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A New Magnetic Storm M odel

Abstract

Recentobsenationsof magneticstormsfrom the new
perspectie of the POLAR orbit have elucidatedthe cru-
cialrolethatparallelelectricfieldsandtheionospherglay
in the developmentof a magneticstorm. This modelhas
implicationsfor the empiricalformulaslinking the solar
wind with Dst, for compositionchangesn the ring cur-
rent, for precipitationand subauroralarcs seenat earth,
for ionosphericsignatureseenby radaror riometersand
not leastof all, enegetic neutralatoms. The modelpre-
dicts that a large polar cap electric field, which persists
on the order of an hour or more, exceedsthe ability of
thetail to shieldout the polarcappotential,andproduces
a strongcross-tailelectricfield in the plasmasheetThis
field corvectsplasmasheeibns into the inner magneto-
spherewherethe opposingVB and E x B drifts actas
a selectve filter permitting a single enegy the deepest
penetration. This monoenegetic bandof ions generates
a field-alignedpotentialdrop that attemptgo confinethe
ions to the equator Thusequatorialelectronsare accel-
eratedthroughthe potentialandprecipitatecdeepinto the
ionospherde-layerwherethey produceriometerandradar
signaturesSimultaneouslyionospheridonsareextracted
andenepgizedinto thering current. lon cyclotron waves,
generatedy this unstableparticle population,then per
pendicularlyheattheseion beamsand scatterthem out
of the loss cone so that they becomea permanentpart
of thering current. This entire dynamicstructurewould
rapidly decayif it werenot for the continuouspower in-
put of the hot magnetospherimnswhich in the frame of
the ionospherecorvectthroughthe cold plasmapopula-
tion. Whenthecross-taiffield switchesoff, thecorvection
power sourceis removed, the parallelelectricfields van-
ish, andthe hot ions are trappedin the ring currentand
subsequentlgecaythroughchageexchange.

I ntroduction

The elementof this new magneticstormmodelhave
all beenpresentedtbefore but they have lackedacoherent,
causalchain,andabove all, a quantifiablemodelthathad
predictveability. For example Smith and Hoffman (1974)
presentedhetime-dependennodelof ring currentinjec-
tion, but were unableto predicthow deepthe injection
would occuror subsequenbDst developmentof a storm.
Similarly, Hamilton et al. (1988)measuredhe enhanced

ionosphericoxygencontentof greatstorms,but wereun-
ableto predictwhich stormsor how much oxygenwas
to be expected.Our modeltakesasits input the cross-tail
potentialattheinneredgeof the plasmashee&tndtheplas-
masheetlensityatthis location,to predictall of theabove
guantities.With a suitableinnertail model,we shouldbe
ableto useonly the solarwind densityandelectricfield ,
FEy = Bz x Vx, to make thesepredictions.

Data Analysis

The POLAR spacecrafis in a polar, 9 x 2 Re orbit
thaton April 15wasin the noon-midnightmeridianwith
perigeeover the southpole. Thusit madetwo diagonal
passeghroughthe midnightandnoonradiationbelts. A
typical passshovs anenepgeticparticlepopulationwhose
averageenepy is proportionalto the |B|. This is the
normal distribution for ions diffusing in L-shell from a
sourceregion in the plasmashedSheldon and Hamilton,
1993). On this day the Comprehensie Enegetic Parti-
cle andPitch Angle Distribution (CEPRAD) (Blakeet al.,
1995) experimentdetectedwo monoenegetic bandssu-
perposedn the night sidering current(figure 1): a mo-
noenegeticpopulationof trappedionsat ~90 keV, anda
monoenggeticbeamof field-alignedionsat ~40keV.

A monoenegetictrappedpopulationis possiblewhen
astrongcross-taikelectricfield drivesionsagainsthe VB
drift deepinto the magnetospheréSmith and Hoffman,
1974). Sucha “nose” event mustbe nearly 90° trapped
particlesbecausef the large increasen |B| while con-
vectingfrom the plasmasheetyhich is the characteristic
of theupperenegy bandin our data. Supportfor this hy-
pothesiccamefrom the extensive GGSdatabase.

Examinationof WIND data(Ogilvie et al., 1995)for
April 14 shaved thattherewereseveral Bz <0 periods
lastingfor 1 houror less. CorrespondingAU andAL de-
rived from the CANOPUSarray (Rostoker et al., 1995)
shav that theseperiodsled to substormswith riometer
absorptionsignaturesat auroral latitudes. However the
stormtriggerappearso bethestrongsouthwardturningof
Bz <-10occurringat 2000UT, accompaniedby a jump
in thesolarwind speedrom 450km/sto 600km/s,which
producedan even larger Bz in the compressednagnetic
field of the magnetosheathThis period of strongsouth-
ward Bz lastedmorethan3 hours,effectively saturating
the ability of thetail to shieldout the polarcappotential.
ThelZMIRAN model(Papitashvili et al., 1994)predicted
in excessof 150 kV acrossthe polar cap for thesesolar
wind conditions.

While CANOPUS riometersrecordedvery little ac-
tivity at aurorallatitudes,the riometerat L=4.4, aswell
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Figure 1. POLAR/CEPRD/IPS dataon April 15, 1996,
displayingroll modulationof the countsin the 90° headin
theenegy bandsfrom 24-138keV.

as the Halley Bay riometerat L~4, (private communi-
cation A. Rodger 1996) shaved an extremely intense
and narronv absorptionfeature at this time, indicating
that precipitationhad penetratedo low latitudes, deep
in the magnetospherand down to E-layerionospheric
depths. Fromtheseobsenations,aswell ascomplemen-
tary groundobsenations we surmisethatafterseveralin-

tensesubstorm$adpumpedup the plasmasheeg strong
corvection field injected the plasmato at leastL=4.4,

which POLAR/CEPRD obsenedasa90keV band.

The bandof 40 keV field-alignedions, however, are
harderto explain. They have the wrong pitchanglesto
have corvectedfrom the plasmasheet)ecausahe adia-
baticdecompressiomvolvedin backtracinghemto their
originwould placethemin the plasmashedbsscone.But
ions of this enegy would not have hadaccesgo theplas-
masheesimultaneouslyvith higherenegy ions,sincethe
magnetosphetie a“notchfilter” for only oneenegy. This
implies thattheseions are trappedon closeddrift orbits.

Butif they undegothesameprocesseastheadiabatically
enegizedring current,which canbe seensimultaneously
with the bandeddistribution, they would not be monoen-
ergetic, nor would they track the enegy of the noseions
so precisely Thatis, if they hadresidedfor ary length
of time in the magnetospherdhe samecorvectionthat
broughtin the plasmasheabnswould dispersegheseons
aswell. Thuswe concludethatthesedfield-alignedonsare
in situ accelerateduringthetime of themeasurement.

“Zipper” events,(Fennell et al., 1981) (identifiedfirst
by Kayeet al. (1981)),havethesamebimodalpitch-angle
distributions, though at somevhat lower enegy. They
foundthatthe “zippers” wererich in Ot, andconcluded
that they were observingbeamscoming from the iono-
sphere. Sincebeamsare seenat aurorallatitudes, they
concludedhatthey wereonflux tubesconnectedo auro-
ralarcs.ThecompositiorexperimentPOLAR/CAMMICE,
was turned off during this period, so we cannotdeter
minethe E > 30keV OT contentfor April 15, however
whenit wasswitchedbackon, aroundApril 20, it found
an anomalouslylarge amountof O in the ring current.
POLAR/TIMAS Shelley et al. (1995) (privatecommuni-
cationW.K. Peterson1996)did detectE < 20keV Ot
beamdor thisday. Sowe concludethaton April 15weare
observingOt ionsacceleratedo ~30—40keV by strong
parallelelectricfieldsin theionosphere Sincetheseions
track ~50 keV belav the noseions, it appeargsheremust
beacausakonnection.

Whipple (1977) amguesthat one can producea field-
alignedelectricfield if the electronandion pitch angle
distributions(PADs) arenotidentical.In our casethe hot
monoenegetic noseions are superposen a cold plas-
maspherelectronpopulationproducinga parallelelectric
field of several kT,. If theenegeticion densityis greater
thantheplasmasphericold electrondensity asecondon-
dominatedsolutionto theWhippleequationss possibleat
approximatelytheion beamparallelenegy.

Figure2 illustrateshow thethreepopulationgring cur-
rent,“nose”, andbeam)evolve duringthis intenval. First,
the ring currentis adiabaticallyenegized so that asthe
model equatorialmagneticfield increaseshe enegy in-
creasesas noted by the squaresand dashedine. This
adiabaticenepizationis notseerby thenoseionsbecause
we arenotfollowing a singleion trajectory ratherwe are
seeingthe noseions that have accesgo this location, so
that strongerB-field ions also beganwith smallermag-
netic moment. A more detailedanalysisof the pitch an-
glesis neededo clarify thecoupledenegy-L dependence
of theseions. If thefirst solutionto Whipple (1977)holds,
thenboththe noseandthe beamenepgiesshouldmove in
concertaswe move alongthe field line. Thatis, aswe
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Figure 2. Peakfits to 96saveragesof the 90° head. Ring

current(square) noseion (+), andbeamion (triangle) en-
ergiesplottedversustime. The ratio of nose/beanx 10is
displayedascrosses.Overplottedwith differentscalesare:
the modelequatorialmagneticfield intensity plotted at the
samescalefrom 20—-1000nT; andthe modelmagnetidati-

tude (dottedline) from -40 to 40 degrees,with the equator

markedwith averticaldottedline.

traversea region of strongpotentialgradient,we should
obsene aconstandifferencebetweerthesetwo enegies.

Wefind insteadhatthebeamion enegytracksthenose
ion enegy with a nearly constantratio of 1/2, andnot a
constantdifference. This suggestghat the field-aligned
potentialgradients closerto theionospher¢hanourorbit,
andthatthebeamenepy is notdeterminedy theelectron
thermaltemperaturesr anisotropieshut by theenegy of
thenoseionsthemseles,consistentvith the secondjon-
dominatedsolutionto the Whipple (1977)equilibrium.

Such a parallel electric field should also accelerate
magnetospherielectronsto 30 keV into the ionosphere,
producinga riometerabsorptionevent. Sincethe elec-
tric field is colocatedwith the noseplasma,the absorp-
tion mustbe a narrav strip in latitude but distributedin
longitude,as seenin the CANOPUSdata. This type of
signaturds typical of sub-auroralon drifts (SAID) which
have beenidentifiedwith substorninjections.Our mech-
anismwould identify a SAID with a storminjection,and
alsoaccountdor the E-layerkeV electronsignatureseen
in subauroratiometerdata.

We carefully distinguishbetweensubstormand storm
injectionsbecauseave feel the characteristisignatureof
eachare completelydifferent. A substorminvolvesa re-
configuratiorof themagnetidield whichproducesadB/dt
electricfield in theregionbetweerb-10Renearmidnight.
This inductive electricfield in situ accelerateshe entire

plasmapopulationto ~30 keV, which is obseredin our
instrumentas an isotropic, dispersionless<50 keV en-
hancemenbver a restrictedMLT and L-shell range. A
storminjection, on the otherhand,is obsened asa nose
event, a monoenegetic bandof ions penetratingo sub-
auroralL-shellsandexisting over a broadrangeof MLT
determinedby the durationof the cross-tailfield. Ener
gizationof low enegy plasmais not seen,but adiabatic
enegization of the noseions occursasthe ions corvect
toward strongerB. From anionosphericviewpoint, sub-
stormsarein the auroralzone,whereasstormspenetrate
down to sub-auroralatitudesalbeitin arestrictedatitude
band.

Discussion

If ourmechanisngeneratefield alignedelectricfields
andoxygenbeamdor every storminjection,thenwe have
elucidateda nev modelfor magneticstorms. Sinceit is
generallythoughtthat magneticstormsare characterized
by intensecorvectionfieldsthatbring plasmashegilasma
deepinto the ring current,thenall stormsshouldcreate
parallelfields and extract oxygenfrom the ionosphereas
well. Thuslarge stormsshouldextractmoreoxygenthan
smallstorms,with alargerDst effect.

Several recentobsenationslend supportfor this the-
ory. Analysisof the CRRESdatasetshaws thatthereis
a positive correlationbetweenthe magnitudeof Dst and
the Ot contentof thering current(M. Grande, COSRAR
96 proceedinggo be publishedin Adv. . Res)). A Dst
predictionfilter (Gleisner et al., 1996)foundthata neural
network with onehiddenlayer, representingain unknown
guadraticdependencen solarwind Vx,Bz, and density
could explain up to 84% of the variancein Dst. If sig-
nificantOT is extractedduringthe main phaseaswe pre-
dict, one would expectsucha non-lineardependencef
Dstwith Ey.

This extraction of ions and precipitationof electrons
near midnight will generatean outward flowing current
which thendrifts westward with the bulk of thering cur-
rent. We expectthatthedisappearanoaf theparallelfield,
occurringnearthe duskterminator will resultin adown-
ward currentthus completingthe loop of the partial ring
currentasmeasuredy Suzuki et al. (1985)usingMagsat
data. They concludedhat 1/3—-1/40f ring currentamper
agewasobsenedin thepartialring current.If we assume
that half of the partial ring currentis carriedby upward
flowing ions, thenwe estimatethat 1/6 - 1/8 of the total
ring currentis composeaf ionsof ionospheririgin.

A study of storm-time PC1 pulsationsby Mursula
(COSAR 96 proceeding$o bepublishedn Adv. $. Res)



shavedthatthe PC1lwavesassociatedvith ion-cyclotron
wavesduringthe mostintensepartof themainphaseof a
stormoccurredprimarily at duskandthe PC1frequeng

droppeddown to belov the oxygengyrofrequeng. These
obsenationsare suggestie of anoxygenrich plasmaoc-

curing at dusk, the locationof the deepespenetratiorof

thenoseionsandalsoin agreementvith ourtheory

Finally, GEOTAIL/EPIC obsenedenegeticneutralatoms

(ENA) during the recovery phaseof a magneticstorm
(Lui et al., 1996)which shaved the sameH and O spec-
tra as AMPTE/CCE Ht and Ot spectraobsered in a

1986 storm (Hamilton et al., 1988). But the time decay
of the GEOTAIL specieswereidentical, suggestinghat
the Ht/O™T ratio was constaniduring the recovery phase
of astorm. Thisis not consistentvith their differentloss
crosssectionsunlessa productionmechanisnfor Ot is

foundaswe predictabove. RecentENA obsenationsof a

stormmadewith POLAR/CEPRD shaow a strongasym-
metryconsistentvith theabove picture.

Conclusions

We have attemptedo build a new modelof magnetic
stormsthatincorporatedield-alignedelectricfieldsasan
intrinsic part of the storm development. A storm pro-
ceedsthenwith the following steps: 0) It may be nec-
essaryto have a critical densityplasmasheefor a mag-
netic storm, in which case,precursorsubstormactiity
or a solarwind densityenhancemenwould be a prereq-
uisite. 1) Large solarwind Ey for an extendedperiod
(>1hr) saturateghe tail electricfield shielding. 2) This
produces strongcross-tailcorvectionelectricfield. 3) A
monoenegetic*nose” eventpenetratedeepinto themag-
netospherdérom the (pumpedup) plasmashee#) Simul-
taneouslya parallelelectricfield developsastheenepetic
noseevent plasmadominateover the plasmasphericold
plasma. 5) This parallelelectricfield extractsand ener
gizesionospherigplasmancludingH* andO™. 6) Either
the noseor the field-alignedplasmaproduceintensel CW
whichperpendicularhheatthebeamsandtrapthemin the
magnetosphere’) Whenthe corvectionswitchesoff, the
ring currentis trappedandbeginsto decaythroughchage
exchange.
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