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Abstract. Theelectrodynamicsof cloudsof enhancedplasmadensityin the the
postsunsetmidlatitudeE region ionospherearesimulatedin threedimensions.
Suchcloudsbecomepolarizedin thepresenceof a backgroundelectricfield, as
would be imposedby the F region dynamo. If the cloudsareelongatedso that
their major andminor axesin the horizontalplanearemuchlarger andsmaller
thanabout1 km, respectively, thepolarizationelectricfield canbecomeanorder
of magnitudelarger thanthe appliedfield. Elongateddepressionsor ripples in
planarlayersalsobecomepolarizedbut to a lesserdegree.ElectricfieldsandHall
drifts sufficiently large to excite Farley Bunemaninstabilitiescanbe produced,
particularlywhenneutralwind forcing is consideredin additionto background
electricfields. Theplasmacloudsarealsounstableto a collisionaldrift instability
capableof generatinglarge-scaleprimarywaves.A linear, localdispersionrelation
for this instability is derived. Theprimarywavesarepresumedto becapableof
generatingsmall-scaleirregularitiesthroughmodecouplingandplasmaturbulence.
Polarizedplasmacloudsdrifting throughtheradarscatteringvolumemayaccount
for many of thecharacteristicsof typeI andtypeII quasiperiodicechoes.

1. Introduction

Thediscoveryof quasiperiodic(QP)echoesby Yamamoto
et al. [1991,1992] focusedrenewedattentionon plasmair-
regularitiesin themidlatitudeE region. Spectrally, thepre-
ponderanceof theechoesresembledthetypeII echoessome-
timesassociatedwith gradientdrift instabilitiesin theequa-
torial electrojet,suggestinga commonorigin. Whenmid-
latitudetypeI echoeswerelaterobservedby Haldoupis and
Schlegel [1994], Huang and Chu [1998], andothers,inter-
pretationsrootedin Farley Bunemaninstabilitiesfound in
the equatorialandauroralelectrojetswere likewise sought
[Haldoupis et al., 1996; Shalimov et al., 1998;Hysell and
Burcham, 2000]. However, it wasevident that the geome-
try andconditionsfoundat middle latitudesaresufficiently
differentfrom thoseat equatorialandpolar latitudesto pro-
hibit thewholesaletransplantof existinginstability theories.
Withoutthestrongbackgroundcurrentsthatexist attheelec-�
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trojetsandwithoutobviousroutesof currentclosure,it is not
immediatelyapparenthow Farley Bunemaninstabilitiescan
occurat middle latitudes. While sporadicE layersprovide
gradientsto supportgradientdrift instabilities,finite parallel
gradientlengthscaleeffectssuppresstheformationof large-
scaleprimary gradientdrift wavesof the kind found at the
magneticequator[Woodman et al., 1991]. Furthermore,the
quasiperiodicstriationscharacteristicof midlatitudeechoes
arenot observedin theelectrojets.

The last decadesaw an explosion of QP echotheories
basedon generalizationsof electrojettheory. Among them
are theoriesthat rely upon sporadicE layersdeformedby
gravity waves to attain appropriategeometries[Woodman
et al., 1991; Tsunoda et al., 1994] or presupposethe ex-
istenceof specific types of structuresin the layers [Hal-
doupis et al., 1996;Shalimov et al., 1998;Tsunoda, 1998;
Maruyama et al., 2000], thatutilize shearedwinds to force
gradientdrift instabilities [Kagan and Kelley, 1998], that
includefinite parallelwavenumbereffects [Rosado-Roman
et al., 1999],or thatinvoke thermaleffects[Kagan and Kel-
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ley, 2000]. Thereappearto bemany plausibletheories,but
which do observationsfavor? Parsimony arguesthata sim-
ple theorythat accountsfor both type I andtype II echoes
andalsofor quasiperiodicstriationsis a strongcontender.

It hasbeenwidely reportedthatirregular, patchysporadic
E layersform at middle latitudes[Miller and Smith, 1978;
Smith and Miller, 1980;Bowman, 1989;Maruyama, 1991;
Maruyama et al., 2000]. While the sourceof the layersis
unknown, mountingevidencesuggeststhatneutralshearin-
stabilitiesmayberesponsible[Larsen, 2000].Larsen [2000]
further arguesthat the patchy layers themselves could be
the ultimatesourceof quasiperiodicechoes.The intent of
this paperis to examinethepropertiesof irregularor patchy
plasmalayersand“clouds” thatbecomepolarizedby aback-
groundelectricfield. The importanceof electricalcoupling
betweenthe cloudsand the F region by field alignedcur-
rentsis stressed.We argue that the presenceof suchlay-
ersalonemayexplain theexistenceof both large-scalepri-
maryplasmawaves,ableto excite small-scaleirregularities
throughplasmaturbulence,andsmall-scalewavesgenerated
directlyby Farley Bunemaninstabilities.

We revisit computationalstudiesof polarized plasma
cloudsin themidlatitudeE regionionosphereperformedear-
lier by Hysell and Burcham [2000]. This time, the compu-
tationsarecarriedout usingmagneticdipolecoordinatesto
accountfor the curvatureof the magneticfield lines. The
computationsalsoextendmuchfurther alongthe flux tube
into the F region than before. We investigateboth polar-
ized plasmacloudsandripples in planarsporadicE layers
assourcesof largeelectricfieldsandcurrentsin themidlat-
itude E region. We confirm that polarizationelectricfields
andHall drifts large enoughto excite Farley Bunemanin-
stabilitiesandgive rise to type I echoescanarisein irreg-
ular, elongatedsporadicE layers. Moreover, we study the
time evolution of plasmacloudsandshow that they areun-
stableto collisional drift instabilities. Large-scaleprimary
wavescanemergein irregularsporadicE layersandgener-
atesmall-scaleirregularitiesandtype II echoesvia plasma
turbulence.Coherentechoesfrom small-scaleirregularities
in drifting cloudsshouldthenappearasstriationsin range-
time-intensityplots.

We begin with a descriptionof a numericalmodel of
midlatitudeE region irregularities. We theninvestigatethe
static responseof plasmacloudswith differentgeometries
to a backgroundelectric field. The time evolution of a
plasmacloud in a backgroundfield is subsequentlysimu-
lated. Wavesfound to emerge in this simulationundergo a
linear, local stability analysis.Finally, the implicationsfor
ourunderstandingof typeI andII quasiperiodicradarechoes
arediscussed.

2. Simulation Description

In simulatingthe dynamicsof irregularitiesin the mid-
latitudeE regionionosphere,weconsiderthelow-frequency
electrostaticbehavior of a fluid plasmacomposedof elec-
tronsandmultiple ionswith guidingcentervelocitiesgiven
by����� �	�
������������������� ����� � ��� (1)��� �
��� � !#"%$
� �&� �'���(!#"�$
� � �� �&� � � � � !)"%$
�
wherethe mobilities aredefinedby � �
� = *,+ �.-0/1�32�4 *65 �+87� -0/ 7� 4:9<; , � ��� = *=5 ->2?4 *=5 � +87� -0/ 7� 4:9<; , and ��� � = /1�.- + ��2
andthe diffusivities by � �
� = *@+ �BA 7C � -D/ 7� 4 *=5 � + 7� -D/ 7� 4 9�; ,� ��� = * A 7C � -D/ � 4 *65 � +E7� -0/ 7� 4:9<; , and � � � = A 7C � - + � . Here,�	�
� and ��� � are the Pedersenandparallelmobilities, and� �F� and � � � aretheperpendicularandparalleldiffusivities
for speciesG . The � ��� and� �'� termsarethetheHall mobil-
ity andthediamagneticdrift coefficient for speciesG , in that
order. Also, + � and /1� refer to the collision frequency and
gyrofrequency of speciesG , respectively (seebelow). Note
that thegyrofrequencieswritten above carry thesignof the
chargespecies.Theparallelandperpendicularsubscriptsre-
fer to the orientationwith respectto the geomagneticfield,
whichis parallelto �� . Also, A C � refersto thethermalvelocityH I�J � ->K � , andtheothertermshave their usualmeaning.

Definitionsof thetensorplasmaconductivity L anddiffu-
sivity M follow from thecontributionsthesedrifting charge
speciesmaketo thetotal currentdensityin theplasma:N � O �QP $ �3RS�
� � $ R��	TVUXWZYS� � R M Y �?$ (2)

Thesumin (2) is overtheion speciessuchthat [ �QP $
� = $	T
= $ . Theelectricfield andplasmanumberdensitycannow
beexpressedin termsof backgroundandperturbedcompo-
nentssuchthat � = �]\ � �_^ and $ = $ \`�Va $ . In whatfol-
lows, the perturbationŝ and a $ areunknown variablesto
besolvedfor whereasthebackgroundquantitiesaretreated
asknown constants.

The electrostaticpotential ^ mustsatisfy the quasineu-
trality condition:� Y *bL Y � ^c4 � � Y *@L Y�� \S4 � � Y * R M Y �?$	4 (3)

whichspecifiestheelectrostaticresponseto anappliedelec-
tric field in an inhomogeneous,anisotropic,warm plasma.
This responseincludesthepolarizationandambipolarelec-
tric fields that arisewhen a plasmacloud is formed. The
systemof equationsis finally closedby the expressionfor
ion continuity: d $d
e � � Y * $ �<f 4 � g (4)
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Here,$ � f = [ �QP $
� � � is thetotal ionflux, wheretheplasma
compositionis assumedto remainconstantin time but is
allowedto varywith altitude.

Equation(3) representsanon-separablelinearinhomoge-
neouselliptic partialdifferentialequationwith non-constant
coefficients for the electrostaticpotential ^ which can be
discretizedandsolved numericallyin threedimensionsus-
ing relaxationmethods. Forcing can be specifiedthrough
the right side. The ion continuityequation(4), meanwhile,
canbe efficiently discretizedandsolved usingfinite differ-
encemethods.In practice,(3) is solvedfor ^ at thecurrent
timestep,(4) is solvedfor a $ at thesubsequenttimestep,and
theprocessis repeated.

The coefficient matricesinvolved in (3) and(4) depend
on thecomponentsof theconductivity anddiffusivity which
dependon the ionosphericplasmaconcentrationandcom-
positionalongwith thecollisionfrequencies,themselvesde-
pendenton neutraltemperature,concentration,andcompo-
sition. We calculatethe conductivities anddiffusivities us-
ing theion-neutralandelectron-neutralandelectron-ioncol-
lision frequency expressionsderived by Richmond [1972]
andGagnepain et al. [1977] for a threecomponentplasma
(NO

P
, O
P7 , O

P
) in a threecomponentatmosphere(N 7 , O7 ,

O) which have beenreproducedby Forbes [1981]. Model
atmosphericand ionosphericparametersare derived from
the MSIS and IRI models,respectively [Hedin, 1991; Bil-
itza et al., 1993].

We solve (3) usinga multigrid methodlike the onede-
scribedbyAdams [1991,1989]andreferencestherein.Multi-
grid methodsimprove uponconventionaliterative schemes
by computingcoarsegrid approximationsinterleaved with
fine grid refinements.Large-scalefeaturesconvergerapidly
in the coarsegrid computationswhile fine structureis re-
tainedin thefull grid computations.Approximatesolutions
andcorrectionsare transmittedbetweenmultiple grid lev-
elsby interpolationandextrapolationoperators.Reviewsof
multigrid algorithmshave beenpresentedby Fulton et al.
[1986], Press et al. [1988], andHackbusch and Trottenberg
[1991].

Thecomputationsareperformedin magneticdipolecoor-
dinates.This permitsappropriateboundaryconditionsto be
appliedreadilyandalsoremovescross-derivativetermsthat
wouldotherwiseappearin thedifferentialequationsimplied
by (3) thatwould greatlyslow computation.It alsopermits
theconstructionof a simulationvolumewith a small(large)
spatialextenttransverseto (parallelto) themagneticfield. In
thisway, theeffectsof F regioncouplingonthedevelopment
of fine structurein the E region may be studied.Themag-
neticdipolecoordinates*,hjilk�ilm 4 aredefinedby thetrans-
formationsto polarcoordinatesn - n T = kpoQq " 7�r = h -0s tBu o r
in which n T is the Earthradiusand r is the colatitude.The
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Figure 1. Representationof acut throughthe3D simulation
volume at one longitude(not drawn to scale). Solid lines
definetheboundaryof thevolumein magneticdipolecoor-
dinates.Theshortdashedline definesa surfaceof constant
altitude. It passesthrougha cloudof enhancedplasmaden-
sity picturednearthebottomof thevolume.Thelongdashed
line representsa cut throughthevolumeon an h =constant
surface.Simulationresultswill beplottedonsuchsurfaces.

remainingmagneticcoordinateis thelongitude m . Notethat
the Jacobianscalefactorsassociatedwith magneticdipole
coordinatesmustbeusedin evaluatingthespatialgradients
in (3) and(4).

The solution spacefor the simulationsis the flux tube
boundedby the surfaces h ; = 1.266, h 7 = 1.344, k ; =
1.715, k 7 = 1.729,and m = v 0.15

\
(seeFigure1). This vol-

umeenclosesthe midlatitudeE region at altitudesdown to
80 km aswell as the F region up throughaltitudesof 385
km. Horizontalcross-sectionsthroughthe volumehave di-
mensionsof about25 km x 25 km atE regionaltitudes.The
numberof grid pointsusedto discretizedthesolutionspace
along the h , k , and m axes are 289, 73, and 73, respec-
tively. This implies a spatialresolutionof about350 m (1
km) transverseto (parallelto) the magneticfield. Dirichlet
boundaryconditionsareappliedto ^ and a $ on all of the
boundaries.The electrostaticresponseto inhomogeneities
associatedwith plasmacloudsthatdonot extendnearto the
simulationboundariesis therebypresumedto vanishat the
boundariesaswell. Simulationsareperformedundercon-
ditions correspondingto 21 LT in late June,2001given an
F10.7solarflux level of 150 andunderquiet geomagnetic
conditions.
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3. Static Results

Here,we presentsolutionsto (3) correspondingto spe-
cific initial conditions imposedon a $ . The background
plasmadensity $ \ and compositionare derived from the
IRI model. In every case,the backgroundelectricfield �\
was set to 1 mV/m southward and downward on the ba-
sisof eveningclimatologicaldatafrom Arecibo [Richmond
et al., 1980]. Thedistributionsfor a $ aretakento beGaus-
sianellipsoidswith differentwidthsin thezonal,meridional,
andverticaldirections.Thepeakdensityfor theellipsoids,
whicharecenteredatanaltitudeof 100km, is w � 5 g'x tBy 9Fz .

Figure2 showstheresultsfrom severalmodelruns.Each
framerepresentsa cut throughthesimulationvolumealong
a surfaceof constanth . The horizontalandvertical axes
representlongitudeand k value, respectively. Horizontal
linesrunningthroughtheframesindicatethealtitudesinter-
sectedby the cuts in kilometers. Gray shadingrepresents
theperturbedplasmadensitya $ alongthecut. Contoursde-
noteequipotentialsin volts except in the caseof the lower
left panel,in which casethe contoursdenotefield aligned
currentin � A/m 7 .

The upperleft panelof Figure2 shows the electrostatic
responsepredictedfor an elongatedE region plasmacloud
with zonal, meridional, and vertical Gaussianhalf widths
of 400 m, 5 km, and2 km, respectively, immersedin a 1
mV/m meridionalbackgroundelectricfield. A strongzonal
polarizationelectric field as intenseas about6 mV/m has
emergedin themainbodyof thecloudwhileelectrostaticpo-
tentialperturbationspenetratewell outside.Theequipoten-
tials arethe streamlinesof the magnetizedelectronswhich
drift rapidly northward in the main body of the cloud and
southwarda few kilometersto theeastor westof thecloud.

The polarizationelectric field arisesto partially arrest
the Hall currentdriven by the backgroundmeridionalfield
which would otherwisetend to diverge in the inhomoge-
neousplasmacloud.However, this field alsodrivesa strong
meridionalHall current.If theE region plasmawaselectri-
cally isolated,thisHall currentwouldfurthermodify thepo-
larizationelectricfield in sucha wayasto suppressboththe
netelectricfield andthecurrentwithin thecloud. However,
the E region is not isolatedin this simulationbut is electri-
cally coupledto theF regionby highly conductingmagnetic
field lines. Furthermore,the polesof the electricfield evi-
dentin the upperleft panelof Figure2 aresufficiently dis-
tantfor this electricalcouplingto beefficient [Farley, 1959;
LaBelle, 1985;Hysell and Burcham, 2000].ThestrongHall
currentis consequentlyableto closein theF region through
field alignedcurrentsandremainsolenoidalwithout drasti-
cally modifying thepolarizationelectricfield.

The lower left panelof Figure 2 shows the conduction

componentof thefield alignedcurrentdensity { �:|}� , where{ � is the direct conductivity. The cut throughthe simula-
tion spaceis madehereat a larger valueof h andpasses
well over the centerof the plasmacloud midway between
the E and F regions. In this panel,we find that the field
alignedconductioncurrentassociatedwith theplasmacloud
flows downward(upward)at thenorthern(southern)endof
the cloud andapproaches1 � A/m 7 in peakintensity. The
field alignedcurrentbecomessmallnearthetop of thesim-
ulationspace,indicatingthatmostof thecurrenthasclosed
in theF regionbelow about385km altitude.

Theremainingfour panelsin Figure2 show how plasma
cloudswith differentgeometriesrespondto anappliedelec-
tric field. In themiddle two panels,thezonalwidthsof the
cloudsareincreasedfrom theoriginal400m to 1.5and5km.
Theincreasein zonalscaleincreasestheability of theF re-
gionto closethezonalHall currentdrivenby thebackground
meridionalelectricfield andeffectively “shortout” theentire
cloud. In therightmosttwo panels,themeridionalwidthsof
the plasmacloud are decreasedfrom the original 5 km to
1.5 km and400m, respectively. As themeridionalscaleis
decreased,sois theability of theF regionto closethemerid-
ional Hall current. The polarizationelectricfield rotatesin
sucha way asto arrestthecurrentwithin thecloud;outside
thecloud,adipoleelectricfield arises.Verysmallcloudsde-
coupleelectricallyfromtheF regionandbehavelikeisolated
conductorsanddielectricsin a backgroundelectricfield.

Thecritical dimensionwhichdetermineswhetherthepo-
tentialstructuresmapefficiently betweentheE andF region
is approximately1 km [Farley, 1959;LaBelle, 1985;Hysell
and Burcham, 2000]. Only if a plasmacloud is elongated
so that its majorandminor axesaremuchgreaterthanand
muchlessthanthis scale,respectively, canvery largepolar-
izationelectricfieldsandstrongcurrentsarisewithin them.
Themaximumamplificationof thebackgroundelectricfield
attainablein the cloud is given by the ratio of the Hall to
the Pedersenconductivity at the altitudeof the cloud. This
ratio is greatestat mid latitudesat an altitudeof about95
km, andthe largestpolarizationelectricfields will be gen-
eratedby plasmacloudsat this altitude. The actualampli-
fication achieved dependson the cloud geometry, density,
orientation,andaltitude. A factorof 10 wasproducedin a
veryelongatedcloudlocatedat97km altitudeby Hysell and
Burcham [2000].

A variantof this principle involving a ripple irregularity
in asporadicE layeris illustratedin Figure3. In this case,a
broadlayerwith zonal,meridional,andverticalhalf widths
of 6 km,6 km,and2 km, respectively is locatedatanaltitude
of 101.5km. A depressionin thelayerwith amaximumneg-
ative verticaldisplacementof 3 km hasbeenmade.Thede-
pressionis alsodescribedby aGaussianfunctionwith zonal
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Figure 2. Simulatedelectricalresponseto plasmacloudsin themidlatitudeE region. Shadedregionsrepresentplasmacloud
densities.Contoursrepresentequipotentialsin 1 volt incrementsexceptfor theplot in thelowerleft corner, wherethey denote
field alignedcurrentdensityin � A/m 7 .
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Figure 3. Simulatedelectricalresponseto a broadsporadic
E layerwith a ripple bisectingit. Contoursshow equipoten-
tials in volts, andgrayscalesshow relative electrondensity
on agiven h = constantsurface.

andmeridionalhalf widthsof 500m and5 km, respectively.
Becausetheconductivities in theE regionvarysharplywith
altitude,thedepressionintroducessignificanttransversegra-
dientsin thefield line integratedconductivities muchasdid
theplasmacloudsexaminedabove.

While theeffect is lesspronouncedthanbefore,Figure3
shows that theelongateddepressioncanleadto thegenera-
tionof relativelystrongpolarizationelectricfields.Themax-
imumelectricfield presenthereis about1.5mV/m, which is
moreintensethanthebackgroundappliedfield. Theampli-
ficationfactordependsuponthelayerheight,thickness,and
densityaswell ason thecharacteristicsof thedepressionor
ripple.

4. Time-dependent Results

Hereweinvestigatethetimeevolutionof E regionplasma
cloudsembeddedin abackgroundelectricfield andcoupled
electricallyto theF regionionosphere.A Gaussianellipsoid
with apeakdensityof w � 5 g x t3y~9Fz is usedto initialize a $ ,
andthe initial conditionsfor ^ arecomputedaccordingto
(3). Thehalf-widthsof theellipsoidin thezonal,meridional,
andvertical directionsare1 km, 1 km, and2 km, respec-
tively. Thebackgroundmeridionalelectricfield is 1 mV/m.
Pedersendrifts drivenby this field would tendto causethe
cloudto descendslowly over time. Presumingthat this ten-
dency is counteredin natureby the mechanismthat gener-
atestheclouds,andin orderto excludetheeffectsof secular
altitudevariationsoncloudevolutionin thepresentanalysis,

we neglect Pedersendrifts due to � \ when evaluating(4)
to keepthecloudcenteron station.For the time-dependent
simulation,the numberof grid points in the h coordinate
wasalsoreducedto 145for computationalexpediency.

Figure4 depictsthe evolution of the plasmacloud over
time. Initially, the tilted polarizationelectric field in the
cloud wasabout2 mV/m or abouttwice as intenseas the
backgroundelectricfield. As time progresses,thecloudcan
beseento expand,leadingto a gradualreductionof thepo-
larization electric field for reasonsdiscussedin section3.
Note that transversediffusion in the cloud is hastenedby
elevatedpotentialat thecloudcenter, abyproductof thepar-
allel ambipolarelectricfieldsin thetopsideandbottomside.
Theinitial asymmetryin theequipotentiallinesin (10)is due
to this elevation.

Eventually, longitudinalplanewavesappearthroughout
thebodyof thecloud.Thewavelengthof thewavesis about
760 m (seebelow), and the wavevector is approximately
aligned with the initial direction of the inducedpolariza-
tion electricfield. This alignmentreflectsthe fact that the
“seed” irregularitiesfor the growing wavesarethe Fourier
harmonicsof theinitial potentialstructure.Thewavesform
first on thetopsideedgeof thecloudin thesectorwherethe
equipotentiallinesarethemostdenseandonly laterappear
throughoutthebodyof thecloud. Therelative amplitudeof
thewavesapproachesunity by theendof thesimulation.

The perturbeddensity and electrostaticpotential func-
tions computedin the simulationwerespectrallyanalyzed
in three dimensionsat each timestep, and it was found
that the growing waveformsevident in Figure4 wererela-
tively narrow-bandedandconcentratedin aneighborhoodin
Fourierspacecenteredon � ��� wD� /760m 9�; andwith small
but finite � � . To the extent that the waveformsarenot too
dispersive, the time history of a singleFourier component
in thisneighborhoodservesasadiagnosticof theirpropaga-
tion andgrowth. Figure5 shows theamplitudeandphaseofa $ *�� 4 and ^ *�� 4 for a dominantFourier componentversus
time. The wave amplitudegrew exponentiallyuntil about
timestep10, marking the endof the linear growth regime.
At timestep10, the e-folding time was about80 s. This
time canbe reducedin simulationsby situatingthe plasma
cloud at higheraltitudeor by intensifying the forcing (see
below). The wave amplitudewascompletelysaturatedby
timestep22. Theperiodof the wave wasalsoshortestdur-
ing thelineargrowth regime,whenit wasapproximately300
s, but it increasedasthewave amplitudesaturated.Finally,
the potentiallaggedthe densityin phaseby roughly 120

\
–

150
\
throughoutmostof thelineargrowth regimebut byonly

90
\
by theendof therun. Thetime historyof this phasede-

lay providesan importantclue to the instability mechanism
at work, aswell asto thesaturationmechanism,andwill be
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Figure 4. Timeevolutionof apolarizedplasmacloud.Timesteps1, 14,16,18,20,and22areshown from left to right, topto
bottom.Eachtimestepcorrespondsto 32 selapsedtime.
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Figure 5. Diagnosticsof fastestgrowing modein thetime-
dependentsimulation. Normalized wave amplitude and
phaseare shown in the upper and lower panels,respec-
tively. Thesolid (dashed)linescorrespondto thewave den-
sity (electrostaticpotential). Eachtimesteprepresents32 s
of elapsedtime.

shown to beindicativeof finite parallelwavenumbereffects.

5. Analysis

A simplelinear, localdispersionrelationwhichelucidates
themostimportantaspectsof theplasmainstability foundin
section4 canbederived. For theanalysis,we utilize a two-
dimensionalCartesiancoordinatesystemandsoneglect the
effects of curved field lines along with nonlocaland non-
linear effects. The objective is to posethe simplestmodel
possiblewhich recoversthe most importantof our compu-
tationalresultsbut which is moretransparentandphysically
illustrative. Disparitiesbetweenthecomputationalandana-
lytic resultshighlight the degreeto which the neglectedef-
fectsareimportant.Thelinear, localdispersionrelationwill
beshown to predictcloselythebehavior of theinstability in
its early stagesandalsoshows that,whereasthe transverse
conductivity gradientlengthscalesdeterminethe direction
andintensityof thecloudpolarization,theparallelconduc-
tivity gradientlengthscalecontrolsthedominantwavelength
of theinstability, somethingwecandemonstratewith anad-
ditional simulationrun. A moredetailed,nonlocalanalysis
of theinstability in questionis plannedfor thefuture.

Consideratwo-fluid plasmawith electronsandionsdrift-
ing accordingto (1). Neglectingthediamagneticdrift terms,

we canexpressthecurrentdensityperchargeasN - R�� $ �	�`���� $ ���l�?��� $ ���F��� ����� � � � $ ��� � � � $ (5)

where � � = � �	f � � ��T , ��� = ��� f � ��� T , � � = � �8f � � ��T ,� � = � �	f ��� ��T , and � � = � � f ��� � T , We perform a
perturbationexpansionin which $ = $	\ * � 4 + $ ; and � =�%����� \ � � ^ , where$ ; and ^ aresmallperturbationsand
where � \ and ��� are,respectively, thebackgroundandpo-
larizationelectricfields in theclouddiscussedin section3.
Thesefieldswill not in generalbeorthogonal.Furthermore,
weassumeplanewavesolutionsfor theperturbedquantities
of the form �3�8�	*��:*@�0�0� � �'� � ��� e 464 , where � = ��� + �@�
is the frequency and � is thewavenumber. Here,the � and� coordinateslie in thedirectionof thedriving polarization
electricfield and the magneticfield, respectively. The as-
sumptionthat thegrowing wavespropagatein thedirection
of thepolarizationelectricfield follows from thesimulation
results.Substitutionof theseexpressionsinto the linearized
quasineutralitycondition yields a relationshipbetweenthe
perturbedpotentialandplasmanumberdensity:

^ � �=�0�E* ���F|�\ � �	�`| � 4 �V� � �87� �V� � �87�� � � 7� ����� � 7� � �=� � ��� - k $ ;$	\ (6)

in which |�\ is the componentof �\ that gives rise to a
Hall currentin the �� direction, | � is the total electricfield
in the directionof � � andincludesthe projectionof �]\ in
thatdirection,and k is aparallelconductivity gradientscale
lengthdefinedby k 9�; = � !#" * $ \3��� 4Q- � � . Note thatboth the
Hall mobility and |�\ arenegative quantitiesin a polarized
plasmacloud. The term in parenthesesis proportionalto
thehorizontalcurrentflowing acrossthecloudoppositethe
direction of propagation. This currentdoesnot vanishin
a cloudwhich is electricallycoupledto theF region andin
whichfield alignedcurrentsmayflow. As wasshown earlier,
thewidth of suchacloudmustexceedabout1 km. Notealso
thatthetermin which k appearsinfluencestherelativephase
of thedensityandpotentialperturbationsandis crucialto the
instability.

Thelinearizedion continuityequationnow reads:� � � � � �=�0��* �	�	f,| � � ���Ef,|�\ 4 � � �<f � 7� � � � f � 7�D� $ ; (7)� $ \3�	�	f � 7� ^ � g
whereparallel ion conductivity hasbeenneglectedfor rea-
sonsthatwill soonbemadeapparent.Wavegrowth depends
on the ^ termin (7) having a significantrealpart,requiring
thedenominatorin (6) to have a significantimaginarypart.
Theratioof theimaginaryto therealpartof thedenominator
is an extremumfor all k when �87� ��� - �E7� �	��� 1. Note that
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the ratio of parallel to perpendicularlengthscalesimplied
by this conditionis thesamecharacteristicratio derivedby
Farley [1959] for field alignedirregularitiesgenerally. As-
sumingthisratiois maintainedin thepresentcaseandnoting
thenthat �87� ��� f - �E7� � �	f�  1 leadsdirectly to the following
dispersionrelation:� � � � �¡�'�E* �	�<f@| � � ���8f@|�\ 4 � � �	f � 7� � � � f � 7� (8)� �	�	f� � �=�'�E* ���<|�\ � �	�`| � 4 �&� � �87� �&� � �87�w � � - � � k �¢g
Thegrowth rateof thewavesis determinedby therealpart
of the quotientin (8) which is now a maximumwhen � � k
= 5 - w . According to (6), and in view of the fact that the
term in parenthesesin (6) is positive definite, this condi-
tions implies that thepotentialof the fastestgrowing mode
shouldlag the densityin phaseby 135

\
. The phaseoffsets

evident in Figure5 during the linear growth regime of the
instability roughly satisfy this condition. Defining � �	£ =� �<f �¤� ���	�	f -.¥ �	� and � � £ = � � f �¤� �Q�	�<f -.¥ �	� asthe
perpendicularandparallelambipolardiffusivities for waves
propagatingat the assumedmagneticaspectangle,the fre-
quency and growth rate for the fastestgrowing waves are
thengivenby

� � � 5¥ � � � �<f�¦ ����	� | \ �(§'|¨�>© � � � � �8f | \� �	�	f¥ � � � � 7� � ��� � 7� � � � (9)

� � 5¥ � � � �<f�¦ � ��	� | \ � |c�.© � � 7� � �	£ � � 7� � � £
(10)

Equation(10) statesthat the growth rate is proportionalto
the differencebetweenthe strongestpolarizationelectric
field theoreticallypossiblein thecloudandthepolarization
electricfield thatactuallyemerges.

In the simulatedplasmacloud, the backgroundandpo-
larizationelectricfields wereabout1 mV/m and2 mV/m,
respectively. In view of the ª 30

\
propagationangleof the

waveswith respectto the meridian,however, we take « |�\ «
= 0.5 mV/m and | � = 1.13 mV/m. Furthermore,at 100
km altitude,theratio of theHall to thePedersenmobility is
about14, and � �	f is approximately1 mo 9<; /mV y¬9<; . Ne-
glectingdiffusiveeffects,thedispersionrelationpredictsthe
growth time ( � 9�; ) andperiod( wD� - � ) of thefastestgrowing
wave to be 82 s and290 s, respectively, in agreementwith
thesimulationresultsin thelineargrowth regime.(Thevery
closeagreementis fortuitous,giventhenumberof approxi-
mationsinvolved.) Accordingto (10), to theextent that the
Hall currentis thedominantcurrentin thedirectionof wave
propagation,thegrowth rateis proportionalto �	�	f « ��� « - �	� .

This quantityhasa broadmaximumbetweenabout100and
110 km, the rangeof altitudesfrom which the majority of
QPechoesarereceived[Hysell and Burcham, 2000].

The instability in questionhereis like a collisional drift
instability (e.g. Cap [1976].) When irregularities in the
plasmadensity exist in a region with a transverseback-
groundelectric field, polarizationchargesaccumulateand
polarizationelectricfieldsemergeto maintainquasineutral-
ity. Regionsof high and low electrostaticpotentialconse-
quently form at the nodesof the density irregularities. If
there is a finite parallel wavenumber, the regions of high
andlow potentialareconnectedby commonfield linesand
canbepartlyneutralizedby field-alignedcurrents.However,
as(6) shows, if thereis alsoa backgroundparallelconduc-
tivity gradient,the field alignedcurrentswill alter the rela-
tive phaseof thedensityandpotentialirregularities. While
quasineutralityis maintained,staticequilibrium is not, and
plasmawill convergeanddivergeat differentphasesof the
wave. Wave growth andpropagationresult.

It might seemas though the symmetryof the plasma
clouds,which have bothpositive andnegative parallelden-
sity gradients,shouldstabilizethem. However, thesymme-
try is broken by the rapid variationsin collisionality with
altitude. Below about120 km altitude, the ion mobilities
anddiffusivitiesalongwith theparallelplasmamobility de-
creaserapidly with decreasingaltitude. The parallel con-
ductivity profile, which involvesthe productof the parallel
mobility andthenumberdensity, canconsequentlybenearly
flat in thetopsideof a cloudbut will tendto fall off steeply
in thebottomside.If this profile is eithersufficiently flat or
increaseswith altitudein the topside,the plasmacloudcan
beregardedaseffectively having only abottomside,charac-
terizedin thenorthernhemisphereby a negativevalueof k .
This is a conditionfor instability andis mosteasilymetby
cloudsthat arenot very denseor steep. In the simulation,
the topsideparallel conductivity profileswere flat initially
only at thecloudedgeswherethebackgroundE regionden-
sity madeup a significantfraction of the total density, but
they eventuallyflattenedin thecenterof thecloudfrom the
effectsof paralleldiffusion. This explainsthe inward pro-
gressionof theinstability.

Theparallelplasmamobility gradientscalelengthis pre-
cisely -6 km at 100km altitudeand40

\
latitude. Thevalue

of k in thebottomsideconsequentlyhasa lower limit of -6
km for theconditionsin question.In view of thepreceding
analysis,thefastestgrowing wavesarethereforeexpectedto
havenegativeparallelwavenumberswith magnitudesnoless
than « �'�« = *,w�« k]« 4®9�; = ¯E° §0§p� 5 g 9 x y~9<; . Furthermore,we
havealreadyassumed�'� = « �0�8« H ��� - �	� . Takingtheradical
to have a valueof about64 at 100km altitude,we estimate
that thehorizontalwavelengthof thefastestgrowing waves
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Figure 6. Resultsof anothertime dependentsimulationat
timestep25. TheGaussianhalf-widthsof the initial plasma
cloudwere1.5km, 5 km, and2 km in thezonal,meridional,
andverticaldirections,respectively.

canbenomorethan1180m. In oursimulation,k wascloser
to roughly-3km in theregionsof spacethatbecameunstable
first, andthedominantwavelengthwasconsequentlycloser
to half thismaximumwavelength.Hadthewavelengthbeen
muchsmaller, diffusionwouldhavedampedthewaves.Had
the wavelengthbeenmuch longer, the polarizationelectric
fields associatedwith the waveswould have beenpartially
shortedout by field-alignedcouplingto theF region.

The mechanismmainly responsiblefor the saturationof
theinstability is inaccessibleto thelocalanalysisperformed
herewhich doesnot rigorouslytreatheightvariationsin the
backgroundparameters.Altitude variationsin the coeffi-
cientson the electricfield termsin (9) induceshearin the
phasespeedsof thegrowing waves.Shearin physicalspace
actslikeconvectionin Fourierspaceandcauseswaveenergy
andaction to be transportedin � � over time. In this case,
sincethephasespeedincreaseswith altitudeat 100km alti-
tude,theshift will betowardincreasinglypositive � � in the
northernhemisphere.Suchashift underminestheinstability
mechanismby decreasingthemagnitudeof « �'�« andshifting
thepotential/densityphaseoffsetunfavorably. Notethat the
saturationandslowing of thewave indicatedin Figure5 co-
incide with the adoptionof a 90

\
phaseoffset, aspredicted

for �'� � 0 by (6) in the nondissipative limit. In the future,
weplanto performanonlocalanalysisto betterquantifythe
effectsoutlinedhere.On thebasisof simulations,however,
it appearsthatthewavesin questionareconvectively stable.

Finally, Figure6 shows thelate-timebehavior of another

simulationrun. Thisonewasperformedunderthesamecon-
ditions as the last except that the cloud hasbeenwidened
in the zonal andmeridionaldirections. The magnitudeof
thedriving polarizationelectricfield thatarisesin thecloud
is still about2 mV/m but is now directednearly eastward
becauseof the elongatedcloud geometry. Also, the back-
groundmeridionalelectricfield termis includedin theeval-
uationof (4) here,andthecloudnow descendsslowly over
time asa result,suppressingthe formationof irregularities
on the bottomside. Most importantly, the parallel density
gradientlengthscaleis increasedby the new cloud dimen-
sions. Consequently, so is the wavelengthof the fastest
growingunstablewave,somethingwhichis immediatelyob-
viousfrom Figure6. Thewavelengthof thedominantmode
hereis about1150m, essentiallythe theoreticalmaximum.
Notethattheelectricfield in theimmediatevicinity of some
of the emergentwaveformsis very intensefor reasonsthat
were discussedin section3. This simulation shows that
waveformswith wavelengthsof theorderof akilometercan
be unstableand that the emergent waveformsthemselves,
beinghighly elongated,canbecomeverystronglypolarized.
This may explain how suchvery elongatedfeaturescome
into beingin naturein thefirst place.

6. Evaluation and summary

We have investigatedthe static and time-dependentbe-
havior of polarizedplasmacloudsandirregularitiesin mid-
latitude sporadicE layers in an effort to understandthe
sourceof thesmall-scaleirregularitiesdetectedthereby co-
herentscatterradars. It hasbeenshown that polarization
electricfields an orderof magnitudemoreintensethanthe
backgroundappliedfield canarisein very elongatedlayer
structureswith minor axes less than about1 km and that
thesefields can drive strongHall currentsable to closein
the F region. Furthermore,irregular or patchysporadicE
layersappearto be unstableto large-scalecollisional drift
instabilities. The growth rateis proportionalto the electric
fields in the layer, andthedominantwavelengthis likely to
beapproximately1 km or less.Electricalcouplingto theF
region is necessaryfor instability.

In all theanalysespresentedabove,forcing wassupplied
by a1 mV/m backgroundsouthwardelectricfield. However,
neutralwinds provide anotherimportantsourceof forcing.
We may regard the simulationspresentedabove ashaving
beencarriedoutin theneutralframeof referenceandreinter-
prettheelectricfield in thatframeas �]± = � + ² �´³ , where² is theneutralwind velocity. A 100m/swestwardwind is
equivalentto a 5 mV/m southwardelectricfield with regard
to its ability to polarize,drive Hall currents,andexcite in-
stabilitieswithin anE region plasmacloud. Wind speedsof
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theorderof 100–150m/sappearto becommonplacein the
lower thermosphereaftersunset[Larsen, 2002].

ObtainingpolarizationelectricfieldsandHall drifts large
enoughto excite Farley Bunemaninstabilitiesandgive rise
to type I echoesin irregular sporadicE layersfound in na-
tureconsequentlyseemsto poseno fundamentaltheoretical
problems.Nor doesexciting large-scaleprimarywaveswith
growth timesof theorderof afew minutes.Wepresumethat
thelarge-scaleprimarywavesareableto generatethesmall-
scaleirregularitiesresponsiblefor coherentbackscatterand
type II echoesby meansof plasmaturbulencein a man-
ner analogousto that describedby Sudan [1983], although
our simulationlacksthe resolutionnecessaryto verify this.
Coherentscatterfrom irregularitiesembeddedin sporadicE
layer patchesandcloudsdrifting toward or away from the
radarwould appearasstriationsin range-time-intensitydia-
grams. In a companionpaper, we arguethat imagingradar
datasupportthis hypothesisand also that quasiperiodicity
resultswhentherearemultiple cloudsin the radarantenna
beam.

Notethattheplasmalayersandcloudsinvestigatedabove
were composedof atomic and molecularions for expedi-
ency. In nature, the instabilities studieshere would be
stronglydampedby recombinationunlessthelayersin ques-
tion werecomposedof metallic ions. We assumethat the
sporadicE layersandirregularitiesthat underliequasiperi-
odicechoesare,in fact,composedof metallicionsandthere-
foreregardthetime-dependentsimulationspresentedin sec-
tion 4, which incorporatedatomicanddiatomicions, asil-
lustrative approximationsof thenaturalprocesses.Metallic
cloudsshouldbehavein asimilarwayexceptthatthey would
diffuseandrecombinemoreslowly.

The sourceof irregular andpatchysporadicE layersat
mid latitudesis not understood,althoughthere is mount-
ing evidencethat neutralshearinstabilitiesareresponsible
[Larsen, 2000].Moreover, it isnotknownwhetherthewaves
simulatedherewould grow to dominatethe intermediate-
scalegradientdrift wavespredictedby Rosado-Roman et al.
[1999] or vise versa. Evidencethat kilometer-scalewaves
aredominantin midlatitudeE regionplasmacloudswaspro-
videdby Kelley et al. [1995]whoprobedathick,densecloud
suspendedover a sharpsporadicE layer with a sounding
rocket in a volume in which what appearin retrospectto
have beenquasiperiodicechoesweredetected.Data from
their rocket, which reachedapogeejust below 120 km and
whichmovednearlyhorizontallythroughthecloud,revealed
thepresenceof large-amplitude,monochromatic,kilometric
plasmadensitywaves. A spectrumof secondarygradient
drift wavesalsoappearedto bepresent.Furtherevidenceof
kilometric waves in patchysporadicE layersof this kind,
supportedby simultaneousobservationsof QP echoesand

coupledwith informationabouttheneutralflow in thevicin-
ity of thelayers,couldleadto acompletepictureof thephe-
nomenon.
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