
would have to be located several hours away
from noon rather than close to noon.

The dawn-dusk asymmetry in the cold
ion density may be attributed to the dawn-
dusk asymmetry in the entry rate or entry
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process, i.e., the entry rate at the dawn flank
magnetopause is higher than that at the
dusk flank. Hasegawa et al. [2006] examined
the occurrence rate of the KHI on the dawn
and dusk flanks and found that the occur-
rence rate is roughly equal. However, Wang
et al. [2007; PET, 2007] reported that the
magnetosheath ion entry from the dawn
flank is more efficient with decreasing Vi,
but no significant Vi, effect is seen on the
dusk flank. This may suggest that another
entry mechanism besides KHI can play a sig-
nificant role on the dawnside magnetopause.
The asymmetric heating of the cold compo-
nent/magnetosheath ilons may suggest an
asymmetry in the KAW led entry, i.e., more
KAW led entry on the dawnside than the
duskside magnetopause.

Asymmetry may also result in K-H
waves because of differences in the diamag-
netic drift on the two flanks [Wilber and
Winglee, 1995], through effects of heavy ions
[Johnson, PET, 2009], or by differences in
field-line draping at the flanks.

Olson and Pfitzer [1985] proposed
that gradient drift entry (GDE) would allow
magnetosheath ions to enter along the dawn
flank and the electrons along the dusk flank.
They argued that this entry mechanism can
lead to the observed FAC polarity and the
dawn-dusk current in the magnetotail, at
least qualitatively. However, it is not clear if
GDE alone can account for the observed fill-
ing rate or the cold dense state of the plasma
sheet. Treumann and Baumjohann [1988]
calculated that only 5% of the magne-
tosheath particles that come in contact with
the magnetopause can be trapped in the
magnetosphere in their model. The difficulty
here is that the number of particles that
come in contact with the magnetopause is
unknown in any realistic magnetopause
model. Hence, the efficiency of GDE is un-
known. Richard et al. [1994] traced thou-
sands of ions in a fixed MHD electric and
magnetic fields and found that most solar
wind ions enter the magnetosphere through
double cusp type reconnection [Song and
Russell, 1992] and only a small fraction en-
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ters with GDE mechanism. More recently,
Zhou et al. [2007] used a simple model to
calculate GDE efficiency and found that only
electrons and ions having energies larger
than several keV can gradient drift into the
magnetosphere during southward IMF.
However, during northward IMF, lower ener-
gy particles can enter, but their efficiency
was not calculated. In any case, GDE cannot
explain the ion and electron heating in the
entry process. Although GDE itself has not
been attributed to heat particles, the mecha-
nism can be effective at moving hot particles.
For example, Oieroset et al. [2008] observed
hot and cold components on the same field
line in the dayside magnetosphere. They at-
tributed the cold component to magne-
tosheath ions from either poleward of the
cusp double reconnection or poleward of the
cusp in one hemisphere and equatorward of
the cusp in the other hemisphere. However,
they attributed the hot component to magne-
tospheric ions that have curvature and gradi-
ent drifted into the newly closed field lines.

The dawn-dusk asymmetry in the so-
lar wind entry rate may also be attributed to
the asymmetry in the magnetotail flank re-
connection. Peroomian and El-Alaoui
[2008; PET, 2007] performed large-scale Kki-
netic (LSK) simulations that show that most
solar wind ions enter along the dawn flank
primarily through reconnection. They also
found that the entry locations can be modu-
lated by IMF By [Peroomian, PET, 2007].
When IMF By is positive, the solar wind ion
entrees along the dusk flank can increase.
Similarly, using the same technique, Pe-
roomian et al. [2011] showed that a large
number of solar wind ions enter along the
dawn flank through reconnection and get en-
ergized nonadiabatically before reaching the
dawnside ring current. LSK shows the the
magnetic field line configuration can be very
complex and entertwined [Peroomian, PET,
2010].

Li et al. [2008; PET, 2008] studied
the double cusp reconnection entry mecha-
nism with MHD and found that ionospheric
conductance affects the convection of the
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newly closed field lines and can change the
solar wind entry rate and introduce asym-
metry in the entry rate. However, this mech-
anism may not introduce dawn-dusk asym-
metry in the cold component temperature,
although asymmetries in MHD simulations
may also result from local time differences in
ionospheric conductances [Zhang et al., 2012]
During southward IMF, there is evidence
that solar wind particles can still enter from
the flank magnetopause albeit at smaller
quantities. Figure 8 panels a—d show plasma
sheet ion n and T profiles for northward and
southward IMF obtained from DMSP obser-
vations (note here the hot and cold compo-
nents are combined) [Wing and Newell,
2002]. Panels a and b show that during
northward IMF, there are density maxima
and temperature minima along both flanks,
which can be taken as a signature for solar
wind ilon entrees, as discussed above. Inter-
estingly, during southward IMF, there is also
evidence for solar wind ion entry along the
flank, as suggested by the density maxima
and temperature minima along both flanks
in panels ¢ and d, albeit the density maxima

and the temperature minima are smaller
compared to those for northward IMF. These
DMSP observations are corroborated in Geo-
tail observations in panels e — h, which show
that during southward IMF, there are densi-
ty peaks and temperature minima on both
flanks, but the flank source is weaker [Wang
et al., 2006; PET, 2007]. Presently, it is not
firmly established what is/are the entry
mechanism(s) for solar wind ions to enter
along the flanks during southward IMF, but
KHI and KWA, in principle, can still operate
under southward IMF, although KHI may be
less favorable for southward IMF [Miura,
1995]. Lyon [PET, 2008; 2009; 2010] showed
that in LFM simulations, KH waves are pre-
sent in the flanks for both northward and
southward IMF. The cold ions are transport-
ed toward the midnight meridian through
interchange instability, which appears as
“fingers” in LFM density profiles. Recently,
Hwang et al. [2011; PET, 2009] observed
KH waves under southward IMF on the
dawnside, but the KH vortices can be irregu-
lar and intermittent.

Temperaure and density profiles for northward and southward IMF
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Figure 8. (a) — (d) (from Wing and Newell [2002]) and (e) and (f) (from Wang et al., PET09 Workshop,
Fairbanks, Alaska, March 2009; the method is described in Wang et al. [2010]).
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2c. Entropy

For studies of transport of plasma in-
to and within the plasma sheet, it is often
useful to consider what parameters are con-
served and under what conditions. One fun-
damental conserved quantity is the entropy,
which is conserved both locally and globally
when the plasma response is adiabatic [Birn
et al., 2006b].

More detailed discussion and applica-
tion of entropy can be found in the 2009 JGR
special section on “Entropy Properties and
Constraints Related to Space Plasma
Transport” guest edited by the authors (see
Wing and Johnson [2010] and references
therein).

Specific entropy, s=p/ 0/, places signif-
icant constraints on plasma entry mecha-
nisms. Figure 9a shows that statistically the
magnetosheath ion s is 2 — 3 orders of magni-
tude lower than plasma sheet ion s. Hence,
it would be expected that a signature of the
solar wind entry is to lower s in the plasma
sheet. This is indeed observed, as shown in
Figure 9b, which shows that s is lower in
both flanks, where there is a higher concen-
tration of cold (solar wind) ions [Wing et al.,
2005], than that near midnight meridian.
Figure 9c¢ suggests that there is a duskward
heat flux in the hot ions entropy profile, as
would be expected from the curvature and
gradient drifts. Figure 9 illustrates two in-
teresting and relevant points: (1) during en-
try, solar wind ion specific entropy increases
by 2 — 3 orders of magnitude (Figure 9a); and
(2) upon entry, the transport process that
moves cold ions from the flanks to near mid-
night increases the specific entropy further
by a factor of ~5 (Figure 9d). Point (2) can be
crucial in resolving another key issue: what
process transports cold plasma from the
flanks to the midnight meridian. Figure 9d
suggests that whatever the process may be it
would need to increase the specific entropy
by a factor of ~5.

The total flux-tube entropy, S=p''V,
where V is the flux tube volume (or the more
general intergral form) provides an im-
portant constraint on the source of plasma
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Figure 9. (from Johnson and Wing, [2009]). (a)
(courtesy of Joe Borovsky).

sheet material, because once material is cap-
tured on closed flux tubes it should satisfy
the entropy constraint if it is convected adia-
batically into the plasma sheet. This value of
this constraint, S, can be estimated from so-
lar wind conditions and assumptions about
the plasma capture process and compared
with typical values in the plasma sheet. To-
tal entropy does not increase significantly for
double cusp reconnection [Johnson and Wing,
2009; Adamson, PET, 2009], but it may in-
crease significantly for reconnection in Kel-
vin-Helmholtz vortices. Moreover, the ob-
served increase of plasma temperature tail-
ward along the flanks is also inconsistent
with entropy conservation of plasma cap-
tured by double-cusp reconnection, which im-
plies that nonadiabatic processes leading to
plasma loss and/or heating are required in
order for plasma captured by double cusp re-
connection to reach the plasma sheet
[Johnson and Wing, 2009].

Local changes in entropy may be asso-
ciated with wave-particle interactions, heat
fluxes of captured populations, and other dis-
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sipative mechanisms. Possibly several mech-
anisms are responsible for the change in en-
tropy.  Three-dimensional simulations of
shear flow instabilities show that magnetic
reconnection can mix magnetosheath and
magnetosphere population leading to re-
duced entropy on closed field line region. Ed-
dy diffusion and kinetic drifts can also affect
the entropy profiles in the plasma sheet.

2d. Ion to Electron Temperature Ratio
(Tv/T.)

Another important observational “constraint”
on solar wind entry and plasma transport
processes in the plasma sheet is the rough,
not exact, preservation of the temperature
ratio of ions and electrons, 7;/T.. For exam-
ple, Baumjohann et al. [1989] reported that
5.5 < Ti/T. < 11 in the plasma sheet. Ti/T.
has been shown to have a dependence on so-
lar wind Alfvén Mach number (M4). For ex-
ample, Lavraud et al. [2009; PET, 2009]

and found that Ti/Te is also unusually low ~
3. Wang et al. [2012] found a similar depend-
ence on solar wind velocity.

The ratio of T;/T. changes significant-
ly at the bow shock and is determined by so-
lar wind parameters. However, it is particu-
larly interesting that the solar wind entry
process appears to roughly conserve the
T:/T. of the magnetosheath particles during
the transport across the magnetopause
[Borovsky, PET, 2010]. This property can
be seen in Figure 10a, which shows that 5 <
T:/T. < 10 in the magnetosheath and plasma
sheet. Within the magnetosheath, T:/T. re-
mains the same as the particles flow down-
stream and cool adiabatically, as would be
expected. Figures 10b and 10c show two
events in which THEMIS crossed from the
magnetosheath to the plasma sheet. Both
figures show that 7:/T. of the magnetosheath
(green line in the third panel from the top)
appears to be similar to the 7i/T. of the cool

examined an event in which M, is low, ~ 8, plasma (blue line in the third panel from the
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Figure 10. (a) (from Figure 1 in Wang et al. [2012]) and (b) — (e) (from Figure 8 in Wang et al. [2012]).
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top). Figures 10d and 10e show statistically
T:/T. of the magnetosheath and the cool plas-
ma (not necessarily cold component, although
it should be dominated by cold component) on
both sides of the dusk and dawn magneto-
pause, respectively, at X < —40 Re. Figures
10d and 10e suggest that when ions and elec-
trons cross the magnetopause boundary from
the magnetosheath to the magnetosphere, T}
and 7. increase by a factor of ~ 6 to 10 and
specific entropies, si and se increase by a fac-
tor of ~20. Wang et al. [2012] interpreted
these changes as the signature of a non-
adiabatic heating process at the boundary
that heats the ions and electrons by the same
proportion.

Within the plasma sheet, there is a
strong dawn-dusk asymmetries in Ti/T.
which can be attributed to the curvature and
gradient drift such that 7; (T.) is higher at
the dusk (dawn) [e.g., Wang et al., 2012].
Hence, T:;/T. would have dependence on the
locations. Kaufmann et al. [2005] found that
T:/T. increase earthward near midnight me-
ridian. They offered several possible expla-
nations: (1) electrons proportionally gain
more energy than ions; (2) the ions lose ener-
gy through parallel heat flux to the iono-
sphere by radiating Alfven waves; (3) mag-
netic reconnection can heat ions and elec-
trons differently. Fast flows can reduce ion
density, but increase ion temperature. Be-
cause of these, Kaufmann et al. [2005] sug-
gested that the factors influencing 7/ T. vari-
ability can be more complicated than just
curvature and gradient drifts. The nearly
constant Ti/T. suggests that ions absorb 5 —
10 times as much heat as the electrons in the
plasma sheet [e.g., Kaufmann and Paterson,
2009].

In one of a few theoretical and model-
ing studies that try to explain 7:/T., Schriver
et al. [1998] modeled ion and electron acceler-
ation in the magnetotail by following trajec-
tories of thousands of particles in T89 mag-
netic field model [Tsyganenko, 1989] and a
constant dawn-dusk electric field of 0.25
mV/m in the magnetotail. They obtained
Ti/T.=4 — 6. To explain this ratio, they de-
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rived an expression of Ti/T. = (mi/mel3
(B'e/B)2/3 where B’ = the magnetic field
gradient where the electron or ion first cross-
es the neutral sheet. Hence, to obtain the
observed Ti/T., they would require ions to
cross the neutral sheet closer to Earth than
electrons.

3. Plasma transport within the plas-
ma sheet

3a. ExB, curvature and gradient drifts
Two transport mechanisms that have
been shown to play significant roles in the
plasma sheet and that have successfully ex-
plained large scale features in the plasma
sheet are (1) ExB and (2) curvature and gra-
dient drifts. For example, Figure 8 panels a
— d show that the quiet time or northward
IMF ion T and n profiles have the following
large scale features: (1) density peaks along
both flanks and the inner edge of the plasma
sheet: (2) temperature peak at the dusk-
midnight sectors at the inner edge of the
plasma sheet (r = 8 — 10 Rg); and (3) temper-
ature minima along both flanks [Wing and
Newell, 1998; 2002; Wing et al., 2005; John-
son and Wing, 2009]. These large scale fea-
tures have also been observed with in situ
observations [Wang et al., 2001; 2006]. These
features can be attributed to two plasma
sources: (1) cold ions from the LLBL, and (2)
hot ions from deep tail; and two transport
mechanisms: (1) ExB and (2) curvature and
gradient drifts [e.g., Spence and Kivelson,
1993; Wang et al., 2001; 2006; Wing and
Newell, 1998; 2002; Wing et al., 2005]. Cold
ions that enter the plasma sheet from the
flanks mostly ExB drift sunward, resulting in
temperature minima and density maxima
along both flanks. The hot ions ExB sunward
while curvature and gradient drifting west-
ward, especially in the near-Earth region
where the magnetic field is stronger (r < 10
RE), leading to the temperature peak at the
dusk-midnight sector at the inner edge of the
plasma sheet. The importance of the mag-
netic drift increases whereas the importance
of ExB drift decreases with decreasing dis-
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tance from Earth. By the time the particles
reach the inner magnetosphere, ExB drift is
negligible as curvature and gradient drifts
dominate [Wang et al., 2004]. As a result,
the 1ons and electrons mainly move azimuth-
ally, with the ions moving westward while
the electrons eastward. As they circle
around the Earth, some of the ions and elec-
trons precipitate into the ionosphere [Wing et
al., 2013]. Lyons [PET, 2009] showed exam-
ples of strong convection for northward IMF
associated with fluctuating IMF conditions
that are mostly associated solar wind high
speed streams.

As shown in Figure 8, relative to
northward IMF, during southward IMF: (1)
fewer solar wind ions enter along the flanks
and (2) the stronger convection and dawn-
dusk electric field leads to larger ExB drift.
These differences in drifts between north-
ward and southward IMF gives rise to the
question what happens when IMF turns
southward after a prolonged northward IMF
and the plasma sheet has been loaded with
cold and dense plasma. Thomsen et al.
[2003] investigated this phenomenon and
found that strong ring current and geomag-
netic disturbance can ensue when prolonged
northward IMF is followed by strong convec-
tion due to southward IMF or a large solar
wind dynamic pressure. Basically, when
IMF turns southward, the massive preloaded
materials in the plasma sheet are delivered
to the inner magnetosphere, resulting in
strong ring current and large geomagentic
disturbance [Denton et al., 2005, Lavraud et
al., 2006a]. This is analogous to the calm be-
fore storm. Lavraud et al. [2006b; PET,
2007] also studied the effect of prolonged
northward IMF followed by southward IMF.
They found two ion populations at the geo-
synchronous orbit: (1) midnight and (2)
dawnside. The dawnside cold dense ions at
the near-Earth plasma sheet during active
times or substorm growth phase have been
previously observed [Wing and <Johnson,
2009; Wing and Newell, 1998; 2002; Korth et
al., 1999; Denton et al., 2005] and modeled
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[Wang et al., 2004]. It has been attributed to
the stagnation point where ExB and corota-
tion is nearly balanced by the curvature and
gradient drift [Friedel et al., 2001] and solar
wind entry on the dawn flank.

Interestingly, Ashour-Abdalla et al.
[2010] found that during northward IMF, the
plasma sheet can temporarily split into dawn
and dusk halves in LSK simulation. They
attributed this division to the presence of flux
ropes in the center of the tail possibly due to
the localized near-Earth reconnection.

Ton outflows during active times can
significantly increase plasma sheet O* popu-
lation, which can at times carry much of the
energy (e.g. storm-time ring current). Escap-
ing O* has higher fluxes in the 00 — 12 MLT
(midnight-dawn-noon) sector than 12 -1 24
MLT (noon-dusk-midnight) sector [Redmon
et al., 2012; PET, 2009; Collin et al., 1988].
This may be related to the observations of
cold dense ions in the plasma sheet post-
midnight sector after substorm onset [Wing
et al., 2007; Wing and Johnson, 2009]. Ob-
servations of O* outflow during storm and
substorm in the magnetotail suggest that
cusp was the source and that the southern
hemisphere has higher frequency of O* out-
flows than northern hemisphere [Kistler,
PET, 2010]. There was evidence of O* heat-
ing [Zhang, PET, 2010] and the solar EUV
controls H* and O* outflow densities
[Moukis, PET, 2010]. These outflows
(combined with associated energization pro-
cesses) could significantly modify the back-
ground plasma and magnetospheric ExB con-
vection [e.g., Winglee et al., 2002]. Several
important physical effects might be expected.
MHD simulations show that dayside O+ out-
flows may move the X-line closer to Earth in
order to maintain the same reconnection rate
on the dayside [e.g., Brambles, et al., 2010;
Wiltberger et al., 2010]. On the other hand,
nightside O* outflows may have the opposite
effect, moving the X-line further from the
Earth due to the increased plasma pressure
[e.g., Garcia et al., 2010].
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3b. Turbulence

Once the solar wind plasma enters
the plasma sheet, it can be distributed
throughout the plasma sheet. Observations
show that the cold dense ions can be found
throughout the entire plasma sheet during
northward IMF [e.g., Terasawa et al., 1997;
Oieroset et al., 2005; Wing and Newell, 2002;
Wing et al., 2005; Wing et al., 2006; Johnson
and Wing, 2009]. However, the mechanism
for transporting cold dense plasma from the
flanks to the midnight meridian (center of
the plasma sheet) has not been clearly estab-
lished or uniformly accepted.

The plasma sheet has been observed
to be turbulent, which can play some roles in
the plasma transport [Borouvsky et al., 1997,
Borovsky and Funsten, 2003; Weygand et
al., 2005; PET, 2009]. One source of the tur-
bulence may be velocity shear instabilities
[Borousky et al. 1997]. Wang et al. [2010;
PET, 2009] performed a simulation that
shows that diffusive transport due to turbu-
lence can move cold particles from the flank
to the midnight meridian. As such, turbu-
lence 1s an important process that is intrinsic
to the quasi-stable state of the tail and
boundary layer [Antonova, 2005] as well as
its stability [Stepanova et al., 2011].

3c. Entropy

Section 2c. discusses the concept of
total entropy, S, and specific entropy, s, and
their importance to the solar wind plasma
entry problem. It turns out, these two entro-
py parameters are also relevant for the study
of the plasma transport within the plasma
sheet. Sis an important parameter to identi-
fy when the interchange instability is opera-
ble. In particular, reductions in S can be sig-
nificant because they can lead to interchange
instability to reach a more stable magneto-
spheric configuration [Gold, 1959; Sonnerup,
1963; Hill, 1976; Chen and Wolf, 1999],
which can lead to earthward plasma
transport at high speed commonly known as
fast flow [e.g., Pontius and Wolf, 1990].

Statistical studies have shown fairly
definitively that in the magnetotail, S is not

34

conserved — S decreases with decreasing
distance from Earth [Erickson and Wolf,
1980; Kaufmann and Paterson, 2009; Wing
and Johnson, 2009; Wang et al., 2009; PET,
2010; Garner et al., 2003]. Nonconservation
of S can occur in nonadiabatic processes such
as wave-particle interactions, heat flux, gra-
dient/curvature drifts [Tsyganenko, 1982;
Kivelson and Spence, 1988; Wang et al.,
2001; 2004; Wolf et al., 2009; Wing and John-
son, 2009; Kaufmann and Paterson, 2008]
and non earthward E x B drift [e.g., Kauf-
mann et al., 2004]. Nonconservation of S can
also occur when there is a loss of plasma con-
tent in the flux tube [e.g., Pontius and Wolf,
1990; Chen and Wolf, 1993; Wing and John-
son, 2009; Borouvsky et al., 1998b]. S and s
can also change when plasma is added to the
flux tube, e.g., through solar wind plasma
entry or ionospheric outflow [e.g., Johnson
and Wing, 2009]. If the localized process
leads to field-line reconfiguration
(reconnection), then the change of S is more
related to the change of flux tube volume
than to changes in s within that volume.

Birn et al. [2006a; 2009; PET, 2009]
and Wing and Johnson [2009] discussed S
changes in flux-tube reconfiguration in mag-
netic field reconnection process in which the
closed field line splits into two parts: (1) a
newly closed field line albeit with reduced
length and (2) a tailward convecting plas-
moid. The newly closed field line has much
lower S and V compared to those in the origi-
nal flux tube, while the remainder resides in
the newly formed plasmoid.

An earthward fast flow can attain ve-
locity greater than 400 km/s and has been
associated with a bubble, which is a magne-
totail flux tube having lower density, pres-
sure, and S than surrounding flux tubes.
[e.g., Sergeev et al., 1996; Nakamura et al.,
2005; Angelopoulos et al., 1994]. Herein, the
term fast flow includes bubble, bursty bulk
flow (BBF) and flow burst (shorter duration
than BBF). Fast earthward flows can be
more frequently observed during magnetical-
ly active times and have been associated
with substorm onsets and their frequency of
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occurrence reaches a peak at the start of the
recovery phase [e.g., Nakamura et al., 2002;
Angelopoulos et al., 1994; Baumjohann et al.,
1990; McPherron et al., 2011; Sergeev et al.,
2008; Slavin et al., 2002]. Erickson [PET,
2007] showed that S has different character-
istics for substorms and pseudo breakups.
Fast flow observations and simulations often
show two parts: (1) the head where B. is
large (the dipolarization front) and (2) the
tail. The pressure inside the bubble is small-
er than that outside of the bubble. This pres-
sure gradient leads to the field-aligned cur-
rent with region-1 polarity, whose particle
precipitation signature in optical images of-
ten appears as an auroral streamer. Thus,
many studies pair auroral streamers with
fast flows [e.g., Sergeev et al., 2004; Nakamu-
ra et al., 2001; Lyons et al., 1999; Sanchez et
al., 2012].

Of course, care has to be taken when
mapping the observations from the magneto-
tail to the ionosphere. Larry Lyons [PET,
2008] reviewed two main issues in mapping
the convection pattern from the magneto-
sphere to ionosphere: the potential and in-
duced electric fields. The former concerns
with the particles crossing the field line
whereas the latter concerns with the chang-
ing magnetic field. Baker [PET, 2008]
showed the results of the comparisons of
mapping Cluster EDI electric field observa-
tions to ionosphere with T96 magnetic field
model with SuperDARN convection pattern.
He found that 24% of EDI measurements are
not accounted by the SuperDARN, but gener-
ally there was good agreement.

Ionospheric velocity measurements
inferred from Superdarn also suggest that
even under steady driven conditions, there
are significant ionospheric velocity fluctua-
tions [Bristow et al., 2008; PET, 2009].
They occur for all local times, though are
largest in the afternoon sector at auroral lati-
tudes, and the prenoon polar cap. The level
of fluctuation seems to be independent of
substorm/nonsubstorm conditions. The aver-
age time for a significant fluctuation is on the
order of ten minutes for all latitudes and lo-
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cal times, and they obey a power law distri-
bution for at least part of its range. The ion-
ospheric fluctuations could be a remote indi-
cator of plasma sheet turbulence, and useful
for studies of plasma sheet transport.

There has been no clear picture of the
earthward fast flows r < 10 — 12 Rg. It ap-
pears that many fast flows slow down at r <
10 — 12 Rg [e.g., McPherron et al., 2011,
Panov et al., 2010a] and many do not reach
inner magnetosphere or geosynchronous or-
bit [e.g., Ohtani et al., 2006]. Observations
and theory suggest that in the final stage of
the bubble earthward motion, the filamen-
tary bubble executes a damped oscillation
about an equilibrium (interchange oscilla-
tion) as the bubble slows down and eventual-
ly comes to a stop (interchange oscillation)
[Wolf et al., 2012; Panov et al., 2010b]. In
Rice Convection Model-Equilibrium (RCM-E)
simulations, flux tubes do not generally
reach in the inner magnetosphere, unless
their total entropies (S) have been reduced
[Lemon et al., 2004; Zhang et al., 2008].

In Birn et al. [2009; PET, 2009] sim-
ulations, after the reconnection, the newly
closed field line, which has smaller entropy
and flux tube compared to the surrounding
flux tubes, can initiate the unstable growth
of ballooning and interchange instability, re-
sulting in the earthward propagation of the
flux tube. These bubbles would move earth-
ward until their S equals that of their neigh-
bors [Wolf et al., 2009]. The more depleted
the flux tube, the closer to Earth it can pene-
trate. This view has been supported in some
recent observational studies [e.g., Dubyagin
et al., 2011]. Recently, Birn et al. [2011]
and [PET, 2010] showed that as bubbles
move earthward, vortices of return flow de-
velop and the bubbles also fragment, devel-
oping cross-tail structuring in the later stag-
es, as shown in Figure 11. Birn [PET, 2009]
argued that narrow bubbles also tended to
penetrate deeper, although there was an op-
timum width.

Plasma sheet properties can affect the
plasma sheet transport to the inner magne-
tosphere Gkioulidou, [PET, 2007] presented
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Figure 11. Total entropy, S, (a), (b), (c), and flow
in the X-Y plane (d), (e), and (f) at three different
times in Birn et al. [2011] MHD simulation.

a simulation that shows that old ions can
penetrate into the inner magnetopshere
more effectively and enhanced cold ions in
the flanks enhances fast flow near midnight.
Nishimura [PET, 2007] examined a storm
event in which the convection is weak in the
plasma sheet, but strong in the flanks and
inner magnetosphere. Otto [PET, 2009] pre-
sented an exciting new result showing that
convection of flux to the dayside (subject to
constraint of entropy conservation) leads to
the formation of intense, thin current sheets.
Wilder [PET, 2009] discussed saturation of
the potential across convection cells for
northward IMF. The reverse convection po-
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tential is smaller in the summer ( 10 mV/m)
than in winter (11.5 mV/m), suggesting that
in winter months viscous cells become more
important.

Fast flows and S may be relevant to
plasma transport in other planetary magne-
tospheres as well. For example, many stud-
ies found that the plasma injection at
Saturn’s magnetopshere is often character-
ized as having “deep density cavity” where
the ions (both protons and water group) and
electrons in the injected flux tube have lower
densities than those of the surrounding plas-
ma [e.g., Sittler Jr. et al., 2006; Rymer et al.,
2009; Burch et al., 2005; Hill et al., 2005; Sit-
tler Jr et al., 2005]. This is exactly what is
observed with fast flow and fast flow led
plasma injection at Earth’s magnetosphere.

At Saturn, distant reconnection, ei-
ther Vasyliunas or Dungey type reconnec-
tion, can lead to the reduction of the flux
tube volume and hence S. Like at Earth, the
entropy depleted flux tube can lead to inter-
change instability [e.g., Young et al., 2005;
Hill et al., 2005] and move inward where the
background S is lower, but the density can be
higher [e.g., Thomsen et al., 2010; McAn-
drews et al., 2009]. Some Saturn studies
have interpreted the density-depleted flux
tube as a bubble [e.g., André et al., 2007].
Like at Earth, the bubble would seek a path
to the region where the background S is low-
er, which means that it would move inward.
An interesting variation of the process for
Saturn may be that as a bubble moves in-
ward in the inner magnetosphere it encoun-
ters colder neutrals and ions may undergo
charge exchange. This may reduce the entro-
py of the bubble even more and perhaps al-
low it to penetrate deeper into Saturn’s inner
magnetosphere.

4. Summary and Conclusion

This paper reviews our current understand-
ing of the plasma transport from the solar
wind to the magnetotail and plasma
transport within the magnetotail. Three so-
lar entry mechanisms are examined for
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northward IMF solar wind entrees: (1) dou-
ble cusp reconnection [Song and Russell,
1992], (2) KHI [e.g., Otto and Fairfield, 200],
and (3) KAW [Johnson and Cheng, 1997]. In
order to determine, which of these three
mechanisms can play the most significant
roles and under what conditions, we exam-
ined four observational constraints: (1) plas-
ma sheet filling rate; (2) dawn-dusk asymme-
tries; (3) specific and total entropies; and (4)
T:/T..

It turns out that all three mechanisms
are capable of filling the plasma sheet with
cold dense plasma. The entry rate from each
mechanism is quite similar and consistent
with the observed filling rate in an event
that Wing et al. [2006] examined. However,
the dependence of the filling rate on solar
wind density can potentially be used to dis-
criminate double cusp reconnection vs. KHI
or KAW. Double cusp reconnection entry
rate is proportional to ~nsh05 whereas KHI
or KAW entry rate is proportional to ~7s.

In situ and remote observations of the
cold component (magnetosheath/solar wind
origin) ions at the plasma sheet flanks near
the magnetopause reveal that the cold com-
ponent density and temperature are higher
on dawn flank than those on the dusk flank.
In situ observations show that while on the
duskside, the ion hot (magnetospheric origin)
and cold component temperatures are iso-
tropic, on the dawnside, the ion cold compo-
nent appears to have been heated in the di-
rection perpendicular to the magnetic field
and the electrons have been heated in the
direction parallel to the magnetic field.
These are consistent with the expected signa-
ture of the KAW interaction with particles.
On the duskside, the ions are frequently ob-
served to have two components whereas on
the duskside, the ions are frequently ob-
served to have one component. The hot com-
ponent has higher temperature on the
duskside than the dawnside because of the
curvature and gradient drifts. In contrast,
the cold component has higher temperature
on the dawnside than the duskside. As a re-
sult, on the duskside, the hot and cold compo-
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nents are often easily identified whereas on
the dawnside, the hot and cold component
temperatures are often close to each other
and the ions are often seen as having one
component with a broad peak.

The higher density of the cold compo-
nent on the dawnside magnetotail may result
from the dawn-dusk asymmetry of the mag-
netosheath ion density (magnetosheath ion
density is higher on the dawnside than the
duskside). The higher density of the cold
component of the dawnside magnetotail may
also result from a dawn-dusk asymmetry of
the entry rate.

The solar wind/magnetosheath en-
trees reduce the specific entropy (s) of the
plasma sheet ions. The cold component s in-
creases by a factor of 5 from the flanks to the
midnight meridian. So, whatever mecha-
nism that transport the cold ions from the
flanks to the midnight meridian has to ex-
plain this increase in s.

T:/T. appears to be roughly conserved
when the magnetosheath particles are trans-
ported across the magnetopause boundary to
plasma sheet even though both Tj, T, s; and
s. increase significantly. This suggests non-
adiabatic heating during entry.

Within the magnetotail, ExB and cur-
vature and gradient drifts play important
roles in the plasma transport and can explain
the large observed features of the n, T, p pro-
files. Turbulence can also play a significant
role, particularly in transporting cold plasma
from the flanks to the midnight meridian.
Ton outflows can change the magnetotail con-
vection and reconnection location. Total en-
tropy, S, and fast flows can play significant
roles in the sunward transport. Many fast
flows do not reach the inner magnetosphere,
but simulations show that fast flows would
only travel inward until its S matches the
background S. Total entropy, S, can also play
a significant role in other planetary magneto-
spheres.
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