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Abstract. This work presentsfirst resultsand the numericalmethodsof a
highly improvedtwo-dimensionalthree-fluidsimulationmodelof theionosphere-
magnetospheresystem. The model considersionization and recombination,
ion-neutralfriction, theHall term in Ohm’s law, andvariousheatsourcesin the
energy equations.Theelectrodynamicresponseandtheevolution of thecollision
frequenciesaretreatedself-consistentlyin theheight-resolved ionosphere.This
modelis thefirst andto our knowledgetheonly simulationmodelthatcanresolve
thedynamicandnonlinearelectromagneticinteractionbetweentheionosphereand
themagnetosphere.Thesimulationis aimedat modelingfasttemporalandsmall
spatialscaleionosphericstructuresassociated,for instance,with filamentaryaurora
andionosphericheatingexperiments.The resultspresentedin this paperfocus
on ion andelectronheatingby differentsources,i.e., ion heatingdueto plasma-
neutralfriction, electronheatingresultingfrom energeticparticleprecipitationand
by ohmicdissipationin strongfield-alignedcurrents.This work is motivatedby
a specificauroralevent thatwasobservedsimultaneouslywith opticalandradar
instruments.A consistentexplanationof this event is possiblein thepresenceof
ohmicheatingof electronsin astrongfield-alignedelectriccurrentlayer.

1. Intr oduction

The motivationsfor the presentmodel are the electro-
magneticeffects of small-scaleionosphere-magnetosphere
coupling,with emphasison the ionosphericphysics.There
are ionosphericmodels which focus on the ionospheric
transportandthereforeareone-dimensional(i.e., they treat
the altitudedependenceof the relevant transportproperty)
[e.g.,Lummerzheim and Lilensten, 1994;Lanchester et al.,
1997,1998]. Othersarelarge-scaleionosphericconvection
models[e.g., Roble and Rees, 1977; Sojka, 1989; Schunk,
1988; Roble et al., 1987; Maurits and Watkins, 1996] that
determineconvectionby asteadystateion momentumequa-
tion. However, theneglectof theion inertial termleavesout
the physicsof Alfv én wave propagation. The assumption
of a steadystateimplies

���������
	��
anda potentialelec-

tric field. While thisassumptionis reasonablefor large-scale
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lengths,it is violatedonsmall-scalelengths.Ourmodeldoes
not have this limitation. Consequently, it is ableto model,
for instance,the formation of a field-alignedcurrentlayer
through the propagationof Alfv én wave packets into the
ionosphere.SuchcurrentsandAlfv énwavesmaybeof cen-
tral importancefor filamentaryaurora[e.g.,Lanchester and
Rees, 1987;Seyler, 1988,1990;Otto and Birk, 1992,1993;
Haerendel, 1994; Lanchester et al., 1997; Stasiewicz and
Potemra, 1998].

Thepresentwork introducesresultsof animprovedtwo-
dimensionalthree-fluidcode. The original code[Birk and
Otto, 1996,1997] incorporatedbasicplasmatransportco-
efficientssuchas ionization,plasma-neutralfriction, resis-
tivity, etc., but most of theseparameterswere kept con-
stantin time. Valuesof thesetransportparameterswereas-
sumedsuchthatthemodelyieldeda reasonableionospheric
responseto magnetosphericinput suchas the reflectionof
Alfv énwaves,but theresultof thesimulationwasunableto
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describeproperly the correspondingionosphericmodifica-
tions,similar to themodelby Dreher [1997]. Theimprove-
mentswhich aredetailedin section2 addressa realistical-
titude profile of ionization rates,electronand ion cooling
rates,etc., and the modification in the plasmaparameters
(densityandelectronandion temperatures)is fed backinto
the transportparameters.Thusthemodelincludesthenon-
linear two-dimensional(2-D) ionosphericdynamics.In this
paperwe will presentanumberof examplesof suchnonlin-
eareffects.

Electron inertia is not included in our model for the
presentwork becausethelength-scaleof theelectroninertia
termis about� � m, muchsmallerthanthetypicalhorizontal
length-scalein our simulation( � km). The electroninertia
termis muchsmallerthanothertermsin Ohm’s law.

Small-scalefilamentarystructureis very frequentin the
auroralionosphere[e.g.,Borovsky, 1993;Lanchester et al.,
1994,1997]. This is a strongindicationfor time-dependent
processeswhich requireion inertia. In orderto addressthe
physicsadequatelyit is alsonecessaryto incorporaterealis-
tic ionospherictransport.However, therearealwayslimita-
tionsto thedegreethatthisis possible.For instance,to avoid
including a complex electrontransportcode,the ionization
ratesin our modelareparameterizedby a characteristicen-
ergy andenergy flux andthencomputedfor anequilibrium
neutralatmospherewith a prescribedtemperaturedistribu-
tion. For the ionizationrates(andelectroncooling rates)it
is importantto identify the neutralspecies.Theseareob-
tainedfrom a heightprofile of anaverageneutralmolecular
mass,sincetheneutralsaremodeledasonefluid. Thecode
canaccommodatean altitude-varying ion mass. However,
the presentresultsare obtainedfor a fixed ion mass, ��� .
A variableion compositionwould requireexpansionof the
three-fluidto a multifluid code.Thereforeeffectswhich are
specificto thepresenceanddynamicsof morethanonedis-
tinct ion speciesarenot addressed.Extensionsto multiple
ion speciesandanisotropicpressurescanbeincorporatedas
thephysicalproblemsrequiresucheffects.

Herethe simulationresultsaremotivatedby opticaland
radar(Europeanincoherentscatter(EISCAT)) observations
of small-scalediscreteaurora. Theseobservationsand re-
sultsfrom transportsimulationsarepresentedin a compan-
ion paperby Lanchester et al. [this issue] hereinafterre-
ferredto asL99. Theone-dimensionaltransportsimulations
treat the ion chemistry, electrontransport,and variations
of the precipitatingflux more accuratelythan is possible
in the two-dimensionalapproach.Thusthis work comple-
mentsour resultson the electrodynamicsandspatialstruc-
ture.Theeventdiscussedby L99 displaysanunusualevolu-
tion of plasmanumberdensity, ion temperature,andelectron
temperature.Motivatedby this, thesimulationresultsin the

presentpaperfocusontheformationof field-alignedcurrent
(FAC) layers,the associatedheatingof ions by the plasma
motion in the Alfv én waves, and electronheatingby pre-
cipitationandin particularby ohmicdissipationin theFAC.
Otheraspectsof thetwo-dimensionaldynamicssuchasnon-
lineareffectsfor FACs,electrondensities,andconductivities
will bethetopic of a separatepaper.

It is importantto notethatsmall spatialscalesof theor-
der of kilometersnecessitatea time-dependentmodel. The
usuallyfastmotionof discreteaurora(km s��� ) impliesthat
plasmais exposedto the effectsof thin currentlayersand
precipitationfor only a few secondstypically. Note that
a thin current layer associatedwith discreteaurorais not
frozen to the ionosphericconvection[Wescott et al., 1975;
Haerendel et al., 1993; Lanchester et al., 1997]. Typical
relaxationtimes(for instance,to achieve a steadyelectron
temperature)rangefrom a fractionof a secondin the lower�

region to severalsecondsin the � region. Also, thetime
for anAlfv énwave to travel throughthe � and

�
regionsis

of theorderof a second.

In thenext sectionweintroducetheequationsandtheini-
tial andboundaryconditionsof the two-dimensionalthree-
fluid model. The model resultsarepresentedin section3,
anda summaryandconclusionsaregiven in the final sec-
tion.

2. Numerical Model

2.1. BasicEquations

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

������ 	 �������! #"%$&�'�)(*�,+
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where
�

and
�!-

arethe total plasmaandneutralmassden-
sity; h E and h - arethe ion andneutralparticlemass;̀

R
,` E

, and
`�-

arethe electron,ion, andneutraltemperatures;6
,
6�R

, and
6 -

are the total plasmapressure,electronpres-
sure,andneutralpressure;P is theplasmanumberdensity; 

,
 AR

, and
 -

areplasma,electron,andneutralvelocities;;
is themagneticinductionvector;

7
is thegravitationalac-

celeration;
$

is theionizationrate;
CFE -

is theion-neutral,
C1RqE

is theCoulomb,and
Csyuz

is theeffective collision frequency
betweenelectronsandneutrals;

W
is theresistivity;

[
and

[ -
arethe ratiosof specificheatsfor the plasmaandneutrals;Q f is the averageenergy that goesinto electronheatingfor
eachionizationprocess(a typical valueis � eV);

o R
is the

electronheatconductioncoefficient; and { 	 � �D02[|� � 3 .
Energy conservationrequires

[D-
	}[<	�~!�Fg
.

Theionizationrate
$
, therecombinationfrequency

(
, and

the electronheatingrate associatedwith ionization QFf are
parameterizedby usinginput from anionospherictransport
computation[Lummerzheim, 1992]. Theelectronheatcon-
ductioncoefficient

o R
andtheeffectiveelectron-neutralcol-

lision frequency
C yuz

arefrom theNationalCenterfor Atmo-

sphericResearch(NCAR) thermosphereionospheremeso-
sphereelectrodynamicsgeneralcirculation model (TIME-
GCM) [Roble, 1996]. The resistivity in the simulation is
givenby W 	 W RqE "�W R -'"�W E -��

(9)

with W RqE 	 o�C RqE8�^�W R - 	 o�C R - �^�W E - 	 o�C E - �^�
where

C RaE
,
C R -

, and
C E -

are the electron-ion, electron-
neutral,andion-neutralcollision frequencies;

��� 	����F�si �
is Alfv éntime; and

o#	�0&���X0b�A� R ���Y3w3 +
is a normalizationco-

efficient. Theparameterizationof collision frequencies
C RqE

,C�R -
, and

CFE -
is givenby Schunk [1983].

In the computation we assumesingly charged ions,
chargeneutrality, andthefollowing definitions:P 	 P R=	 P E� 	 P 0 h R " h E 36 	 6 R ">6 E�k 	 � R  R "/� E  Ew�
Theresultsarepresentedin physicalunits. In thesimulation,
all thequantitiesin (1) through(8) arenormalizedto charac-
teristicvaluesof thesystem,i.e., thehorizontallengthscale
to thetypical length

���I	 � � � km; theverticallengthscaleto�b� � 	?~��k�
km; plasmaandneutralnumberdensityP and P -

to P � 	_~1�X���k�1� cm��� ; massh R , h E , and h - to theoxygen
massh � 	 h<�4� ; massdensity

�
and

� -
to
� � 	 P � h � ;

magneticfield
�

to
� � 	M� � ~

G; vertical velocity
i��

,
i1Rq�

,
and

i - �
to the Alfv én velocity

i���	:� � 0&� � � � 3 ����� + (1220
km s��� ); horizontalvelocity

 *�
and

 *�
to
� � �F�b� � i��

(2.44
km s��� ); pressure

6
,
6�R

, and
6 -

to � � 	�� +� �X0 � � � 3 ; `�R and` -
to
` � 	 � � �X0 P � vG3 (

v
is the Boltzmannconstant);and

time
�

to characteristicAlfv éntransittime
�^� 	_� � �s�Fi1�

.

We useCartesiancoordinatesin the simulationwith �
and � (invariant) perpendicularto the magneticfield;

n
is

alongtheunperturbedmagneticfield, which in theNorthern
Hemisphereis in thenegative

n
direction.

The equationsare solved with a modified leapfrog
scheme[Potter, 1973;Birn, 1980]of second-orderaccuracy
in spaceandtime. The grid points in the horizontal( � di-
rection)areuniformly separated.In the verticaldirectiona
nonuniformgrid is usedwith thebestresolutionof 4 km at
thebottomboundaryof thesimulationbox.

2.2. Equilibrium and Initial Perturbation

Thesimulationregionextendsfrom 100km (lower
�

re-
gion) to 1100km altitudewith the main magneticfield in
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Figure 1. (a) Altitude neutraldensityprofile for solarmini-
mumconditions(solid line) andsolarmaximumconditions
(dottedline) conditionsand(b) temperatureprofilesfor the
neutralatmosphere(solid line for solar minimum, dashed
anddottedlinesfor solarmaximum),for ions(initially iden-
tical to theneutrals),andfor electrons(shortdashesbranch-
ing off theneutraltemperature).

theverticaldirection.Theneutralfluid is initially in hydro-
staticequilibriumwith atemperaturè

-
anddensityP - cho-

senfor solarminimumandsolarmaximumconditionsfrom
the Mass SpectrometerIncoherentScatter(MSIS) model
[Hedin, 1991;Rees, 1989](seeFigure1). Theneutralnum-
berdensityandtemperatureprofilesaresignificantlydiffer-
entat high altitudesfor solarminimumandsolarmaximum
conditions. Thesedifferencesyield ion heatingat different
altitudes. The neutralnumberdensity P - in the simulation
is thesumof threespecies,i.e., P*� + , P � , and P � + ; all con-
tributeto ionizationandelectroncooling.

We assumethattheionsinitially have thesametempera-
tureprofile astheneutrals.Theelectrontemperatureequals
the neutralonly at the lower boundaryof the systembut
graduallyincreases(above � ~�� km) with altitudeto a value
of about1300K for solarminimumconditionsand1750K
for the solarmaximumcaseat the 600 km. To determine
theinitial plasmadensityprofile, we assumea high-altitude
numberdensityof 5

9 � ��� cm��� . Using force equilibrium
andthe

`�RY"j`�E
profile,weobtaintheiondensityprofile. This

profile is adjustedat loweraltitudesto atypicaldensitymea-
suredby theEISCAT radarduringtheeventbeinganalyzed.
A smallresultingforceimbalanceat low altitudesis negligi-
ble becausethe plasmais stronglycollision dominatedand
correspondingeffectsoccuronmuchlongertimescalesthan
consideredhere.

An initial perturbationof theplasmavelocityandthehor-
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Figure 2. Initial velocity perturbationassociatedwith the
Alfv énwavesin a horizontalcut (a)at thetopboundaryand
(b) in a verticalcutat � 	_� .
izontalmagneticfield is appliedat thetop boundarywithi���	 i�� �

� 0 � "L� ��¡X¢A0d� � � � ~X0&n��L£1�k�k3�3w3�r�1¡X¢A0 � � ��0 � "U¤ � �k3�3 (10)

for �>¥ � andi��¦	 � i�� �� 0 � "��r��¡G¢40&� � � � ~G0&nj�)£k�1�!3w3w3� ��¡X¢40 � � �G0 � �)¤ � �!3w3 (11)

for �>§ � , andthemagneticfield perturbationis givenby� � 	 �Bi � 0&�����D3 ��� +�� (12)

Notethattheperturbationdefinedin (10),(11),and(12)con-
tributesto theinitial conditionsandmustbeconsistentwith
theboundaryconditions.

Thisinitial perturbationpropagatesinto theionosphereas
apairof Alfv énwaveswhichproducetwo field-alignedcur-
rent layersat � 	¨�©¤

km (upward)and � 	ª¤ km (down-
ward). The amplitudeis

i�� � 	 � � � , which correspondsto
2.44 km s�*� . The velocity profile of the initial perturba-
tion is shown in Figure2a asa function of � , andthe plot
in Figure2b illustratesthealtitudeprofile of theamplitude.
Themagnetosphericboundaryconditionis chosensuchthat
thewave train maintainsits amplitude.Thestructureof the
Alfv én wave and the pair of FACs is presentedin the up-
perplot of Figure3a. Thefield-alignedcurrentis closedby
polarizationcurrentsat the leadingedgeof thewave trains.
Note that the separationof the the upward anddownward
currentlayersis chosenarbitrarily. We areinterestedin the
propertiesof the upward currentlayer mostly. The choice
of two currentlayersallows simpleperiodicboundarycon-
ditions along � and shows nicely the closureof the field-
alignedcurrentby Pedersencurrents(at latertimes).
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Figure3. (a)Two-dimensionalcontourplotsfor thevelocity« �
, themagneticfield

�I�
, andthefield-alignedcurrentden-

sity ¬ � at time
�5	}� � �X� sandat

�5	�� � £ � s. (b) Thesketchin
illustratesthe velocity andmagneticfield perturbationsfor
the incoming Alf én wave (

� �
and

� � ) andshortly after the
reflection(

� + ).

For the presenttopic the precisemagnetosphericcause
for the field-alignedcurrentsis not relevant. However, we
notethat shearedplasmamotion,which is typical for mag-
netosphericboundarylayers,canbesuchacause.

2.3. Boundary Conditions

In the simulationwe usea periodicboundarycondition
in the � direction,which allows wavesto propagatefreely
throughthesystem.At thelowerboundaryof thesimulation
box (

nV	 � �1� km), thedensities
�
,
�,-

, pressures
6
,
6 R

,
6�-

,
andtemperatures

` R
and̀

�-
, aregivenby continuousbound-

ary conditions;that is, theboundaryvaluesof thesequanti-
ties arecomputedby extrapolation. For the magneticfield;

, current­ , andplasmavelocity
 

, however, we determine
theboundaryvaluesusingOhm’s law.

After obtainingtheboundaryvaluesfor
�

and
6
, wecom-

putethecollision frequencies
C R -

,
C E -

, and
C RqE

andthePed-
ersenand Hall conductivities. We extrapolatethe electric
field from the physicalboundaryto a mathematicalbound-
aryandusePedersenandHall conductivitiesto computethe
currentdensityfrom ­ 	�®<�F¯ on this boundary. Similarly,
theboundaryvaluefor theplasmavelocity

 
is determined

by  *°±	 Qh E 0 C�E -� +f E "UC +E - ¯�²>" � f E� +f E "%C +E - ¯�9´³µ 3T� (13)

where
� f E is the ion gyrofrequency and

³µ
is theunit vector

of unperturbedmagneticfield. Finally, themagneticfield
;

is determinedfrom therelation­ 	_�M9<;
.

At the top boundaryof the system(
n´	 �1� �k� km) we

use free boundaryconditionsfor most quantities; that is,
we calculatethevalueat theboundaryfrom its valueinside
thephysicalboundaryof thesystemby extrapolation.This
maintainsthe initial perturbationfor the Alfv én wavesand
allows the transmissionof the waveswhich arereflectedin
thelower ionosphere.

Finally, wenotethatthechosenmodelrepresentsthefor-
mationof a stagnantcurrentlayerratherthana drifting one.
We have chosenthis configurationbecauseit illustratesba-
sic propertiesof a field-alignedcurrentlayer. The precise
propertiesof a moving current layer dependon the speed
relativeto thebackgroundionosphericplasma.For instance,
the durationfor which the electronsareexposedto ohmic
heatingin thecurrentdependson thewidth, magnitude,and
drift velocityof thecurrent.

3. Results: Ion and Electron Heating
in the Ionosphere

Varioustermsin (6) and(7) canincreasetheion or elec-
tron temperaturein the ionosphere.In the electrontemper-
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atureequation(7), two sourcetermscanheatelectrons,i.e.,
the ohmic heatingterm

W ¬ + �D0&� P vX3 ( ­ 	¨�¶9L;
) and the

heatingtermfrom energeticparticleprecipitation
$ Q f �D0 P vX3 .

Thermalenergy loss termsare due to thermalcontactbe-
tweenelectronandotherparticles,for example,coolingdue
to electron-neutralcollisions

C yuz 02`�-H�j` R 3
(rotational,vibra-

tional, electronicexcitations[Roble, 1996]) andcooling by
ions

C�RqEr02`�E��L`*RT3
. Thetotal pressureequationincludesalso

thefrictional (Joule)heatingterm
0&� h - CFE - �X�D0 h E�" h - 3*"h Eu$83�0&i©�Vi - 3 + in additionto ohmicheatingandparticlepre-

cipitation. Ionsandneutralsareheatedby this process.Fur-
ther, advectionandheatconductioncanalter the local tem-
perature.Beforewe discussour results,it seemshelpful to
give a brief illustration of the propagationof Alfv énwaves
in theionosphere-magnetospheresystem.

3.1. Alfv énWavePropagationand Reflection

The initial perturbationlaunchesa pair of Alfv énwaves
carryingthe velocity andmagneticfield perturbationalong
the magneticfield. The pair of Alfv én waves is separated
by upwardanddownwardfield-alignedcurrents.Thewaves
travel with aspeedof about1000km s��� . In thelower iono-
spherethewavesarereflectedin theregionof enhancedPed-
ersenconductivity (i.e., largercollision frequency andfric-
tion) [e.g., Hughes and Southwood, 1976]. The reflection
coefficient is givenby Maltsev et al. [1977]. Thetop plot of
Figure3ashow thewaveperturbationsfor

i �
and

� �
andthe

associatedfield-alignedcurrentshortlyafter thestartof the
simulation.Thelower plot in Figure3ashow thewave per-
turbationsandthefield-alignedcurrentdensityshortlyafter
the leadingedgeof the wave is reflected. The velocity of
the reflectedwave decreases,while the magneticfield per-
turbationincreases.Themagneticfield perturbationandthe
field-alignedcurrentdensityareabout

~1�!·
largerat200km,

indicatingareflectioncoefficientof roughly
~1�!·

. Themajor
portionof thefield-alignedcurrentis closedthrougha Ped-
ersencurrentin the

�
region. A smallerpolarizationcurrent

is associatedwith theleadingedgeof thereflectedwave.

A decreasein theplasmaconvectionis causedby theup-
wardwave vectorof the reflectedwave. Figure3b shows a
schematicof thewavepropagationandreflectionin termsof
themagneticfield andvelocityperturbation.Thiswork con-
sidersonly thecaseof very longwavelengthscorresponding
to frequencieslargerthanabout10 s. Ionsareheatedby the
plasma-neutralfriction in the convectionwhich is switched
on andmodulatedby theAlfv énwavesandin thePedersen
currentregions.A particularsourcefor electronheatingas-
sociatedwith this configurationis the ohmic heatingin the
field-alignedcurrentregions.

3.2. Ion Heating by Friction BetweenIons and Neutrals

We examinedthe ion heatingby the frictional force be-
tweenionsandneutralsfor solarminimumandsolarmaxi-
mumconditions(Figure1) with neutraltemperatureprofiles
from theMSIS model[Hedin, 1991;Rees, 1989].

Thesimulationusestheinitial perturbationgivenby (10),
(11),and(12). Ion heatingoccurs,for instance,in theregion
betweenthetwo field-alignedcurrentlayers,i.e. around� 	�
, wherethe ions are driven by the Alfv én wave. Plate1

shows the ion temperatureincreaseby frictional heatingas
a function of time for solarminimum andsolarmaximum
conditions.Themagnitudeof the temperatureincreaseand
the heightprofilesarevery differentfor the two cases,due
primarily to the ionosphericconditionsresponsiblefor the
reflectionof theAlfv énwaves.

Thesimulationshown in Plate1 wasstartedwith a sym-
metric perturbationand no initial Pedersencurrent. The
presenceof an initially asymmetricPedersencurrentwould
yield asymmetricheatingacrossthe currentlayers,as ob-
servedby L99, andOpgenoorth et al. [1990].

The ion heating
0 h - CFE - �X�D0 h E�" h - 3¸" h E8$83�0&iZ�/i - 3 +

in thetotal plasmaenergy (pressure)equation(6) is propor-
tional to thecollision frequency andto thesquareof theion
velocity (we assume

 *¹>	º�
) whenthereis no particlepre-

cipitation. The collision frequency betweenions andneu-
tralsincreasesexponentiallywith decreasingheight,thereby
heatingsignificantlytheionsastheAlfv énwavepropagates
into the

�
region of theionosphere.Heatingincreaseswith

decreasingheight until the wave is reflected[Hughes and
Southwood, 1976].Thereflectedwavedecreasestheion ve-
locity with a correspondingdecreaseof theion heatingrate.
Thermalcontactbetweenions and neutralscools the ions
efficiently at low altitudes.As shown in Plate1, theion tem-
peratureinitially reachesa maximumat low altitude. After
reflectionof theAlfv énwave, themaximumshiftsto higher
altitude. A decelerationof the convectionvelocity due to
friction contributesto thedecreaseof ion heating.

3.3. Electron Heating by Particle Precipitation

Thesimulationresultsof Alfv énwave propagationshow
that ionsarestronglyheatedin the region outsidethefield-
alignedcurrentsheets. The electrontemperatureremains
mostlyunchangedduringtheprocessof increasingion tem-
perature.Therearetwo sourcetermsin theelectrontemper-
atureequation(7), i.e., ohmicheating

W ¬ + �D0&� P vG3 in a field-
alignedcurrentlayerandheatingfrom ionization

$ QFf �D0 P vG3 .
Beforewe discussthe resultsof electronheatingby ion-

ization,wefirst illustratesomebasicphysics.In theelectron
temperatureequation(7), we only considerthe ionization
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Plate 1. Altitude versustime plotsof the ion temperaturefor (top) solarmaximumconditionsand(bottom)solarminimum
conditions.

source: ��` pR��� 	:» Ra¼-1½ `Ip ���R � »¾À¿ ���wÁ - `IpR � (14)

Defining
` f 	]0b[V� � 3 QFf �1v , (14)canberewritten��`�R��� 	 »- 02` f �)`*RT3 � (15)

For a typical value of Q f 	 � eV, we obtain
` f 	� � ~1~Â9 � ��� K, which is much higher than the usualelec-

trontemperaturein theionosphere.Equation(15)showsthat
electronheatingby ionizationis proportionalto the ioniza-
tion rate and inverselyproportionalto the plasmanumber
density. Electronheatingby ionizationis fastwhentheelec-
tron temperatureis low, i.e., at the beginningof ionization.
As the electrontemperatureincreases,the heatingrate by
ionizationslowsdown.

In our simulation the ionization rate is parameterized
from the output of a 1-D transportcode [Lummerzheim,
1992]. The input to the transportcalculationis an energy
flux of 40mW m � + with acharacteristicenergy

�BÃ8Ä^ÅrÆ
of 1.0

keV in a Maxwellianspectrum.Theresultingheightprofile
is shown in Figure4. Theionizationpeakis atabout130km.
Theresultof thesimulation,adoptingthe ionizationprofile
of Figure4 for solarminimum conditions,is shown in the

Ionization Rate (cm-3 s-1)

0 0.5×105 1.0×105 1.5×105
100

200

300

400

500

z

x =  9.0

Figure 4. Heightprofile for theionizationratefor thesolar
minimumcaseandanincidentMaxwellianenergyflux of 40
mW m � + with acharacteristicenergy

�BÃ8Ä^ÅrÆ
of 1.0keV.



ZHU ET AL.: IONOSPHERE–MAGNETOSPHERESIMULATION 8

Plate 2. (top)Electrontemperatureevolution for theionizationshown in Figure4 and(bottom)numberdensity.

top panelof Plate2. The ionizationwasappliedonly in a
limited vicinity around� 	_� .

Theevolution of theelectrontemperatureprofile follows
the physical argumentsimplied by (15). At early times
themaximumelectrontemperatureincreaseis at about170
km, slightly higherthanthealtitudeof maximumionization
rate. The initial numberdensityincreaseswith decreasing
altitude(down to about130 km, bottompanelof Plate2).
Thus the initial energy depositionper electronhasa max-
imum slightly above the region of maximumdensity. As
time proceeds,theplasmanumberdensityat lower altitude
increasesfasterdueto ionization,suchthat energy deposi-
tion per electrondecreasesfurther. In addition,the cooling
term

C yuz 02` R �%`�-X3
in the electrontemperatureequationis

largeat loweraltitudes.Thecombinedeffectshiftsthemax-
imum electrontemperatureto higheraltitude.Heatconduc-
tion contributesto this shift, aswill beillustratedlater.

Theion temperaturechangeis verysimilar thatshown in
Plate1 (solarminimum).Theonly differenceis thattheion-
izationchangesthe densityprofile andreflectionproperties
for the Alfv én wave, which, however, doesnot changethe
heatingprofile significantly.

3.4. Electron Heating by Ohmic Dissipation

A strong field-aligned current heats the electronsby
ohmicdissipation.Theheatingrateis givenby

W ¬ + , where
W

is theresistivity and­ is thecurrentdensity.

The initial plasmaflow and the shearedmagneticfield
generatetwo field-alignedcurrentlayers,with the upward
currentlayerat � 	º�©¤ km andthedownwardcurrentlayer
at � 	_¤ km. As theperturbationpropagateswith theAlfv én
wave into the ionosphere,the two field-alignedcurrentlay-
ersexpandover the entiresimulationbox (Figure3a). Re-
flection of the Alfv én wave increasesthe amplitudeof the
magneticfield perturbation,resultingin an increaseof the
currentdensitywith time asthe currentsheetsdevelop. In
Figure3awe show thatat

��	�� � £ � s, just after thewave is
reflected,the magneticfield perturbationis enhancedfrom�1� � nT (at

�©	�� � �D� s) to 170nT, andthefield-alignedcur-
rentis increasedto about230

�
A m � + . Suchvaluesarelarge

but notunreasonablefor filamentaryaurora[e.g.,Lanchester
et al., 1997;Stasiewicz and Potemra, 1998;Stasiewicz et al.,
1998].

Figure5ashowsdetailsof thefield-alignedcurrentstruc-
ture, the velocity perturbation(

i �
), the magneticfield per-

turbation( Ç � ), andthe field-alignedcurrent(¬ � ) at
�j	ÉÈ

s.
Figure5b shows thevectorplot of thefield-alignedcurrent
andthe electronvelocity aswell as the ion velocity. Note
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« �

,
magneticfield

� �
, field-alignedcurrentdensity ¬ � and(b)

vectorplotsof currentdensity, ion velocity, andelectronve-
locity for thesolarminimumcasewithout precipitation.
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Figure 6. Parallel resistivity in the upward current layer
( � 	]�©¤ km) at time

�J	�È � � s.

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

We examineelectronheatingby ohmicdissipationat the
centerof the upward currentlayer. Figure 6 shows a plot
of theparallelresistivity at thecenterof theupwardcurrent
layer. The resistivity decreasesexponentiallywith altitude.
Sincethe currentdensity is almostconstantwith altitude,
theohmicheatingrateshouldbemaximumat thelowerend
of thefield-alignedcurrentlayeranddecreaseexponentially
with the altitude. Electroncooling by collisionswith neu-
tralsandions increaseswith decreasingaltitude. Therefore
thechangeof electrontemperatureis theresultof bothheat-
ing andcooling.

Plate3 shows the electrontemperatureevolution at the
centerof theupwardfield-alignedcurrent.Theelectrontem-
peraturechangesare due to the combinedeffect of ohmic
heatingandcollisionalcooling. As thefield-alignedcurrent
propagatesinto the ionosphere,the electronsat higheralti-
tudeareheatedfirst. Theheatsourcemovesdown to lower
altitudeswith the Alfv én wave. It takes only about0.6 s
for the Alfv én wave to arrive at the lower boundary. After
about2 s, thebalancebetweenheatingandcoolingyieldsa
maximumelectrontemperatureat about200km. Thelower
boundaryof thelargeelectrontemperatureincreaseappears
aslow as170km. Notethatohmicdissipationhasanegligi-
bleeffecton ion heating.
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Plate 3. Electrontemperatureevolution for thesolarminimumcasein theupwardcurrentlayerat � 	]�©¤ km.
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Figure7. Plotof sourceandlosstermsfor theelectrontem-
peraturefor (a) the precipitationcase(a) shown in Plate2
and(b) theohmicheatingcaseshown in Plate3.

3.5. Sourcesand Lossesfor the Electron Temperature

Figures7a and7b illustratethe contributionsof various
sourceandlosstermsto the evolution of the electrontem-
peraturein eV s�*� perparticlefor thecasesof precipitation
(Figure 7a) and ohmic heatingin the upward FAC region
(Figure7b). The bold solid lines in the plots representthe
sumof all sourceandlossterms.

For the caseof precipitation,electronheatingin the up-
per ionosphereis dueto heatconduction.In the lower por-
tion of the ionospheretheelectrontemperatureis closeto a
steadystatewherethe heatingby particleprecipitationand
lossesdue to electron-neutralinteractionandheatconduc-
tion balanceeachother. There is a small negative resid-
ual in the overall temperatureevolution at lower altitudes.
This is causedby the increasingnumberof electronsdueto
the precipitationsuchthat the heatingper particlefrom the
precipitationis slowly decreasingin time. Thetemperature
maximumat this time is at about220 km altitude. Neutral

collisionsbecomerareat thisaltitudesuchthatthedominant
transportis heatconduction.

In thecaseof ohmicheating(Figure7b)thelowerportion
of the electrontemperatureis also closeto a steadystate.
However, different from the precipitationcase,the upper
partof thecurrentlayer(above250km) is still heated.Since
the uppertemperatureprofile shows a very small gradient,
heatconductionis lessimportantthan in the precipitation
case. The dominantsourcefor energy input is the ohmic
heating. A significantadditionalsourcefor energy deposi-
tion or transportis advectionin theregion with a largegra-
dientin theelectrontemperature.Notethatthefield-aligned
current implies an electrondrift of about4 km s��� . The
transportby convectionprovidesa positive contribution in
the upward currentlayer and(without illustration) a nega-
tive one in the downward currentlayer (becausecold ma-
terial is carriedupward). In the lower portion of the iono-
spherethepositivesourcetermsareefficiently compensated
by electron-neutralcollisions.

Sincetheelectron-neutralcollisionfrequency is exponen-
tially increasingwith decreasingaltitude,the characteristic
timescaleto achieve a steadystatedecreaseswith altitude.
This leadsto anevolution wherea steadyelectrontempera-
tureis assumedfasterin thelower ionosphere.

4. ComparisonWith Radar Observation

TheEISCAT radarandopticalobservations(January28,
1995) are presentedand discussedin detail by L99. The
event wascharacterizedby the presenceof filamentaryau-
rorain thefield of view of theradarandimagers.

As shown in Figure 1 of L99, thereoccurredan initial
increaseof the ion temperaturein a region of decreasing
electrondensity and temperature. During the subsequent
decreasein ion temperaturethe electrontemperaturesud-
denly increased.Theincreasein

` R
occurredwithout a cor-
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Figure8. Profileof (top)electrondensity, (middle)ion tem-
perature,and(bottom)electrontemperatureasa functionof� for threefixedaltitudes(181,228,and281km). Electron
densityandtemperatureareshown for the time

�I	�¤ � � ~ s,
andion temperatureis shown for

�x	 � � �1g s. Theplot is for
thecasewithoutprecipitation.

respondingelectrondensityincrease,which followeda few
secondslater.

Figure8 shows theion andelectrontemperaturesandthe
electrondensityas functionsof � for threefixed altitudes
and time

�#	Ê¤ � � ~ for the casewithout particleprecipita-
tion. The electrontemperatureanddensityareplotted for
time

�|	Ê¤ � � ~ s. To betterillustrate the differentelectron
andion heatinginsideandoutsidethecurrentlayer, wehave
plottedthe ion temperaturefor a fairly early time

�e	 � � �1g
whenit is higherat lower altitudes.Early in thesimulation,
ionsarestronglyheatedin theregionoutsidethecurrentlay-
ers.Themaximumion heatingappearsbelow � �1� km (com-
parePlate1). After

¤
s theelectrontemperatureinsideboth

currentlayers( � 	ÌËj¤
km) increasessignificantly, up tog1�k�1�

K.

Our simulationshows a numberof the propertieswhich
characterizethe observedevent. Assumingthat thefield of
view is first in a region outsidethe field-alignedcurrent,
theninsidethe field-alignedcurrent,andfinally in a region
with enhancedelectronprecipitation,onewould expect to

observethefollowing:

1. Theion temperaturedevelopswith a profile similar to
that illustratedin Plate1. Sincethereis no significantpre-
cipitationin thisregion,electrondensityandtemperatureare
constantor slowly decreasing.Theeventpresentedby L99
startswith ion heatingshortlyafter2233:30UT. Theinitially
strongion heatingappearsatabout �FÍ � km. Theion temper-
aturemaximumthenmovesto higheraltitudes.Theobserva-
tionswereacquiredduringsolarminimumconditions.Both
the altitudeprogressionandthe temporalprofile of the ion
temperaturearesimilar to theion temperaturefor solarmin-
imumconditionsin oursimulation(bottompanelof Plate1).
During ion heating,both the electrondensityandtempera-
tureslowly decrease.

2. A rapid increasein electrontemperatureoccurswhen
the FAC comesinto the field of view. The ion temperature
shoulddecreaseto the backgroundlevel at the sametime
(Figure8) becausethe fast ion flow is outsidethe FAC re-
gion. EISCAT data(L99) show a suddenincreaseof elec-
tron temperaturejust aftertheion heating.At thebeginning
of theelectronheating,the electrondensitydecreases.The
initial electronheatingregion extendsfrom about �sÍ � km
to higher altitudes. The electrontemperatureincreasesto
above

g1�k�1�
K. Sincetheelectrondensityis decreasingatthis

time,theheatingis expectedto bedueto asourceotherthan
precipitation.Our simulationresults(Plate3) show that the
electrontemperatureinsidethecurrentlayer increasesup to
about

gk�1�1�
K in a few seconds.Thealtitudeextentof elec-

tron heatingalso agreeswith the observed data,i.e., from�sÍ � km to higheraltitudes.At the time of electronheating
by field-alignedcurrent,theion temperaturedecreasesto the
backgroundlevel.

3. Theelectrondensityincreaseswhentheprecipitation
comesinto thefield of view. This is not a self-consistentre-
sult of thepresent2-D fluid modelbut hasto beassumedas
a boundaryconditionfor theincomingelectronflux, similar
to the1-D transportmodel.Shortlyafterthestartof theelec-
tron heating,theelectrondensityincreases,which indicates
that thefield of view is in a region of particleprecipitation.
From2234:00UT to about2234:30UT, theelectrondensity
continuesto increase,with a maximumat about130 km,
whichcorrespondsto particleprecipitationwith characteris-
tic energy 1.0 keV (Figure4). The electrontemperatureat
thesametime further increases,with themaximumslightly
above 3000 K. However, the bottom edgeof the electron
heatingregion movesto higheraltitude,andthereis strong
electronheatingat altitudesabove 200km. Our simulation
resultsof electronheatingbyparticleprecipitation(toppanel
of Plate2) show reasonablygoodagreement.After 0234:30
UT, the electrondensityincreasesat lower altitude,with a
maximumat about125 km. This indicatesthat the charac-
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andamodificationof theAlfv énwaves(seetext).

teristic energy of precipitationincreasedto a highervalue,
resultingin energy depositionat loweraltitudes.

Figure 9 illustratesa result wherewe includedtwo ad-
ditional propertiescomparedwith the resultsshown in Fig-
ure 8. We addedan Alfv én wave with constantamplitude
of half the valuefor the two original Alfv énwave trainsto
includea large-scaleconvection. This yields a larger con-
vection velocity in the region �¶¥ �©¤

km (and �ÊÏ ¤
km). We also includedparticleprecipitationin the region��~¸Ð,Ñ ÎÒ�ºÎ ~¸Ð,Ñ

with the sameenergy flux andchar-
acteristicenergy as for the result of Plate2. The result in
Figure9 shows density, ion temperature,andelectrontem-
peraturein time intervalsof 1 s (coveringa total of 10 s) as
a function of � for a constantaltitudeof 229 km. A scan
throughthis structurefrom left to right shows the basicse-
quenceof the EISCAT event. It shouldbe noted,however,
thatthereis no uniquequantitativeresultfor suchascanbe-
causethisdependsonhow fastthescanis performed(orhow
fastthestructuremoves).Notethatwe alsousedanaverage
over about1 km to emulatethe field of view of the radar.
We did not averageover time in Figure9. Thesmallgapin
theelectrontemperaturedependson the preciselocationof
the precipitationregion relative to the locationof the field-

alignedcurrent.

While theoverallsituationseemsto becapturedrelatively
well, quantitativeaspectsof the2-D simulationarecertainly
different. In our simulationwe did not attemptto introduce
a time-varyingionizatonrateto obtainabestfit. Figure9 il-
lustratesthatascanthroughatwo-dimensionalfastevolving
structurecannotyield a uniqueresult. Theprecisedistribu-
tion andtime history of the Alfv énic perturbationsarenot
known andarelikely morecomplicatedthanin the simpli-
fiedsmoothmodeladoptedhere.However, it is shown thata
strongfilamentarycurrentlayerhascharacteristicproperties
in termsof convection,ion heating,andelectronheating.

5. Summary and Discussion

Wehavereportedfirst resultsfromanew two-dimensional
three-fluid code with application to electromagneticcou-
pling betweenthe ionosphereandthe magnetosphere.The
simulation solves the continuity, momentum,and energy
equationsfor neutral, ion, and electronfluid components.
The ionospherictransportparametersare computedfrom
standardformulationsfor the collision frequencies,andthe
code usesmethodstypically applied in one-dimensional
transportcomputationsto determineionization,recombina-
tion, and electroncooling rates. The model includesion
inertia, suchthat the typical fluid plasmawavesarea part
of the simulation. This is particularly important for the
magnetosphere-ionospheresystemin which Alfv én waves
arecentralfor theinteractionbetweenthetwo systems.Con-
sequently, thesimulationcodeis well suitedto describefast
temporalandsmallspatialchangesin theionosphere.

Thetwo-dimensionalmodelcannotaddressthedeforma-
tion of FAC and discreteauroraalong the auroralcurtain,
which requiresthreedimensions.However, it providesa re-
alistic model for the formationof FAC layersby Alfv énic
perturbations.

The resultsof this paperfocus on variousmechanisms
of ion andelectronheating.Themotivationfor this focusis
threefold.First,it demonstratesthatthecodeobtainsreason-
ablequantitativeresultsfor theseheatingmechanisms.Sec-
ond,thedemonstratedheatingprocessesdependonatempo-
ral andspatialvariationof themagnetosphericinput. Finally,
radarandopticalobservationsof ion andelectrontempera-
turesand ionization in an auroralevent are reproducedin
many respectsby the2-D simulations.

The simulationusedin this paperis complementaryto
the 1-D transportmodel usedby L99. The 1-D transport
modeladdressesthe quantitative electrontransportandthe
resultingionization,heating,andchemistryfor sufficiently
energeticelectrons.However, it doesnotandcannotaddress
the electromagneticchangesasa resultof the field-aligned
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currentformation. On the otherside,our two-dimensional
modelhasto includethe electrontransportby suitablypa-
rameterizedtransportcoefficients.

Onthebasisof ourresultswesuggestthatthesequenceof
eventsreportedby L99 is in partcausedby thespatialstruc-
tureof convection,field-alignedcurrents,andprecipitation,
in or closeto theparticularauroralarcstructure.

For thesimulationweemploy boundaryandinitial condi-
tionsthatcauseAlfv énwavesto propagatefrom themagne-
tosphereinto theionosphere.If thevelocityandflow pertur-
bationof thewaveschanges(reversessign)acrossa vertical
boundary, the waves carry a field-alignedcurrent into the
ionosphere.

We have demonstratedthat the impactof the horizontal
ion flow carriedby the wave leadsto fast ion heatingfirst
at lower ionosphericaltitudes. The partial reflectionof the
wave (with a correspondingdecreasein the flow velocity)
andthe large ion-neutralthermalcontactat lower altitudes
leadto a subsequentshift of themaximumion temperature
to higher altitudes. This heatingdoesnot affect the elec-
trons.Our modelpredictsthecorrecttemporalevolution on
short timescalesfrom wave reflection,ion-neutralfriction,
andcoolingby neutrals.

Theresultsdemonstratevery significantelectronheating
by ohmic dissipationwithin a strongfield-alignedcurrent.
Ohmicheatingin field-alignedcurrentsis neglectedby most
other modelssince it is of no significanceon sufficiently
largescales.Our modeldeterminesthecurrentdensityself-
consistentlyasa functionof time for givenmagnetospheric
boundaryconditions. The horizontalion velocity is much
smallerin thecurrentlayer thanoutsidesuchthat ion heat-
ing is small insidethelayer.

It is often assumedthat discreteauroralarcsare asso-
ciated with upward field-alignedcurrent regions and cor-
respondingAlfv énic perturbations[e.g., Lanchester and
Rees, 1987;Seyler, 1988,1990;Otto and Birk, 1992,1993;
Haerendel, 1994; Lanchester et al., 1997; Stasiewicz and
Potemra, 1998]. Thuselectronprecipitationshouldbe ex-
pectedin a small region within or next to the currentlayer.
The transportmodel resultsof L99 demonstrateexcellent
agreementfor evolutionof theelectrondensityprofile,how-
ever, they alsoshow alargediscrepancy for theelectrontem-
peraturewithout a heatingsourceother than precipitation.
Includinga significantfield-alignedcurrentdensitycanex-
plain the rapid heating. Our resultscomplementedby the
one-dimensionaltranportresultof L99 provide strongevi-
dencefor large field-alignedcurrentdensitiesin or next to
discreteaurora.
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waves due to shearflow and collisionlesstearing instability,
Geophys. Res. Lett., 15, 756,1988.

Seyler, C. E., A mathematicalmodel of the structureandevolu-
tion of small-scalediscreteauroralarcs,J. Geophys. Res., 95,
17,199,1990.

Sojka,J. J., Global scale,physicalmodelsof the Ô region iono-
sphere,Rev. Geophys., 27, 371,1989.

Stasiewicz, K., andT. Potemra,Multiscalecurrentstructuresob-
servedby Freja,J. Geophys. Res., 103, 4315,1998.

Stasiewicz, K., G. Holmgren,andL. Zanetti, Density depletions
and currentsingularitiesobserved by Freja, J. Geophys. Res.,
103, 4251,1998.

Wescott,E. M., H. C. Stenbaek-Nielsen,T. N. Davis, W. Murcray,
H. M. Peek,andP. Bottoms,The Õ>Ö�×�Ø × Oosikbariumplasma
injection experimentandmagneticstormof March 7, 1972,J.
Geophys. Res., 80, 951,1975.
D. Lummerzheim,A. Otto, andH. Zhu, GeophysicalIn-

stitute,Universityof Alaska,Fairbanks,903KoyukukDrive,
Fairbanks,AK 99775-7320.(ao@why.gi.alaska.edu)

B. S.LanchesterandM. H. Rees,Departmentof Physics,
University of Southampton,Highfield, SouthamptonSO17
1BJ,England.

Received AUGUST 13, 1999; revisedFEBRUARY 10, 2000; accepted
MARCH 30,2000.

This preprintwaspreparedwith AGU’s LATEX macrosv5.01,with the
extensionpackage‘AGUÙGÙ ’ by P. W. Daly, version1.6bfrom 1999/08/19.


