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Abstract

The presence of energeti¢ ©@ns in the ring current at the onset of a magrsttrm
prompts the question of the possible role of “Bmsit” ionospheric Oions between the
ionosphere and the plasma sheet and ring curréhéiquiet periods immediately preceding the
main phase of a magnetic storm. Thermal-energip@s are often observed in the quiet-time
high-altitude (>7000 km) polar ionosphere on Akelyaat temperatures 6D.2-0.3 eV and flow
velocities of a few km/s. In this paper, we usggrparticle trajectory simulation to study the
transport of these ions in the periods precedingraber of large magnetic storms (Dst < -100
nT). Our simulation shows that due to the centafuagceleration at higher altitudes (abae
Re altitude), about 10-20% of polar wind and othavdenergy O ions reaches the plasma sheet
during such periods; the actual percentage istarfa€[B larger in the dusk sector on average
compared with the dawn sector and dependent oiMFe&nd the O ion temperature. This
provides a low but non-negligible flux of'@ns between the ionosphere and the plasma sheet
and ring current, which is believed to constitu@gmificant “in-transit” oxygen ion population
over a period of a few #) hours preceding a magnetic storm. Such a papalabuld explain
the presence of energeti¢ ©ns at the onset of the main phase of the stamen the heavy

ions could potentially modify the evolution of thag current.
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1. Introduction

The plasma in the ring current is believed to camearily from the plasma sheet,
which in turn originates from the solar wind and tbnosphere; see for example the
comprehensive review t¢fultgvist et al [1999] on the sources and losses of plasma ferdiit
magnetospheric regions. Within the ring currenspia, the energetic’@on population is
believed to originate from the ionosphere, andl&y pn important role in the particle and
magnetic field pressure distributions during a gagnetic stormHok et al, 2001;Jordanova
2003,Zaharia et al, 2006]. Since the latter are an integral patheflarge-scale magnetospheric
current system, the nature of energization andpart of the seed ‘Qopulations in the

ionosphere is believed to be an important parefring current dynamics.

The outflow rate of energetic (> 10 eV) upflowimmospheric Oions is strongly
dependent on both geomagnetic and solar actiwslddYau et al, 1985]. Using data from the
DE-1 energetic ion composition spectrometer (EIB&ween 16,000 and 24,000 km altitude,
Yau et al[1998] parameterized the obsenremisphericaflux F of >10-eV O ions as a
function of the solar radio flux andeKndices. Explicitly,F(Kp, Fio.7) = 5 x 16* exp[0.01(Fo.7—
100)] exp(0.50 K), and the hemispherical flux ranges from 3.7 ¥ idns §" at Kp =0, Fo7=
70, to 2 x 16° ions §' at Kp = 9, Rz = 250, corresponding to a range of 0.2—10 kg@'imass

outflow rate over the two hemispheres.

The thermal plasma density in the polar ionosplsefeund to exhibit a significant
variation with seasons, and to transition from gnomential altitude dependence at low altitude
to a power-law relationship at high altitude umtdeast 10,000 km, i.ens = n; exp(-z/ h) + n,
r~?, wheren, is the median electron density, the coefficients,, h anda are a function of the
season, invariant latitude and local time, andpihwwer law and exponential terms equal each

3
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other at the transition height{) [Kitamura et al, 2009]. Near solar maximum, the transition
height varies froni1500 km toC¥000 km and the plasma density) (ranges from about 20 to

107 cmi® above 6000 km altitude at equinox.

As discussed i€happell et al[1987] andYau and Andr§1997], the polar wind
constitutes a dominant component of the thermainpéain the polar ionosphere, and it exhibits
several “non-classical” features at high altitugtbjch are attributed to a number of ion
acceleration mechanisms associated with strongspmeric convection in regions of large
magnetic field curvatures, enhanced electron andeémperatures, and escaping atmospheric
photoelectronsYau et al, 2007]. At Akebono altitudes (<10,000 km), thesetved polar wind is
comprised mainly of H He" and O ions, and electrons. The ions have an averaged ion
temperature ofD.2—-0.3 eV Drakou et al, 1997], a day-night asymmetry in ion velocityrer
averaged velocity on the dayside), and a rateaéase in ion velocity with altitude that
correlates strongly with electron temperature aauteg with solar activity leveAbe et al,

2004]. At a given altitude, the polar wind velodigyhighly variable, and is on average largest for

H" and smallest for O

O" ions often constitute a significant and at timemhant component of the thermal ion
population, the observed’/ H' ratio being in the range of 0.1-0.5 near solarimam [Yau et
al., 1991] and in a lower range near solar minim@ully et al, 2003a]. Thus, the observe
polar wind at Akebono altitudes may be charactdrlzga cold, drifting plasma with a
temperature ofD.2-0.3 eV, a drift velocity df2—4 km/s and a seasonally-dependent density of
a few to[BO cm® near solar maximum, andrépresents a non-negligible supply of escaping

low-energy O ions; note, however, that observationally it i$ alvays possible to
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unambiguously separate polar wind ions from other low-energy ion populations, sustaa

low-energy “cleft ion fountain” ion that has conted into a polar wind flux tube.

Peterson et al[2008] estimated the escaping hemisphericao® flux and characteristic
energy at 6000 km at magnetically quiet times, by includirailothe energetic (0.015-17 keV)
ion data from the torodial ion mass angle specaEig( TIMAS) [Lennartsson et g§l2004] and
the thermal (0-50 eV) ion data thermal ion dynareizeriment (TIDE) Su et al, 1998] on
Polar, and assuming uniform thermal ion flux throowgt the auroral zone and polar cap and a
characteristic energy of 1 eV in the thermal congminNear solar minimum, the estimated flux
was[4.6 x 13*in the auroral region and 6.2 x?4@ns §' in the polar cap. The thermal
component was estimated to constitute as muélbasnd 99% in the two regions. Both the
estimated flux and the assumed characteristic gnaiges are upper limits since the escaping
thermal O ion flux is not spatially uniform and the polamalitypically has a characteristic

energy below 1 eV.

The escape velocity.\of a particle in the exosphere is determined lkykihetic energy
required to overcome the Earth’s gravitational po& and is given bya= (2goRe?/ )2
whereq is the acceleration due to gravity at the Eartfese, R is the Earth radius, ands the
radial distance of the particle. Thus,s 111 km-s' at the exobase (500 km altitude) amd
km/s at 1R altitude independent of ion mass species. In coisqa the typical velocity of a
polar wind O ion is much smallefR—4 km/s) near 1 Raltitude, while the velocity of a cleft
ion fountain O ion with a drift energy of 10-20 eV is larger (A5 km/s). However, in the
context of polar wind plasma transport, it is intpaot to recognize that the escape velocity
corresponds to the velocity that an ion needsdolran infinite distance from Earth in the
absence of any acceleration. The minimum veloeityuired for the ion to reach the

5
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magnetosphere is often smaller, since the distaatweeen the ionosphere and the
magnetosphere is not infinite, and as noted abouevder of acceleration mechanisms exist

between the two.

To assess the possibility of the oxygen polar vidaihg a potential source of plasma
sheet and ring current plasma, it is instructivedmpare the observed @ensity and
temperature and the corresponding escaping fradtierto thermal Jeans escape at 500, 7000,
and 50,500 km, which correspond to the exobasaltitede of Akebono data in the present
study, and the Polar apogee and the highest atfidvailable polar wind data, respectively.
The fraction of escaping particles in a driftingMeellian is given byfesc= [1 — exp(—(¥ — V)
’Ivé)2 where ¥ and v are the particle vertical drift and thermal vetgciespectively; y< Ve,
vi = (KT/m)*2, andm andT are particle mass and temperature. At the exobasre the O
density is typically <1®cm® and the temperature is typically 0.1 eV, the foacbf escaping O
ions is obviously negligible (<I&). At Akebono altitude where the temperaturéls2 to 0.3
eV and the parallel velocity i2—4 km/s, as noted above, the fraction of escapimgis much
less negligible although it remains much smallanthnity €2 x 10°). More important, the
density 0f<30 cni® is clearly many orders of magnitude larger thanebcaping density at the
exobase, and reflects the effect of the overalupeind acceleration in “lifting” a significant

fraction of the plasma between the two altitudes.

Likewise, at Polar apogee, the observédiénsity near solar minimum (0.05 &jfjSu et
al., 1998] is about 3 orders of magnitude larger ti@nescaping ion densityf x 10° cmi®) at
Akebono altitude; the corresponding density ne&rsoaximum is expected to be larger. The

observed temperature (7.5 eV) and drift velociy.81km/s) are also much larger, and imply the
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occurrence of additional acceleration that is neguto lift a sufficient fraction of the ions from

the Akebono altitude to the Polar apogee.

Cully et al [2003a] compared the observed magnitudes aggahd K> dependences of
low-energy H and O ion outflows on Akebono with those of energetic @utflows on DE-1
and Polar, and found that the low-energyfldw at Akebono altitude was entirely sufficieot t
account for the higher-energy flows at higher adtés. In contrast, the low-energy flbw could
account for only a small fraction of the highers@yeflows at higher altitudes. In addition, both
H* and O outflow rates exhibited a strong correlation witie solar wind kinetic pressure, solar
wind electric field, and interplanetary magneteldi (IMF) variability ©Byur) in the hour
preceding hour. In particular, the rates exhibdaesirong correlation with solar wind density and

anti-correlation with solar wind velocity, indepemd of K.

Previous authors have used a number of singleepattajectory tracing models to
investigate the transport of ionospheric ions afowss energies in the magnetosphere. Using a
simple 2-dimensional modelladis[1986] demonstrated the importance of centrifugal
acceleration in regions of curved or changing magfield. Delcourt et al [1989, 1993, 1994]
used both the guiding center and full equationmofion to study the 3-dimensional dynamics of
auroral, polar cap, cusp and polar wind ions in different magnetospheric regiamcluding the
magnetotail. The Hpolar wind was found to constitute a significampisly of H" ions to the
plasma sheet particularly under magnetically guimeés, when the ions can reach further down
tail under the influence of a weaker convectiortiele field and interact non-adiabatically in the

plasma sheet.

Cully et al [2003b] used the guiding center equations toesidthe question of auroral

substorm trigger and the supply of various typel®wfenergy ions to the central plasma sheet

7
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under both northward and southward IMF conditigmsluding both light (H) and heavy (O
polar wind and “cleft ion fountain” ions. It wasund that a drastic northward turning of the IMF
results in a reduced supply of @ns to the near-tail region of the plasma shekere substorm
onset is thought to originate. In addition, the demergy O ions often traverse along a field line
for a long duration compared with the duration @gmetospheric reconfiguration during

disturbed periods.

In a follow-on studyHowarth and Yay2008] examined the influence of the IMF and
convection electric field on the trajectories amgtthations of polar wind and other low-energy
ions observed on Akebono in the case of steadydhtFionospheric convection. lons were
found to preferentially feed the dusk sector ofglesma sheet over the dawn sector when the
IMF is duskward (B> 0), and to be more evenly distributed betweenwmesectors when the
IMF is dawnward. It was also found that a largercpatage of Oions originating from the noon
or dusk sectors of the polar cap reaches the magpletre and beyond compared with ions from
the dawn or midnight sectors, due to the increasetrifugal acceleration associated with the
larger magnetic field curvature near noon and @éngelr convection electric field in the dusk
sector. In addition, the Qutflow rate to both the plasma sheet and the etatmil was found to

correlate strongly with the ion temperature.

In a similar studyEbihara et al [2006] simulated the destination of supratheremedrgy
(14-209 eV) ionospheric Qons observed on Akebono. This simulation useduhequation
of motion and an empirical model of ion flux, whishbased on Kand the sunspot number and
derived from Akebono suprathermal ion mass speaten(SMS) data. It assumed a source
altitude of 1Re and time-independent external magnetic and correetectric fields using the

Tsyganenko T89cI[syganenkol1989] and Weimer W2KWeimer2001] models. Under an



165 active-time magnetic field and “mid-strength” contien electric field, the majority of Gons

166  that were above escape energy at the source altitece found to reach the ring current, and

167 only a very small fraction reached the magnetopauske distant tail and the atmosphere. In

168  comparison, under quiet-time conditions, the fatf suprathermal ions reaching the ring

169  current was a factor of 3 smaller, and the fragticaching the magnetopause and the distant tail
170  were a factor of 2 and 200 larger, respectivelya Bubsequent case study of two geomagnetic
171 storms using the same simulation cagigamura et al [2010] found that some of the low-

172 energy (a few eV) cleft ion fountain"@ns could also be transported to the ring cumregion

173 during the storms.

174 Huddleston et al[2005] extended the simulation codeD#lcourt et al [1993] to

175  compute the full trajectories of Hind Hé polar wind (0—3 eV) and cleft ion fountain (10-20
176  eV) ions, as well as Tcleft ion fountain and Hand O auroral (500 eV) ions. A Volland

177  electric field model with a Heelis correction wased in combination with ion measurements
178  from the Polar TIDE instrument, and detailed tregees were calculated for quiet and moderate
179 levels of magnetic activity. An Hpolar wind ion originating from the Polar perig@900 km)

180  at auroral latitudes was often found to lose iteekic energy initially but gradually gain energy at
181  higher altitude due to “centrifugal acceleratioas$,it experienced magnetic curvature drift

182  through the convection electric field potential igltonvecting across the polar cap into the

183  magnetospheric lobes. Thereafter, as the ion sadehe highly curved magnetic field in the

184  neutral sheet, it was further and abruptly accederto “plasma sheet” energies of hundreds of
185 eV. Thus, polar wind Hions originating from or below auroral latitudesne interpreted as an
186  important source of plasma sheétibns. In the case of the cleft ion fountain ancbaal ions,

187  the trajectories of different ion species origingtirom the same source location were found to
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deviate from each other, with the heaviest ion igse() reaching farthest down tail and the

lightest ion species (Ml least down tail.

In general, a geomagnetic storm has three phasgal,imain and recovery, and it can be
classified as recurrent or non-recurrent. Recuisearms, which occur most frequently in the
declining phase of a solar cycle once every 27stdgr rotation, are believed to be triggered by
a region of high solar wind pressure region forrbgdhe interaction of low- and high-speed co-
rotating solar wind streams. Non-recurrent geomagiserms, which occur most frequently
near solar maximum, are believed to be triggered fast coronal mass ejection (CME) and the
accompanying interplanetary shock wave. In botlesas magnetic storm is often associated
with the southward turning of the IMF, which result an enhanced coupling between the IMF
and the Earth’s internal magnetic field; the enleahcoupling in turn intensifies the westward
ring current and the induced southward magnetid Aethe equator — and decreases the Dst in

the main phase of a storm.

The initial phase, or storm sudden commencemert) S8 a geomagnetic storm
typically lasts 2 hours or longer and is charazgstiby an increase in the disturbance-storm time
index (Dst) by up to about 50 nT, resulting frora tompression of the magnetosphere due to
the arrival of a CME, interplanetary shock, andfedden solar wind plasma pressure
enhancement; not all geomagnetic storms have aal iphase, and not all SSC are followed by
a geomagnetic storm. The main phase typically kesteral hours and is characterized by a
decrease in Dst to a minimum value, which resuitsifthe intensification of the ring current
and induced magnetic field at the equator, as natbede; the minimum Dst value is typically
less than =50 nT, —100 nT, and —250 nT in the chae¢'moderate”, “large”, and “super” storm,

respectively. The recovery phase typically lastsaug day or longer and is characterized by the
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gradual increase in Dst to the pre-storm value,tduke gradual decay of the ring current
resulting from the loss of the current-carryingrgieic charged particles to charge exchange and

other mechanisms.

In this paper, we extend the simulation moddfowarth and Yay2008] to the case of
time-dependent magnetic and convection electrid,fte study the transport of thermal-energy
polar wind O ions in the quiet-time periods immediately preogdh number of large magnetic
storms. Our focus is on the time period immediapegceding the onset of the main phase of a
storm: this onset is identified as the time whendbarted to turn negative or to decrease sharply

in the case of a storm with and without an inighbse, respectively.

The organization of this paper is as follows. Setf briefly describes the trajectory
tracing model. Section 3 presents the simulatgddi@ies and magnetospheric destinations of
quiet-time polar wind Opreceding a number of magnetic storm events. @edtdiscusses the
feeding of these ions to the plasma sheet immdgipteceding and at storm onset and the

resulting effects on the plasma sheet and theaumgent in the main phase of the storm.
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2. Particle Trajectory Simulation

The aim of the present simulation study is to deiee the trajectories of polar wind O
ions in the high-altitude polar ionosphere in theetitime period preceding a magnetic storm, in
order to determine their percentage (if any) andlfenergy and destination in the
magnetosphere, and their overall possible effatthe plasma sheet and ring current. A total of
five magnetic storms in 2000-2005 were selecteafatysis; this period spanned the maximum
and the early declining phase of Solar Cycle 23 23X In each case, simulation was performed
for ions from different invariant latitude and MUdcations covering both the polar cap and the

auroral zone, and starting at different initialo@ties and different times preceding storm onset.

2.1 Simulation Model

The simulation model was adapted fr@ully et al [2003b] andHowarth and Yau
[2008], and the simulation region encompassesdb®n ofXgsy= +10 to—70Rg, Yosu= —25
to +25Rg, andZssy= —30 to +30Re. Starting at its source locatidty (= R(t=tp)) and initial
velocity vp (= v(t=tp)), the final destination of a particle can be deiaed by solving the full

equation of motion:

r (1)

In equation (1)q is the chargan is the mass, andis the radial distance of the particle
from the Earth centeE is the electric fieldB is the magnetic field, an@ is the gravitational
accelerationGy andMg are the Earth’s gravitational constant and ma&spectively. However,
it is often computationally time-consuming to sobguation (1) for a large number of single
particles due to the large amount of computatieqsiired to follow the gyro-motion of each

particle as it traverses the magnetosphere. Umiabatic conditions, where the electric and

12



247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

magnetic fields do not vary significantly over a@pperiod or gyro-radius, it is sufficient to use

the first-order guiding center equations of mofilorthrop, 1963]:

A

dd\:// =G+ E-E OB+, B(cji_? )
m | m

o= EXZB+L2[§><DB+EZG>< E—ﬂz \/”E+dvéxﬁ3 xB
B gB gB gB dt dt

®3)

In equation (2) and (3) is the magnetic moment, the last term in (2) esdéntrifugal
acceleration term first discussed ®kadis[1986], and the time derivatives are convective

derivatives and they depend on both time and space,

d 0 ~
prial [EJ’ Vit (Veg DD)} A

(4)

In order to trace the trajectories of a statiskycsignificant number of particles, the
guiding center equations (2-3) were used in thegestudy, except in the non-adiabatic regions
of the plasma sheet and ring current in Figure 8revithe full equation (1) was used instead; in
these regions, the ratio of the minimum field-lmevature encountered by an ion to the
maximum ion gyro-radius in a time-step is expedtede small (<10). A fifth-order Runge-

Kutta integration method was used to obtain theerigal solution in both cases.

The magnetic field was determined from a superjposdf the Internal Geomagnetic
Reference Field (IGRFHinlay, et al, 2010], and the Tsyganenko 1996 (T96) externajmaac
field model [Tsyganenkol995;Tsyganenko and Sterh996], which is parameterized by the Dst
index and the Earth’s dipole tilt angle, as wellretantaneous values of the solar wind dynamic
pressure and IMF Band B; the latter values were derived by time-shiftihg solar wind

measurements on ACE based on the satellite pogKigsy) and measured solar wind velocity.

13



267 The electric field was determined in two steps. &leetric field potential at the

268 ionospheric level was first inferred from SuperDARIN convection velocity data, and from the
269  Applied Physics Lab statistical mod&yohoniemi and Greenwal@996;Shepherd and

270  Ruohoniemi2000] in the case of data gaps. The potenti#iiligion was then mapped along
271 the field lines to simulate the electric field aglrer altitudes, by assuming the absence of

272 parallel electric field (i.eE, = 0), everywhere in the magnetosphere. This assamis justified
273  [Howarth and Yau2008] since the ambipolar electric field in thedgp wind is typically less

274  than 10’ V m™* and much smaller than the perpendicular conveetiectric fieldEg in the

275  simulation region (>7000 km altitude).

276 To expedite the computation, a non-uniformly spagd of 101 x 101 x 101 grid points
277  was used in which the grid spacing varied withrdm#al distance at a grid point from a

278  minimum of[1l/3 Rg, and both the electric and magnetic fields at egithpoint were pre-

279 computed and updated every 10 minutes in resportbe tthanging solar wind dynamic

280 pressure and IMF. During the particle tracing, BendB values at any position and time were
281  obtained from the corresponding values at the segral points in the nearest updates using

282  linear interpolation in time and in space.

283 2.2 Particle Trajectories and Destinations

284 Starting at 4 hours or more before the onset ih stmrm, a total of 10,000 ions were

285  “launched” from an altitude of 7000 km every 10 ot#s. To ensure a statistically representative
286  sampling of the large region of phase space, a &Gatrlo technique was used to randomly

287  select the initial position (between7é&nd 86 invariant and at all MLT) and velocity for each

288  ion.
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The Monte Carlo position selection assumed unifarmdensity at all invariant latitudes
above 70 and all MLT. The random velocity selection assuraeltifting Maxwellian velocity
distribution with an ion temperature of 0.25 e\f)eapendicular velocity derived from the
SuperDARN convection electric field data, and aafbek drift velocity derived from the
observed polar wind Ovelocity distribution between 6000 and 8000 knitudie [Abe et al,

2004] as shown in Figure 1, as a function of tHecded invariant latitude and MLT location.

The trajectory of each ion was followed until iacked one of 9 possible final
destinations, and the initial and final positiord alocity of each ion were captured for analysis.
An ion was identified as “trapped” in tla@émospherdf it was gravitationally trapped, descended
below 600 km, or was below IgRltitude after two hours. An un-trapped ion cocahvect to
thedaysideequatorial plane; reach theagnetopauser its vicinity where the field lines did not
connect back to the ionosphere in the T96 modaly tb thedistant tailbeyondXssy= —70Rg;
cross the Plasma Sheet Boundary Layer (PSBL) t@ithefXssy= —15 R into thedawn tailor
dusk tail cross the PSBL earthward of —1B iRto thedawn plasma sheer dusk plasma sheet

or flow out of the simulation region altogether.

Following Howarth and Yayi2008], the PSBL was defined as a function ofdiple tilt
angle, and serves as the cutoff where the ions\ieg@xperience non-adiabatic energization in
the plasma sheet. In test simulation runs, theiggidenter solution for none of the ions was
found to deviate appreciably from the full solut@atnthe cutoff, indicating that the ions remained
adiabatic. Also, only a small fraction of a percehthe ions was found to flow out of the
simulation region. This fraction of ions is exclddeom the analysis below, which will focus on

the other 8 ion destinations, including the atmeselior the trapped ions and the 7

15



311  magnetospheric regions for the non-trapped ioresddyside, magnetopause, distant tail, dawn

312  and dusk tail, and dawn and dusk plasma sheet.
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3. Distribution of Particle Destinations

Relevant solar wind, IMF, and SuperDARN ion coni@ttata were available for the
five magnetic storms selected for analysis in tfes@nt study. These five storms spanned the
period of 2000—2005 and the maximum and declinimagsps of SC 23, as well as the different

seasons.

3.1 6 April 2000 Event

Figure 2 shows the geomagnetic and solar wind tiondi preceding and during the 6
April 2000 storm, including (a) the 3-hrpKndex, (b) 1-min symmetric disturbance field i th
horizontal component SYM-H, and the time-shiftethsaind data from ACE, including (c) the
solar wind dynamic pressuRgayn, (d) IMF By and (e) B. The rapid decrease in SYM-H starting
near 1645 UT coincided with the sudden, ten-folit@ase in the solar wind dynamic pressure,
and the southward turning of the IMF, which resliitethe decrease of;Brom about -2 nT to
—20 nT. The rapid decrease signaled the onseeahtin phase at this time. Note that the SYM-
H is essentially the same as the Dst ind&xgiura and Porqsl971] and that the time shift in the
solar wind data is based on the measured solar véluttity at ACE and is therefore subject to
some uncertainty. In the immediately preceding tinee period, k increased from 3 at 1200
UT to 6 at 1500 UT. The IMF was initially weaklyigbward (B = a few nT negative) and then
turned northward around 1430 UT while ®as small and dawnward (negative). During the
main phase of the stormpkeached a maximum value of 8, and SYM-H reachedhanum

value of about —320 nT near 0010 UT.

Figure 3 shows representative examples of simul@tdédn trajectories for this event,
using the guiding-center (equations 2—3) and fyliations of motion (equation 1) in the

adiabatic and non-adiabatic regions, respecti@gure 3a shows trajectories for ions starting at
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336 1300 UT and originating at 7%nvariant and 12 MLT, with initial energies of @), (b) 1.0, (¢)
337 1.5,(d) 2.0, and (e) 3.0 eV, respectively. In figsre, the color of each trajectory trace denotes
338 the initial ion energy. Each trajectory is projettto the equatoriaKgsv—Yesy) and noon-

339  midnight XcsmZcsw) plane. The lowest-energy ions followed trappegettories as they did

340 not have sufficient energy to overcome gravitabefore reaching the centrifugal acceleration
341 altitude. In contrast, the higher-energy (2 an&/Biens were able to reach the centrifugal

342  acceleration altitude, where they started to gaargy. The highest-energy (3-eV) ion crossed

343 the PSBL and reached the dusk plasma sheet falther tail compared with the 2-eV ion.

344 Figure 3b shows the energy evolution of the 2- 2u4&d/ ions along their respective

345 trajectories in the adiabatic region. In this figuthe instantaneous ion energy in each case is
346  color-coded in logarithmic scale as the ion tragdrsom the starting location at 7000 km

347  altitude to the PSBL. In the case of the 3-eV tbe,ion energy initially decreased to near 1 eV
348 as the trajectory trace changed in color graddediyn purple/red to blue. However, the energy
349  stopped decreasing and instead started to incesatbe ion reached higher altitude[®5 and
350 >5 eV by the time the ion reacheB8 and 5 R altitude Zssmw 04 and 6 R), respectively;

351  correspondingly, the trajectory trace changed fpample/red at 3 Rto orange at 5 Raltitude.
352  Theion energy eventually reached 40 eV (and @meetchanged to yellow) by the time the ion
353 reachedXgsy=—-20 R. In comparison, the 2-eV ion reached the PSBLa@bser distanceXgswm
354 [-15R), and at a much lower energy (<5 eV). The diffeeehetween the two cases may be
355 attributed to the dependence of the magnituderofaxeleration on the parallel ion velocity in

356  equation 4.

357 Figure 3c compares the trajectories of 2-eV iomgirwaiting from 4 different locations:
358 (&) 80 invariant, 12 MLT; (b) 7%invariant, 12 MLT; (c) 75invariant, 10 MLT; and (d) 75

18



359 invariant, 14 MLT. In this figure, the color of datrace denotes the originating location. Note
360 that the second of these four trajectories is #meesas trajectory (d) in Figure 3a. Compared
361  with the ion in this trajectory the other ions teesed regions of smaller magnetic field curvature
362  as they traveled upward along the field line, amaisequently experienced lesser centrifugal

363  acceleration. Also, the two ions originating atalf@ 14 MLT (c and d) traversed primarily the
364 dawn and dusk portions of the magnetosphere, regelc while the ion originating from 75

365 invariant at 12 MLT (b) followed a predominantlyaremidnight trajectory. In comparison, the
366 ion originating from 80 invariant experienced the least amount of cergaf@acceleration, and

367 its trajectory was confined to a small radial diseat all times.

368 The guiding-center equation of motion (equatiora@ 3) was used exclusively in the
369 trajectory calculations in Figure 4-8. Figure 4w8hdhe distribution of ion destinations as a

370 function of the launch time of the ions before auding the storm, starting at 1250 UT, about 4
371 hours before the storm onset @645 UT. This figure shows the percentage of napged ions
372  arriving at each of the 7 destinations in the méagphere (color traces), and the total percentage
373  of non-trapped ions (black trace). As noted in Bec2.2 above, a total of 10,000 ions were

374 launched every 10 minutes, so that 240,000 ions Veemched in all over a 4-hr period between
375 1300 and 1700 UT. Slightly under 35-40% of the ilasmched before 1500 UT was un-trapped,
376 when K> was 3, and the percentage increased slightifi@s-45% between 1500 and 1800 UT,
377 when K increased to 6; see Figure 2 above. About 7-168beoions launched before the onset
378 (1645 UT) reached the dusk plasma sheet (dark,biiele about 3—8% of the ions reached the
379 dawn plasma sheet (purple). The correspondingidracbf ions reaching the dusk and dawn

380 sectors of the tail (gold and red) were comparahkkthe fractions reaching the dayside and the

381 magnetopause (brown and green) were smaller in @osgm. In other words, in the 4-hr quiet-
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time period immediately preceding the start of gtm about 10 to 24% of the polar wind O

ions originating from 7000 km altitude was found@ach the plasma sheet.

lons launched at a given time and source altitweeally arrive at their respective
destinations at different times, since the traieetof each Oion from its source location to its
destination varies with its initial ion positiondmelocity, and depends on the geomagnetic and
solar wind conditions, both of which affect the mlkion convection and ion trajectory. This
can be seen in Figure 5, which shows the numbiensfarriving at each destination as a
function of the arrival time of the ions at the til@ation, irrespective and instead of the launch
time of individual ions. Thus, for example, thetdizution at 1500 UT includes ions launched at
1300 UT that had a travel time of 2 hr, as wellhesse launched at 1340 UT that had a travel
time of 2 hours and 20 minutes, in other words lansiched 20 minutes earlier and traveling for
20 minutes longer. In this figure, each of the lbctraces denotes the same destination as in
Figure 4, but in contrast to Figure 4, the blaelcérdenotes the number of trapped ions in the

atmosphere instead of the total number of un-trdpges in the 7 magnetospheric destinations.

Figure 5 shows a gradual build-up of the numbedragped ions before 1540 UT and a
gradual decrease after 2100 UT, which reflect tloesiasing accumulation of ions launched
starting at 1240 UT and the cessation of ion lawatadhe end of the simulation, respectively. As
explained in Section 2.2 above, an ion is iderdifs “trapped” in thatmospheréf it was
gravitationally trapped or if it descended belovd &M or was below 1 Raltitude after two
hours. Figure 5 also shows a sharper decreabe petrcentage of trapped ions and sharper
increase in the percentage of un-trapped ions coedpeith Figure 4 immediately before the

storm onset. The sharper decrease in the trappeueicentage reflects the increasing fraction of
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ions being accelerated and becoming un-trappéteasttength of convection electric field

increased with time in the period immediately beftite storm onset.

By the time of the storm onset (1645 UT), more th@%o of the ions were un-trapped
and reached the different regions of the magnetspihe number of ions reaching the dusk
and dawn plasma sheet (dark blue and purple traee&ed around 1900 UT, about 2 hours after
the storm onset; at this time, the ratio of un{egbions reaching the plasma sheet to trapped
ions in the atmosphere was about 0.45. This imphiasabout 20% of the polar wind @ns

launched a few hours earlier had reached the plabeet by this time.

The green trace in Figure 5 denotes the numbemsfthat “hit the magnetopause”,
including (as explained in Section 2) ions thatheal the magnetopause or its vicinity, where
the field lines did not connect back to the ionasphn the Tsyganenko 1996 (T96) model. This
trace exhibits a sharp spike at the time of armfdahe solar wind pressure pulse at 1645 UT,; cf.
Figure 2. A detailed analysis of the simulatiorufessshows the sudden compression of the
magnetosphere at this time, when the magnetopaas@ushed inward (earthward) by more
than 1 R within the time interval between successive eleend magnetic field updates in the
simulation (10 minutes). This resulted in the itmst were in the vicinity (within 1 8 of the
magnetopause in the different magnetospheric regaddenly finding themselves arriving at or
inside the magnetopause as the magnetosphere gsagreuddenly — and hence a sudden

increase in the number of ions that are desigregéetitting the magnetopause”.

To examine the detailed characteristics of the kited O ions that reached the plasma
sheet and the magnetotail, Figure 6 shows thead@etd energy distributions of these ions as a
function of XgcsmandYssw Each dot (data point) in this figure denotesamthat was launched

during the 8-hr simulation period (1250 — 2050 @mny subsequently reached the plasma sheet
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or magnetotail; the position of each dot denotes<dyy andYssy coordinates of the ion while

its color represents the ion energy.

A total of about 148,000 ions (about 31% of the,880 ions launched) are shown in
Figure 6, and the density of the data points irfithae depicts qualitatively the spatial
distribution of the simulated of‘Qons, which is expected to approximate the cooading ion
density distribution, given the nature of the Mo@&&rlo selection of initial particle phase space.
Thus, it can be seen that the ion density in therph sheet was higher than that in the

magnetotail, and that in both regions, the dengég higher in the dusk sector.

Likewise, the dominant color in the respective arefaFigure 6 depicts the averaged ion
energy in the different regions of the plasma shadtmagnetotail. Thus, it can be seen that the
averaged ion energy of thé @ns increased with decreasing:§|, and that the ions reached
keV energy as they crossed the PSBL. In additioajdns along or near the midnight meridian
(IYesml < 5 R) tended to have higher energies than those fuathvaly from the meridian (Bém
| >5 R). This trend is consistent with the pattern o§les acceleration away from the

magnetic local noon in Figure 3c above.

3.2 Comparison of Storms

Figures 4—6 show that in general a variable butmegligible fraction of thermal-energy
O ions can become un-trapped and reach the maghetesin the period immediately before
the onset of the main phase of a magnetic storm.didtribution of such un-trapped ions in the
different regions of the magnetosphere is expeictdd dependent on the prevailing
geomagnetic and solar wind conditions. To exanhiedependence in the five storms in the
present study, Figure 7 shows (a) the 3-pimrdex, (b) 1-min SYM-H, and time-shifted (c) solar

wind dynamic pressur®ayn, (d) IMF By and (e) B from ACE preceding and during the five
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storms: these storms occurred on (A) 6 April 248),6 November 2000, (C) 5 November
2001, (D) 29 May 2003, and (E) January 21 2005eaetsvely. To facilitate data comparison,
the data for the five storms are shown in diffei@iors in each data panel, and offset with
respect to the onset time of the main phase of stach, i.e. the time when Dst started to turn

negative or to decrease sharply in the case arensvith and without a SSC, respectively.

Table 1 summarizes the time of storm onset, themum Dst (SYM-H) value, and the
time of rapid increase and the maximum value adrseind dynamic pressur@dy,) in each of
the 5 storms studied (columns 3 to 6), as welhagange of IMF B and B in the 4-hr period
following and preceding the onset, respectivelyuyems 7 to 10), for comparison with the
distribution of ion destinations in the magnetosphe each storm, including the percentage of

ions that reached the dusk and dawn plasma sheeairespectively (columns 11 to 14).

The first three of the five storms (storms A tov@re near the maximum phase of SC 23,
while the remaining two (storms D and E) occurmethie declining phase of the cycle; as noted
earlier, non-recurrent magnetic storms occur mesjuently at solar maximum, while recurrent
storms occur most frequently in the declining phafse solar cycle. Together, the five storms
spanned the four seasons of the year, occurrisgring, late fall, late fall, early summer, and

late winter, respectively.

Based on the criterion of the minimum Dst valu@a doderate”, “large”, and “super”
storm being less than —50 nT, —100 nT, and —250espectively, the five storms include a
“moderate” storm with a minimum Dst 6f-100 nT (storm E) and two “super-storms” with a
minimum Dst below —320 nT (storms A and C), thesotfvo storms (storms B and D) being
“large” storms with a minimum Dst @i—170 nT. The first three storms (storms A to @) ar
identified as isolated storms in that Dst was abed@ nT for several hours immediately
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preceding the storm in each case. Storm E is edstetd as an isolated storm for the purpose of
this study despite the very brief excursion of S¥HMe a value near —50 nT within an hour of
the onset. In contrast, storm D appears to coasstisequence of three overlapping storms with
the second and third onset 4:40 and 5:30 aftefirdteonset, respectively, and the three storms

had minimum Dst values of — 80, —100, and —170re3pectively.

In the context of thermal-energy plasma transpothe period immediately preceding
the main phase of a storm, a number of differemcése geomagnetic and solar wind conditions
are noteworthy between the five storms, includimgse in Figure 7 and Table 1. First, the initial
phase (SSC) was present before the onset of thephase of the storm in the case of storms A,
C, and E, and possibly also D; in all four casest,ibcreased to 10-20 nT, and the value of AE
was <1000 nT (not shown). In contrast, in the cdsstorm B, Dst remained negative and below
—30 nT for several hours immediately before thenstonset; in this case, the AE index was
much larger and exceeded 3000 nT in the 4-hr pdxédore the onset, and was indicative of

strong substorm activities.

Second, the onset of the main phase did not als@yside with the sudden
enhancement in solar wind dynamic pressure andah#award turning of the IMF. Table 1
shows that the onset approximately coincided withsdudden rise iRayn in the case of storm A,
but the two events were almost an hour apart inmmst&. Data oPgyn Was not available at the
time of onset in storm C. In the case of stormrDyhich successive onsets occurred at 1700,
2140, and 2230 UT, three successive riségjnwere observed at 1610, 2120, and 2240 UT. In
other words, the last two onsets were within 15ut@s of the corresponding riseRa,, while

the first onset anBgyy, rise were about 50 minutes apart.
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Third, the minimum Dst ranged from—100 to —320 nT while the maximum solar wind
dynamic pressure during the main phase ranged ff®to 85 nP; note that in FigureHyyn is

displayed in half scale (as 0.5y in the case of storm E in order to make the tatthe

other storms more legible.

Fourth, both the Band B components of the IMF were quite variable in sahthe
storms in the 4-hr periods immediately preceding fatiowing the onset, which, as noted
above, did not coincide with the southward turrofighe IMF in every storm. IMF was
predominantly southward {Bvas negative) most but not all of the time botfoteeand after the
onset in storm A (black trace in Figure 7). In ¢ast, it was highly variable in polarity but on
balance northward (Bwas positive) before the onset in storm B anchEhe case of storm E,
the level of activity was moderate (Dst100 nT) despite the large solar wind dynamic pnessu
(Payn= 85 nP); this may perhaps be attributed to thetljnasrthward IMF at the time of solar
wind pressure enhancement. In storm D, it was mostitthward before the first onset at 1700

UT, but underwent several changes in directiomatieds.

Fifth, the B, component of the IMF was predominantly dawnwaebétive) and
duskward (positive) in storm A and C, respectivelgfore the onset, and it remained
predominantly dawnward for the first hour after treset in storm A, when its magnitude
increased from less than 5 nTRO nT; solar wind particle data was not availabletie
determination oPgy, and the time-shifting of the IMF data after theseinin storm C. In contrast,
By was variable before the onset in storms B, D,EBnahd remained variable after the onset in

storm D and E but became predominantly duskwarditjge) in storm B.

Figure 8 compares the distribution of thermal-epegions in the (a) plasma sheet and

(b) magnetotail in the five storms. As in Figurgh® data for the different storms are shown in
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different colors and with respect to the onset tohthe main phase of each storm. In each panel,
the percentage of ions reaching the dusk and dauatorsis shown separately, with and without
the solid circles, respectively, and as a functibthe launch time of the ions, 0—4 hrs before the

storm onset except in the case of storm C.

Note that in the simulation, ions that were grdiwotaally trapped or otherwise remained
below 1 R altitude after 2 hours were identified as “trapp@ed most of the “un-trapped” ions
reached their magnetospheric destinations withours after their launch. Therefore, in
general, IMF and solar wind parameter data weraired for the 4-hr period after the time of an
ion launch, to update the electric and magnetld fistributions for the purpose of computing
the ion trajectory. In the case of storm C, whleerequired solar wind plasma pressure data for
the simulation was available only before the onbet IMF and solar wind parameters were
assumed to remain unchanged in the first 2 hotes tife onset, and the data is displayed for
ions launched 2—6 hrs before the onset and stidtéake right by 2 hours in the figure. In other
words, the computed distributions for ions launchetiveen 4 and 2 hours before the onset of
storm C are shown on the right half of the greands (between —02:00 and 00:00) in Figure 8,
and they are believed to be approximate and mary eéeor due to variations in IMF ari@y, in

the first two hours after the onset.

Figure 8 shows that in all five storms, a varigiecentage of the thermal-energy O
ions that were launched in the quiet-time periothadiately preceding the storm onset reached
the dawn and dusk plasma sheet and magnetotaibdicentage varied frof20% to 39% and
averaged to about 24-36% within each of the fieenss studied. The percentage in the plasma

sheet wasB0-40% larger than that in the magnetotail in stoArand B, and about 10-45%
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smaller in the other three storms (C, D and Epther words, about 17-21% of the ions reached

the plasma sheet in storms A and B and compardu9ait5% in storms C, D and E.

A dawn-dusk asymmetry in favor of the dusk sedapparent in four of the five storms:
the dusk-to-dawn percentage ratio ranged frdn? in storms A, B and D to 4.9 in storm E in

the plasma sheet, and frarh.8 in storms A and D to 7.3 in storm E in the neigtail.

The differences between the storms in their respepercentages of ions reaching
different regions of the magnetosphere may bebated to a number of factors. First, the overall
percentage of un-trapped ions is expected to depreratally on the magnitude of centrifugal ion
acceleration below the “turnaround” altitude, whan&xB convecting ion with less than escape
velocity will lose all of its initial kinetic eneggto gravitation and fall back to the atmosphere in
the absence of any acceleration. It can be seequation 2 and 4 that for &xB convecting
ion, the amplitude of ion acceleration due to angivag magnetic field increases with increasing
ExB velocity and/or increasing changes to the magriiefit in theExB direction. This implies
that an increase in the amplitude of the IMFahd B components would result in an increase
in the overall amplitude of convection electriddieparticularly under southward IMF
conditions Ehepherd and RuohobigraD00], and lead to larger centrifugal acceleratbthe
thermal-energy ions below the turnaround altitucdle atimately a larger percentage of ions
being able to reach the different regions of thgmetosphere. Likewise, for a givexB
convection strength, the percentage of un-trappesl is expected to increase with an increasing
rate of change of the magnetic field. Note, howgtreat a larger overall un-trapped percentage
does not necessarily lead to a larger ion perceritathe plasma sheet and magnetotail in Table

1, which does not include the percentage of ioaslreg the magnetotail beyoXdsy < —66 R.

27



562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

Second, for a given overall percentage of un-trdppes reaching the magnetosphere,
the relative proportion between those reachingthsma sheet and the magnetotail is expected
to depend on the amplitude and polarity of the IMRich control both the strength and the
configuration ofExB convection. In particular, the increased stremdtExB convection under
strongly southward IMF is expected to result ingadionally more of the un-trapped ions from
the dayside reaching further down tail, and morthefun-trapped ions from the night side
reaching lower L-shells. This in turn leads tor@éa percentage of un-trapped ions reaching the
magnetotail compared with the plasma sheet, shieéraction of un-trapped ions is larger on the
dayside on average. This can be seen to be thenc@able 1 between storm C, in which Bas
strongly southward for an extended duration befloesonset and the plasma sheet to magnetotail
ratio of un-trapped ions was about 0.56, and sty which B; was northward or weakly

southward and the corresponding ratio is 1.1.

Third, the solar wind dynamic pressure may alsarbanportant factor in the plasma
sheet to magnetotail ratio of the un-trapped iac@aage, depending on the prevailing IMF
conditions (strength and polarity) and the resgltiegree of coupling between the IMF and the
Earth’s internal field. This is becauseRyg,increases under southward IMF conditions, the
magnetosphere becomes increasingly compressetamnasignitude of the convection electric
field also increasesShepherd and Ruohobier2000], resulting in larger centrifugal ion
acceleration and strongéxB convection, and ultimately a larger overall petage of un-
trapped ions reaching the magnetosphere and a laagnetotail to plasma sheet percentage
ratio; Pgyn Is expected to be less of a factor under northwéfel conditions. Likewise, the rate at

which Pgy, increases can also play a significant role, senoere rapid rise iRqyn results in a
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more rapid change in the magnetic field, whichuimtieads to a larger increase in the overall

percentage of un-trapped ions, as discussed above.

Fourth, the polarity of IMF Bis expected to affect the relative ratio of urpped ion
percentage between the dawn and dusk magnetosphdrthe latter is expected to dominate on
average. As shown previouslyttowarth and Yauy2008], the ions preferentially feed the dusk
sector of the plasma sheet when the IMF is dusk{Byd 0), and are more evenly distributed
between the dusk and dawn sectors when the IMBisidard (B < 0). Indeed, in Table 1, the
dusk-to-dawn ratio of the percentage in the plasheet ranges from 1.5 to 4.9 and averages 2.7,
while the corresponding ratio in the magnetotailges from 1.6 to 12.4 and averages 4.1. The
ratio for the plasma sheet and magnetotail combavedages to 3.1, and varies from 1.7 in
storm A, where B was predominantly dawnward (negative), to 7.3ams E, where B was
predominantly and strongly duskwardy(Bs large as 28 nT) in the 2 hours immediately
preceding the onset. In other words, the dusk-terdatio of the un-trapped ion percentage is

generally higher when the IMF is duskward.

Finally, the overall level of geomagnetic activig characterized by the kdex, is
expected to affect both the overall percentageapiped ions and the plasma sheet to
magnetotail percentage ratio. As shown in Figurtad observed parallel ion velocity at the
starting altitude is dependent oR; kh our simulation model, it is typically a factof 1.5-2.0
higher under high-Kconditions. This results in a larger percentages gaining sufficient
energy to overcome gravitation before reachinguhearound altitude for a given level of
centrifugal acceleration. At the same time, thgdatnitial parallel velocity also results in
proportionally more of the un-trapped ions remagran higher L-shells as they reach the

magnetosphere for a given ion convection streragtt,ultimately leads to a smaller plasma
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607  sheet to magnetotail percentage ratio. It is dleairthese five factors combine to affect the

608 overall distribution of un-trapped thermal-energyi@ns in the quiet-time period immediately
609  preceding a magnetic storm. However, because akthBvely small number of storms studied,
610 it is beyond the scope of this study to quantittivdelineate the relative importance of these

611 five factors.
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4. Discussion and Summary

In Section 2 and 3 above, we extended the simulatiodel inHowarth and Yay2008]
to the case of time-dependent magnetic and comreetectric field, to study the transport of
thermal-energy polar wind'Qons in the quiet-time periods immediately preogdhe main
phase of five magnetic storms, when the IMF sonmeginaries rapidly in polarity. Our study
includes 2 large storms (minimum Dst < —100 nT) Arfduper-storms” (minimum Dst < -300

nT), and storms in both the maximum and the dediphase of SC 23.

The simulation used the guiding-center equatiomaation (equations 2 and 3) to solve
for the single-particle trajectories of a numberanfs starting from the high-altitude polar
ionosphere during the 4-hr period preceding th@bofeach storm, to determine the fraction
(percentage) of ions that was able to overcomeitgtéon and reach the different regions of the
magnetosphere as a result of centrifugal ion acateda at higher altitudes. Every 10 minutes in
the 4-hr period, the IGRF internal and Tsyganer@@6lexternal magnetic field and the
SuperDARN convection electric field models were ated, with a linear interpolation in
between, and a total of 10,000 ions were “launchieadh the starting altitude of 7000 km; a
Monte Carlo technique was used to randomly selecirtitial position (invariant latitude and
MLT) and velocity for each ion to ensure a statety representative sampling of the ion phase
space consistent with the observed polar wind &aoity and temperature on Akeboriarkou

et al, 1997;Abe et al, 2004].
The result of our simulation is summarized as fefio

1. In the case of polar wind oxygen ions under typggaét-time geomagnetic and solar
wind conditions, the lowest-energy iorsq eV) did not have sufficient energy to

overcome gravitation before reaching the centrifagaeleration altitude, but the higher-
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2.

4.

5.

energy (>R eV) ions were able to do so and subsequentlyresque further

acceleration and reach the magnetospher@@R: or beyond (Figure 3a): lons
originating at or near PSnvariant and 12 MLT experienced larger accelera#is they
traversed regions of larger magnetic field cunaitompared with those originating at
higher invariant latitudes or other magnetic Idgakes (Figure 3c).

A variable and small fraction (up i®4—-36%) of the ions launched in the 4-hr period
preceding a storm onset could overcome gravitamhbecome un-trapped and reach the
plasma sheet and magnetotail (Figure 4 and 8, abteTL); roughly a quarter of these
ions is estimated to have reached the plasma shegtgnetotail by the time of the storm
onset, since their most probable and medium trawel was found to be about 3.4 and
3.8 hours, respectively (Figure 5).

On average, the dusk sector dominated the pereenfag-trapped ions in the plasma
sheet and magnetotail. The ratio of un-trapped @t&een the dawn and dusk
magnetosphere was affected by the polarity of IMFtBe dusk-to-dawn ratio of the
percentage being in the range of 1.7 to 7.3 and3dverage (Table 1 and Figure 8).
The averaged energy of the un-trappéddds increased with decreasing radial distance
(XesM) in the magnetosphere, and the ions reached kekgg as they crossed the PSBL
(Figure 6).

The distribution (percentage) of un-trapped iorad teached the plasma sheet and the
magnetotail was strongly influenced by a numbdaofors. These included the IMK B
and B components, the rate of change of the magnetd; tiee solar wind dynamic
pressure, and the level of geomagnetic activitgtesacterized by thedindex (Table 1

and Figure 8).
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6. Anincrease in IMF B and B resulted in an increase in the overall strengtB>xB
convection, particularly under southward IMF coiudtis, and led to larger centrifugal
ion acceleration and ultimately a larger percents#fge-trapped ions.

7. Anincreased rate of change of the magnetic fildd eesulted in larger centrifugal
acceleration, and for a givé&ixB convection strength led to a larger percentageef
trapped ions.

8. An increase in convection strength and/or rate afmetic field changes also resulted in
an increase in the magnetotail to plasma sheeéptge ratio, due to more ions from the
dayside becoming un-trapped compared with those th@ night side on average for a
given ion convection strength, and to more iongiftbe dayside and night side reaching
higher and lower L-shells, respectively.

9. The effect of the solar wind dynamic pressure enuh-trapped ion percentage was
dependent on the prevailing IMF strength and piylaand was more pronounced under
strongly southward IMF conditions.

10.Under high ke conditions, the larger initial parallel ion veltcresulted in proportionally
more of the un-trapped ions remaining at highehéls and ultimately a smaller plasma

sheet to magnetotail percentage ratio.

As discussed ifPeterson et al[2009], the Oion density in the plasma sheet is highly
variable and dependent on magnetic activity leMelr solar minimum on ISEE-L¢nnartsson
and Shelley1986], the density of Qons above 100 eV was found to range ffdx01 at quiet
times (AE < 200 nT) t@D.1 cn® at active times (AE 200 nT) between 10 and &, and to
peak nealfgsm= 0, particularly during active times. In additjadhe density was found to exhibit

a dawn-dusk asymmetry in favor the dusk sectorgthet-time dusk-to-dawn density ratio being
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about 2 in theYssy < 15Re region. Near solar maximum on Clustirdtler et al, 2006], the
measured Odensity wagD.02 cn?® at 19Re in quiet intervals before substorms. The large
asymmetry (factor of 1.5 G5 dusk-to-dawn ratio) in Oplasma sheet ion density in Figure 8
and Table 1 is clearly in good qualitative accorthwhe ISEE-1 data at least insofar as dawn-
dusk asymmetry, assuming that the observed asymindtie ISEE-1 data near solar minimum

was not strongly dependent on solar activity level.

On the question of low-energy plasma sheeiods, the low-energy cut-off of the ISEE-
1 ion mass spectrometer (100 eV/e) precluded tectien of O ions below 100 eV, whose
presence in the plasma sheet is possible, for eeambpimes of low E x B velocities. On
Geotail, non-mass-resolved cold ions below 100 evevirequently observed at comparable
densities to the hot ions in the eclipsed regidriii®central plasma she&gdki et al.2003]. On
Cluster, most of the Tons that were measured with the ion compositimhdistribution
function (CODIF) instrument, which had a 40-eV lewergy cut-off, were above 100 eV
[Kistler et al, 2005]. Figure 8 suggests that in the absencéhef @dditional acceleration
processes, a large fraction of the un-trapp&ib@s reaching the plasma sheet typically had
energies of 100 eV or greater (color-coded in nredrange in Figure 6) due to centrifugal ion

acceleration; this appears to be consistent wirCiuster results.

Using Cluster magnetic field and CODIF ion compositdataNilsson et al[2008]
investigated the role of centrifugal ion accelenatin the altitude range of 5 — 12,Ry
comparing the accumulated effect of the accelaraiieer this altitude range with the observed
parallel G ion velocity in each of several orbits. It wasridithat a large fraction of the
observed ion velocity may be attributed to the bera#ion, and that the observed velocity was

consistent with initial ion energy of about 40 exlpcity of about 20 km/s) at 5eRinder
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realistic ion convection conditions in a steadytestaagnetic field. Due to spacecraft charging
and other technical reasons, the analysiiisson et al[2008] was confined to ion data above
40 eV and focused on acceleration events of highergy ions on auroral field lines; it excluded
lower-energy ions such as the polar wind whosegrper-charge was below the spacecraft
potential, which was typically in the range of 5 the polar capHriksson et al 2006]. In
comparison, the two polar wind @ns in Figure 3b above had lower energies (<5<ileV,
respectively) by the time they reached & Rhe larger “initial” ion energy on Cluster may be
attributed to the dominance of higher-energy iarghsas the cleft ion fountain and upwelling
ions in the Cluster analysis, which have highergies than polar wind ions but are not always

observationally separable from the polar wind i@ssnoted in the Introduction section.

In equation 2 and 4 above, each of the three aet®e terms can in principle give rise
to ion acceleration or deceleration in a givenanse depending on the relative orientation
between the magnetic and convection electric fialub their spatial or temporal gradients.
Statistically, ion acceleration due to the paradietl perpendicular terms was observed to be
much more frequent compared with ion deceleratioCluster: the acceleration-to-deceleration
occurrence frequency ratio being 2—Nil$son et al 2008]; the dominance of acceleration over
deceleration is not surprising given the topologthe magnetic field at high altitudes. In
contrast, the occurrence frequency ratio of ioreberation due to the temporal term was near
unity. On average, the magnitude of ion accelenadioe to the parallel and perpendicular terms
was about 5 and 3 nfsrespectively, and larger compared with the temlprm (<2 m %)
[Nilsson et al 2008]. This implies that in the case of a tine@ehdent magnetic field, the
parallel and perpendicular terms are expected nairtkte the overall effect of centrifugal

acceleration, and explains the modest range ofappéd ion percentage (24—-36%) in Table 1
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for the 5 storms, which correspond to differentdidependent magnetic and convection electric

field conditions.

The estimated volume of the quiet-time plasma sisegttout 4 x 1# m® [Chappell et
al., 1987]. As noted above, the observed quiet-time&hsity in the plasma sheet on ISEE-1
was about 0.01 cthnear solar minimumLennartsson and Shelle$986], and increased by a
factor of 3 between early 1978 and early 1979 endérly ascending phase of the solar cycle,
when the solar rotation-averageg fsolar radio flux index increased frdm00 to[R00. The
ISEE-1 observation suggests a quiet-time plasmet $biedensity of >0.03 ci near solar
maximum. In other words, the’@nass content in the plasma sheet is estimateel 260 and

>780 kg near solar minimum and maximum, respedgtivel

Like its plasma sheet counterpart, thei@n density in the ring current is also highly
dynamic. After all, agorth et al [2000] showed using CRRES data, the ring cui@ribns are
believed to come from the plasma sheet and notttiir'om the ionosphere, including low-
energy ions below 30 keV in the main phase of exst®vlost known mechanisms for
transporting plasma sheet ions to the ring cumedtenergizing them to ring current energies
are believed to be mass independéenef al,, 2003]. However, observational evidence
suggestive of mass-dependent transport or enei@izattocesses does exist, for example on
Polar [Pulkkinen et al 2001]. Using AMPTE/CHEM dat®aglis et al.[1993] reported an
O'/H" energy density ratio ¢f0.06 in 1-300 keV ring current ions at very quietes (AE < 30
nT) near solar minimum. Based on the energeticowpfig ion observation ofau et al[1988]
on DE-1, and the plasma sheet observatidreohartsson and Shell¢¥986] on ISEE-1, as
noted above, the correspondiny®" energy density ratio near solar maximum may beetaul

to be larger by a factor af3 or more.
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Greenspan and Hamiltof2000] used AMPTE data to test the Dessler-Pa8akoepke
(DPS) relation $ckopke1966], and showed the ratio of total ring curremérgy to the
magnitude of Dst to be approximately 2 ¥°IKeV/nT. Using a value of —25 nT for quiet-time
Dst, and a quiet-time TH" ring current density ratio of 0.06 near solar minm and 0.3 near
solar maximum by assuming’ @nd H to have comparable energy spectra, the estimated O
mass content in the ring current is estimated toll&® kg near solar minimum an&90 kg near
solar maximum. In comparison, the correspondingnegées inPeterson et all2009] were 50
and 300 kg. The factor-of-3 difference betweentihe sets of estimates may be attributed to the
factor-of-2 larger Dst and factor-of-6 smallel/B" density ratio values used Reterson et al.

[2009)].

In comparison, as discussed in the Introductioti@ecthe density of Opolar wind is
seasonally dependent and is on the order of adé®Q cmi® near solar maximum. Assuming an
seasonally averaged density of 10%m Ke-averaged parallel ion velocity of 3 km/s, and an
averaged un-trapped ion percentage of 25% reathinglasma sheet (from Table 1), the flux of
un-trapped Oions reaching the plasma sheeflis5 x 1§ cmi? s*. Using the dipole
approximation, the flux tube area over an invarlatitude range in both hemispheres is given by

[Yau et al, 1988]

A = arR{[-(R /R )cog A ]2~ [1-(R /R )cod A7} 5)

whereR; is the geocentric distandg; is the Earth radius, ans, and/A; are the lower
and upper limits of invariant latitude, respectivéhssuming uniform polar wind poleward of
70° invariant, the total area of polar-wind flux tulas/000 km altitude in both hemispheres is

2.95x 13° cn?, and this corresponds to a total rate of un-trdppfe2 x 1G* O ions ' and a
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mass injection rate df200 kg/hr into the plasma sheet. For an estimafepl@ma sheet mass

content oftl780 kg, this suggests a filling time @4 hrs.

In summary the simulations and analysis preserited shat centrifugal acceleration at
higher altitudes (abovié3 Re altitude) energizes a significant fraction of that O to escape
velocity and that the fraction of this populati@aching the plasma sheet is a factar®farger
in the dusk sector on average compared with thendaetor. Our results are consistent with the
picture that low-energy ion flow constitutes a sligant “in-transit” oxygen ion population over
a period of a few[d) hours preceding a magnetic storm, which expliagpresence of Gons
in the ring current shortly after the onset of than phase of the storm, when the heavy ions

could potentially modify the evolution of the riegrrent.
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Table 1 Solar wind pressure, IMF, and simulatedntiaé O" ion percentage in magnetic storms

Event ID Onset min Dst Time of max After onset Before onset Averaged percentage (Jarfgen-trapped ions launched before onset
& Date (tU']Ig (nT) Pgﬁfjl_l'_';c (';dén) B, By B, By Plasma sheet Tail Total
(nT) (nT) (nT) (nT) Dusk Dawn Dusk Dawn
A 2000/04/06 1645 -320 1645 12 -30to-10 -20t010 -5t05 —2t0-8 10.9(7-16) 5.9(3-8) 9.8(4-16) 5.8(2-9) 32.4(24-38)
B 2000/11/06 1340 -175 1430 5 -12t0 9 Oto10 -10t010 -10to10 16.2 (11-23) 4.8(4-6) 9.8(5-14) 5.5(3-9) 36.4 (34-39)
C 2001/11/06 0200 -300 N/A N/A N/A N/A -12t0-5 15t020 5.1(4-6) 3.5(2-4) 11.4(10-143.9 (2-6) 23.9 (20-27)
D 2003/05/29 1700 -80 1610 17 -32t030 -22t028 -10to10 -10to10 9.0(6-11) 4.5(2-6) 9.8(5-14) 6.2(2-10) 29.6-3)
2140 -100 <2125 <50 -26t020 -12t020
2230 -170 2240 46 -16to 17
E 2005/01/21 1940 -100 1850 85 -2t022 -12t022 -25t030 -30t028 12.2(8-15) 2.5(1-4) 14.9(8-19) 1.2(0-5) 30.8 (25-33)
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Figure Captions

Figure 1 Averaged polar wind'@elocity between 6000 and 8000 km altitude obskore
Akebono near solar maximum, for low and highdonditions; left: ke < 2; right: Ko > 2;
adapted fromAbe et al[2004]

Figure 2 Geomagnetic and solar wind conditionsgutgy and during the 6 April 2000 magnetic
storm: from top to bottom: K SYM-H, solar wind dynamic pressure, and IM{&d B

components

Figure 3a Examples of simulated trajectories ofipulind O ions originating at 7000 km
altitude, 78 invariant and 12 MLT in the storm of 6 April 2000

Figure 3b lon energy of polar wind @ns originating at 7000 km altitude, “7@variant and 12
MLT, and starting at 2- and 3-eV, respectivelyngldheir respective trajectories in the adiabatic

region

Figure 3c Simulated trajectories of 2-eV polar widdions originating from different invariant
latitude and MLT locations at 7000 km altitude

Figure 4 Distribution of simulated ion destinationgerms of the percentage of ions at each
destination (region of the magnetosphere) as aitumof the launch time of the ions before and
during the 6 April 2000 magnetic storm: the dayglol®wn), magnetopause (green), distant tail
(X <—66 R; light blue), dawn and dusk tail (red and goldwth and dusk plasma sheet (purple
and dark blue), and total non-trapped (black)

Figure 5 Number of ions arriving at each magnetesdpldestination as a function of their arrival
time before and during the 6 April 2000 magnetarst, using the same color codes for the
different regions of the magnetosphere as in Figuercept for the black trace, which denotes

the number of trapped ions

46



947
948
949
950
951
952
953
954
955
956
957
958
959
960
961

Figure 6 Distribution of about 148,000 simulatedi@ns that reached the plasma sheet or the

magnetotail in the magnetic storm of 6 April 2000

Figure 7 (a) the 3-hr Kindex; (b) 1-min SYM-H; and time-shifted (from ACE) solar wind
dynamic pressurdqyn, (d) IMF By and (e) B, preceding and during five magnetic storms on
(A) 6 April 2000 (black), (B) 6 November 2000 (b)u€C) 5 November 2001 (green), (D) 29
May 2003 (brown), and (E) 21 January 2005 (redpeetively

Figure 8 Percentage of un-trapped thermal-eneigpi® reaching the dusk (solid circles) and
dawn (no circles) sectors of the (a) plasma shee{la) magnetotail, as a function of the launch
time of the ions, 0—4 hrs before the onset of thérphase of the magnetic storms on (A) 6
April 2000 (black), (B) 6 November 2000 (blue), &November 2001 (green), (D) 29 May
2003 (brown), and (E) 21 January 2005 (red), respey; and 2—6 hrs before the onset on (C) 5
November 2011 with the data display shifted tortket by 2 hours in the figure.
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965  Figure 1 Averaged polar wind'@elocity between 6000 and 8000 km altitude obskore
966 Akebono near solar maximum, for low and highdénditions; left: k < 2; right: Kp > 2;
967 adapted fronAbe et al [2004]
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972  Figure 2 Geomagnetic and solar wind conditionseutey and during the 6 April 2000 magnetic
973  storm: from top to bottom: K SYM-H, solar wind dynamic pressure, and IM{-d&hd B

974  components
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Figure 3a Examples of simulated trajectories ofpulind O ions originating at 7000 km

altitude, 78 invariant and 12 MLT in the storm of 6 April 2000

50



Yaswm (Re)

40
S
Q
> 10
93
o
C
LL]
L)
T (
© © 1
= o
w
g 04

981
982  Figure 3b lon energy of polar wind @ns originating at 7000 km altitude, “Z@variant and 12

983 MLT, and starting at 2- and 3-eV, respectivelyngldheir respective trajectories in the adiabatic
984  region
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Figure 4 Distribution of simulated ion destinationgerms of the percentage of ions at each
destination (region of the magnetosphere) as aitumof the launch time of the ions before and
during the 6 April 2000 magnetic storm: the dayglol®wn), magnetopause (green), distant tail
(X <—66 R; light blue), dawn and dusk tail (red and goldwth and dusk plasma sheet (purple
and dark blue), and total non-trapped (black)
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1001 Figure 5 Number of ions arriving at each magnetesdpldestination as a function of their arrival
1002 time before and during the 6 April 2000 magnetarrst, using the same color codes for the
1003 different regions of the magnetosphere as in Figuggcept for the black trace, which denotes
1004  the number of trapped ions
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Figure 6 Distribution of about 148,000 simulatedi@ns that reached the plasma sheet or the
magnetotail in the magnetic storm of 6 April 2000
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Figure 7 (a) the 3-hr Kindex; (b) 1-min SYM-H; and time-shifted (from ACE) solar wind
dynamic pressurdqyn, (d) IMF By and (e) B, preceding and during five magnetic storms on
(A) 6 April 2000 (black), (B) 6 November 2000 (b)u€C) 5 November 2001 (green), (D) 29
May 2003 (brown), and (E) 21 January 2005 (redpeetively
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Figure 8 Percentage of un-trapped thermal-eneigpi® reaching the dusk (solid circles) and
dawn (no circles) sectors of the (a) plasma shee{la) magnetotail, as a function of the launch
time of the ions, 0—4 hrs before the onset of thérphase of the magnetic storms on (A) 6
April 2000 (black), (B) 6 November 2000 (blue), ®&November 2001 (green), (D) 29 May
2003 (brown), and (E) 21 January 2005 (red), respy; and 2—6 hrs before the onset on (C) 5
November 2011 with the data display shifted tortket by 2 hours in the figure.
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