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Abstract. This work presentdirst resultsand the numericalmethodsof a
highly improvedtwo-dimensionathree-fluidsimulationmodelof theionosphere-
magnetosphergystem. The model considersionization and recombination,
ion-neutralfriction, the Hall termin Ohm’s law, andvariousheatsourcesn the

enegy equations.The electrodynamigesponsendthe evolution of the collision
frequenciesaretreatedself-consistentlyn the height-resoledionosphere.This
modelis thefirst andto our knowledgethe only simulationmodelthatcanresohe
thedynamicandnonlinearelectromagnetimteractionbetweertheionosphereand
the magnetospherelhe simulationis aimedat modelingfasttemporalandsmall
spatialscaleionosphericstructuresassociatedpr instancewith filamentaryaurora
andionosphericheatingexperiments. The resultspresentedn this paperfocus
onion andelectronheatingby differentsourcesj.e., ion heatingdueto plasma-
neutralfriction, electronheatingresultingfrom enepetic particleprecipitationand
by ohmic dissipationin strongfield-alignedcurrents.This work is motivatedby
a specificauroraleventthatwas obsened simultaneouslywith opticalandradar
instruments.A consistenexplanationof this eventis possiblein the presencef

ohmicheatingof electrongn a strongfield-alignedelectriccurrentlayer.

1. Intr oduction

The motivationsfor the presentmodel are the electro-

magneticeffects of small-scaleionosphere-magnetosphere

coupling,with emphasin theionospherighysics. There
are ionosphericmodels which focus on the ionospheric
transportandthereforeare one-dimensiona(i.e., they treat
the altitude dependencef the relevant transportproperty)
[e.g.,Lummerzheim and Lilensten, 1994; L anchester et al.,
1997,1998]. Othersarelarge-scaléonospheriacconvection
models[e.g., Roble and Rees, 1977; Sojka, 1989; Schunk,
1988; Roble et al., 1987; Maurits and Watkins, 1996] that
determinecorvectionby a steadystateion momentunequa-
tion. However, the ngglectof theion inertial termleavesout
the physicsof Alfv én wave propagation. The assumption
of a steadystateimplies9B/0t = 0 anda potentialelec-
tric field. While thisassumptioris reasonabléor large-scale
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lengthsjt is violatedon small-scaldengths.Ourmodeldoes
not have this limitation. Consequentlyit is ableto model,
for instance the formation of a field-alignedcurrentlayer
through the propagationof Alfv én wave paclets into the
ionosphereSuchcurrentsandAlfv énwavesmay be of cen-
tral importancefor filamentaryaurorale.g., Lanchester and
Rees, 1987;Seyler, 1988,1990;Otto and Birk, 1992,1993;
Haerendel, 1994; Lanchester et al., 1997; Stasiewicz and
Potemra, 1998].

The presentvork introducesresultsof animproved two-
dimensionalthree-fluidcode. The original code[Birk and
Otto, 1996,1997] incorporatedbasic plasmatransportco-
efficients suchasionization, plasma-neutrafriction, resis-
tivity, etc., but most of theseparametersvere kept con-
stantin time. Valuesof thesetransportparametersvereas-
sumedsuchthatthe modelyieldeda reasonabléonospheric
responsdo magnetospherimput suchasthe reflectionof
Alfv énwaves,but theresultof the simulationwasunableto
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describeproperly the correspondingonosphericmodifica-
tions, similar to the modelby Dreher [1997]. Theimprove-
mentswhich aredetailedin section2 addressa realistical-
titude profile of ionization rates,electronandion cooling
rates,etc., and the modificationin the plasmaparameters
(densityandelectronandion temperaturesis fed backinto
the transportparametersThusthe modelincludesthe non-
lineartwo-dimensiona(2-D) ionosphericdynamics.In this
paperwe will presena numberof examplesof suchnonlin-
eareffects.

Electroninertia is not included in our model for the
presentvork becauséehelength-scalef the electroninertia
termis about20 m, muchsmallerthanthetypical horizontal
length-scaleén our simulation(1 km). The electroninertia
termis muchsmallerthanothertermsin Ohm'’s law.

Small-scalefilamentarystructureis very frequentin the
auroralionospherde.g., Borovsky, 1993; Lanchester et al.,
1994,1997]. This is a strongindicationfor time-dependent
processesvhich requireion inertia. In orderto addresghe
physicsadequatelyt is alsonecessaryo incorporaterealis-
tic ionospheridransport.However, therearealwayslimita-
tionsto thedegreethatthisis possible For instanceto avoid
including a complex electrontransportcode,the ionization
ratesin our modelareparameterizetyy a characteristien-
ergy andenegy flux andthencomputedfor an equilibrium
neutralatmospheravith a prescribedemperaturedistribu-
tion. For theionizationrates(andelectroncooling rates)it
is importantto identify the neutralspecies. Theseare ob-
tainedfrom a heightprofile of anaverageneutralmolecular
mass sincethe neutralsaremodeledasonefluid. Thecode
canaccommodaten altitude-\arying ion mass. However,
the presentresultsare obtainedfor a fixed ion mass,O*.
A variableion compositionwould requireexpansionof the
three-fluidto a multifluid code. Thereforeeffectswhich are
specificto the presencenddynamicsof morethanonedis-
tinct ion speciesare not addressed Extensiongo multiple
ion speciesandanisotropigpressuresanbeincorporatedas
thephysicalproblemsrequiresucheffects.

Herethe simulationresultsare motivatedby opticaland
radar(Europearincoherentscatter(EISCAT)) obsenations
of small-scalediscreteaurora. Theseobsenationsand re-
sultsfrom transportsimulationsarepresentedn a compan-
ion paperby Lanchester et al. [this issue]hereinafterre-
ferredto asL99. The one-dimensionaransporisimulations
treat the ion chemistry electrontransport,and variations
of the precipitatingflux more accuratelythan is possible
in the two-dimensionabpproach. Thusthis work comple-
mentsour resultson the electrodynamicsnd spatialstruc-
ture. Theeventdiscussedby L99 displaysanunusualevolu-
tion of plasmanumberdensity ion temperatureandelectron
temperatureMotivatedby this, the simulationresultsin the

presenpaperfocusontheformationof field-alignedcurrent
(FAC) layers,the associatedheatingof ions by the plasma
motion in the Alfv én waves, and electronheatingby pre-

cipitationandin particularby ohmicdissipationin the FAC.

Otheraspect®f thetwo-dimensionatlynamicssuchasnon-

lineareffectsfor FACs,electrondensitiesandconductvities

will bethetopic of aseparat@aper

It is importantto notethatsmall spatialscalesof the or-
der of kilometersnecessitata time-dependentodel. The
usuallyfastmotion of discreteaurora(km s!) impliesthat
plasmais exposedto the effects of thin currentlayersand
precipitationfor only a few secondsypically. Note that
a thin currentlayer associatedvith discreteaurorais not
frozento the ionosphericcorvection[Wescott et al., 1975;
Haerendel et al., 1993; Lanchester et al., 1997]. Typical
relaxationtimes (for instance to achieve a steadyelectron
temperaturejangefrom a fraction of a secondn the lower
E regionto several secondsn the F region. Also, thetime
for an Alfv éEnwave to travel throughthe F' and E regionsis
of theorderof asecond.

In thenext sectionwe introducetheequationandtheini-
tial andboundaryconditionsof the two-dimensionathree-
fluid model. The modelresultsare presentedn section3,
anda summaryand conclusionsare givenin the final sec-
tion.

2. Numerical Model

2.1. BasicEquations

In this study we usea full setof three-fluid equations
(electrons,ions, and neutrals)[e.g., Birk and Otto, 1996].
Thenormalizedequationsaregivenby

dp
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wherep andp,, arethe total plasmaandneutralmassden-
sity; m; andm,, aretheion andneutralparticle mass;T,,
T;, andT,, arethe electron,ion, and neutraltemperatures;
P, Pe, andp,, arethe total plasmapressureglectronpres-
sure,andneutralpressuren is the plasmanumberdensity;
v, v, andv,, areplasma,electron,and neutralvelocities;
B is themagnetidnductionvector;g is thegravitationalac-
celerationy is theionizationrate;v;,, is theion-neutral,v,;
is the Coulomb,andv.g is the effective collision frequeny
betweerelectronsaandneutralsy, is theresistvity; v and~y,
aretheratios of specificheatsfor the plasmaand neutrals;
e. is the averageenepy that goesinto electronheatingfor
eachionization procesda typical valueis 2 eV); A, is the
electronheatconductioncoeficient; andx = 1/(y —1).
Eneigy conserationrequiresy,, = v = 5/3.
Theionizationrate:, therecombinatiorfrequeng 3, and
the electronheatingrate associatedvith ionizatione. are
parameterizethy usinginput from anionospheridransport
computation Lummerzheim, 1992]. The electronheatcon-
ductioncoeficient A\, andthe effective electron-neutratol-
lision frequeng veg arefrom theNationalCenterfor Atmo-

sphericResearcHNCAR) thermospheréonospheremeso-
sphereelectrodynamicgeneralcirculation model (TIME-
GCM) [Roble, 1996]. The resistvity in the simulationis
givenby

N = Nei + Nen + Nin, 9)
with
Nei = AleiTa
Nen = AVenTA
Nin = AVz'nTA

where v.;, v.,, and v;, are the electron-ion, electron-
neutral,andion-neutralcollision frequenciesya = lo/va
is Alfv éntime; andA = (¢/(wpelo))? is anormalizationco-
efficient. The parameterizatiownf collision frequencies,;,
Ven, andy;, is givenby Schunk [1983].

In the computationwe assumesingly chaged ions,
chageneutrality andthe following definitions:

Ne = Ny
p = n(me+my)
P = DPetDpi
PV = PeVe + Pivi.

Theresultsarepresentedh physicalunits. In thesimulation,
all thequantitiesn (1) through(8) arenormalizedo charac-
teristicvaluesof the systemj.e., the horizontallengthscale
to thetypical lengthly = 1.0 km; theverticallengthscaleto

1,0 = 500 km; plasmaandneutralnumberdensityn andn,,

tong = 50,000 cm—3; massm., m;, andm,, to theoxygen
massmg = mo+; massdensityp andp, to pg = ngmy;

magneticfield B to By = 0.5 G; vertical velocity v, ve.,

anduw,,. to the Alfvénvelocityvs = Bo(pope)~'/? (1220
km s~1); horizontalvelocity v, andvy to lo/lova (2.44
km s-1); pressurey, p., andp,, to Py = B2/(2uo); T. and
T, to Ty = Py/(nok) (k is the Boltzmannconstant);and
time ¢ to characteristidlfv éntransittime 74 = 1,0 /v,.

We use Cartesiancoordinatesn the simulationwith z
andy (invariant) perpendiculato the magneticfield; z is
alongtheunperturbednagnetidield, whichin the Northern
Hemispherés in the negative z direction.

The equationsare solved with a modified leapfrog
schemdPotter, 1973;Birn, 1980]of second-ordeaccurag
in spaceandtime. The grid pointsin the horizontal(z di-
rection)areuniformly separatedIn the vertical directiona
nonuniformgrid is usedwith the bestresolutionof 4 km at
thebottomboundaryof the simulationbox.

2.2. Equilibrium and Initial Perturbation

Thesimulationregion extendsfrom 100km (lower E re-
gion) to 1100 km altitude with the main magneticfield in
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Figure 1. (a) Altitude neutraldensityprofile for solarmini-
mum conditions(solid line) andsolarmaximumconditions
(dottedline) conditionsand(b) temperaturegrofilesfor the
neutralatmospherdsolid line for solar minimum, dashed
anddottedlinesfor solarmaximum).for ions(initially iden-
tical to the neutrals) andfor electrongshortdashedranch-
ing off the neutraltemperature).

theverticaldirection. The neutralfluid is initially in hydro-
staticequilibriumwith atemperaturd’,, anddensityn,, cho-
senfor solarminimumandsolarmaximumconditionsfrom
the Mass SpectrometelincoherentScatter(MSIS) model
[Hedin, 1991;Rees, 1989](seeFigurel). Theneutralnum-
berdensityandtemperaturerofilesaresignificantlydiffer-
entat high altitudesfor solarminimumandsolarmaximum
conditions. Thesedifferencesyield ion heatingat different
altitudes. The neutralnumberdensityn,, in the simulation
is the sumof threespeciesj.e., n s, no, andno,; all con-
tributeto ionizationandelectroncooling.

We assumehattheionsinitially have the sametempera-
ture profile asthe neutrals.The electrontemperatureequals
the neutralonly at the lower boundaryof the systembut
graduallyincreasegabove 250 km) with altitudeto a value
of about1300K for solarminimum conditionsand1750K
for the solar maximumcaseat the 600 km. To determine
theinitial plasmadensityprofile, we assume high-altitude
numberdensityof 5 x10* cm~3. Using force equilibrium
andtheT, +T; profile,we obtaintheion densityprofile. This
profileis adjustechtlower altitudesto atypical densitymea-
suredby the EISCAT radarduringthe eventbeinganalyzed.
A smallresultingforceimbalanceatlow altitudesis negligi-
ble becausehe plasmais strongly collision dominatedand
correspondingffectsoccuron muchlongertimescaleghan
consideredere.

An initial perturbatiorof the plasmavelocityandthehor-
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Figure 2. Initial velocity perturbationassociatedvith the
Alfv énwavesin a horizontalcut (a) at thetop boundaryand
(b) in averticalcutatz = 0.

izontalmagnetidield is appliedat thetop boundarywith

v, = %" (1 + tanh(0.015(z — 800)))
tanh(2.0(z + 6.0)) (10)
for z < 0 and
v, = _% (1 + tanh(0.015(z — 800)))
tanh(2.0(z — 6.0)) (11)

for z > 0, andthe magnetidield perturbatioris givenby

By, = —uvy(pop)'’. (12)
Notethattheperturbatiordefinedn (10),(11),and(12)con-
tributesto theinitial conditionsandmustbe consistentvith

theboundaryconditions.

Thisinitial perturbatiorpropagatesto theionospheras
a pair of Alfv énwaveswhich producetwo field-alignedcur-
rentlayersatz = —6 km (upward)andz = 6 km (down-
ward). The amplitudeis vy = 1.0, which correspondso
2.44km s~!. The velocity profile of the initial perturba-
tion is shavn in Figure 2a asa function of z, andthe plot
in Figure2b illustratesthe altitude profile of the amplitude.
Themagnetospheriboundaryconditionis chosersuchthat
the wave train maintainsits amplitude. The structureof the
Alfv én wave andthe pair of FACs is presentedn the up-
perplot of Figure3a. Thefield-alignedcurrentis closedby
polarizationcurrentsat the leadingedgeof the wave trains.
Note that the separatiorof the the upward and downward
currentlayersis chosenarbitrarily. We areinterestedn the
propertiesof the upward currentlayer mostly The choice
of two currentlayersallows simple periodicboundarycon-
ditions along z and shaws nicely the closureof the field-
alignedcurrentby Pederseicurrentg(atlatertimes).
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Figure 3. (a) Two-dimensionatontourplotsfor thevelocity
Vy, themagnetidield B, andthefield-alignedcurrentden-
sity j, attimet = 0.21 sandatt = 0.82 s. (b) Thesketchin
illustratesthe velocity and magneticfield perturbationdor
the incoming Alf én wave (to and¢,) andshortly after the
reflection(tz).

For the presenttopic the precisemagnetosphericause
for the field-alignedcurrentsis not relevant. However, we
notethat sheareglasmamotion, which is typical for mag-
netospheriboundarylayers,canbe suchacause.

2.3. Boundary Conditions

In the simulationwe usea periodic boundarycondition
in the z direction, which allows wavesto propagatdreely
throughthe system At thelower boundaryof thesimulation
box (z = 100 km), the densitiesp, p,, pressure®, pe, Pn,
andtemperature%, andT,, aregivenby continuousound-
ary conditions;thatis, the boundaryvaluesof thesequanti-
ties are computedby extrapolation. For the magneticfield
B, currentj, andplasmavelocity v, however, we determine
theboundaryvaluesusingOhm'’s law.

After obtainingthe boundaryvaluesfor p andp, we com-
putethe collision frequencies,,,, v;,, andv,; andthe Ped-
ersenand Hall conductvities. We extrapolatethe electric
field from the physicalboundaryto a mathematicabound-
ary andusePedersemandHall conductvitiesto computethe
currentdensityfrom j = o - E onthis boundary Similarly,
the boundaryvaluefor the plasmavelocity v is determined
by

e Vin w,

vi = _n B+
; (GE ot

- “__E xb), (13)
m;

w?i + Vizn

wherew,; is theion gyrofrequenyg andb is the unit vector
of unperturbednagneticfield. Finally, the magneticfield B
is determinedrom therelationj = V x B.

At the top boundaryof the system(z = 1100 km) we
use free boundaryconditionsfor most quantities; that is,
we calculatethe valueat the boundaryfrom its valueinside
the physicalboundaryof the systemby extrapolation. This
maintainsthe initial perturbationfor the Alfv énwavesand
allows the transmissiorof the waveswhich arereflectedin
thelowerionosphere.

Finally, we notethatthechosermodelrepresentshefor-
mationof a stagnanturrentlayerratherthana drifting one.
We have choserthis configurationbecaussét illustratesba-
sic propertiesof a field-alignedcurrentlayer. The precise
propertiesof a moving currentlayer dependon the speed
relativeto thebackgroundonospheriglasma.Forinstance,
the durationfor which the electronsare exposedto ohmic
heatingin the currentdepend®n thewidth, magnitudeand
drift velocity of thecurrent.

3. Results: lon and Electron Heating
in the lonosphere

Varioustermsin (6) and(7) canincreasetheion or elec-
tron temperaturén the ionosphere.In the electrontemper
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atureequation(7), two sourcetermscanheatelectronsj.e.,
the ohmic heatingtermn;2/(pnk) (j = V x B) andthe
heatingtermfrom enegetic particleprecipitationce../ (nk).
Thermalenegy losstermsare due to thermal contactbe-
tweenelectronandotherparticles for example,coolingdue
to electron-neutratollisionsves (T, — T ) (rotationalvibra-
tional, electronicexcitations[Roble, 1996]) andcooling by
ionsv,;(T; — T.). Thetotal pressureequationincludesalso
thefrictional (Joule)heatingterm (pmvinp/(m; + my) +
m;t) (v — vy,)? in additionto ohmicheatingandparticlepre-
cipitation. lonsandneutralsareheatedy this processFur-
ther, adwectionand heatconductioncanalterthe local tem-
perature.Beforewe discussour results,it seemshelpful to
give a brief illustration of the propagatiorof Alfv énwaves
in theionosphere-magnetospleerystem.

3.1. Alfv énWave Propagationand Reflection

Theinitial perturbationaunchesa pair of Alfv énwaves
carryingthe velocity and magneticfield perturbationalong
the magneticfield. The pair of Alfvénwavesis separated
by upwardanddownwardfield-alignedcurrents. Thewaves
travel with aspeedf about1000km s~!. In theloweriono-
spherghewavesarereflectedn theregionof enhancedPed-
ersenconductvity (i.e., larger collision frequeng andfric-
tion) [e.g., Hughes and Southwood, 1976]. The reflection
coeficientis givenby Maltsev et al. [1977]. Thetop plot of
Figure3ashow thewave perturbationsgor v, andB, andthe
associatedield-alignedcurrentshortly after the startof the
simulation. Thelower plot in Figure3ashaw the wave per
turbationsandthe field-alignedcurrentdensityshortly after
the leadingedgeof the wave is reflected. The velocity of
the reflectedwave decreasesyhile the magneticfield per
turbationincreasesThe magnetidield perturbatiorandthe
field-alignedcurrentdensityareabout50% largerat200km,
indicatingareflectioncoeficientof roughly50%. Themajor
portion of the field-alignedcurrentis closedthrougha Ped-
ersencurrentin the E region. A smallerpolarizationcurrent
is associatedvith theleadingedgeof thereflectedwave.

A decreasén the plasmaconvectionis causedy theup-
ward wave vectorof thereflectedwave. Figure3b shovs a
schematiof thewave propagatiorandreflectionin termsof
themagnetidield andvelocity perturbation.Thiswork con-
sidersonly the caseof verylong wavelengthscorresponding
to frequenciedargerthanaboutl10s. lonsareheatedby the
plasma-neutralriction in the corvectionwhich is switched
on andmodulatedby the Alfv énwavesandin the Pedersen
currentregions. A particularsourcefor electronheatingas-
sociatedwith this configurationis the ohmic heatingin the
field-alignedcurrentregions.

3.2. lon Heating by Friction Betweenlons and Neutrals

We examinedthe ion heatingby the frictional force be-
tweenions andneutralsfor solarminimum andsolarmaxi-
mumconditions(Figurel) with neutraltemperaturerofiles
from the MSIS model[Hedin, 1991;Rees, 1989].

Thesimulationusegheinitial perturbatiorgivenby (10),
(11),and(12). lon heatingoccurs for instancejn theregion
betweerthetwo field-alignedcurrentlayers,i.e. aroundx =
0, wherethe ions are driven by the Alfvénwave. Platel
shaws the ion temperaturéncreaseby frictional heatingas
a function of time for solar minimum and solarmaximum
conditions. The magnitudeof the temperaturéncreaseand
the heightprofilesare very differentfor the two casesdue
primarily to the ionosphericconditionsresponsiblefor the
reflectionof the Alfv énwaves.

Thesimulationshavn in Platel wasstartedwith a sym-
metric perturbationand no initial Pedersercurrent. The
presencef aninitially asymmetrid®Pedersermurrentwould
yield asymmetricheatingacrossthe currentlayers, as ob-
senedby L99, andOpgenoorth et al. [1990].

Theion heating(m,vinp/(m; + m,) + m;t) (v — v,,)?
in thetotal plasmaenegy (pressuregquation(6) is propor
tional to the collision frequeng andto the squareof theion
velocity (we assumev,, = 0) whenthereis no particlepre-
cipitation. The collision frequeng betweenions and neu-
tralsincreasegxponentiallywith decreasingpeight,thereby
heatingsignificantlytheionsasthe Alfv énwave propagates
into the E region of the ionosphereHeatingincreasesvith
decreasingheight until the wave is reflected[Hughes and
Southwood, 1976]. Thereflectedwvave decreasetheion ve-
locity with a correspondinglecreasef theion heatingrate.
Thermal contactbetweenions and neutralscools the ions
efficiently atlow altitudes.As shavnin Platel, theion tem-
peratureinitially reachesa maximumat low altitude. After
reflectionof the Alfv énwave, the maximumshiftsto higher
altitude. A deceleratiorof the corvectionvelocity dueto
friction contributesto the decreasef ion heating.

3.3. Electron Heating by Particle Precipitation

Thesimulationresultsof Alfv énwave propagatiorshav
thations arestrongly heatedn the region outsidethe field-
aligned currentsheets. The electrontemperaturaemains
mostly unchangedluringthe procesof increasingon tem-
perature Therearetwo sourcetermsin theelectrontemper
atureequation(7), i.e., ohmicheatingn;?/(pnk) in afield-
alignedcurrentlayerandheatingfrom ionizationce. / (nk).

Beforewe discussthe resultsof electronheatingby ion-
ization,wefirstillustratesomebasicphysics.In theelectron
temperatureequation(7), we only considerthe ionization



ZHU ETAL.: IONOSPHERE-MASNETOSPHERESIMULATION 7

Solarmax lon Temperature at x= 0.0 (km)

E e
£ 1o
- E 12 1.5
€ 400 4812
= £ 1=
o £ Jo
N iE
= E J0
g 300F 18 'of
E 1€
E =
200 |
; El 0.5
100 & | | | | | 5 L
0 1 2 4 6

Time (s)

500 F

Altitude (km)
>
8

A aae

o
8
T

100E: | | i

Solarmin lon Temperature at x= 0.0 (km)

Temperature (1000 K)
5
I

3
Time (s)

Plate 1. Altitude versustime plots of theion temperaturdor (top) solarmaximumconditionsand (bottom)solarminimum

conditions.
source:
6TK’ Le K—
TR L e (14
DefiningT. = (y — 1)e./k, (14) canberewritten
oT.
ot = %(Tc —Te). (15)
For a typical value of e, = 2 eV, we obtain7, =

1.55 x 10* K, which is much higher than the usual elec-
trontemperaturén theionosphereEquation(15) shavsthat
electronheatingby ionizationis proportionalto the ioniza-
tion rate and inverselyproportionalto the plasmanumber
density Electronheatingby ionizationis fastwhentheelec-
tron temperatures low, i.e., at the beginning of ionization.
As the electrontemperaturéncreasesthe heatingrate by
ionizationslows down.

In our simulation the ionization rate is parameterized
from the output of a 1-D transportcode [Lummerzheim,
1992]. Theinput to the transportcalculationis an enegy
flux of 40mwW m~2 with acharacteristienegy Eepa, 0f 1.0
keV in a Maxwellian spectrum.Theresultingheightprofile
isshavnin Figure4. Theionizationpeakis atabout130km.
Theresultof the simulation,adoptingthe ionization profile
of Figure 4 for solarminimum conditions,is shovn in the

lonization Rate (cris?)

50
400~ m
N 300 m
x= 9.0
200~ b
10 1 1
0 0.5x10° 1.0x10° 1.5x10°

Figure 4. Heightprofile for theionizationratefor the solar
minimumcaseandanincidentMaxwellianenegy flux of 40
mW m~—2 with acharacteristi@negy Ea. of 1.0keV.
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Plate 2. (top) Electrontemperaturevolution for theionizationshovn in Figure4 and(bottom)numberdensity

top panelof Plate2. Theionizationwasappliedonly in a
limited vicinity aroundz = 0.

The evolution of the electrontemperaturerofile follows
the physical agumentsimplied by (15). At early times
the maximumelectrontemperatureéncreasds at about170
km, slightly higherthanthe altitude of maximumionization
rate. The initial numberdensityincreasewith decreasing
altitude (down to about130 km, bottom panelof Plate?2).
Thusthe initial enegy depositionper electronhasa max-
imum slightly above the region of maximumdensity As
time proceedsthe plasmanumberdensityat lower altitude
increasedasterdueto ionization, suchthat enegy deposi-
tion per electrondecreasefurther. In addition,the cooling
termveg (T, — T.,) in the electrontemperatureequationis
large atlower altitudes.The combinedeffect shiftsthe max-
imum electrontemperatureo higheraltitude. Heatconduc-
tion contributesto this shift, aswill beillustratedlater

Theion temperature&hangeis very similar thatshovn in
Platel (solarminimum). Theonly differenceis thattheion-
ization changeghe densityprofile andreflectionproperties
for the Alfv énwave, which, however, doesnot changethe
heatingprofile significantly

3.4. Electron Heating by Ohmic Dissipation

A strong field-aligned current heatsthe electronsby
ohmicdissipation.Theheatingrateis givenby 752, wheren
is theresistivity andj is thecurrentdensity

The initial plasmaflow and the shearedmagneticfield
generatetwo field-alignedcurrentlayers, with the upward
currentlayeratz = —6 km andthedownwardcurrentlayer
atz = 6 km. As theperturbatiorpropagatesvith theAlfv én
wave into the ionospherethe two field-alignedcurrentlay-
ersexpandover the entire simulationbox (Figure 3a). Re-
flection of the Alfv én wave increaseghe amplitudeof the
magneticfield perturbation resultingin an increaseof the
currentdensitywith time asthe currentsheetsdevelop. In
Figure3awe show thatatt = 0.82 s, just afterthewave is
reflected,the magneticfield perturbationis enhancedrom
110 nT (att = 0.21 s)to 170nT, andthefield-alignedcur-
rentis increasedo about230pA m~2. Suchvaluesarelarge
but notunreasonabltor filamentaryaurorge.g.,Lanchester
et al., 1997;Sasiewicz and Potemra, 1998;Sasiewiczet al.,
1998].

Figure5ashaows detailsof thefield-alignedcurrentstruc-
ture, the velocity perturbation(v,), the magneticfield per
turbation(b,), andthe field-alignedcurrent(j.) att = 4 s.
Figure 5b shows the vectorplot of the field-alignedcurrent
andthe electronvelocity aswell asthe ion velocity. Note
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Figure5. (a) Two-dimensionatontourplotsof velocity V,,,
magneticfield B,, field-alignedcurrentdensity j,, and(b)
vectorplotsof currentdensity ion velocity, andelectronve-
locity for the solarminimum casewithout precipitation.

Resjstivity (phm m)
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time:
400 n 41s
X =-6.00
N 300— n
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Figure 6. Parallel resistvity in the upward currentlayer
(x = —6 km) attimet = 4.1 s.

that both upward and downward field-alignedcurrentsare
carriedby electrons,while the closing Pedersercurrentat
about117km is carriedby ions.

We examineelectronheatingby ohmicdissipationat the
centerof the upward currentlayer. Figure 6 shavs a plot
of the parallelresistvity atthe centerof the upward current
layer. The resistvity decreasesxponentiallywith altitude.
Sincethe currentdensityis almostconstantwith altitude,
theohmicheatingrateshouldbe maximumat thelower end
of thefield-alignedcurrentlayeranddecreasexponentially
with the altitude. Electroncooling by collisionswith neu-
tralsandionsincreasewith decreasingltitude. Therefore
thechangeof electrontemperaturés theresultof bothheat-
ing andcooling.

Plate 3 shaws the electrontemperaturesvolution at the
centerof theupwardfield-alignedcurrent. Theelectrontem-
peraturechangesare due to the combinedeffect of ohmic
heatingandcollisional cooling. As the field-alignedcurrent
propagatesnto the ionospherethe electronsat higheralti-
tudeareheatedirst. The heatsourcemovesdown to lower
altitudeswith the Alfv én wave. It takesonly about0.6 s
for the Alfv énwave to arrive at the lower boundary After
about2 s, the balancebetweerheatingandcoolingyieldsa
maximumelectrontemperaturat about200km. Thelower
boundaryof thelarge electrontemperaturéncreaseappears
aslow as170km. Notethatohmicdissipatiorhasa nggligi-
ble effectonion heating.
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Plate 3. Electrontemperaturevolution for the solarminimumcasein theupwardcurrentlayeratz = —6 km.
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Figure 7. Plot of sourceandlosstermsfor theelectrontem-
peraturefor (a) the precipitationcase(a) shavn in Plate2
and(b) the ohmicheatingcaseshovn in Plate3.

3.5. Sourcesand Lossesfor the Electron Temperature

Figures7a and 7b illustrate the contributions of various
sourceandlosstermsto the evolution of the electrontem-
peraturen eV s~! perparticlefor the casesf precipitation
(Figure 7a) and ohmic heatingin the upward FAC region
(Figure 7b). The bold solid lines in the plots representhe
sumof all sourceandlossterms.

For the caseof precipitation,electronheatingin the up-
perionospheras dueto heatconduction.In the lower por-
tion of theionospherdahe electrontemperaturés closeto a
steadystatewherethe heatingby particle precipitationand
lossesdueto electron-neutrainteractionand heatconduc-
tion balanceeachother Thereis a small negative resid-
ual in the overall temperaturesvolution at lower altitudes.
This is causedy theincreasinghumberof electronsdueto
the precipitationsuchthat the heatingper particle from the
precipitationis slowly decreasingn time. Thetemperature
maximumat this time is at about220 km altitude. Neutral

collisionsbecomeareatthisaltitudesuchthatthedominant
transports heatconduction.

In thecaseof ohmicheating(Figure7b)thelowerportion
of the electrontemperaturds also closeto a steadystate.
However, different from the precipitationcase,the upper
partof thecurrentlayer(above 250km) is still heated Since
the uppertemperatureprofile shavs a very small gradient,
heatconductionis lessimportantthanin the precipitation
case. The dominantsourcefor enegy input is the ohmic
heating. A significantadditionalsourcefor enegy deposi-
tion or transportis adwectionin the region with alargegra-
dientin theelectrontemperatureNotethatthefield-aligned
currentimplies an electrondrift of about4 km s~!. The
transportby corvectionprovidesa positive contribution in
the upward currentlayer and (without illustration) a nega-
tive onein the downward currentlayer (becausecold ma-
terial is carriedupward). In the lower portion of the iono-
spherethe positive sourcetermsareefficiently compensated
by electron-neutratollisions.

Sincetheelectron-neutratollisionfrequeng is exponen-
tially increasingwith decreasingltitude, the characteristic
timescaleto achieve a steadystatedecreasewvith altitude.
This leadsto anevolution wherea steadyelectrontempera-
tureis assumedasterin thelowerionosphere.

4. Comparison With Radar Observation

The EISCAT radarandoptical obsenations(January?28,
1995) are presentecand discussedn detail by L99. The
eventwascharacterizedby the presencef filamentaryau-
rorain thefield of view of theradarandimagers.

As shawvn in Figure 1 of L99, thereoccurredan initial
increaseof the ion temperaturen a region of decreasing
electrondensity and temperature. During the subsequent
decreasén ion temperaturehe electrontemperaturesud-
denlyincreasedTheincreasen T, occurredwithout a cor-
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Figure 8. Profileof (top) electrondensity (middle)ion tem-
peratureand(bottom)electrontemperatur@sa function of
x for threefixed altitudes(181,228,and281km). Electron
densityandtemperaturereshavn for thetimet¢ = 6.15 s,
andion temperaturés shovn for ¢ = 1.03 s. Theplot s for
the casewithout precipitation.

respondingelectrondensityincreasewhich followed a few
seconddater.

Figure8 shavstheion andelectrontemperatureandthe
electrondensityas functionsof z for threefixed altitudes
andtime ¢t = 6.15 for the casewithout particle precipita-
tion. The electrontemperatureand densityare plotted for
timet = 6.15 s. To betterillustrate the differentelectron
andion heatinginsideandoutsidethe currentlayer, we have
plottedtheion temperaturdor afairly earlytimet¢ = 1.03
whenit is higheratlower altitudes.Early in the simulation,
ionsarestronglyheatedn theregion outsidethe currentlay-
ers. Themaximumion heatingappeardeloy 200 km (com-
parePlatel). After 6 stheelectrontemperaturénsideboth
currentlayers(z = £6 km) increasessignificantly up to
3000 K.

Our simulationshavs a numberof the propertieswhich
characterizehe obsened event. Assumingthatthefield of
view is first in a region outsidethe field-alignedcurrent,
theninsidethefield-alignedcurrent,andfinally in aregion
with enhancecelectronprecipitation,one would expectto

obsenethefollowing:

1. Theion temperaturalevelopswith a profile similar to
thatillustratedin Platel. Sincethereis no significantpre-
cipitationin thisregion, electrondensityandtemperaturare
constanbr slowly decreasingThe eventpresentedy L99
startswith ion heatingshortlyafter2233:30UT. Theinitially
strongion heatingappearsataboutl 70 km. Theiontemper
aturemaximumthenmovesto higheraltitudes.Theobsena-
tionswereacquiredduring solarminimum conditions.Both
the altitude progressiorandthe temporalprofile of theion
temperaturaresimilarto theion temperaturdor solarmin-
imum conditionsin our simulation(bottompanelof Platel).
During ion heating,both the electrondensityandtempera-
tureslowly decrease.

2. A rapidincreasedn electrontemperatureccurswhen
the FAC comesinto thefield of view. The ion temperature
shoulddecreasdo the backgroundevel at the sametime
(Figure 8) becauseéhe fastion flow is outsidethe FAC re-
gion. EISCAT data(L99) shov a suddenincreaseof elec-
trontemperaturgust aftertheion heating.At the beginning
of the electronheating,the electrondensitydecreasesThe
initial electronheatingregion extendsfrom about170 km
to higher altitudes. The electrontemperaturencreaseso
above 3000 K. Sincetheelectrondensityis decreasingtthis
time, theheatingis expectedo be dueto a sourceotherthan
precipitation.Our simulationresults(Plate3) shav thatthe
electrontemperaturénsidethe currentlayerincreasesip to
about3000 K in afew secondsThealtitudeextentof elec-
tron heatingalso agreeswith the obsened data,i.e., from
170 km to higheraltitudes. At the time of electronheating
by field-alignedcurrent theion temperature@ecreaset the
backgroundevel.

3. Theelectrondensityincreasesvhenthe precipitation
comesinto thefield of view. Thisis not a self-consistente-
sult of the presen®-D fluid modelbut hasto be assumeds
aboundaryconditionfor theincomingelectronflux, similar
tothe1-D transporimodel. Shortlyafterthe startof theelec-
tron heating the electrondensityincreaseswhich indicates
thatthefield of view is in aregion of particle precipitation.
From?2234:00UT to about2234:30UT, theelectrondensity
continuesto increase with a maximumat about 130 km,
which correspondso particleprecipitationwith characteris-
tic enegy 1.0keV (Figure4). The electrontemperatureat
the sametime furtherincreaseswith the maximumslightly
above 3000 K. However, the bottom edgeof the electron
heatingregion movesto higheraltitude,andthereis strong
electronheatingat altitudesabove 200 km. Our simulation
resultsof electrorheatingoy particleprecipitation(top panel
of Plate2) shav reasonablygoodagreementAfter 0234:30
UT, the electrondensityincreasest lower altitude, with a
maximumat about125km. This indicatesthatthe charac-
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Figure 9. Profileof (top) electrondensity (middle)ion tem-
peratureand(bottom)electrontemperatur@sa function of
z for 11 differenttimes( 1 s apart)for the altitude229km.
Thecaseusesrecipitationin theregion—5km < z < 5km
andamodificationof the Alfv Enwaves(seetext).

teristic enegy of precipitationincreasedo a highervalue,
resultingin enegy depositionat lower altitudes.

Figure 9 illustratesa resultwherewe includedtwo ad-
ditional propertiescomparedvith the resultsshovn in Fig-
ure 8. We addedan Alfv én wave with constantamplitude
of half the valuefor the two original Alfv énwave trainsto
include a large-scalecorvection. This yields a larger con-
vection velocity in theregionz < —6 km (andz > 6
km). We alsoincluded particle precipitationin the region
—5km < z < 5km with the sameenegy flux andchar
acteristicenegy asfor the resultof Plate2. Theresultin
Figure9 shows density ion temperatureandelectrontem-
peraturen time intervalsof 1 s (coveringatotal of 10s) as
a function of z for a constantaltitude of 229 km. A scan
throughthis structurefrom left to right shows the basicse-
guenceof the EISCAT event. It shouldbe noted,however,
thatthereis no uniquequantitatve resultfor sucha scanbe-
causdhisdepend®nhow fastthescanis performedor how
fastthe structuremoves).Notethatwe alsousedanaverage
over aboutl km to emulatethe field of view of the radar
We did not averageovertime in Figure9. The smallgapin
the electrontemperaturelependsn the preciselocation of
the precipitationregion relative to the location of the field-

alignedcurrent.

While theoverallsituationseemdo becapturedelatively
well, qguantitatve aspect®f the 2-D simulationarecertainly
different. In our simulationwe did not attemptto introduce
atime-varyingionizatonrateto obtaina bestfit. Figure9il-
lustrateghata scanthroughatwo-dimensionafastevolving
structurecannotyield a uniqueresult. The precisedistribu-
tion andtime history of the Alfv énic perturbationsare not
known andarelikely more complicatedthanin the simpli-
fied smoothmodeladoptechere.However, it is shovn thata
strongfilamentarycurrentlayerhascharacteristiproperties
in termsof convection,ion heating,andelectronheating.

5. Summary and Discussion

We havereportedirst resultsfrom anew two-dimensional
three-fluid code with applicationto electromagneticou-
pling betweenthe ionosphereandthe magnetosphereThe
simulation solves the continuity, momentum,and enegy
equationsfor neutral,ion, and electronfluid components.
The ionospherictransportparametersare computedfrom
standardormulationsfor the collision frequenciesandthe
code uses methodstypically applied in one-dimensional
transportcomputationgo determineionization,recombina-
tion, and electroncooling rates. The model includesion
inertia, suchthat the typical fluid plasmawavesare a part
of the simulation. This is particularly importantfor the
magnetosphere-ionosphesgstemin which Alfv én waves
arecentralfor theinteractionbetweerthetwo systemsCon-
sequentlythe simulationcodeis well suitedto describefast
temporalandsmallspatialchangesn theionosphere.

Thetwo-dimensionamodelcannotaddresshedeforma-
tion of FAC and discreteauroraalongthe auroralcurtain,
whichrequiresthreedimensionsHowever, it providesare-
alistic modelfor the formationof FAC layersby Alfv énic
perturbations.

The resultsof this paperfocus on various mechanisms
of ion andelectronheating.The motivationfor this focusis
threefold.First,it demonstratethatthe codeobtainsreason-
ablequantitatve resultsfor theseheatingmechanismsSec-
ond,thedemonstratetieatingprocessedependnatempo-
ral andspatialvariationof themagnetospherimput. Finally,
radarandoptical obsenationsof ion andelectrontempera-
turesand ionizationin an auroralevent are reproducedn
mary respectdy the 2-D simulations.

The simulationusedin this paperis complementaryto
the 1-D transportmodelusedby L99. The 1-D transport
modeladdresse¢he quantitatize electrontransportandthe
resultingionization, heating,and chemistryfor sufficiently
enegeticelectronsHowever, it doesnotandcannotaddress
the electromagnetichangesasa resultof the field-aligned
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currentformation. On the otherside, our two-dimensional
modelhasto includethe electrontransportby suitably pa-
rameterizedransportcoeficients.

Onthebasisof ourresultswe suggesthatthesequencef
eventsreportedby L99 is in partcausedy the spatialstruc-
ture of corvection,field-alignedcurrents andprecipitation,
in or closeto the particularauroralarcstructure.

For thesimulationwe employ boundaryandinitial condi-
tionsthatcauseAlfv enwavesto propagatdrom the magne-
tospherento theionospherelf thevelocity andflow pertur
bationof thewaveschangegreversessign)acrossa vertical
boundary the waves carry a field-alignedcurrentinto the
ionosphere.

We have demonstratedhat the impactof the horizontal
ion flow carriedby the wave leadsto fastion heatingfirst
at lower ionosphericaltitudes. The partial reflectionof the
wave (with a correspondinglecreasen the flow velocity)
andthe large ion-neutralthermalcontactat lower altitudes
leadto a subsequerghift of the maximumion temperature
to higher altitudes. This heatingdoesnot affect the elec-
trons. Our modelpredictsthe correcttemporalevolution on
shorttimescalesrom wave reflection, ion-neutralfriction,
andcoolingby neutrals.

Theresultsdemonstrateery significantelectronheating
by ohmic dissipationwithin a strongfield-alignedcurrent.
Ohmicheatingin field-alignedcurrentds neglectedby most
other modelssinceit is of no significanceon sufiiciently
large scales.Our modeldetermineghe currentdensityself-
consistentlyasa function of time for given magnetospheric
boundaryconditions. The horizontalion velocity is much
smallerin the currentlayerthanoutsidesuchthation heat-
ing is smallinsidethelayer.

It is often assumedhat discreteauroral arcs are asso-
ciated with upward field-aligned current regions and cor-
respondingAlfv énic perturbations|e.g., Lanchester and
Rees, 1987; Seyler, 1988,1990;0tto and Birk, 1992,1993;
Haerendel, 1994; Lanchester et al., 1997; Stasiewicz and
Potemra, 1998]. Thus electronprecipitationshouldbe ex-
pectedin a small region within or next to the currentlayer.
The transportmodel resultsof L99 demonstrateexcellent
agreementor evolution of the electrondensityprofile, how-
ever, they alsoshaw alargediscrepang for theelectrontem-
peraturewithout a heatingsourceother than precipitation.
Including a significantfield-alignedcurrentdensitycanex-
plain the rapid heating. Our resultscomplementedy the
one-dimensionalranportresultof L99 provide strongevi-
dencefor large field-alignedcurrentdensitiesin or next to
discreteaurora.
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