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Abstract.

The effects of large winds on the low-latitude E region ionosphereand the
equatorialkelectrojetin particularareanalyzedheoretically computationallyand
experimentally The principlesthatgoverntherelationshipbetweerelectricfields,
currents,andwinds in steadyflows in the ionosphereare reviewed formally.

A three-dimensionahumericalmodelof low latitudeionosphericelectrostatic
potentialis thendescribed.Scaledwind profilesgeneratedy the NCAR TIME-
GCM are usedasinputs for the potentialmodel. The model shavs that the
horizontalwind componendrasticallymodifiesthe vertical polarizationelectric
field in the electrojetanddrivesstrongzonalandmeridionalcurrentsat higherdip
latitudesoutsidethe electrojetregion. Comparisorbetweerthe modeloutputand
coherenscatterradarobsenationsof plasmarregularitiesin theelectrojetindicate
thatstrongwinds andwind shearsarepresenin the E region over Jicamarcdhat
areroughlyconsistentvith NCAR modelwind predictionsf theamplitudeof the

latterareincreasedy about50%.

1. Introduction

In this paper we examinethe effects of large horizon-
tal neutralwinds on the equatorialelectrojetand low lati-
tudeionosphericurrentsystem While it haslong beensus-
pectedthatvery large winds andwind shearsarepresentn
the electrojet[Kudeki et al., 1987], only recentlyhave such
winds beenobsened directly [Larsen and Odom, 1997],
and only recently are comparablewinds beginning to be
predictedby global circulation modelssuchasthe NCAR
thermosphere/ionosphenmesosphere/electrodynangen-
eral circulation model (TIME-GCM) [Roble and Ridley,
1994;Roble, 1995]. The causeandstructureof large winds
in the lower thermospheravere foci of the Clemson2000
conferenceto bereportedonin anupcomingissueof J. At-
mos. Sol. Terr. Phys. Here,we evaluatethe effectsof the
winds on E region ionosphericelectrodynamicandon the

electrojetin particular

The interactionbetweenthe lower thermospheriavinds
andthe ionosphericplasmais qualitatively differentat the
dip equatorcomparedto other latitudes. Winds are most
proneto generatalynamoelectricfieldswherethe magnetic
field lines are nearly horizontal,and the Cowling conduc-
tivity in the equatorialE region providesa mechanisnfor
the amplificationof thedynamofields. The effectsof winds
on electrojetelectrodynamicshave beenstudiedtheoreti-
cally by Richmond [1973], Kato [1973],Fambitakoye et al.
[1976], Forbesand Lindzen [1976], Anandaraoet al. [1977],
Anandarao and Raghavarao [1979], and Reddy and Deva-
sia [1978] amongothers. Many of their resultswere sum-
marizedby Forbes [1981] andwill be referredto through-
out this text. It hasbeenshawvn that horizontalwinds can
drastically affect electric fields and currentslocally in the
electrojet, althoughthe effects may be difficult to detect
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with ground-basednagnetometerdueto destructve inter-
ference .Observingheeffectsof windsin theelectrojetwith
radarremotesensings complicatedby the almostconstant
presenceof ionosphericirregularities. Theseirregularities
rendercorventionalincoherentscatterradartechniquesin-
usable.

A number of investigatorshave attemptedto estimate
ionosphericelectricfields andwinds indirectly from coher
entradarbackscattefrom plasmairregularitiesin the elec-
trojet [Balsley, 1973;Balsley et al., 1976;Reddy and Deva-
sia, 1981; Reddy et al., 1987; Devasia and Reddy, 1995;
Hysell and Burcham, 2000; Chau et al., 2000]. The vari-
ousexperimentakechniqueemployeddiffer in their details
but all make useof thefactthatthe phasespeedof plasma
wavesin the electrojetarethoughtto be known functionsof
theelectricfield, temperatureandneutralwind velocity. In
practice deriving reliableneutralwind speecdestimategrom
coherentscatterradarmeasurements difficult becausehe
functional dependencef the dataon the neutralwind ve-
locity is notunique. Statisticalfluctuationsin theradardata
malke the datainversionprocesdessreliable.

In this paper we solve the direct problemof predicting
coherentscatterradar obsenationson the basisof an as-
sumedneutral state rather than the more difficult inverse
problemalludedto immediatelyabove. We will uselower
thermospherimeutralwind profilespredictedby the NCAR
TIME-GCM asinputsto a static modelof the low latitude
E region ionosphericpotential. This latter model in turn
will be usedto predictthe electricfield perturbationghat
arisefrom the neutralwind forcing. The predictionswill be
comparedvith coherenscatteradarobsenationsof plasma
irregularities propagatingn the equatorialelectrojet. The
model-datacomparisonsat once illustrate the effects that
largewindscanhave on E regionionospherielectrodynam
icsanddemonstrat¢hatthe effectsaremanifestin theequa-
torial ionosphere.

2. Model Fundamentals

In this section,we describeformally therelationshipbe-
tween neutral winds, currents,and low-frequeng electric
fieldsin anionospherigplasma.(Readerdgamiliar with this
topic maywish to skip aheado section3 wherea numerical
model of the electrojetis described.)The ionosphericcur-
rentdensityJ dueto the Lorentzforceonthe plasmacanbe
expresse@ds

J = UP(EL—}-IIXB) (1)
+0'HB X (EJ_+U X B) +0'0EH

whereE andB arethe electrostatidield and magneticin-
duction, respectiely, u is the neutralwind velocity, b is a

unit vectorparallelto the geomagnetidield, andwherethe
1 and|| subscriptslenotedirectionsperpendiculaandpar
allel respectiely to b. Here,op, g, ando, arethe Peder
sen,Hall, andparallelor directconductvities:

— o2 n;vj

op = Zm] W+ ) @
_ 2 —n;€Y;

on. = ¢ ; mj(l/J2 + Q?) (3)
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0o, = € ; m,v; (4)

wherethe sumsare over electronsandion speciese is the
electronchage,n; is thenumberdensity ; is the gyrofre-
gueng which carriesthe signof thechageof specieg, and
v; is the collision frequeng. Note thatthe Hall conducti-
ity hasbeendefinedhereandusedthroughoutthe paperin
sucha way thatit is a positive quantity Equation(1) can
beinterpretedasthe currentdensityin a frameof reference
moving with the neutralwind velocity, with E representing
theelectricfield in a stationaryframeandu x B represent-
ing a coordinatetransformation. However, currentdensity
in a plasmais invariantunderGalileantransformationand
(1) thereforeappliesequallywell in the stationaryreference
frame.

Quasineutralityn the plasmaimposeshe constrainthat
the currentdensitybe solenoidal. In orderto analyzethe
consequencead this constraintwe candecompos¢heelec-
tric field into a uniform, backgroundcomponentt, anda
perturbed,spatially-varying component—-V®, where® is
theelectrostatipotential. Thebackgroundomponentould
representa field imposedfrom outsidethe immediatere-
gion of interestsuchasthe dawvn-to-duskzonalelectricfield
presenin theequatoriaionospherefor example.To theex-
tentthatthe currentsdrivenby thewind andthe background
electricfield aredivergent,theperturbatiorelectricfield will
emepgeto presere quasineutrality Thesepolarizationelec-
tric fieldsarisefrom electricdipole momentsnducedin the
plasmaby thewind andthe backgrouncelectricfield.

Equatingthedivergenceof the currentdensityin (1) with
zeroshowsthat

V2 = (5)
Vilnop - (E; -V, 24+uxB)+(Vxu)-B
+ 2 [VJ_lnaH (13 x (Bo— V. ®) + uJ_B)
op
+ (VJ_ . 11) B]
- Vfllnao . Vh@

Here,we make useof the coordinatetransformationsv| | =
Voo /op V|, Vit = (0o/0op) Vi, andV"™ = Vi + Vi in-
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troducedby Farley [1959, 1960] who studiedthe efficiency

of transmissiorof trans\erseelectric fields over long dis-

tancesalongmagnetidield lines. Potentialstructuresn the

ionospherareinherentlyisotropicdueto the large ratio of

parallelto Pederserconductvities. This coordinatetrans-
formationis to a spaceelongatedin the parallel direction
in which potentialstructuresareessentiallyisotropic. Writ-

ten this way, (5) hasthe form of Poissors equation,and
all the termson the right side of (5) can consequentiybe

associateavith polarizationchage density Sourcesof po-

larizationchage densityincludeneutralwind fieldsthatare
eitherdivergentor rotationalin the planeperpendicularto

themagnetidield andwindsflowing parallelor perpendicu-
lar to trans\ersegradientsin the plasmaconductvities. Po-

larizationchage densityindicatesdivergencein the plasma
polarization,andthat partof it identifiedwith trans\ersedi-

vergenceimpliesvorticity in E x B drifts. Suchvorticity is

clearlyevidentin highlatitudeE regioncorvectionaswell as
in the eveningvortex in the post-sunseéquatorialF region

[Haerendd et al., 1992; Kudeki and Bhattacharyya, 1999]

andin strongshearsn theequatoriaklectrojetelectrondrift

velocities[Kudeki et al., 1981].

The solutionfor ® in a region is specifiedby (5) and
by the boundaryconditions. If the winds areincompress-
ible and invariantalong the magneticlines of force andif
the boundaryconditionspermit it, (5) is solved for polar
ization electricfields arisingtrans\erseto u andb suchthat
thetotal E x B drifts preciselymatchu. Little or nowind-
drivencurrentflowsin thatcasesincetheelectronsaandions
move togetherwith the neutrals. The right side of (5) is
nonzeroif u is rotationalin the planeperpendiculato B.
This phenomenoiis the basisfor dynamotheory[Rishbeth,
1971]. More developedforms of dynamotheory success-
fully predictmary aspect®f plasmecirculationin theequa-
torial zoneincluding superrotationandthe preresersalen-
hancemenfHedliset al., 1974;Rishbeth, 1981;Fgjer, 1981;
Wharton et al., 1984;Farley et al., 1986;Haerendel and Ec-
cles, 1992;Crain et al., 1993;Du and Sening, 1999].

Corversely if thewindsvary alongmagneticfield lines,
solutionsto (5) necessitat@otentialvariationsin the direc-
tion of the magneticfield. Perpendiculapolarizationelec-
tric fields may not be requiredfor (5) to be satisfiedin this
case,in which field-alignedcurrentsflow and effectively
“short out” the dynamoelectric field in part or in whole.
The wind drives currenttrans\erseto B, the currentdissi-
patespower by Jouleheatingandthroughmechanicaivork,
andthe associatedon dragcontributesto the neutralwind
momentunbalance Larsen and Walterscheid, 1996]. How-
ever, thetrans\ersecurrentis closedby thefield-alignedcur-
rents,andtheentirecurrentremainssolenoidal If thewinds
are not stationaryalongthe magneticfield lines, the wind-

ho dot

he dp

Figurel. Schematiciagramof amagnetidlux tube. Terms
like hy,dn areorthogonaldifferentialarclengthelementss-
sociatedvith themagneticoordinates, 5, andg (seetext).

drivendynamowill notoperateefficiently.

Equation(5) shavs thatmeridionalwindsareaptto have
less influence on ionosphericelectrodynamicghan zonal
winds for the following reasons. Field-alignedwinds do
notdrive currentin thismodel,andmeridionalwindsshould
thereforehavelittle electrodynamieffectnearthedip equa-
tor exceptperhapswvherethe magneticdeclinationis large.
Elsewvhere,u x B currentsassociatevith meridionalwinds
arezonalanddo not flow in the directionof strongconduc-
tivity gradientsexceptimmediatelyin thevicinity of the so-
lar terminator The u, termin (5) recevesonly a small
contribution from meridionalwinds exceptatrelatively high
dip latitudeswhere, onceagain,theinducedcurrentdoesnot
tendto flow in the direction of strongconductvity gradi-
ents. In any event, meridionalwinds are mainly ineffective
in generatingolarizationelectricfields sincethewind forc-
ing wouldtendto vary greatlyalongthe magnetidield lines.

Approximatebut illustrative solutionsto (5) canbe ob-
tainedby treatingmagnetidield linesasequipotentialsThis
treatments justifiedto somedegreeby the elongatiorof po-
tentialstructuresn theionosphereén thedirectionof thege-
omagnetidield resultingfrom the largeratio of the parallel
to Pederseronductvities. The elongationfactory/o,/op
is of order1(@® in the F regionwherethemagnetidield lines
arewell approximatecsequipotentialén equilibrium. That
factorfalls to order 10 in the lower E region andto order
unity in the D region, however, wherethe equipotentiabp-
proximationbeginsto breakdown andapproximationdased
onit fail.

An equipotentialionosphericmodel was describedby
Richmond [1973] who assumedh dipole modelfor the geo-
magnetidield andconsiderecnindividualflux tube.Appli-
cationof the divergencetheoremto the quasineutralitycon-
dition indicateghatthetotal currentflux throughthesurface
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of theflux tubeis identicallyzero. Assumefurtherthatthere
is no flux out the endsof the tube which extend below the
ionospherealthoughfield-alignedcurrentsmay exist within

the volume of the tube. Figure 1 shavs a representatiof

themagnetidlux tubein questionLet (r, 8, ¢) represenpo-
lar coordinatesand («, 8, ¢) be component®f anorthogo-
nal magneticcoordinatesystem Dipole magnetidield lines
aretracedby constantx curvesof theform r= a sin? §. Con-
stant3 curvesof theform r? = cos /3 areeverywherenor-

mal to the dipole field lines. The scalefactorsh,, hg, and
he formally definea Euclideanmetric for the magneticco-
ordinatesystemsuchthatds® = hjda® + h}dB* + hdg?,

whereds is alengthelement.

Theflux tubeshavn in Figurel is boundedy a=constant,
B=constantand g=constantsurfaces. Considerthe tubeto
beverythin vertically sothatall of theflux throughit passes
throughthe a=constantsurfaces. In the limit that the up-
per and lower a=constantsurfaceshecomecoincident,the
guasineutraliticonditionthenbecomes

(6)

whereJ, is thecomponenof the currentdensitynormalto
the a=constanturfaceof the flux tubeandwherethe inte-
grationis alonga magneticfield line. The constanthereis
the differential vertical E region currentdI flowing in the
interval d¢ at the baseof the flux tube. SinceJ, vanishes
atthe lower boundaryof theionospherepnecanarguethat
this constantshouldbe zerofor a flux tube passingbelon
the lower boundaryand,consequentlyfor all the flux tubes
aboveit. However netvertical currentfluxesdo arisein the
electrojet,so this is only an approximationconsistentwith
the statedassumptions.

Sincemagneticfield linesareregardedasequipotentials,
we may write Eghg = constaniand E,h, = constantt all
pointson a givenflux tube. Furthermorethe definitionsin
(1) makeit clearthat

Jo = o0p(Ey+ugB)—ou(Ey —ueB) or
Jah¢h5 = (IPEahqghﬁ + UpuBBh¢h5
— JHE¢h¢hﬁ + O'Huthd)hg

d¢/Jah¢h5dﬂ = constant

Thislastexpressiorcanthenbesubstitutednto thequasineu-
trality condition (6). Making use of the equipotentialap-
proximation,it is thenpossibleto solve for eithertrans\erse
electricfield componentn termsof the otherandin termsof
theneutralwind field. Assumingthatthe zonalelectricfield
is known, theverticalelectricfield becomes:

E, = (7)
E¢,h¢, fO'Hhﬁdﬂ — f (opu¢, + ogU.) Bh¢,hﬁdﬂ + dI/d¢
ha [op"322dp

Equation(7) canbe readily interpretedvhenappliedto the
equatoriazonewherethethreescalefactorsarenearlycon-
stants. The first termin the numeratorof (7) shavs how

zonal electricfields in the equatorialE region give rise to

the strongvertical polarizationelectricfields that drive the
electrojet. The secondtermin the numeratorrelatesto po-

larizationelectricfields drivenby the neutralwind dynamo.
If uy is invariantalongmagnetidield lines, (7) predictsthat
polarizationelectric fields will arise suchthat the plasma
E x B drifts matchthe neutralwind velocity. In this case,
the dynamoprocesss efficient, andlittle wind-driven cur-

rentflows. If, however, ug variesalongthe magneticfield

line, the polarizationelectricfield thatariseswill represena
Pedersen-conduefity-weightedaverageof the neutralwind

forcing. If the neutralwind oscillatesalongthe pathof the
geomagnetidield, thenthe variousphase®f the wave may
adddestructvely andfail to give riseto a significantpolar

ization electricfield. Dynamofields generatedwvithin the
differentphase®f thewave areshortedout by field-aligned
currentsn thatcase.Only if thewind hasa stationaryphase
point cana net dynamofield be generated.A likely place
for a stationaryphasepointto occuris nearthemagnetiadip

equatowherethe projectionof the neutralwind wavevector
onthemagnetidield line is small.

So far, we have not commentedn the effects of verti-
cal winds. However, it is clearfrom both (5) and(7) (third
termin numerator}hatverticalwindsaffectverticalelectric
fieldsin the E regionin the sameway asthe zonalelectric
field. They thereforeundego the sameampilification pro-
cesdn theelectrojetandcan,in principle,have a substantial
impactontheelectrojetcurrent. Anandarao et al. [1978] re-
port on 10—-20m/s verticalwindsin the equatorialE region
measuredwith a twilight strontiumrelease. Raghavarao
and Anandarao [1980] arguedthat sucha wind could re-
versethe direction of the electrojetcurrentin someplaces
andperhapdeadto counterelectrojetconditions.However,
the wind measurementsf Anandarao et al. [1978] were
madeat a few heightsonly, andthe calculationsbasedon
thememployed considerablextrapolation. Therole of ver-
tical windsin contributing to the backgroundstateandday-
to-day variability of the electrojetis not well established,
thanksmainly to a shortageof pertinentdataand reliable
models.Certainly verticalwinds comparabldo thosemea-
suredrecentlyby Zhou [2000] at Arecibo and by Tao and
Gardner [1995] from Maui usingcontemporaryexperimen-
tal techniquesvould drasticallyaffect the electrojetcurrent
if presentat the dip equatorandwould represenainimpor-
tantlocal sourceof variability. The effectsof verticalwinds
lay outsidethe scopeof theanalysiswhichfollows, however,
sincewe currentlyhave no meansof predicting,measuring,
or inferring them.
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Finally, the fourth andlasttermin the numeratorof (7)
shavsthata netverticalcurrentflux arisingin theelectrojet
at somealtitudewill necessitatthe emegenceof a vertical
electricfield at higheraltitudesto maintaincurrentcontinu-
ity. In regionswherethe integratedPederserconductvity
and,consequentljthedenominatoof (7) becomesmall,the
implied vertical electric field can becomelarge. This sit-
uationoccursin the valley region above the electrojetand
contributesto westward, countenailing plasmadrifts there
in the nighttime sector[Haerendel and Eccles, 1992]. The
relative importanceof thefour termsin the numeratoof (7)
in settingup thesecountenailing drifts hasnot beenclearly
established.

3. Three-dimensional computational model

A quantitative treatmenof low latitudeionosphericelec-
trodynamicsrequiresconsiderationof the effects of finite
parallel conductvity aswell asthe effects of spatialcon-
ductiity gradientsin threedimensions.Here,we describe
athree-dimensionateady-statpotentialmodelof aniono-
sphericplasmasubjectto prescribedforcing by winds and
backgrouncelectricfields. The model, which is similar to
theonedescribedy Forbesand Lindzen [1976],is basedn
the applicationof the quasineutralityconditionto arealistic
plasmain a dipole magneticfield and includesthe effects
of finite parallelconductvity. The quasineutralitycondition
canbeexpressedn polarcoordinatess:

V-(2-V®) = V-(2-(E,+uxB)) (8)
whereX arethe componentf a secondrank tensorcon-
ductivity expressedn polar coordinates. Expressiongor
thesecomponentsveregiven by Forbes [1981] andarere-
producedelow in slightly modifiedform.

Yrr opcos® I+ aysin? I
Y = Xgp = (op—0o)cosIsin]
¥rg = =Yg = —ogcosl
Yogr = opsin®I+o,cos’ T
Yog = —Xgg0 = —ogsinl
E¢¢ = Oop

where I is the magneticdip angleand 8’ is the magnetic
latitude.

Equation(8) representanon-separabliénearinhomoge-
neouselliptic partial differentialequationwith non-constant
coeficients and with cross-denative terms for the elec-
trostaticpotential ®(r, 8', ¢) which can be discretizedand
solved numericallyin threedimensionsusing corventional
relaxationmethods Arbitrary forcingcanbespecifiedhrough

the right side of (8). The coeficient matricesinvolved de-
pendon the conductvities which, in turn, dependon the
ionosphericplasmaconcentrationand compositionalong
with thecollisionfrequenciesthemselesdependenvnneu-
tral temperatureconcentrationand composition. We have
calculatedhe conductvities usingion-neutralandelectron-
neutral collision frequeny expressionsderived by Rich-
mond [1972]andGagnepain et al. [1977]andreproducedby
Forbes[1981]in hisequation®7-30.Theseapplyto athree
componenplasmaNO*, Of, Ot) in athreecomponenat-
mosphergN-, O,, O) andincludetemperatureorrections
to accountfor short-rangeepulsionandresonanthageex-
changeeffects. The electron-ioncollision frequeng is cal-
culatedaccordingto the expressiorgivenby Nicolet [1953]
andaddedto the electron-neutratollision frequeng in the
computationof the directconductvity. Model atmospheric
andionospherigparametersirederived from the MSIS and
IRl models,respectiely [Hedin et al., 1996;Bilitza et al.,
1993]. In evaluatingthe model conductvities, we use a
dipole magneticfield modelbut allow for atilt betweerthe
geographi@andgeomagnetieneridians.

Iterative techniquedfor solving discretizedelliptic par
tial differentialequationgypically corverge slowly and of-
tenproveimpracticalfor addressingroblemsonlargegrids.
For example,the gainfactorfor errorsin a Jacobior Gauss
Siedeliterationmethodis givenby 1 - O(n=2), wheren is
the numberof grid pointsalonga dimensionof the simula-
tion space(seefor exampleAmes [1977]). Corvergenceis
slow exceptwhenthegrid is small. In effect, errorsdiminish
asif undegoingdiffusion,andonly errorswith scalesizes
comparableo the grid size vanishrapidly. Slow corver-
gencampliesparticularlyhighcomputationatostfor three-
dimensionaproblems.

We have solved (8) computationallyusing a multigrid
methodlik e the onedescribedby Adams [1991,1989] and
referencegherein. Multigrid methodsimprove uponitera-
tive schemesdy computingcoarsegrid approximationsn-
terleaved with fine grid refinements. Large-scalefeatures
corvergerapidly in the coarsegrid computationsvhile fine
structureis retainedin thefull grid computations Approxi-
matesolutionsandcorrectionsaretransmittecoetweemmul-
tiple grid levels by interpolationand extrapolationopera-
tors. Reviews of multigrid algorithmshave beenpresented
by Fulton et al. [1986], Press et al. [1988], and Hackbusch
and Trottenberg [1991].

Our solutionspaceis a sectionof the low-latitudeiono-
spherein the Peruviansectorcenteredn a point on the dip
equatorat 12.5°S, 77°W. The magneticfield declinationis
0.6°. Altitudes between80 and 150 km are includedin
the model, and the latitude and longitude extent is +10°.
Local time variationsare included as variationsin longi-
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tude. The numberof grid pointsin r, ', and¢ are73, 73,

and37, respectiely. The boundaryconditionsimposedare

thatno currentis allowedto flow throughthe lower bound-
ary while no field-alignedcurrentflows throughthe upper
boundary Additionally, Neumanrboundaryconditionsare

imposedon the perturbatiorpotentialatthe ¢ andd’ bound-
aries. Plasmadensities temperaturesand compositionare

derived from the IRl modelwhile neutraltemperatureand

densitiesrequiredto estimateplasmacollision frequencies
arederived from MSIS. Neutralwinds are suppliedby the

NCAR TIME-GCM. The backgroundzonalelectricfield is

afreeparameter

3.1. Modd results

Model calculationshave beenperformedfor quiet-time
conditionscorrespondingp localnoonin mid January2001,
for theequatoriakE regionin the Peruviansector Resultsare
shawvn in Figure2. The backgroundzonalelectricfield has
beensetto 0.375mV/m (seebelav). The winds have been
setto zerofor this run, which represents. baselinefor later
comparison. Figure 2 presentsone- and two-dimensional
cutsthroughthe three-dimensionasolution space. Unless
otherwisenoted the cutspassthroughthe centerof the sim-
ulationspace Theresultsshaw thattheequipotentialslepart
from dipole magnetidield linesbelor about95 km. Thisis
to beexpectedsincethe dominanceof the directconductv-
ity thatgivesriseto highly field-alignedequipotentiabktruc-
turesat higheraltitudesstartsto breakdown at aboutthis
altitude. The vertical polarizationelectricfield that drives
the electrojetHall currentmaximizesjust abose 100km al-
titudeatavalueof ~12 mV/m accordingto thismodel. The
electrojetcurrentmainly flows in a narrow strip of latitudes
~5°wide and alsomaximizesat an altitude just above 100
km. The peakcurrentdensityis ~13 yA/m2. Significant
currentdensityalsoflows in the meridionaldirectionin this
zoneandis partof a systemof countetfrotatingcurrentvor-
ticesexisting just northwardandsouthward of the dip equa-
tor.

3.2. Wind effects

Figure 3 shows the wind profiles that we will useasa
basisfor driving the electric potentialmodel. Thesewere
predictedby the NCAR thermosphere/ionosphereieso-

sphere/electrodynamgeneratirculationmodel(TIME-GCM)

[Roble and Ridley, 1994;Roble, 1995]. The modelis anex-
tensionof theolder TIEGCM [Richmond et al., 1992]down
to 30 km andthusincludesthe physicsandchemistryof the
upper stratospher@and mesosphere.Gravity wave effects
may beincludedthroughvariousparameterizationsuchas
Rayleighfriction or thatdevelopedby Fritts and Lu [1993].
Themodelcanbecoupledto the NCAR communityclimate

model (CCM2) that extendsfrom the groundto 30 km. At

eachtime step,thetwo modelspassinformationthroughan
interactve flux couplerwhich conseresenegy, mass,and
momentum. Alternatively, it can use National Centerfor

EnvironmentPrediction(NCEP)griddedanalyse®f geopo-
tential heights,atmosphericemperaturesandwinds based
on assimilationof datafrom aircraft, radiosondesatellites,
ships,buays, etc. Theformertechniquewill beappliedhere.

The TIME-GCM modelself-consistentlyealculateslec-
trodynamicinteractionsin the coupledthermosphereand
ionosphereproviding predictionsof electricpotential fields,
andcurrentsalongwith theion andneutraldensitiestemper
aturesandvelocities.Theverticalcoordinatas log pressure
with 29 levels spacedat two grid points per scaleheight;
the altitudesextend roughly from 30 to 500 km with the
top altitude dependingon the level of solaractvity. Lati-
tude/longituderesolutionis 5 by 5 degrees.Requirednputs
for the model are prescriptionsof the solar and geomag-
netic activity. The latter provideshigh latitude enegy and
momentumsourceswhich are parameterizedn the model
versionusedhereby threeinputs: cross-polatcappotential,
total hemispheripower, andthe B, componenbf theinter-
planetarymagnetidield. Thesevaluesareusedto selectthe
appropriatecorvectionpatternfrom the empiricalmodel of
Hedliset al. [1982]andtheauroralparticleprecipitationpat-
ternbasednthemodelof Fuller-Rowell and Evans [1987].

Lower thermospherieovinds measuredvith chemicalre-
leaseexperimentgseesummaryby Larsenetal. thisissue)
very oftenhave amplitudesn excessof 150 m/sandexhibit
strong,narron jets at E region altitudes. While the profiles
shawvn in Figure3 have amplitudegeakingat well over 100
m/s,thosepeaksoccurat ~90 km andareboth smallerand
lower than thoseobsened. However, the phasingof the
TIME-GCM wind profilesappeargo be similar to whatis
obsenedexperimentally;the wavelengthsarealsosimilar if
somavhatlong. Lackinganexplicit theoreticainodelof the
large winds and the underlying pseudotidespur approach
hereis to usethe TIME-GCM horizontalwinds, multiplied
by a factorof 1.5, to drive our potentialmodel. This is an
approximationintendedto gaugethe effects that E region
winds comparabldo thoseobsenedwith chemicalreleases
would have on the equatoriaklectrojet. The efficacy of this
approximationwill ultimately be borneout by radarobser
vationswhich comparefavorably with the potentialmodel
output. Note that the TIME-GCM lacks sufficient spatial
resolutionfor studyingthe electrodynamic®f the electro-
jet in detail. Furthermorejt treatsmagneticfield lines as
equipotentials.We thereforeuseinterpolatedwind profiles
producedby the TIME-GCM to force our potentialmodel
which exists on a much finer meshgrid. Note also that
therehave beenno rocket measurementsf lower thermo-
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Figure 2. Resultsfrom numericalmodelof the equatorialkelectrojetcurrentsystem.Dashedinesrepresentlipole magnetic
field lines. (Top left) Electrostatigpotentialin Volts versusaltitudein km anddip latitudein degrees. (Middle left) Zonal
currentdensityin zA/m?2. (Bottom left) Meridional currentdensity (Top right) Vertical polarizationelectricfield profile at
0.5°dip latitude. (Middle right) Zonal currentdensityprofile at 0.5°dip latitude. (Bottomright) Zonal currentdensityprofile

at4°dip latitude.



Hyselletal.: EFFECTSOF WINDS ON EQUATORIAL ELECTROJET 8

1200 LT

~— 120

Altitude

80 I —
—-200 —100 0 100

Vel. (m/s)

=200

1800 LT

120

Altitude

I \ T
—100 0 100

Vel. (m/s)

80 ‘

—200 200

Figure 3. Neutralwindsin the equatoriakEe region predictecby the NCAR TIME-GCM modelfor the Peruviansector Solid

(dashed)inesrepresentzonal(meridional)winds.

sphericwind profilesin the daytimein the Americansector
thatcould be usedto drive our model.

Figure 4 shonvs modelresultsfor conditionsidenticalto
thoseusedo producerigure2 exceptincludingneutrawind
forcing. Thewindsusedarethoseshawn in theleft panelof
Figure3 exceptthatthezonalwindshave beenmultiplied by
afactorof 1.5. Changedo the currentdistribution brought
aboutby theintroductionof thewindsaresubtlecloseto the
dip equatotbut grow morenoticeablewith increasinglip lat-
itude. Nearthedip equatorthe maineffectof thezonalwind
is to modify theverticalpolarizationelectricfield. Toagood
approximationthis field hasbeenincreasedy |u, B|. This
signifiesthat the E region neutralwind dynamois operat-
ing very efficiently nearthedip equatorwherethe magnetic
flux tubesarenearlyhorizontalat altitudeswherethe Peder
senconductvity is concentratedConsequentlyasignificant
portion of the total polarizationelectricfield strengthat the
dip equatoris wind driven.

At higherdip latitudes,wheremagneticfield lines sub-
tend different phasesof the neutralwind field at altitudes
where the Pederserconductvity is concentratedthe dy-
namois less efficient and less effective in negating wind
driven current. Below about120 km altitude, the response
of theionsto thezonalneutralwindsis mainly to move with
them. The polarizationelectric field, meanwhile,is gov-
ernedby theflux-tube-averagedzonalwinds,andtheE x B
drifting electronsconsequentlyag the ions. A significant

wind-drivenzonalcurrentresultsat high dip latitudesbelow

about120 km. The effect is sufficiently strongto reverse
thedirectionof the E regionzonalcurrentdensityat dip lati-

tudesgreatethanabout3®. Thereversalof thezonalcurrent
is very evidentin the centralpanelof Figure4 which conse-
guentlylooksquitedifferentfrom thesamepanelin Figure2

at high latitudesand at altitudesbelonv about120 km, par

ticularly wherethe wind is strongest.This phenomenotas
beenmodeledanddescribedy Anandarao and Raghavarao

[1979]. Above about120km wherethe ionsaremaminally

magnetizedthe main effect of the zonalwinds is to drive

significantmeridionalcurrentin the u x B direction. The
Pedersegurrentdrivenby the polarizationelectricfield that
opposesheu x B currentcannotonceagainentirelynegate
it atthesedip latitudes.Lastly, meridionalwindscanbeseen
in Figure 4 to drive discerniblemeridionalcurrentsat dip

latitudesgreaterthanabout5°at altitudesof 90 and 100 km

wherethewind amplitudesaregreatest.

Finally, Figure5 shovs modelresultsfor twilight condi-
tions (1800LT). The winds usedfor this run arethe ones
shawvn in the right panelof Figure 3, with the zonalcom-
ponentagainmultiplied by a factorof 1.5. The background
zonalelectricfield wassetto 0.425mV/m for this run (see
below). Similar remarkshold for this simulationasfor the
daytime case. Since the phasingof the horizontalwinds
haschangedhowever, so hasthe sense(sign) of the wind-
inducedcurrentandelectricfield perturbationgausedy the



Hyselletal.: EFFECTSOF WINDS ON EQUATORIAL ELECTROJET 9

140 — 140
g8
-~
=120 120
(]
jol
5
z
=
< 100 100
80 T T 80 T T T
-10.0-8.0 —6.0 —4.0 —2.0 0.0 20 4.0 6.0 8.0 10.0 -5.0 0.0 5.0 10.015.0
E (mV/m)
140
g
~
=~ 120
(]
o
3
2
z
< 100
80 \ T T
-5.0 0.0 5.0 10.015.0
Jp (uA/m®)
140 —
g
-~
=~ 120
[0}
o
3
-
e
<< 100 —
80 I S R
~10.0-8.0 -6.0 —4.0 -20 0.0 20 40 6.0 80 10.0 -3.0 0.0 3.0
Dip Latitude (deg) J, (uA/m?)

Figure 4. SameasFigure2 exceptincludingwind forcing inspiredby the daytimewind predictionsshavn in Figure3. (Top
left) Electrostaticpotentialin Volts versusaltitudein km anddip latitudein degrees.(Middle left) Zonal currentdensityin
uA/m?2. (Bottom left) Meridional currentdensity (Top right) Vertical polarizationelectricfield profile at 0.5°dip latitude.
(Middle right) Zonalcurrentdensityprofile at 0.5°dip latitude. (Bottomright) Zonal currentdensityprofile at 4°dip latitude.
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winds at differentaltitudes. Note thatthe magnitudeof the
currentdensitiesaregreatlyreducedn accordancevith the
reducedwilight numberdensities.

4. lonosphericirregularitiesastracers

In the previous section,a static model of the equatorial
electrojetshaved how the vertical polarizationelectricfield
at the magneticdip equatoris directly influencedby the
zonalwind driving the E region dynamo. Here,we present
indirect evidencethat the winds presentin the lower ther
mospheran the Peruviansectorare qualitatively similar to
thoseassumedn the modelcalculationsabove. If we were
concernedvith anotherlatituderegime, it would be possi-
ble to comparethe polarizationelectricfield and/orcurrent
densitypredictionsin Figures4 and5 with direct, incoher
ent scatterradarderived measurements-However, incoher
entscattertechniquesregenerallyinapplicablein the E re-
gion over Jicamarcdecaus®f the almostcontinuouspres-
enceof plasmairregularitiesin the electrojetandtheresult-
ing, intensecoherentscatterandradarclutter However, it
is possibleto make inferencesaboutthe electricfield in the
electrojetregion onthebasisof thecoherenscatteifrom the
irregularities.

A linear, local dispersionrelation for the frequeny w
and growth rate v of plasmairregularitieswhich form in
the equatorialelectrojethasbeenderived by numerousre-
searchermcludingFejer et al. [1975]andmaybeexpressed
approximatelyas:

k- (Vae —Va)

w = 1+¢ +k-Vg (9)
= T B (ke var K)o
kJ_I/i

_|_

IO (w—k- Vdi)] — 2am,

wherey is theanisotroy factor(the ratio of the electronto
ion transersemobility), v, andy; arethe electron-neutral
and ion-neutralcollision frequencies2; refersto the gy-
rofrequeny for speciesj, C; is theion acousticspeed,L
is the vertical plasmadensity gradientscalelength, and o
is the recombinatiorrate. Additionally, & is the wavenum-
ber, and V4. andV4; arethe electronandion drift veloc-
ities. Of the two termsin the squarebracletsin (10), the
seconds cornventionallyassociateavith gradientdrift insta-
bilities andthe dispersioncharacteristic®f the wavesthey
generatelt is with suchwavesthatwe aremainly concerned
here. We will usethis dispersiorrelationto interpretradar
scatterfrom small-scaldrregularitiesin the equatoriakelec-
trojet andthe so-calledtype Il radarechoeghatresult(see
Farley [1985] for review). Althoughthesesecondaryvaves

areproducedy nonlinear(three-vave)interactiondetween
intermediate-scalprimary gradientdrift waves, experience
has shavn that (9) in particularappearsto describetheir

propagatiorandthat (10) is usefulfor indicatingthe condi-
tionsunderwhich theionospheravill becomeunstablgsee
Fejer and Kelley [1980] for example). Note that (10) im-

plies that currentsalonedrive instabilities,and only where
1) is not muchlarger than unity; winds alonegenerallydo

not destabilizethe equatorialE region in zoneswherethe
dynamocanoperateefficiently.

Coherentadarechoedrom type Il electrojetplasmair-
regularitiesare obsened at altitudesbetweenabout95 and
105 during mostof the daytimealthough,just prior to sun-
set, the layer from which backscatteis receved risesand
broadensnarkedly. In thataltituderegime,theelectronsare
strongly magnetized.The ions are coupledstronglyto the
neutralsbut have smallPederseandu x B drift components
in theelectrojetattheupperlimit of thisaltituderegime. Us-
ing (9), is is a straightforvard matterto predictthe Doppler
shift of type Il echoeson the basisof the modelwinds and
electricfieldsshovn in theprevioussection.Thisis thebasis
for our modeldatacomparisons.

4.1. Radar observations

A new antennaarray hasbeeninstalledat Jicamarcao
male obligueobsenationsof coherenbackscattefrom the
electrojet. The main beamof the antennaan array of 16
widely-spaceditilted Yagi elementsis directedwestward at
azenithangleof ~45°andhasa half-power full beamwidth
of ~1.9°. For the purpose®f this paperwe regardtheradi-
ation patternof the arrayasa pencilbeam.The backscatter
spectraobsenedwith this arraygenerallyshov evidenceof
bothtypel andtypell echoes.Our experimentalprocedure
is to fit the spectrawith a superpositionof two Gaussian
curvesandto interpretthe Dopplershift of the component
with thegreatewidth asthe phasespeedf thetypell echo.
The altitude wherethe echoesoriginateis computedfrom
their rangeon the basisof the scatteringgeometry We as-
sumethatthe measuredopplershifts are predictedoy (9),
which canbeevaluatedusingresultsfrom our modelruns.

Figure 6 presentDopplershifts of type Il echoeanea-
suredusingthe oblique-lookingantennaarrayat Jicamarca.
Measurementfor intervalsnearlocal noonandtwilight are
shavn (plotter symbols)along with their statistical error
bars.Positve valuesmply westwardwave propagationThe
integrationtime for the measurements/ias ~6 min. Also
plotted are predictionsfor the measurementbasedon the
modelrunsdescribedabore. Solid (dashed)ines represent
runswith (without) neutralwind forcing. Notethatthezonal
electricfield valuesusedin thoserunswere choserto opti-
mize the agreemenbetweenthe radardataand the wind-
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Figure 6. Plottersymbolswith errorbarsrepresenDopplershiftsof obliquetypell electrojetechoesneasurectJicamarca.
Solid lines plottedthroughthe symbolsare Doppler shifts predictedon the basisof the modelrunsshown in Figures4 and
5. Dashedinesrepresenequialentmodelresultsexceptwith wind forcing turnedoff. The panelsatleft andright represent
noonandtwilight conditions respectiely. Positive valuesimply westwardwave propagation.

forced modelsand were not measuredlirectly. Theseval-

ues(0.375mV/m daytime,0.425mV/m twilight) are quite
closeto the seasonabveragezonalelectricfields predicted
by Scherliess and Fejer [1999] andarealsocloseto electric
field estimateslerived from backscattedatataken simulta-
neouslyusing a broad-beamantennaand analyzedfollow-

ing the methodof Baldley [1973] and Hysell and Burcham

[2000].

Clearly, the differencebetweenthe noontimeradardata
andthe modelpredictionsnarronvs dramaticallywith thein-
clusionof the TIME-GCM zonalwinds. Note in particular
thatit would be impossibleto accountfor the large (>100
m/s) Doppler shifts obsened during the day belov about
100 km (where the anisotropy factor is comparableor
larger than unity) without incorporatingstrong, westward
neutralwinds at thesealtitudes. With the inclusion of the
TIME-GCM predictedzonalwinds, the agreemenbetween
theradarobsenationsandthemodelpredictionbecomese-
markablyclosein this case. This is partly fortuitous, since
Dopplerprofilesmeasuredhis way in the electrojetexhibit
considerablegualitatve day-to-dayvariability. The noon-
time profilespresentedby Tsunoda and Ecklund [1999], for
example, shoved eastvard wave propagationbelon about
96 km in contrastto the strongwestward propagationevi-
dencedhere. Severaldaysof radarobsenationsweremade

atJicamarcan JanuanandFebruaryof 2001,however, and
the shapesof the daytime profiles were generally similar
to the one shovn here. While the horizontalwinds in the
equatorialelectrojetregion may not mimic the TIME-GCM
predictionsfaithfully every day, Figure 6 attestsat leastto
the presenceof strongwinds in the equatoriallower ther
mosphereandthe resultingeffectson the electrojetplasma
irregularitiesin theregion.

Turning to the resultsfor 1800 LT, we seethat the ob-
sened Doppler shift profile has a much less pronounced
peakthan the wind-free model profile would predict. At
1800LT, the TIME-GCM zonalwinds are eastvard in the
electrojetregion andconsequenthhave the effect, whenin-
corporatedn themodel,of reducingthe predictedwestward
phasespeedof the plasmawaves responsiblefor type I
echoes.The nodesof the modelzonalwind areat approxi-
mately96 and 116 km at this time. The windsthereforedo
tendto flattenthe predictedprofile shapein the lower half
of the electrojetregion and would do so in the upperhalf
if the uppernodewaslower — closerto 110 km. Indeed,
thelargeamplitudewaveformsin the nighttimeneutralwind
profiles presentedoy Larsen and Odom [1997] had verti-
cal wavelengthscloseto 15 km at E region altitudesrather
thanthe ~20-30km wavelengthsevidentin Figure3. We
hypothesizehattheactualzonalwindsin thelowerthermo-
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spherehadthe appropriatevavelengthandphasingto offset
thebackgroundzonalphasespeed®f the plasmairregulari-
tiesand,therebyto flattenthe profilesshovn in Figure6. If
this phenomenoiwccursrepeatedlyit would helpto explain
the very flat electrojetphasespeedprofiles often obsened
at twilight with radarinterferometry[Hysell and Burcham,
2000].

Note once more that phasespeedprofiles measuren
otheroccasionsn the electrojetover Jicamarcaat twilight
revealconsiderablelay-to-dayariability, andwe shouldnot
expectto reproducesxactly any givendatasetvith runsfrom
a model that doesnot include the factorsthat control this
variability. However, Figure 6 shavs at oncethat neutral
wind effectsarerequiredto explain the spectraof coherent
scattefrom theelectrojetandthatthewindspredictedoy the
NCAR TIME-GCM modelseento have roughlythecorrect
wavelengthandphasingto helpaccountfor theradarobser
vations.

5. Conclusion

The increasingemphasison the importanceof non-tidal
wind motionsin the equatoriallower thermospherandthe
realizationthat wind speedsn excessof 150 m/s arecom-
monplacein the E region invite an examinationof the con-
sequencefor the equatorialelectrojetand for ionospheric
electrodynamicsn general. We have reviewed the funda-
mentalprinciplesthatrelateneutralwindsandelectricfields
in the E regionionospheratlow latitudesandappliedthese
principlesto interpretingrepresentatie, testcaseradarob-
senationsmadein theelectrojetover JicamarcaThe obser
vationsstronglysuggesthatlarge horizontalneutralwinds,
of theorderof upto 150m/s,arerequiredto accounfor the
Dopplershiftsof typell echoe®riginatingin the electrojet.
Wind profilesgeneratedy the NCAR TIME-GCM model
canbring aboutreasonablenodel-dataagreementparticu-
larly duringtheday, but only if theamplitudesof the model
zonalwindsareincreasedby about50%in the E region. Bet-
teragreemenstill would resultif theNCAR modelcouldre-
producethewind featureswith ~15km verticalwavelengths
seenin chemicalreleasesxperimentsat E region altitudes.
Thismaynecessitatenproving theverticalresolutionof the
NCAR model or modifying the specificationof the lower
boundaryconditions.

Furtherimprovementin model-dataagreemenis not an-
ticipated until the sourcesof day-to-dayvariability in the
lower thermospheriovind structureand electrojetcurrent
systemarebetterunderstoochndincorporatednto the var-
ious models. Routineneutralwind measurementst night
andparticularlyduringthe day, arerequiredto advancethis
researchasis a meansof directly measuringelectricfields

andplasmadensitiesn theequatorialE region.
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