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Abstract.
The effects of large winds on the low-latitude E region ionosphereand the
equatorialelectrojetin particularareanalyzedtheoretically, computationally, and
experimentally. Theprinciplesthatgoverntherelationshipbetweenelectricfields,
currents,and winds in steadyflows in the ionosphereare reviewed formally.
A three-dimensionalnumericalmodelof low latitude ionosphericelectrostatic
potentialis thendescribed.Scaledwind profilesgeneratedby theNCAR TIME-
GCM are usedas inputs for the potentialmodel. The model shows that the
horizontalwind componentdrasticallymodifiestheverticalpolarizationelectric
field in theelectrojetanddrivesstrongzonalandmeridionalcurrentsat higherdip
latitudesoutsidetheelectrojetregion. Comparisonbetweenthemodeloutputand
coherentscatterradarobservationsof plasmairregularitiesin theelectrojetindicate
thatstrongwindsandwind shearsarepresentin theE region over Jicamarcathat
areroughlyconsistentwith NCAR modelwind predictionsif theamplitudesof the
latterareincreasedby about50%.

1. Introduction

In this paper, we examinethe effects of large horizon-
tal neutralwinds on the equatorialelectrojetand low lati-
tudeionosphericcurrentsystem.While it haslongbeensus-
pectedthatvery largewindsandwind shearsarepresentin
theelectrojet[Kudeki et al., 1987],only recentlyhave such
winds beenobserved directly [Larsen and Odom, 1997],
and only recently are comparablewinds beginning to be
predictedby global circulation modelssuchas the NCAR
thermosphere/ionosphere/mesosphere/electrodynamicgen-
eral circulation model (TIME-GCM) [Roble and Ridley,
1994;Roble, 1995]. Thecauseandstructureof largewinds
in the lower thermospherewere foci of the Clemson2000
conference,to bereportedon in anupcomingissueof J.At-
mos. Sol. Terr. Phys. Here,we evaluatethe effectsof the
winds on E region ionosphericelectrodynamicsandon the

electrojetin particular.

The interactionbetweenthe lower thermosphericwinds
and the ionosphericplasmais qualitatively differentat the
dip equatorcomparedto other latitudes. Winds are most
proneto generatedynamoelectricfieldswherethemagnetic
field lines are nearly horizontal,and the Cowling conduc-
tivity in the equatorialE region providesa mechanismfor
theamplificationof thedynamofields.Theeffectsof winds
on electrojetelectrodynamicshave beenstudiedtheoreti-
cally by Richmond [1973], Kato [1973],Fambitakoye et al.
[1976],Forbes and Lindzen [1976],Anandarao et al. [1977],
Anandarao and Raghavarao [1979], andReddy and Deva-
sia [1978] amongothers. Many of their resultsweresum-
marizedby Forbes [1981] andwill be referredto through-
out this text. It hasbeenshown that horizontalwinds can
drasticallyaffect electric fields and currentslocally in the
electrojet, althoughthe effects may be difficult to detect
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with ground-basedmagnetometersdueto destructive inter-
ference.Observingtheeffectsof windsin theelectrojetwith
radarremotesensingis complicatedby thealmostconstant
presenceof ionosphericirregularities. Theseirregularities
renderconventionalincoherentscatterradartechniquesun-
usable.

A numberof investigatorshave attemptedto estimate
ionosphericelectricfieldsandwinds indirectly from coher-
ent radarbackscatterfrom 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-
ousexperimentaltechniquesemployeddiffer in their details
but all make useof thefact that thephasespeedsof plasma
wavesin theelectrojetarethoughtto beknown functionsof
theelectricfield, temperature,andneutralwind velocity. In
practice,deriving reliableneutralwind speedestimatesfrom
coherentscatterradarmeasurementsis difficult becausethe
functional dependenceof the dataon the neutralwind ve-
locity is not unique.Statisticalfluctuationsin theradardata
make thedatainversionprocesslessreliable.

In this paper, we solve the direct problemof predicting
coherentscatterradarobservationson the basisof an as-
sumedneutral staterather than the more difficult inverse
problemalludedto immediatelyabove. We will uselower
thermosphericneutralwind profilespredictedby theNCAR
TIME-GCM asinputsto a staticmodelof the low latitude
E region ionosphericpotential. This latter model in turn
will be usedto predict the electric field perturbationsthat
arisefrom theneutralwind forcing. Thepredictionswill be
comparedwith coherentscatterradarobservationsof plasma
irregularitiespropagatingin the equatorialelectrojet. The
model-datacomparisonsat once illustrate the effects that
largewindscanhaveonE regionionosphericelectrodynam-
icsanddemonstratethattheeffectsaremanifestin theequa-
torial ionosphere.

2. Model Fundamentals

In this section,we describeformally therelationshipbe-
tweenneutralwinds, currents,and low-frequency electric
fields in an ionosphericplasma.(Readersfamiliar with this
topicmaywish to skipaheadto section3 whereanumerical
modelof the electrojetis described.)The ionosphericcur-
rentdensityJ dueto theLorentzforceon theplasmacanbe
expressedas� � �������
	��
�������

(1)�������� �����
	��
�
���������������
where

�
and

�
arethe electrostaticfield andmagneticin-

duction, respectively,
�

is the neutralwind velocity,
��

is a

unit vectorparallelto the geomagneticfield, andwherethe 
and ! subscriptsdenotedirectionsperpendicularandpar-

allel respectively to
��
. Here,

� �
,
� �
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� �

arethePeder-
sen,Hall, andparallelor directconductivities:��� � "$#&%(' ) '�*+', ' � * #' �.- #' � (2)�/� � "$#&% ' 0 ) ' - ', ' � * #' �.- #' � (3)� � � " # % ' ) ', '�*�' (4)

wherethe sumsareover electronsandion species,
"

is the
electroncharge, ) ' is thenumberdensity,

- '
is thegyrofre-

quency whichcarriesthesignof thechargeof species1 , and*+'
is the collision frequency. Note that the Hall conductiv-

ity hasbeendefinedhereandusedthroughoutthe paperin
sucha way that it is a positive quantity. Equation(1) can
be interpretedasthecurrentdensityin a frameof reference
moving with theneutralwind velocity, with

�
representing

theelectricfield in a stationaryframeand
�.���

represent-
ing a coordinatetransformation.However, currentdensity
in a plasmais invariantunderGalileantransformation,and
(1) thereforeappliesequallywell in thestationaryreference
frame.

Quasineutralityin theplasmaimposestheconstraintthat
the currentdensitybe solenoidal. In order to analyzethe
consequencesof thisconstraint,wecandecomposetheelec-
tric field into a uniform, backgroundcomponent

�
�
anda

perturbed,spatially-varying component03254 , where 4 is
theelectrostaticpotential.Thebackgroundcomponentcould
representa field imposedfrom outsidethe immediatere-
gionof interestsuchasthedawn-to-duskzonalelectricfield
presentin theequatorialionosphere,for example.To theex-
tentthatthecurrentsdrivenby thewind andthebackground
electricfield aredivergent,theperturbationelectricfield will
emergeto preservequasineutrality. Thesepolarizationelec-
tric fieldsarisefrom electricdipolemomentsinducedin the
plasmaby thewind andthebackgroundelectricfield.

Equatingthedivergenceof thecurrentdensityin (1) with
zeroshows that2�6 # 4 � (5)2 	87:9 � ��; ��� � 0�2 	 4 �
���������<� 2 �=�8� ; �� �/��/�?> 2 	@7:9 � �A;CBD�� ����� � 0E2 	 4 �F�
� 	HG�I�.� 2 	J; �8� GLK0 2 6 � 7M9 � �N; 2 6 � 4
Here,we make useof thecoordinatetransformations2 6 �POQ �C�$R(�/� 2 � , 2 6 #� O ���C�$R(�/�@� 2 # � , and 2 6 # O 2 # 	 + 2 6 #� in-
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troducedby Farley [1959,1960]who studiedtheefficiency
of transmissionof transverseelectric fields over long dis-
tancesalongmagneticfield lines. Potentialstructuresin the
ionosphereareinherentlyisotropicdueto the largeratio of
parallel to Pedersenconductivities. This coordinatetrans-
formation is to a spaceelongatedin the parallel direction
in which potentialstructuresareessentiallyisotropic.Writ-
ten this way, (5) has the form of Poisson’s equation,and
all the termson the right side of (5) can consequentlybe
associatedwith polarizationchargedensity. Sourcesof po-
larizationchargedensityincludeneutralwind fieldsthatare
eitherdivergentor rotationalin the planeperpendicularto
themagneticfield andwindsflowing parallelor perpendicu-
lar to transversegradientsin theplasmaconductivities. Po-
larizationchargedensityindicatesdivergencein theplasma
polarization,andthatpartof it identifiedwith transversedi-
vergenceimpliesvorticity in

�S���
drifts. Suchvorticity is

clearlyevidentin highlatitudeE regionconvectionaswell as
in the eveningvortex in thepost-sunsetequatorialF region
[Haerendel et al., 1992;Kudeki and Bhattacharyya, 1999]
andin strongshearsin theequatorialelectrojetelectrondrift
velocities[Kudeki et al., 1981].

The solution for 4 in a region is specifiedby (5) and
by the boundaryconditions. If the winds are incompress-
ible and invariantalong the magneticlines of force and if
the boundaryconditionspermit it, (5) is solved for polar-
izationelectricfieldsarisingtransverseto

�
and

��
suchthat

thetotal
�T���

drifts preciselymatch
�

. Little or no wind-
drivencurrentflows in thatcasesincetheelectronsandions
move togetherwith the neutrals. The right side of (5) is
nonzeroif

�
is rotationalin the planeperpendicularto

�
.

This phenomenonis thebasisfor dynamotheory[Rishbeth,
1971]. More developedforms of dynamotheory success-
fully predictmany aspectsof plasmacirculationin theequa-
torial zoneincluding superrotationandthe prereversalen-
hancement[Heelis et al., 1974;Rishbeth, 1981;Fejer, 1981;
Wharton et al., 1984;Farley et al., 1986;Haerendel and Ec-
cles, 1992;Crain et al., 1993;Du and Stening, 1999].

Conversely, if thewindsvary alongmagneticfield lines,
solutionsto (5) necessitatepotentialvariationsin thedirec-
tion of the magneticfield. Perpendicularpolarizationelec-
tric fieldsmay 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 drivescurrenttransverseto B, the currentdissi-
patespowerby Jouleheatingandthroughmechanicalwork,
andthe associatedion dragcontributesto the neutralwind
momentumbalance[Larsen and Walterscheid, 1996].How-
ever, thetransversecurrentis closedby thefield-alignedcur-
rents,andtheentirecurrentremainssolenoidal.If thewinds
arenot stationaryalongthe magneticfield lines, the wind-

h  dβ β

h  dϕ ϕ

h  dα

B

α

Figure 1. Schematicdiagramof amagneticflux tube.Terms
like U�VXWDY areorthogonal,differentialarclengthelementsas-
sociatedwith themagneticcoordinatesZ , [ , and \ (seetext).

drivendynamowill not operateefficiently.

Equation(5) shows thatmeridionalwindsareaptto have
less influenceon ionosphericelectrodynamicsthan zonal
winds for the following reasons. Field-alignedwinds do
notdrivecurrentin thismodel,andmeridionalwindsshould
thereforehavelittle electrodynamiceffectnearthedip equa-
tor exceptperhapswherethe magneticdeclinationis large.
Elsewhere,

�]�
�
currentsassociatedwith meridionalwinds

arezonalanddo not flow in thedirectionof strongconduc-
tivity gradientsexceptimmediatelyin thevicinity of theso-
lar terminator. The

� 	
term in (5) receives only a small

contributionfrom meridionalwindsexceptat relatively high
dip latitudeswhere,onceagain,theinducedcurrentdoesnot
tend to flow in the direction of strongconductivity gradi-
ents. In any event,meridionalwindsaremainly ineffective
in generatingpolarizationelectricfieldssincethewind forc-
ing wouldtendto varygreatlyalongthemagneticfield lines.

Approximatebut illustrative solutionsto (5) canbe ob-
tainedby treatingmagneticfield linesasequipotentials.This
treatmentis justifiedto somedegreeby theelongationof po-
tentialstructuresin theionospherein thedirectionof thege-
omagneticfield resultingfrom the largeratio of theparallel
to Pedersenconductivities. Theelongationfactor

Q ���XR(�/�
is of order10̂ in theF regionwherethemagneticfield lines
arewell approximatedasequipotentialsin equilibrium.That
factor falls to order10 in the lower E region and to order
unity in theD region, however, wheretheequipotentialap-
proximationbeginsto breakdownandapproximationsbased
on it fail.

An equipotentialionosphericmodel was describedby
Richmond [1973] who assumeda dipolemodelfor thegeo-
magneticfieldandconsideredanindividualflux tube.Appli-
cationof thedivergencetheoremto thequasineutralitycon-
dition indicatesthatthetotalcurrentflux throughthesurface
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of theflux tubeis identicallyzero.Assumefurtherthatthere
is no flux out the endsof the tubewhich extendbelow the
ionospherealthoughfield-alignedcurrentsmayexist within
the volumeof the tube. Figure1 shows a representationof
themagneticflux tubein question.Let

�`_Xacbda \ � representpo-
lar coordinatesand

� Z a [ a \ � becomponentsof anorthogo-
nalmagneticcoordinatesystem.Dipole magneticfield lines
aretracedby constantZ curvesof theform

_
= Zfecg 9 # b . Con-

stant[ curvesof theform
_ # �<hji e bkR [ areeverywherenor-

mal to the dipolefield lines. The scalefactors U�l , Udm , andUCn formally definea Euclideanmetric for themagneticco-
ordinatesystemsuchthat Wpo # = U # l WkZ # + U #m WD[ # + U # n Wp\ # ,
where Wko is a lengthelement.

Theflux tubeshown in Figure1 isboundedby Z =constant,[ =constant,and \ =constantsurfaces.Considerthe tubeto
bevery thin verticallysothatall of theflux throughit passes
throughthe Z =constantsurfaces. In the limit that the up-
per and lower Z =constantsurfacesbecomecoincident,the
quasineutralityconditionthenbecomesWk\
qsr l U n U m Wt[ � hui 9 ewvyx 9 v (6)

where rkl is thecomponentof thecurrentdensitynormalto
the Z =constantsurfaceof the flux tubeandwherethe inte-
grationis alonga magneticfield line. The constanthereis
the differential vertical E region current Wkz flowing in the
interval Wk\ at the baseof the flux tube. Since rkl vanishes
at the lower boundaryof theionosphere,onecanarguethat
this constantshouldbe zero for a flux tubepassingbelow
the lower boundaryand,consequently, for all theflux tubes
above it. However netverticalcurrentfluxesdo arisein the
electrojet,so this is only an approximationconsistentwith
thestatedassumptions.

Sincemagneticfield linesareregardedasequipotentials,
we maywrite {3n|UCn = constantand {3l�UCl = constantat all
pointson a givenflux tube. Furthermore,the definitionsin
(1) make it clearthatrkl � �/�N� {3l �
} n G � 0 ����� {3n 0 } l G � it~rkl�U�npUdm � �/� {�l�UCnpU|m �
���H} m G U�npUdm0 �/� {3npUCnkUdm �
����} l G U�npUdm
Thislastexpressioncanthenbesubstitutedinto thequasineu-
trality condition (6). Making useof the equipotentialap-
proximation,it is thenpossibleto solve for eithertransverse
electricfield componentin termsof theotherandin termsof
theneutralwind field. Assumingthatthezonalelectricfield
is known, theverticalelectricfield becomes:{3l � (7){ n U n�� � � U m Wt[ 0 � ��� � } n ��� � } l � G U n U m Wt[ � Wtz R Wp\UClN� �/�f�$�$�+���� Wt[

Equation(7) canbereadily interpretedwhenappliedto the
equatorialzonewherethethreescalefactorsarenearlycon-
stants. The first term in the numeratorof (7) shows how
zonalelectric fields in the equatorialE region give rise to
the strongvertical polarizationelectricfields that drive the
electrojet. The secondterm in the numeratorrelatesto po-
larizationelectricfieldsdrivenby theneutralwind dynamo.
If
} n is invariantalongmagneticfield lines,(7) predictsthat

polarizationelectric fields will arisesuch that the plasma�����
drifts matchthe neutralwind velocity. In this case,

the dynamoprocessis efficient, andlittle wind-drivencur-
rent flows. If, however,

} n variesalongthe magneticfield
line, thepolarizationelectricfield thatariseswill representa
Pedersen-conductivity-weightedaverageof theneutralwind
forcing. If the neutralwind oscillatesalongthe pathof the
geomagneticfield, thenthevariousphasesof thewave may
adddestructively andfail to give rise to a significantpolar-
ization electric field. Dynamofields generatedwithin the
differentphasesof thewave areshortedout by field-aligned
currentsin thatcase.Only if thewind hasastationaryphase
point cana net dynamofield be generated.A likely place
for astationaryphasepoint to occuris nearthemagneticdip
equatorwheretheprojectionof theneutralwind wavevector
on themagneticfield line is small.

So far, we have not commentedon the effectsof verti-
cal winds. However, it is clearfrom both (5) and(7) (third
termin numerator)thatverticalwindsaffectverticalelectric
fields in the E region in the sameway asthe zonalelectric
field. They thereforeundergo the sameamplificationpro-
cessin theelectrojetandcan,in principle,haveasubstantial
impacton theelectrojetcurrent.Anandarao et al. [1978] re-
port on 10–20m/sverticalwinds in theequatorialE region
measuredwith a twilight strontium release. Raghavarao
and Anandarao [1980] arguedthat sucha wind could re-
versethe directionof the electrojetcurrentin someplaces
andperhapsleadto counterelectrojetconditions.However,
the wind measurementsof Anandarao et al. [1978] were
madeat a few heightsonly, and the calculationsbasedon
thememployedconsiderableextrapolation.Therole of ver-
tical windsin contributing to thebackgroundstateandday-
to-day variability of the electrojetis not well established,
thanksmainly to a shortageof pertinentdataand reliable
models.Certainly, verticalwindscomparableto thosemea-
suredrecentlyby Zhou [2000] at Arecibo andby Tao and
Gardner [1995] from Maui usingcontemporaryexperimen-
tal techniqueswould drasticallyaffect theelectrojetcurrent
if presentat thedip equatorandwould representan impor-
tantlocal sourceof variability. Theeffectsof verticalwinds
lay outsidethescopeof theanalysiswhichfollows,however,
sincewe currentlyhave no meansof predicting,measuring,
or inferring them.
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Finally, the fourth andlast term in the numeratorof (7)
shows thata netverticalcurrentflux arisingin theelectrojet
at somealtitudewill necessitatetheemergenceof a vertical
electricfield at higheraltitudesto maintaincurrentcontinu-
ity. In regionswherethe integratedPedersenconductivity
and,consequently, thedenominatorof (7) becomesmall,the
implied vertical electric field can becomelarge. This sit-
uationoccursin the valley region above the electrojetand
contributesto westward, countervailing plasmadrifts there
in the nighttimesector[Haerendel and Eccles, 1992]. The
relative importanceof thefour termsin thenumeratorof (7)
in settingup thesecountervailing drifts hasnot beenclearly
established.

3. Three-dimensional computational model

A quantitativetreatmentof low latitudeionosphericelec-
trodynamicsrequiresconsiderationof the effects of finite
parallel conductivity as well as the effects of spatialcon-
ductivity gradientsin threedimensions.Here,we describe
a three-dimensionalsteady-statepotentialmodelof aniono-
sphericplasmasubjectto prescribedforcing by winds and
backgroundelectricfields. The model,which is similar to
theonedescribedby Forbes and Lindzen [1976], is basedon
theapplicationof thequasineutralityconditionto a realistic
plasmain a dipole magneticfield and includesthe effects
of finite parallelconductivity. Thequasineutralitycondition
canbeexpressedin polarcoordinatesas:2 ; ��� ; 254 ��� 2 ; ��� ; �����P�
�������w�

(8)

where
�

are the componentsof a secondrank tensorcon-
ductivity expressedin polar coordinates. Expressionsfor
thesecomponentsweregivenby Forbes [1981] andarere-
producedbelow in slightly modifiedform.���y��� �/��hui e # z ����� ecg 9 # z�����y��� ���y���E������� 0 �C���dhji e/z�ecg 9 z��� n � 0 � n ��� 0 �/��hui edz���c�M�y��� �/� ecg 9 # z ������hji e # z� �y� n � 0 � n �y� � 0 � � ecg 9 z� nXn � � �
where z is the magneticdip angleand

b 6 is the magnetic
latitude.

Equation(8) representsanon-separablelinearinhomoge-
neouselliptic partialdifferentialequationwith non-constant
coefficients and with cross-derivative terms for the elec-
trostaticpotential 4 �`_Xawb 6 a \ � which canbe discretizedand
solved numericallyin threedimensionsusingconventional
relaxationmethods.Arbitrary forcingcanbespecifiedthrough

the right sideof (8). The coefficient matricesinvolved de-
pendon the conductivities which, in turn, dependon the
ionosphericplasmaconcentrationand compositionalong
with thecollisionfrequencies,themselvesdependentonneu-
tral temperature,concentration,andcomposition.We have
calculatedtheconductivitiesusingion-neutralandelectron-
neutral collision frequency expressionsderived by Rich-
mond [1972]andGagnepain et al. [1977]andreproducedby
Forbes [1981] in hisequations27–30.Theseapplyto athree
componentplasma(NO� , O�# , O� ) in athreecomponentat-
mosphere(N # , O# , O) andincludetemperaturecorrections
to accountfor short-rangerepulsionandresonantchargeex-
changeeffects. The electron-ioncollision frequency is cal-
culatedaccordingto theexpressiongivenby Nicolet [1953]
andaddedto theelectron-neutralcollision frequency in the
computationof the direct conductivity. Model atmospheric
andionosphericparametersarederivedfrom theMSIS and
IRI models,respectively [Hedin et al., 1996;Bilitza et al.,
1993]. In evaluating the model conductivities, we use a
dipolemagneticfield modelbut allow for a tilt betweenthe
geographicandgeomagneticmeridians.

Iterative techniquesfor solving discretizedelliptic par-
tial differentialequationstypically convergeslowly andof-
tenproveimpracticalfor addressingproblemsonlargegrids.
For example,thegainfactorfor errorsin a Jacobior Gauss
Siedeliterationmethodis givenby 1 - � � )8� # � , where ) is
thenumberof grid pointsalonga dimensionof thesimula-
tion space(seefor exampleAmes [1977]). Convergenceis
slow exceptwhenthegrid is small. In effect,errorsdiminish
asif undergoingdiffusion,andonly errorswith scalesizes
comparableto the grid size vanishrapidly. Slow conver-
genceimpliesparticularlyhighcomputationalcostfor three-
dimensionalproblems.

We have solved (8) computationallyusing a multigrid
methodlike the onedescribedby Adams [1991,1989] and
referencestherein. Multigrid methodsimprove uponitera-
tive schemesby computingcoarsegrid approximationsin-
terleaved with fine grid refinements. Large-scalefeatures
convergerapidly in thecoarsegrid computationswhile fine
structureis retainedin thefull grid computations.Approxi-
matesolutionsandcorrectionsaretransmittedbetweenmul-
tiple grid levels by interpolationand extrapolationopera-
tors. Reviews of multigrid algorithmshave beenpresented
by Fulton et al. [1986], Press et al. [1988], andHackbusch
and Trottenberg [1991].

Our solutionspaceis a sectionof the low-latitudeiono-
spherein thePeruviansectorcenteredon a point on thedip
equatorat 12.5

�
S, 77

�
W. The magneticfield declinationis

0.6
�
. Altitudes between80 and 150 km are included in

the model, and the latitude and longitudeextent is � 10
�
.

Local time variationsare included as variationsin longi-
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tude. The numberof grid pointsin
_
,
b 6 , and \ are73, 73,

and37, respectively. Theboundaryconditionsimposedare
thatno currentis allowedto flow throughthe lower bound-
ary while no field-alignedcurrentflows throughthe upper
boundary. Additionally, Neumannboundaryconditionsare
imposedon theperturbationpotentialat the \ and

b 6 bound-
aries. Plasmadensities,temperatures,andcompositionare
derivedfrom the IRI modelwhile neutraltemperaturesand
densitiesrequiredto estimateplasmacollision frequencies
arederived from MSIS. Neutralwinds aresuppliedby the
NCAR TIME-GCM. Thebackgroundzonalelectricfield is
a freeparameter.

3.1. Model results

Model calculationshave beenperformedfor quiet-time
conditionscorrespondingto localnoonin midJanuary, 2001,
for theequatorialE regionin thePeruviansector. Resultsare
shown in Figure2. Thebackgroundzonalelectricfield has
beensetto 0.375mV/m (seebelow). Thewindshave been
setto zerofor this run,which representsa baselinefor later
comparison. Figure 2 presentsone- and two-dimensional
cuts throughthe three-dimensionalsolution space. Unless
otherwisenoted,thecutspassthroughthecenterof thesim-
ulationspace.Theresultsshow thattheequipotentialsdepart
from dipolemagneticfield linesbelow about95 km. This is
to beexpected,sincethedominanceof thedirectconductiv-
ity thatgivesriseto highly field-alignedequipotentialstruc-
turesat higheraltitudesstartsto breakdown at aboutthis
altitude. The vertical polarizationelectricfield that drives
theelectrojetHall currentmaximizesjust above 100km al-
titudeatavalueof � 12mV/m accordingto thismodel.The
electrojetcurrentmainly flows in a narrow strip of latitudes� 5
�
wide andalsomaximizesat an altitudejust above 100

km. The peakcurrentdensityis � 13 � A/ � # . Significant
currentdensityalsoflows in themeridionaldirectionin this
zoneandis partof a systemof counter-rotatingcurrentvor-
ticesexisting just northwardandsouthwardof thedip equa-
tor.

3.2. Wind effects

Figure 3 shows the wind profiles that we will useas a
basisfor driving the electricpotentialmodel. Thesewere
predictedby the NCAR thermosphere/ionosphere/meso-
sphere/electrodynamicgeneralcirculationmodel(TIME-GCM)
[Roble and Ridley, 1994;Roble, 1995].Themodelis anex-
tensionof theolderTIEGCM [Richmond et al., 1992]down
to 30 km andthusincludesthephysicsandchemistryof the
upperstratosphereand mesosphere.Gravity wave effects
maybe includedthroughvariousparameterizationssuchas
Rayleighfriction or thatdevelopedby Fritts and Lu [1993].
Themodelcanbecoupledto theNCAR communityclimate

model(CCM2) thatextendsfrom the groundto 30 km. At
eachtime step,thetwo modelspassinformationthroughan
interactive flux couplerwhich conservesenergy, mass,and
momentum. Alternatively, it can useNational Centerfor
EnvironmentPrediction(NCEP)griddedanalysesof geopo-
tential heights,atmospherictemperatures,andwinds based
on assimilationof datafrom aircraft, radiosonde,satellites,
ships,buoys,etc.Theformertechniquewill beappliedhere.

TheTIME-GCM modelself-consistentlycalculateselec-
trodynamic interactionsin the coupled thermosphereand
ionosphere,providingpredictionsof electricpotential,fields,
andcurrentsalongwith theionandneutraldensities,temper-
atures,andvelocities.Theverticalcoordinateis log pressure
with 29 levels spacedat two grid points per scaleheight;
the altitudesextend roughly from 30 to 500 km with the
top altitudedependingon the level of solar activity. Lati-
tude/longituderesolutionis 5 by 5 degrees.Requiredinputs
for the model are prescriptionsof the solar and geomag-
netic activity. The latter provideshigh latitudeenergy and
momentumsourceswhich are parameterizedin the model
versionusedhereby threeinputs:cross-polar-cappotential,
totalhemisphericpower, andthe

G��
componentof theinter-

planetarymagneticfield. Thesevaluesareusedto selectthe
appropriateconvectionpatternfrom theempiricalmodelof
Heelis et al. [1982]andtheauroralparticleprecipitationpat-
ternbasedon themodelof Fuller-Rowell and Evans [1987].

Lower thermosphericwindsmeasuredwith chemicalre-
leaseexperiments(seesummaryby Larsenet al. this issue)
very oftenhaveamplitudesin excessof 150m/sandexhibit
strong,narrow jetsat E region altitudes.While theprofiles
shown in Figure3 haveamplitudespeakingatwell over100
m/s,thosepeaksoccurat � 90 km andarebothsmallerand
lower than thoseobserved. However, the phasingof the
TIME-GCM wind profilesappearsto be similar to what is
observedexperimentally;thewavelengthsarealsosimilar if
somewhatlong. Lackinganexplicit theoreticalmodelof the
large winds and the underlyingpseudotides,our approach
hereis to usetheTIME-GCM horizontalwinds,multiplied
by a factorof 1.5, to drive our potentialmodel. This is an
approximationintendedto gaugethe effects that E region
windscomparableto thoseobservedwith chemicalreleases
would have on theequatorialelectrojet.Theefficacy of this
approximationwill ultimately be borneout by radarobser-
vationswhich comparefavorably with the potentialmodel
output. Note that the TIME-GCM lacks sufficient spatial
resolutionfor studyingthe electrodynamicsof the electro-
jet in detail. Furthermore,it 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 measurementsof lower thermo-
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Figure 2. Resultsfrom numericalmodelof theequatorialelectrojetcurrentsystem.Dashedlinesrepresentdipolemagnetic
field lines. (Top left) Electrostaticpotentialin Volts versusaltitudein km anddip latitudein degrees.(Middle left) Zonal
currentdensityin � A/m

#
. (Bottomleft) Meridionalcurrentdensity. (Top right) Verticalpolarizationelectricfield profile at

0.5
�
dip latitude.(Middle right) Zonalcurrentdensityprofile at 0.5

�
dip latitude.(Bottomright) Zonalcurrentdensityprofile

at 4
�
dip latitude.
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Figure 3. Neutralwindsin theequatorialE regionpredictedby theNCAR TIME-GCM modelfor thePeruviansector. Solid
(dashed)linesrepresentzonal(meridional)winds.

sphericwind profilesin thedaytimein theAmericansector
thatcouldbeusedto driveourmodel.

Figure4 shows modelresultsfor conditionsidenticalto
thoseusedto produceFigure2 exceptincludingneutralwind
forcing. Thewindsusedarethoseshown in theleft panelof
Figure3 exceptthatthezonalwindshavebeenmultipliedby
a factorof 1.5. Changesto the currentdistribution brought
aboutby theintroductionof thewindsaresubtlecloseto the
dipequatorbutgrow morenoticeablewith increasingdip lat-
itude.Nearthedip equator, themaineffectof thezonalwind
is to modify theverticalpolarizationelectricfield. To agood
approximation,this field hasbeenincreasedby   }C¡ G   . This
signifiesthat the E region neutralwind dynamois operat-
ing veryefficiently nearthedip equator, wherethemagnetic
flux tubesarenearlyhorizontalataltitudeswherethePeder-
senconductivity is concentrated.Consequently, asignificant
portionof 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 Pedersenconductivity is concentrated,the dy-
namo is less efficient and less effective in negating wind
driven current. Below about120 km altitude,the response
of theionsto thezonalneutralwindsis mainly to movewith
them. The polarizationelectric field, meanwhile,is gov-
ernedby theflux-tube-averagedzonalwinds,andthe

�A�5�
drifting electronsconsequentlylag the ions. A significant

wind-drivenzonalcurrentresultsathighdip latitudesbelow
about120 km. The effect is sufficiently strongto reverse
thedirectionof theE regionzonalcurrentdensityatdip lati-
tudesgreaterthanabout3

�
. Thereversalof thezonalcurrent

is veryevidentin thecentralpanelof Figure4 whichconse-
quentlylooksquitedifferentfrom thesamepanelin Figure2
at high latitudesandat altitudesbelow about120 km, par-
ticularly wherethewind is strongest.This phenomenonhas
beenmodeledanddescribedby Anandarao and Raghavarao
[1979]. Aboveabout120km wherethe ionsaremarginally
magnetized,the main effect of the zonalwinds is to drive
significantmeridionalcurrentin the

�¢���
direction. The

Pedersencurrentdrivenby thepolarizationelectricfield that
opposesthe

�
�P�
currentcannot,onceagain,entirelynegate

it at thesedip latitudes.Lastly, meridionalwindscanbeseen
in Figure 4 to drive discerniblemeridionalcurrentsat dip
latitudesgreaterthanabout5

�
at altitudesof 90 and100km

wherethewind amplitudesaregreatest.

Finally, Figure5 shows modelresultsfor twilight condi-
tions (1800 LT). The winds usedfor this run are the ones
shown in the right panelof Figure3, with the zonalcom-
ponentagainmultiplied by a factorof 1.5. Thebackground
zonalelectricfield wassetto 0.425mV/m for this run (see
below). Similar remarkshold for this simulationasfor the
daytimecase. Since the phasingof the horizontal winds
haschanged,however, so hasthe sense(sign) of the wind-
inducedcurrentandelectricfield perturbationscausedby the
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Figure 4. SameasFigure2 exceptincludingwind forcing inspiredby thedaytimewind predictionsshown in Figure3. (Top
left) Electrostaticpotentialin Volts versusaltitudein km anddip latitudein degrees.(Middle left) Zonalcurrentdensityin� A/m

#
. (Bottom left) Meridional currentdensity. (Top right) Vertical polarizationelectricfield profile at 0.5

�
dip latitude.

(Middle right) Zonalcurrentdensityprofileat0.5
�
dip latitude.(Bottomright) Zonalcurrentdensityprofileat4

�
dip latitude.
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Figure 5. SameasFigure4 exceptfor twilight conditions.(Top left) Electrostaticpotentialin Voltsversusaltitudein km and
dip latitudein degrees.(Middle left) Zonalcurrentdensityin � A/m

#
. (Bottomleft) Meridionalcurrentdensity. (Top right)

Verticalpolarizationelectricfield profile at 0.5
�
dip latitude. (Middle right) Zonalcurrentdensityprofile at 0.5

�
dip latitude.

(Bottomright) Zonalcurrentdensityprofileat 4
�
dip latitude.
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windsat differentaltitudes.Note that the magnitudeof the
currentdensitiesaregreatlyreducedin accordancewith the
reducedtwilight numberdensities.

4. Ionospheric irregularities as tracers

In the previous section,a staticmodelof the equatorial
electrojetshowedhow theverticalpolarizationelectricfield
at the magneticdip equatoris directly influencedby the
zonalwind driving the E region dynamo.Here,we present
indirect evidencethat the winds presentin the lower ther-
mospherein thePeruviansectorarequalitatively similar to
thoseassumedin themodelcalculationsabove. If we were
concernedwith anotherlatituderegime, it would be possi-
ble to comparethe polarizationelectricfield and/orcurrent
densitypredictionsin Figures4 and5 with direct, incoher-
ent scatterradar-derivedmeasurements.However, incoher-
entscattertechniquesaregenerallyinapplicablein theE re-
gion over Jicamarcabecauseof thealmostcontinuouspres-
enceof plasmairregularitiesin theelectrojetandtheresult-
ing, intensecoherentscatterandradarclutter. However, it
is possibleto make inferencesabouttheelectricfield in the
electrojetregiononthebasisof thecoherentscatterfrom the
irregularities.

A linear, local dispersionrelation for the frequency £
and growth rate ¤ of plasmairregularitieswhich form in
the equatorialelectrojethasbeenderived by numerousre-
searchersincludingFejer et al. [1975]andmaybeexpressed
approximatelyas:£ � ¥ ; �`¦�§©¨ 0 ¦�§�ª��« �E¬ � ¥ ; ¦ §�ª (9)

¤ � «« �
¬s­ ¬* ª B � £ 0 ¥ ; ¦ §�ª � # 0�® #�¯
#° I (10)� ® 	 * ª® #u± - ª � £ 0 ¥ ; ¦ §�ª �³² 0E´ Z ) �
where

¬
is theanisotropy factor(theratio of theelectronto

ion transversemobility),

* ¨
and

* ª
are the electron-neutral

and ion-neutralcollision frequencies,
- '

refersto the gy-
rofrequency for species1 , ¯ ° is the ion acousticspeed,

±
is the vertical plasmadensitygradientscalelength, and Z
is the recombinationrate. Additionally, ® is the wavenum-
ber, and

¦=§©¨
and

¦�§�ª
arethe electronandion drift veloc-

ities. Of the two termsin the squarebrackets in (10), the
secondis conventionallyassociatedwith gradientdrift insta-
bilities andthe dispersioncharacteristicsof the wavesthey
generate.It is with suchwavesthatwearemainlyconcerned
here. We will usethis dispersionrelationto interpretradar
scatterfrom small-scaleirregularitiesin theequatorialelec-
trojet andthe so-calledtype II radarechoesthat result(see
Farley [1985] for review). Althoughthesesecondarywaves

areproducedby nonlinear(three-wave)interactionsbetween
intermediate-scaleprimarygradientdrift waves,experience
has shown that (9) in particular appearsto describetheir
propagationandthat (10) is usefulfor indicatingthecondi-
tionsunderwhich theionospherewill becomeunstable(see
Fejer and Kelley [1980] for example). Note that (10) im-
plies that currentsalonedrive instabilities,andonly where¬

is not much larger thanunity; winds alonegenerallydo
not destabilizethe equatorialE region in zoneswherethe
dynamocanoperateefficiently.

Coherentradarechoesfrom type II electrojetplasmair-
regularitiesareobserved at altitudesbetweenabout95 and
105duringmostof thedaytimealthough,just prior to sun-
set, the layer from which backscatteris received risesand
broadensmarkedly. In thataltituderegime,theelectronsare
stronglymagnetized.The ions arecoupledstrongly to the
neutralsbut havesmallPedersenand

���µ�
drift components

in theelectrojetat theupperlimit of thisaltituderegime.Us-
ing (9), is is a straightforwardmatterto predicttheDoppler
shift of type II echoeson the basisof the modelwinds and
electricfieldsshown in theprevioussection.Thisis thebasis
for ourmodeldatacomparisons.

4.1. Radar observations

A new antennaarrayhasbeeninstalledat Jicamarcato
make obliqueobservationsof coherentbackscatterfrom the
electrojet. The main beamof the antenna,an array of 16
widely-spaced,tilted Yagielements,is directedwestwardat
a zenithangleof � 45

�
andhasa half-power full beamwidth

of � 1.9
�
. For thepurposesof this paper, weregardtheradi-

ationpatternof thearrayasa pencilbeam.Thebackscatter
spectraobservedwith this arraygenerallyshow evidenceof
both typeI andtypeII echoes.Our experimentalprocedure
is to fit the spectrawith a superpositionof two Gaussian
curvesandto interpretthe Dopplershift of the component
with thegreaterwidth asthephasespeedof thetypeII echo.
The altitudewherethe echoesoriginateis computedfrom
their rangeon the basisof the scatteringgeometry. We as-
sumethat themeasuredDopplershiftsarepredictedby (9),
which canbeevaluatedusingresultsfrom ourmodelruns.

Figure6 presentsDopplershifts of type II echoesmea-
suredusingtheoblique-lookingantennaarrayat Jicamarca.
Measurementsfor intervalsnearlocal noonandtwilight are
shown (plotter symbols)along with their statisticalerror
bars.Positivevaluesimply westwardwavepropagation.The
integration time for the measurementswas � 6 min. Also
plotted are predictionsfor the measurementsbasedon the
modelrunsdescribedabove. Solid (dashed)lines represent
runswith (without)neutralwind forcing. Notethatthezonal
electricfield valuesusedin thoserunswerechosento opti-
mize the agreementbetweenthe radardataand the wind-
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Figure 6. Plottersymbolswith errorbarsrepresentDopplershiftsof obliquetypeII electrojetechoesmeasuredatJicamarca.
Solid linesplottedthroughthesymbolsareDopplershiftspredictedon the basisof themodelrunsshown in Figures4 and
5. Dashedlinesrepresentequivalentmodelresultsexceptwith wind forcing turnedoff. Thepanelsat left andright represent
noonandtwilight conditions,respectively. Positivevaluesimply westwardwave propagation.

forcedmodelsandwerenot measureddirectly. Theseval-
ues(0.375mV/m daytime,0.425mV/m twilight) arequite
closeto the seasonalaveragezonalelectricfields predicted
by Scherliess and Fejer [1999] andarealsocloseto electric
field estimatesderivedfrom backscatterdatatakensimulta-
neouslyusinga broad-beamantennaandanalyzedfollow-
ing the methodof Balsley [1973] andHysell and Burcham
[2000].

Clearly, the differencebetweenthe noontimeradardata
andthemodelpredictionsnarrowsdramaticallywith thein-
clusionof the TIME-GCM zonalwinds. Note in particular
that it would be impossibleto accountfor the large ( ¶ 100
m/s) Doppler shifts observed during the day below 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,theagreementbetween
theradarobservationsandthemodelpredictionbecomesre-
markablyclosein this case.This is partly fortuitous,since
Dopplerprofilesmeasuredthis way in theelectrojetexhibit
considerablequalitative day-to-dayvariability. The noon-
time profilespresentedby Tsunoda and Ecklund [1999], for
example,showed eastward wave propagationbelow about
96 km in contrastto the strongwestward propagationevi-
dencedhere.Severaldaysof radarobservationsweremade

atJicamarcain JanuaryandFebruaryof 2001,however, and
the shapesof the daytime profiles were generallysimilar
to the oneshown here. While the horizontalwinds in the
equatorialelectrojetregion maynot mimic theTIME-GCM
predictionsfaithfully every day, Figure6 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-
served Doppler shift profile has a much less pronounced
peak than the wind-free model profile would predict. At
1800LT, the TIME-GCM zonalwinds areeastward in the
electrojetregion andconsequentlyhave theeffect,whenin-
corporatedin themodel,of reducingthepredictedwestward
phasespeedof the plasmawaves responsiblefor type II
echoes.Thenodesof themodelzonalwind areat approxi-
mately96 and116km at this time. Thewindsthereforedo
tendto flatten the predictedprofile shapein the lower half
of the electrojetregion andwould do so in the upperhalf
if the uppernodewas lower — closerto 110 km. Indeed,
thelargeamplitudewaveformsin thenighttimeneutralwind
profiles presentedby Larsen and Odom [1997] had verti-
cal wavelengthscloseto 15 km at E region altitudesrather
thanthe � 20–30km wavelengthsevident in Figure3. We
hypothesizethattheactualzonalwindsin thelower thermo-
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spherehadtheappropriatewavelengthandphasingto offset
thebackgroundzonalphasespeedsof theplasmairregulari-
tiesand,thereby, to flattentheprofilesshown in Figure6. If
thisphenomenonoccursrepeatedly, it wouldhelpto explain
the very flat electrojetphasespeedprofilesoften observed
at twilight with radarinterferometry[Hysell and Burcham,
2000].

Note oncemore that phasespeedprofiles measuredon
otheroccasionsin the electrojetover Jicamarcaat twilight
revealconsiderableday-to-dayvariability, andweshouldnot
expectto reproduceexactlyany givendatasetwith runsfrom
a model that doesnot include the factorsthat control this
variability. However, Figure 6 shows at oncethat neutral
wind effectsarerequiredto explain the spectraof coherent
scatterfrom theelectrojetandthatthewindspredictedby the
NCAR TIME-GCM modelseemto haveroughlythecorrect
wavelengthandphasingto helpaccountfor theradarobser-
vations.

5. Conclusion

The increasingemphasison the importanceof non-tidal
wind motionsin the equatoriallower thermosphereandthe
realizationthat wind speedsin excessof 150 m/s arecom-
monplacein the E region invite an examinationof thecon-
sequencesfor the equatorialelectrojetand for ionospheric
electrodynamicsin general. We have reviewed the funda-
mentalprinciplesthatrelateneutralwindsandelectricfields
in theE region ionosphereat low latitudesandappliedthese
principlesto interpretingrepresentative, testcaseradarob-
servationsmadein theelectrojetoverJicamarca.Theobser-
vationsstronglysuggestthat largehorizontalneutralwinds,
of theorderof up to 150m/s,arerequiredto accountfor the
Dopplershiftsof typeII echoesoriginatingin theelectrojet.
Wind profilesgeneratedby the NCAR TIME-GCM model
canbring aboutreasonablemodel-dataagreement,particu-
larly duringtheday, but only if theamplitudesof themodel
zonalwindsareincreasedby about50%in theE region. Bet-
teragreementstill wouldresultif theNCAR modelcouldre-
producethewind featureswith � 15km verticalwavelengths
seenin chemicalreleaseexperimentsat E region altitudes.
Thismaynecessitateimproving theverticalresolutionof the
NCAR model or modifying the specificationof the lower
boundaryconditions.

Furtherimprovementin model-dataagreementis not an-
ticipateduntil the sourcesof day-to-dayvariability in the
lower thermosphericwind structureand electrojetcurrent
systemarebetterunderstoodandincorporatedinto the var-
ious models. Routineneutralwind measurements,at night
andparticularlyduringtheday, arerequiredto advancethis
research,asis a meansof directly measuringelectricfields

andplasmadensitiesin theequatorialE region.
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theGeophysicalInstituteof Peŕu, Ministry of Education,with sup-
port from the NSF cooperative agreementsjust mentioned. The
help of the staff wasmuchappreciated.We are indebtedalso to
R. Roble for providing us with runs of the NCAR TIME-GCM
modelandto M. F. Larsenfor hishelpfulcomments.Wealsothank
NCAR’s ScientificComputingDivision for providing computing
time. The MUDPACK packageusedfor this research(copyright
JohnC. Adams)wasobtainedfrom theUniversityCorporationfor
AtmosphericResearchwhich is sponsoredby theNationalScience
Foundation.

References

Adams,J.,MUDPACK: Multigrid fortransoftwarefor theefficient
solutionof linearelliptic partial differentialequations,Applied
Math. and Comput., 34, 113,1989.

Adams, J., Multigrid software for elliptic partial differential
equations: MUDPACK, Tech. rep., NCAR Technical Note-
357+STR,1991.

Ames, W. F., Numerical Methods for Partial Differential Equa-
tions, Academic,New York, 1977.

Anandarao,B. G., andR. Raghavarao,Effectsof verticalshearsin
thezonalwindson theelectrojet,Space Res., XIX, 283,1979.

Anandarao,B. G., R. Raghavarao,andC. R. Reddi,Electricfields
by gravity wavewindsin theequatorialionosphere,J. Geophys.
Res., 82, 1510,1977.

Anandarao,B. G., R. Raghavarao, J. N. Desai, and G. Haeren-
del,Verticalwindsandturbulenceover Thumba,J. Atmos. Terr.
Phys., 40, 157,1978.

Balsley, B. B., Electricfieldsin theequatorialionosphere:A review
of techniquesandmeasurements,J. Atmos. Terr. Phys., 35, 1035,
1973.

Balsley, B. B., B. G. Fejer, andD. T. Farley, Radarmeasurements
of neutralwindsandtemperaturesin theequatorialE region, J.
Geophys. Res., 81, 1457,1976.

Bilitza, D., K. Rawer, L. Bossy, andT. Gulyaeva,InternationalRef-
erenceIonosphere:- Past,present,future,Adv. Space Res., 13,
#3, 3, 1993.

Chau,J. L., D. T. Farley, andB. B. Balsley, East-westasymme-
try in type 1 electrojetechoesat Jicamarca,paperpresentedat
X InternationalSymposiumon EquatorialAeronomy, Antalya,
Turkey, May 17–23,2000.

Crain, D. J., R. A. Heelis, and G. J. Bailey, Effectsof electrical
coupling on equatorialionosphericplasmamotions: When is
the F region a dominantdriver in the low-latitudedynamo?,J.
Geophys. Res., 98, 6033,1993.

Devasia,C. V., andC. A. Reddy, Retrieval of east-westwind in the
equatorialelectrojetfrom thelocalwind generatedelectricfield,
J. Atmos. Terr. Phys., 57, 1233,1995.



Hysell etal.: EFFECTSOFWINDS ON EQUATORIAL ELECTROJET 14

Du, J., andR. J. Stening,Simulatingthe ionosphericdynamo:—
II. Equatorialelectricfields,J. Atmos. Sol. Terr. Phys., 61, 925,
1999.

Fambitakoye, O., P. N. Mayaud,andA. D. Richmond,Equatorial
electrojetandregulardaily variation ·�¸ III, Comparisonof ob-
servationswith aphysicalmodel,J. Atmos. Terr. Phys., 38, 113,
1976.

Farley, D. T., A theoryof electrostaticfieldsin a horizontallystrat-
ified ionospheresubjectto averticalmagneticfield, J. Geophys.
Res., 64, 1225,1959.

Farley, D. T., A theory of electrostaticfields in the ionosphere
at nonpolargeomagneticlatitudes,J. Geophys. Res., 65, 869,
1960.

Farley, D. T., Theoryof equatorialelectrojetplasmawaves: New
developmentsandcurrentstatus,J. Atmos. Terr. Phys., 47, 729,
1985.

Farley, D. T., E. Bonelli, B. G. Fejer, andM. F. Larsen,Theprere-
versalenhancementof the zonalelectricfield in the equatorial
ionosphere,J. Geophys. Res., 91, 13,723,1986.

Fejer, B. G.,Theequatorialionosphericelectricfields.A review, J.
Atmos. Terr. Phys., 43, 377,1981.

Fejer, B. G.,andM. C.Kelley, Ionosphericirregularities,Rev. Geo-
phys., 18, 401,1980.

Fejer, B. G.,D. T. Farley, B. B. Balsley, andR. F. Woodman,Verti-
cal structureof theVHF backscatteringregion in theequatorial
electrojetandthegradientdrift instability, J. Geophys. Res., 80,
1313,1975.

Forbes,J. M., The equatorialelectrojet,Rev. Geophys., 19, 469,
1981.

Forbes,J.M., andR. S.Lindzen,Atmosphericsolartidesandtheir
electrodynamiceffects–II. The equatorialelectrojet,J. Atmos.
Terr. Phys., 38, 911–920,1976.

Fritts,D. C., andW. Lu, Spectralestimatesof gravity wave energy
andmomentumfluxes,II: Parameterizationof wave forcingand
variability, J. Atmos. Sci., 50, 3695,1993.

Fuller-Rowell, T. J., andD. S. Evans,Height-integratedPedersen
andHall conductivity patternsinferredfrom theTIROS-NOAA
satellitedata,J. Geophys. Res., 1987.

Fulton,S.,R. Ciesielski,, andW. Schubert,Multigrid methodsfor
elliptic problems:a review, Monthly Weather Review, 114, 943,
1986.

Gagnepain,J., M. Crochet,andA. D. Richmond,Comparisonof
equatorialelectrojetmodels,J. Atmos. Terr. Phys., 39, 1119,
1977.

Hackbusch, W., and U. Trottenberg, Multigrid Methods III,
Birkhauser, Boston,1991.

Haerendel,G.,andJ.V. Eccles,Theroleof theequatorialelectrojet
in theeveningionosphere,J. Geophys. Res., 97, 1181,1992.

Haerendel,G., J.V. Eccles,andS.Cakir, Theoryfor modelingthe
equatorialeveningionosphereandtheorigin of theshearin the
horizontalplasmaflow, J. Geophys. Res., 97, 1209,1992.

Hedin, A. E., et al., Empirical wind modelfor the upper, middle,
andlower atmosphere,J. Atmos. Terr. Phys., 58, 1421,1996.

Heelis,R. A., P. C. Kendall,R. J.Moffet, D. Windle,andH. Rish-
beth,Electric couplingof the E andF regionsandits effect of
theF regiondrifts andwinds,Planet. Space Sci., 22, 743,1974.

Heelis,R. A., J.K. Lowell, andR. W. Spiro,A modelof thehigh-
latitude ionosphericconvection pattern,J. Geophys. Res., 87,
6339,1982.

Hysell, D. L., andJ. Burcham,Ionosphericelectricfield estimates
from radarobservationsof theequatorialelectrojet,J. Geophys.
Res., 105, 2443,2000.

Kato,S.,Electricfield andwind motionat themagneticequator, J.
Geophys. Res., 78, 757,1973.

Kudeki,E., andS. Bhattacharyya,Post-sunsetvortex in equatorial
F-region plasmadrifts andimplicationsfor bottomsidespread-
F, J. Geophys. Res., 28, 28,163,1999.

Kudeki, E., B. G. Fejer, D. T. Farley, andH. M. Ierkic, Interfer-
ometerstudiesof equatorialF region irregularitiesand drifts,
Geophys. Res. Lett., 8, 377,1981.

Kudeki,E., B. G. Fejer, D. T. Farley, andC. Hanuise,TheCondor
equatorialelectrojetcampaign:Radarresults,J. Geophys. Res.,
92, 13,561,1987.

Larsen,M. F., andC. D. Odom,Observationsof altitudinalandlat-
itudinal E-regionneutralwind gradientsnearsunsetat themag-
neticequator, Geophys. Res. Lett., 24, 1711,1997.

Larsen,M. F., andR. L. Walterscheid,Modified geostrophyin the
thermosphere,J. Geophys. Res., 100, 17,321,1996.

Nicolet,M., Thecollisionfrequency of electronsin theionosphere,
J. Atmos. Terr. Phys., 3, 200,1953.

Press,W. H., B. P. Flannery, S.A. Teukolsky, andW. T. Vetterling,
Numerical Recipes in C, CambridgeUniv. Press,New York,
1988.

Raghavarao,R.,andB. G.Anandarao,Verticalwindsasaplausible
causefor equatorialcounterelectrojet,Geophys. Res. Lett., 7,
357,1980.

Reddy, C.A., andC.V. Devasia,Equivalentcircuit analysisof neu-
tralwindeffectsonequatorialelectrojet,Nature, 273, 195,1978.

Reddy, C. A., andC. V. Devasia,Height andlatitudestructureof
electricfields andcurrentsdueto local east-westwinds in the
equatorialelectrojet,J. Geophys. Res., 86, 5751,1981.

Reddy, C. A., B. T. Vikramkumar, andK. S. Viswanathan,Elec-
tric fieldsandcurrentsin theequatorialelectrojetdeducedfrom
VHF radar observations, I, A method of estimatingelectric
fields,J. Atmos. Terr. Phys., 49, 183,1987.

Richmond,A. D., Numericalmodel of the equatorialelectrojet,
Tech. Rep. AFCRL-72-0668, ERP 421, Air Force Cambridge
ResearchLab., HanscomAFB, Bedford,MA, 1972.

Richmond,A. D., Equatorialelectrojet,I, Developmentof amodel
includingwindsandinstabilities,J. Atmos. Terr. Phys., 35, 1083,
1973.

Richmond, A. D., E. C. Ridley, and R. G. Roble, A thermo-
sphere/ionospheregeneralcirculationmodelwith coupledelec-
trodynamics,Geophys. Res. Lett., 19, 601,1992.

Rishbeth,H., Polarizationfieldsproducedby winds in theequato-
rial F region,Planet. Space Sci., 19, 357,1971.

Rishbeth,H., TheF regiondynamo,J. Atmos. Terr. Phys., 43, 387,
1981.

Roble, R. G., Energetics of the mesosphereand thermosphere,
TheUpperMesosphereandLower Thermosphere,Geophysical
Monograph, 87, 1, 1995.

Roble, R. G., and E. C. Ridley, A thermosphere-ionosphere-
mesosphere-electrodynamicsgeneralcirculation model, Geo-
phys. Res. Lett., 21, 417,1994.

Scherliess,L., andB. G.Fejer, Radarandsatelliteglobalequatorial
F regionverticaldrift model,J. Geophys. Res., 105, 6829,1999.



Hysell etal.: EFFECTSOFWINDS ON EQUATORIAL ELECTROJET 15

Tao,X., andC.S.Gardner, Heatflux observationsin themesopause
regionabove haleakala,Geophys. Res. Lett., 22, 2829,1995.

Tsunoda,R. T., andW. L. Ecklund,On thenatureof radarechoes
below 95km duringcounterstreamingin theequatorialelectro-
jet, Geophys. Res. Lett., 26, 2717,1999.

Wharton,L. E., N. W. Spencer, andH. G. Mayr, TheEarth’s ther-
mosphericsuperrotationfrom DynamicsExplorer2, Geophys.
Res. Lett., 11, 531,1984.

Zhou, Q. H., Incoherentscatterradar measurementsof vertical
windsin themesosphere,Geophys. Res. Lett., 27, 1803,2000.

ReceivedX; revisedX; acceptedX.

This preprintwaspreparedwith AGU’s LATEX macrosv5.01,with the
extensionpackage‘AGU¹/¹ ’ byP. W. Daly, version1.6bfrom1999/08/19.


