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Simulations of plasma cloudsin the midlatitude E region
lonosphere with implications for type | and type |l quasiperiodic
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Abstract. The electrodynamic®f cloudsof enhanceglasmadensityin thethe
postsunsemidlatitude E region ionosphereare simulatedin threedimensions.
Suchcloudsbecomepolarizedin the presencef a backgrouncelectricfield, as
would be imposedby the F region dynamo. If the cloudsare elongatedso that
their major and minor axesin the horizontalplaneare muchlarger andsmaller
thanaboutl km, respectiely, the polarizationelectricfield canbecomeanorder
of magnitudelarger thanthe appliedfield. Elongateddepressionsr ripplesin
planarlayersalsobecomepolarizedbut to alesserdegree.ElectricfieldsandHall
drifts sufficiently large to excite Farley Bunemaninstabilitiescanbe produced,
particularlywhenneutralwind forcing is consideredn additionto background
electricfields. The plasmacloudsarealsounstableto a collisional drift instability
capableof generatindarge-scalgrimarywaves. A linear, local dispersiorrelation
for this instability is derived. The primary wavesare presumedo be capableof
generatingmall-scalearregularitiesthroughmodecouplingandplasmaturbulence.
Polarizedplasmacloudsdrifting throughtheradarscatteringrolumemay account

for mary of thecharacteristicef typel andtypell quasiperiodiechoes.

1. Introduction

Thediscoveryof quasiperiodi¢QP)echoedy Yamamoto
et al. [1991,1992]focusedrenaved attentionon plasmair-
regularitiesin the midlatitudeE region. Spectrally the pre-
ponderancef theechoesesembledhetypell echoesome-
timesassociatedavith gradientdrift instabilitiesin the equa-
torial electrojet,suggestinga commonorigin. When mid-
latitudetypel echoesverelaterobsenedby Haldoupis and
Schlegel [1994], Huang and Chu [1998], and others,inter-
pretationsrootedin Farley Bunemaninstabilitiesfound in
the equatorialand auroralelectrojetswere lik ewise sought
[Haldoupis et al., 1996; Shalimov et al., 1998; Hysell and
Burcham, 2000]. However, it was evident that the geome-
try andconditionsfound at middle latitudesare sufficiently
differentfrom thoseat equatorialandpolarlatitudesto pro-
hibit thewholesaldransplanbf existing instability theories.
Withoutthestrongbackgroundurrentghatexist attheelec-
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trojetsandwithoutobviousroutesof currentclosurejt is not

immediatelyapparenhow Farley Bunemarinstabilitiescan

occurat middle latitudes. While sporadicE layersprovide

gradientgo supportgradientdrift instabilities finite parallel

gradientiengthscaleeffectssuppresshe formationof large-

scaleprimary gradientdrift waves of the kind found at the

magneticequatofWbodman et al., 1991]. Furthermorethe

quasiperiodicstriationscharacteristiof midlatitudeechoes
arenotobsenredin theelectrojets.

The last decadesav an explosion of QP echotheories
basedon generalization®f electrojettheory Amongthem
are theoriesthat rely upon sporadicE layersdeformedby
gravity wavesto attain appropriategeometriegWoodman
et al., 1991; Tsunoda et al., 1994] or presupposdhe ex-
istenceof specific types of structuresin the layers[Hal-
doupis et al., 1996; Shalimov et al., 1998; Tsunoda, 1998;
Maruyama et al., 2000], that utilize shearedvinds 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]. Thereappeartto be mary plausibletheories but
which do obsenationsfavor? Parsimoly arguesthata sim-
ple theorythat accountsfor bothtype | andtype Il echoes
andalsofor quasiperiodictriationsis a strongcontender

It hasbeenwidely reportedhatirregular, 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, mountingevidencesuggestshatneutralshearin-
stabilitiesmayberesponsiblé¢Larsen, 2000]. Larsen [2000]
further aguesthat the patchylayersthemseles could be
the ultimate sourceof quasiperiodicechoes. The intent of
this paperis to examinethe propertiesof irregularor patchy
plasmdayersand“clouds” thatbecomepolarizedby aback-
groundelectricfield. Theimportanceof electricalcoupling
betweenthe cloudsandthe F region by field aligned cur-
rentsis stressed.We argue that the presenceof suchlay-
ersalonemay explain the existenceof both large-scalepri-
mary plasmawaves,ableto excite small-scaldrregularities
throughplasmaturbulence andsmall-scalevavesgenerated
directly by Farley Bunemarinstabilities.

We revisit computationalstudiesof polarized plasma
cloudsin themidlatitudeE regionionospher@erformedear
lier by Hysell and Burcham [2000]. This time, the compu-
tationsarecarriedout usingmagneticdipole coordinatego
accountfor the curvatureof the magneticfield lines. The
computationsalso extend muchfurther alongthe flux tube
into the F region than before. We investigateboth polar
ized plasmacloudsandripplesin planarsporadicE layers
assourcef large electricfieldsandcurrentsin the midlat-
itude E region. We confirm that polarizationelectricfields
and Hall drifts large enoughto excite Farley Bunemanin-
stabilitiesand give rise to type | echoescanarisein irreg-
ular, elongatedsporadicE layers. Moreover, we study the
time evolution of plasmacloudsandshav thatthey areun-
stableto collisional drift instabilities. Large-scaleprimary
wavescanemepgein irregular sporadicE layersandgener
ate small-scaldrregularitiesandtype Il echoesvia plasma
turbulence.Coherentechoesrom small-scalarregularities
in drifting cloudsshouldthenappearasstriationsin range-
time-intensityplots.

We begin with a descriptionof a numerical model of
midlatitudeE region irregularities. We theninvestigatethe
staticresponseof plasmacloudswith differentgeometries
to a backgroundelectric field. The time evolution of a
plasmacloud in a backgroundfield is subsequenthsimu-
lated. Wavesfoundto emegein this simulationundego a
linear, local stability analysis. Finally, the implicationsfor
ourunderstandingf typel andll quasiperiodicadarechoes
arediscussed.

2. Simulation Description

In simulatingthe dynamicsof irregularitiesin the mid-
latitudeE regionionospherewe consideithelow-frequeny
electrostatichehavior of a fluid plasmacomposeddf elec-
tronsandmultiple ionswith guiding centervelocitiesgiven

by
vi = piEL+ pgE x b+ E) 1)
—D1;ViInn; — Dy;Vinn; x b— D;V) Inn;

wherethe mobilities are definedby p,; = (v;/Q;B)(1 +
vi[Q5) 7Y g = (1/B)(1 +v3/Q3) 7!, andyy; =Q; /v; B
andthe diffusivities by D ; = (vjv7;/Q3)(1 + 3 /Q3) 71,
ij = (U?J/QJ)(]. =+ V?/Q?)_l, andDHj = Utzj/llj. Here,
pij andy; arethe Pederserand parallel mobilities, and
D, ; andD; aretheperpendiculaandparalleldiffusivities
for specieg. Thepu; andD, ; termsarethetheHall mobil-
ity andthediamagnetidrift coeficientfor specieg, in that
order Also, v; and{; referto the collision frequeny and
gyrofrequeng of speciesj, respectiely (seebelov). Note
thatthe gyrofrequenciesvritten above carry the sign of the
chagespeciesTheparallelandperpendiculasubscriptse-
fer to the orientationwith respecto the geomagnetidield,
whichis parallelto b. Also, v;; refersto thethermalvelocity
v/ KT} /mj, andthe othertermshave their usualmeaning.
Definitionsof thetensomplasmaconductvity > anddiffu-
sivity D follow from the contritutionsthesedrifting chage
speciesnake to thetotal currentdensityin the plasma:

J = aner —neve = X-E—-eD-Vn (2)
Jj+

Thesumin (2) is overtheion speciessuchthathJr NG =N
=n. Theelectricfield andplasmanumberdensitycannow
be expressedn termsof backgroundandperturbedcompo-
nentssuchthatE = E, — V® andn =n, + dn. In whatfol-
lows, the perturbationsP anddén areunknawn variablesto
be solvedfor whereaghe backgroundjuantitiesaretreated
asknown constants.

The electrostaticpotential® must satisfy the quasineu-
trality condition:

V- (2-V®) = V-(S-E)-V-(eD-Vn) (3)

which specifieghe electrostaticesponseéo anappliedelec-
tric field in aninhomogeneousanisotropic,warm plasma.
This responséncludesthe polarizationandambipolarelec-
tric fields that arisewhen a plasmacloud is formed. The
systemof equationds finally closedby the expressionfor
ion continuity:

on

E-}-V-(nvi) = 0 (4)
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Here;nv; =3, n;v; isthetotalionflux, wheretheplasma
compositionis assumedo remainconstantin time but is
allowedto vary with altitude.

Equation(3) representanon-separabliénearinhomoge-
neouselliptic partial differentialequationwith non-constant
coeficients for the electrostaticpotential ® which can be
discretizedand solved numericallyin threedimensionsus-
ing relaxationmethods. Forcing can be specifiedthrough
theright side. The ion continuity equation(4), meanwhile,
canbe efficiently discretizedand solved usingfinite differ-
encemethods.In practice,(3) is solvedfor ® atthe current
timestep(4) is solvedfor dn atthesubsequerttmestepand
theprocesss repeated.

The coeficient matricesinvolvedin (3) and (4) depend
onthecomponent®f the conductvity anddiffusivity which
dependon the ionosphericplasmaconcentratiorand com-
positionalongwith thecollisionfrequenciesthemselesde-
pendenton neutraltemperatureconcentrationand compo-
sition. We calculatethe conductvities anddiffusivities us-
ing theion-neutralandelectron-neutradndelectron-iorcol-
lision frequeny expressionderived by Richmond [1972]
and Gagnepain et al. [1977] for a threecomponenplasma
(NO*, OF, O*) in athreecomponenaitmospheréNs, Oa,
0O) which have beenreproducedoy Forbes [1981]. Model
atmosphericand ionosphericparametersare derived from
the MSIS and IRl models,respectiely [Hedin, 1991; Bil-
itzaetal., 1993].

We solve (3) usinga multigrid methodlike the one de-
scribedby Adams[1991,1989]andreferencesherein.Multi-
grid methodsimprove upon corventionaliterative schemes
by computingcoarsegrid approximationsnterleaved with
fine grid refinementsLarge-scaldeaturescorvergerapidly
in the coarsegrid computationswhile fine structureis re-
tainedin thefull grid computations Approximatesolutions
and correctionsare transmittedbetweenmultiple grid lev-
elsby interpolationandextrapolationoperators Reviews of
multigrid algorithmshave beenpresentedy Fulton et al.
[1986], Press et al. [1988], andHackbusch and Trottenberg
[1991].

Thecomputationgreperformedn magnetiaipolecoor
dinates.This permitsappropriatdboundaryconditionsto be
appliedreadilyandalsoremovescross-denative termsthat
would otherwiseappeain thedifferentialequationsmplied
by (3) thatwould greatlyslov computation.It alsopermits
the constructiorof a simulationvolumewith a small(large)
spatialextenttrans\erseto (parallelto) themagnetidield. In
thisway, theeffectsof F regioncouplingonthedevelopment
of fine structurein the E region may be studied. The mag-
netic dipole coordinateg M, L, ¢) aredefinedby the trans-
formationsto polarcoordinates/r. = L sin® § = M /+/cos 8
in which r, is the Earthradiusand@ is the colatitude. The

Figurel. Representationf acutthroughthe 3D simulation
volume at one longitude (not drawn to scale). Solid lines
definethe boundaryof the volumein magneticdipole coor
dinates.The shortdashedine definesa surfaceof constant
altitude. It passeshrougha cloud of enhanceglasmaden-
sity picturednearthebottomof thevolume.Thelongdashed
line represents cut throughthe volumeon an M =constant
surface.Simulationresultswill beplottedon suchsurfaces.

remainingmagneticcoordinatds thelongitude¢. Notethat
the Jacobianscalefactorsassociatedvith magneticdipole
coordinatesnustbe usedin evaluatingthe spatialgradients
in (3) and(4).

The solution spacefor the simulationsis the flux tube
boundedby the surfacesM; = 1.266, M, = 1.344,1, =
1.715,L, = 1.729,and¢ = +0.15(seeFigurel). Thisvol-
umeencloseghe midlatitude E region at altitudesdown to
80 km aswell asthe F region up throughaltitudesof 385
km. Horizontal cross-sectionthroughthe volume have di-
mensionf about25km x 25 km at E region altitudes.The
numberof grid pointsusedto discretizecthe solutionspace
alongthe M, L, and ¢ axesare 289, 73, and 73, respec-
tively. This implies a spatialresolutionof about350 m (1
km) trans\erseto (parallelto) the magneticfield. Dirichlet
boundaryconditionsare appliedto ® anddén on all of the
boundaries. The electrostaticesponseo inhomogeneities
associateavith plasmacloudsthatdo not extendnearto the
simulationboundariess therebypresumedo vanishat the
boundariesaswell. Simulationsare performedundercon-
ditions correspondingo 21 LT in late June,2001givenan
F10.7solarflux level of 150 and underquiet geomagnetic
conditions.
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3. Static Results

Here, we presentsolutionsto (3) correspondingo spe-
cific initial conditionsimposedon én. The background
plasmadensity n, and compositionare derived from the
IRl model. In every case the backgrouncelectricfield E,
was setto 1 mV/m southvard and dowvnward on the ba-
sis of eveningclimatologicaldatafrom Arecibo [Richmond
et al., 1980]. Thedistributionsfor dn aretakento be Gaus-
sianellipsoidswith differentwidthsin thezonal,meridional,
andvertical directions. The peakdensityfor the ellipsoids,
whicharecenteredatanaltitudeof 100km, is 2 x 10° cm 3.

Figure2 shovstheresultsfrom severalmodelruns.Each
framerepresents cut throughthe simulationvolumealong
a surfaceof constantd. The horizontaland vertical axes
represenfongitude and L value, respectiely. Horizontal
linesrunningthroughthe framesindicatethe altitudesinter-
sectedby the cutsin kilometers. Gray shadingrepresents
the perturbedplasmadensitydn alongthe cut. Contoursde-
note equipotentialsn volts exceptin the caseof the lower
left panel,in which casethe contoursdenotefield aligned
currentin pA/m?,

The upperleft panelof Figure 2 shavs the electrostatic
responseredictedfor an elongatedE region plasmacloud
with zonal, meridional, and vertical Gaussiarhalf widths
of 400 m, 5 km, and 2 km, respectrely, immersedin a 1
mV/m meridionalbackgrouncelectricfield. A strongzonal
polarizationelectricfield as intenseas about6 mVv/m has
emegedin themainbodyof thecloudwhile electrostatigo-
tential perturbationgpenetratevell outside. The equipoten-
tials are the streamlinesof the magnetizecdelectronswhich
drift rapidly northward in the main body of the cloud and
southvardafew kilometersto the eastor westof the cloud.

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 the E region plasmawaselectri-
cally isolated this Hall currentwould furthermodify the po-
larizationelectricfield in suchaway asto suppres$®oththe
netelectricfield andthe currentwithin the cloud. However,
the E region is notisolatedin this simulationbut is electri-
cally coupledto the F region by highly conductingmagnetic
field lines. Furthermorethe polesof the electricfield evi-
dentin the upperleft panelof Figure 2 aresufiiciently dis-
tantfor this electricalcouplingto beefficient[Farley, 1959;
LaBelle, 1985;Hysell and Burcham, 2000]. The strongHall
currentis consequenthableto closein the F region through
field alignedcurrentsandremainsolenoidalwithout drasti-
cally modifying the polarizationelectricfield.

The lower left panelof Figure 2 shows the conduction

componenbf thefield alignedcurrentdensityo E;, where
o) is the direct conductvity. The cut throughthe simula-
tion spaceis madehereat a larger value of M and passes
well over the centerof the plasmacloud midway between
the E and F regions. In this panel,we find that the field
alignedconductioncurrentassociateavith the plasmacloud
flows downward (upward) at the northern(southern)end of
the cloud and approached pA/m? in peakintensity The
field alignedcurrentbecomesmall nearthe top of the sim-
ulation spacejndicatingthat mostof the currenthasclosed
in the F region below about385km altitude.

Theremainingfour panelsin Figure2 shov how plasma
cloudswith differentgeometriesespondo anappliedelec-
tric field. In the middle two panelsthe zonalwidths of the
cloudsareincreasedrom theoriginal400mto 1.5and5 km.
Theincreasean zonalscaleincreaseshe ability of theF re-
gionto closethezonalHall currentdrivenby thebackground
meridionalelectricfield andeffectively “shortout” theentire
cloud. In therightmosttwo panelsthe meridionalwidths of
the plasmacloud are decreasedrom the original 5 km to
1.5km and400m, respectrely. As the meridionalscaleis
decreasedsois theability of theF regionto closethemerid-
ional Hall current. The polarizationelectricfield rotatesin
suchaway asto arrestthe currentwithin the cloud; outside
thecloud,adipoleelectricfield arises.Very smallcloudsde-
coupleelectricallyfromtheF regionandbehaelik eisolated
conductorsanddielectricsin a backgrouncelectricfield.

Thecritical dimensionwhich determinesvhetherthe po-
tentialstructuresnapefficiently betweerthe E andF region
is approximatelyl km [Farley, 1959;LaBelle, 1985;Hysell
and Burcham, 2000]. Only if a plasmacloud is elongated
sothatits majorandminor axesare muchgreaterthanand
muchlessthanthis scale respectiely, canvery large polar
ization electricfields andstrongcurrentsarisewithin them.
Themaximumamplificationof thebackgrouncelectricfield
attainablein the cloud is given by the ratio of the Hall to
the Pederserconductvity atthe altitude of the cloud. This
ratio is greatestat mid latitudesat an altitude of 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 wasproducedn a
veryelongatedtloudlocatedat 97 km altitudeby Hysell and
Burcham [2000].

A variantof this principle involving a ripple irregularity
in asporadicE layeris illustratedin Figure3. In this casea
broadlayerwith zonal,meridional,andvertical half widths
of 6 km, 6 km, and2 km, respectiely is locatedatanaltitude
of 101.5km. A depressioim thelayerwith amaximumneg-
ative verticaldisplacementf 3 km hasbeenmade.Thede-
pressioris alsodescribedy a Gaussiariunctionwith zonal
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Figure 2. Simulatedelectricalresponséo plasmacloudsin the midlatitudeE region. Shadedegionsrepresenplasmacloud
densities Contourgrepresenequipotentialsn 1 volt incrementsxceptfor theplot in thelowerleft corner wherethey denote
field alignedcurrentdensityin uA/m?2.
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Figure 3. Simulatedelectricalresponseo a broadsporadic
E layerwith aripple bisectingit. Contoursshav equipoten-
tials in volts, andgrayscaleshav relative electrondensity
onagiven M = constansurface.

andmeridionalhalf widths of 500m and5 km, respectiely.
Becausdhe conductvitiesin the E region vary sharplywith
altitude,thedepressiointroducessignificanttrans\ersegra-
dientsin thefield line integratedconductvities muchasdid
the plasmacloudsexaminedabove.

While the effectis lesspronouncedhanbefore,Figure3
shaws thatthe elongateddepressiortanleadto the genera-
tion of relatively strongpolarizatiorelectricfields. Themax-
imum electricfield presenhereis aboutl.5mV/m, whichis
moreintensethanthe backgroundappliedfield. Theampli-
ficationfactordependsiponthelayerheight,thicknessand
densityaswell ason the characteristicef the depressioror

ripple.

4. Time-dependent Results

Herewe investigatdhetime evolution of E regionplasma
cloudsembeddedh abackgrounctlectricfield andcoupled
electricallyto theF regionionosphereA Gaussiarellipsoid
with a peakdensityof 2 x 10° cm~2 is usedto initialize én,
andthe initial conditionsfor ® are computedaccordingto
(3). Thehalf-widthsof theellipsoidin thezonal,meridional,
and vertical directionsare 1 km, 1 km, and2 km, respec-
tively. Thebackgroundneridionalelectricfield is 1 mV/m.
Pederserifts driven by this field would tendto causethe
cloudto descendslowly overtime. Presuminghatthis ten-
deng is counteredn natureby the mechanisnthat gener
atestheclouds,andin orderto excludethe effectsof secular
altitudevariationson cloudevolutionin thepresentinalysis,

we neglect Pederserdrifts dueto E, when evaluating (4)
to keepthe cloud centeron station. For the time-dependent
simulation,the numberof grid pointsin the M coordinate
wasalsoreducedo 145for computationabxpedieng.

Figure 4 depictsthe evolution of the plasmacloud over
time. |Initially, the tilted polarizationelectric field in the
cloud wasabout2 mV/m or abouttwice asintenseasthe
backgrounctlectricfield. As time progresseghecloudcan
be seento expand,leadingto a gradualreductionof the po-
larization electric field for reasongdiscussedn section3.
Note that transwersediffusion in the cloud is hastenedyy
elevatedpotentialatthe cloudcenterabyproductof thepar
allel ambipolarelectricfieldsin thetopsideandbottomside.
Theinitial asymmetryn theequipotentialinesin (10)is due
to this elevation.

Eventually longitudinal planewaves appearthroughout
thebody of the cloud. Thewavelengthof thewavesis about
760 m (seebelow), and the wavevectoris approximately
aligned with the initial direction of the inducedpolariza-
tion electricfield. This alignmentreflectsthe fact that the
“seed” irregularitiesfor the growing waves arethe Fourier
harmonicsof theinitial potentialstructure.The wavesform
first onthe topsideedgeof thecloudin the sectorwherethe
equipotentialines arethe mostdenseandonly laterappear
throughouthe body of the cloud. Therelative amplitudeof
thewavesapproachesnity by theendof the simulation.

The perturbeddensity and electrostaticpotential func-
tions computedin the simulationwere spectrallyanalyzed
in three dimensionsat eachtimestep,and it was found
thatthe growing waveformsevidentin Figure4 wererela-
tively narrav-bandedandconcentrateith aneighborhoodn
Fourierspacecenterednk, ~ 27/760m—! andwith small
but finite k. To the extent that the waveformsare not too
dispersve, the time history of a single Fourier component
in this neighborhoodenesasa diagnostioof their propaga-
tion andgrowth. Figure5 showvs theamplitudeandphaseof
on(k) and ®(k) for a dominantFourier componentversus
time. The wave amplitudegrew exponentiallyuntil about
timestepl10, marking the end of the linear growth regime.
At timestep10, the e-folding time was about80 s. This
time canbe reducedn simulationsby situatingthe plasma
cloud at higheraltitude or by intensifying the forcing (see
belov). The wave amplitudewas completelysaturatechy
timestep22. The periodof the wave wasalsoshortestdur-
ing thelineargrowth regime,whenit wasapproximateh300
s, but it increasedsthe wave amplitudesaturated Finally,
the potentiallaggedthe densityin phaseby roughly 120°—
150°throughouimostof thelineargrowth regimebut by only
90°by the endof therun. Thetime history of this phasede-
lay providesanimportantclue to theinstability mechanism
atwork, aswell asto the saturatiormechanismandwill be
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Figure4. Time evolution of apolarizedplasmacloud. Timestepsdl, 14,16, 18,20,and22 areshavn from left to right, top to
bottom.Eachtimestepcorrespondso 32 s elapsedime.
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Figure 5. Diagnosticsof fastesgrowing modein thetime-
dependentsimulation. Normalized wave amplitude and
phaseare shovn in the upper and lower panels,respec-
tively. Thesolid (dashed)inescorrespondo thewave den-
sity (electrostatigpotential). Eachtimesteprepresent82 s
of elapsedime.

shawvn to beindicative of finite parallelwavenumbeseffects.

5. Analysis

A simplelinear, localdispersiorrelationwhichelucidates
themostimportantaspect®f the plasmanstability foundin
sectiond canbederived. For theanalysiswe utilize a two-
dimensionalCartesiarcoordinatesystemandsoneglectthe
effects of curved field lines along with nonlocaland non-
linear effects. The objective is to posethe simplestmodel
possiblewhich recoversthe mostimportantof our compu-
tationalresultsbut which is moretransparenandphysically
illustrative. Disparitiesbetweerthe computationahndana-
lytic resultshighlight the degreeto which the neglectedef-
fectsareimportant. Thelinear, local dispersiorrelationwill
be showvn to predictcloselythebehavior of theinstability in
its early stagesand alsoshows that, whereaghe trans\erse
conductvity gradientlength scalesdeterminethe direction
andintensity of the cloud polarization,the parallelconduc-
tivity gradieniengthscalecontrolsthedominantwavelength
of theinstability, somethingve candemonstratevith anad-
ditional simulationrun. A moredetailed,nonlocalanalysis
of theinstability in questionis plannedfor thefuture.

Considematwo-fluid plasmawith electronsandionsdrift-
ing accordingo (1). Neglectingthediamagnetidrift terms,

we canexpresshecurrentdensityperchageas
J/e = npiEL +nuyE|+nuxE x 2
—DLVL’FL - D”V”n (5)

whereps =i — pie, b = Hiji — Blles Bx = fxi — Bxe

D, =Dy; — Di., and Dy = D; — D, We performa
perturbationexpansionin which n = ne(z) + n; andE =

E, +E, — V&, wheren; and® aresmallperturbationsind
whereE, andE, are,respectrely, the backgroundand po-

larizationelectricfieldsin the cloud discussedn section3.

Thesefieldswill notin generabe orthogonal.Furthermore,
we assumeplanewave solutionsfor the perturbedquantities
of the form exp(i(kyx + k,z — wt)), wherew = w, + iy

is the frequeny andk is the wavenumber Here,the z and
z coordinatedie in the directionof the driving polarization
electricfield and the magneticfield, respectiely. The as-
sumptionthatthe growing wavespropagaten the direction
of the polarizationelectricfield follows from the simulation
results. Substitutionof theseexpressionsnto thelinearized
guasineutralitycondition yields a relationshipbetweenthe

perturbedotentialandplasmanumberdensity:

iky(uxEo — piEp) — D1 k2 — Dyk2 ni
wokd + k2 — ko /L no

@ (6)

in which E, is the componentof E, that givesrise to a
Hall currentin the £ direction, E, is the total electricfield

in the directionof E, andincludesthe projectionof E, in

thatdirection,and L is a parallelconductvity gradientscale
lengthdefinedby L' = dIn(n.pu)/dz. Notethatboththe
Hall mobility and E, are negative quantitiesin a polarized
plasmacloud. Theterm in parenthesess proportionalto

the horizontalcurrentflowing acrosshe cloud oppositethe
direction of propagation. This currentdoesnot vanishin

acloudwhichis electricallycoupledto the F region andin

whichfield alignedcurrentsmayflow. As wasshavn earlier,

thewidth of sucha cloudmustexceedaboutl km. Notealso
thatthetermin which L appearénfluencegherelative phase
of thedensityandpotentialperturbationsndis crucialto the

instability.

Thelinearizedion continuity equationnow reads:

(—iw + iky (pLiEp — pxiBo) + D1ikl + Dyik) na (7)
+no/ld_ik2.¢ = 0

whereparallelion conductvity hasbeenneglectedfor rea-
sonsthatwill soonbemadeapparentWave growth depends
onthe ® termin (7) having a significantreal part, requiring
the denominatotin (6) to have a significantimaginarypart.
Theratioof theimaginaryto therealpartof thedenominator
is an extremumfor all L whenk?y/k2p1 = 1. Notethat
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the ratio of parallelto perpendiculatength scalesimplied
by this conditionis the samecharacteristicatio derived by
Farley [1959] for field alignedirregularitiesgenerally As-
sumingthisratiois maintainedn thepresentaseandnoting
thenthat k2;/k2p1; < 1 leadsdirectly to the following
dispersiorrelation:

—iw + ikz(lfd_iEp - inEo) + DJ_jki + D”ikg (8)
+ M1l ikw(IU/XEO - MJ_EP) - DJ_kg. - D”kg
A 2—i/k,L

=0

The growth rate of the wavesis determinedoy thereal part
of the quotientin (8) which is now a maximumwhenk, L
= 1/2. Accordingto (6), andin view of the fact that the
term in parenthese (6) is positive definite, this condi-
tionsimplies thatthe potentialof the fastestgrowing mode
shouldlag the densityin phaseby 135°. The phaseoffsets
evidentin Figure5 during the linear growth regime of the
instability roughly satisfy this condition. Defining D, =
Dy;— DLNLz’/4ML andD”a = D||i — D||ILL1‘/4ML asthe
perpendiculaandparallelambipolardiffusivities for waves
propagatingat the assumednagneticaspectangle,the fre-
gueny and growth rate for the fastestgrowing waves are
thengivenby

1
Wy = Zkzpd_z (M_XEO + 3Ep) - kzNXiEo
22N
Hii
_4;11—1 (ngL + k‘fD”) 9)
= Y (®E.—E)) k2D — k2D
Y= 4 LY LAR] o D z Lla z4|a
j2an

(10)

Equation(10) statesthat the growth rateis proportionalto
the differencebetweenthe strongestpolarization electric
field theoreticallypossiblein the cloud andthe polarization
electricfield thatactuallyemeges.

In the simulatedplasmacloud, the backgroundand po-
larization electric fields were aboutl mV/m and2 mV/m,
respectiely. In view of the ~30°propagatiorangleof the
waveswith respecto the meridian,however, we take | E, |
= 0.5mV/m and E, = 1.13mV/m. Furthermore,at 100
km altitude,theratio of the Hall to the Pedersemobility is
about14, andp ; is approximatelyl ms~'/mVm~'. Ne-
glectingdiffusive effects,thedispersiorrelationpredictsthe
growth time (y~1) andperiod (27 /w) of thefastesgrowing
wave to be 82 s and290 s, respectiely, in agreementvith
thesimulationresultsin thelineargrowth regime. (Thevery
closeagreements fortuitous, giventhe numberof approxi-
mationsinvolved.) Accordingto (10), to the extentthatthe
Hall currentis thedominantcurrentin thedirectionof wave
propagationthegrowth rateis proportionato p ;| x|/ . -

This quantityhasa broadmaximumbetweerabout100and
110 km, the rangeof altitudesfrom which the majority of
QPechoesrereceved[Hyseall and Burcham, 2000].

The instability in questionhereis like a collisional drift
instability (e.g. Cap [1976].) When irregularitiesin the
plasmadensity exist in a region with a trans\erse back-
ground electricfield, polarizationchagesaccumulateand
polarizationelectricfields emege to maintainquasineutral-
ity. Regionsof high andlow electrostatigpotentialconse-
guently form at the nodesof the densityirregularities. If
thereis a finite parallel wavenumbey the regions of high
andlow potentialare connectedby commonfield linesand
canbepartly neutralizedvy field-alignedcurrents However,
as(6) shaws, if thereis alsoa backgroundparallelconduc-
tivity gradient,the field alignedcurrentswill alterthe rela-
tive phaseof the densityandpotentialirregularities. While
guasineutralityis maintained staticequilibriumis not, and
plasmawill corvergeanddiverge at differentphaseof the
wave. Wave growth andpropagatiorresult.

It might seemas though the symmetry of the plasma
clouds,which have both positive and negative parallelden-
sity gradientsshouldstabilizethem. However, the symme-
try is broken by the rapid variationsin collisionality with
altitude. Below about120 km altitude, the ion mobilities
anddiffusivities alongwith the parallelplasmamobility de-
creaserapidly with decreasingaltitude. The parallel con-
ductiity profile, which involvesthe productof the parallel
mobility andthenumberdensity canconsequentiypenearly
flat in the topsideof a cloud but will tendto fall off steeply
in the bottomside.If this profile is eithersufficiently flat or
increasesvith altitudein the topside,the plasmacloud can
beregardedaseffectively having only abottomsidecharac-
terizedin the northernhemispherdy a negative valueof L.
This is a conditionfor instability andis mosteasily met by
cloudsthat are not very denseor steep. In the simulation,
the topsideparallel conductvity profileswere flat initially
only atthe cloudedgesvherethe backgrounde regionden-
sity madeup a significantfraction of the total density but
they eventuallyflattenedin the centerof the cloud from the
effectsof paralleldiffusion. This explainsthe inward pro-
gressiorof theinstability.

Theparallelplasmamobility gradientscalelengthis pre-
cisely -6 km at 100 km altitudeand40°latitude. The value
of L in the bottomsideconsequenthhasa lower limit of -6
km for the conditionsin question.In view of the preceding
analysisthefastesgrowing wavesarethereforeexpectedo
have negative parallelwavenumbersvith magnitudesoless
than|k.| = (2|L|)~! = 8.33 x 10~° m~!. Furthermoreye
have alreadyassumed:, = |k.|/pu /L. Takingtheradical
to have avalueof about64 at 100 km altitude,we estimate
thatthe horizontalwavelengthof the fastesigrowing waves
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Figure 6. Resultsof anothertime dependensimulationat
timestep25. The Gaussiamalf-widthsof theinitial plasma
cloudwerel.5km, 5 km, and2 km in thezonal,meridional,
andverticaldirections respectiely.

canbenomorethan1180m. In oursimulation,L wascloser
toroughly-3kmin theregionsof spacehatbecamainstable
first, andthe dominantwavelengthwasconsequentlgloser
to half this maximumwavelength.Had thewavelengthbeen
muchsmaller diffusionwould have dampedhewaves.Had

the wavelengthbeenmuchlonger, the polarizationelectric

fields associatedvith the waveswould have beenpartially

shortedout by field-alignedcouplingto the F region.

The mechanismmainly responsibleor the saturationof
theinstability is inaccessibléo thelocal analysigperformed
herewhich doesnotrigorouslytreatheightvariationsin the
backgroundparameters. Altitude variationsin the coefi-
cientson the electricfield termsin (9) induceshearin the
phasespeed®f the growing waves. Sheatin physicalspace
actslik e cornvectionin Fourierspaceandcausesvave enegy
andactionto be transportedn k over time. In this case,
sincethe phasespeedncreasesvith altitudeat 100 km alti-
tude, the shift will betowardincreasinglypositive k), in the
northernhemisphereSuchashift underminesheinstability
mechanisnby decreasinghe magnitudeof |k, | andshifting
the potential/densityphaseoffsetunfavorably Notethatthe
saturatiorandslowing of thewave indicatedin Figure5 co-
incide with the adoptionof a 90°phaseoffset, as predicted
for k, =~ 0 by (6) in the nondissipatie limit. In the future,
we planto performanonlocalanalysisto betterquantifythe
effectsoutlinedhere. On the basisof simulations however,
it appearshatthewavesin questionarecorvectively stable.

Finally, Figure6 shavs the late-timebehasior of another

simulationrun. Thisonewasperformedunderthesamecon-

ditions asthe last exceptthat the cloud hasbeenwidened
in the zonal and meridionaldirections. The magnitudeof

thedriving polarizationelectricfield thatarisesin the cloud

is still about2 mV/m but is now directednearly eastvard

becausef the elongatedcloud geometry Also, the back-
groundmeridionalelectricfield termis includedin the eval-

uationof (4) here,andthe cloud now descendslowly over

time asa result, suppressinghe formation of irregularities
on the bottomside. Most importantly the parallel density
gradientlengthscaleis increasedyy the new cloud dimen-
sions. Consequentlyso is the wavelengthof the fastest
growing unstablavave, somethingvhichis immediatelyob-

viousfrom Figure6. Thewavelengthof the dominantmode
hereis about1150m, essentiallythe theoreticalmaximum.
Notethattheelectricfield in theimmediatevicinity of some
of the emegentwaveformsis very intensefor reasonghat

were discussedn section3. This simulation shavs that

waveformswith wavelengthsof the orderof akilometercan
be unstableand that the emegent waveformsthemseles,
beinghighly elongatedcanbecomevery stronglypolarized.
This may explain how suchvery elongatedfeaturescome
into beingin naturein thefirst place.

6. Evaluation and summary

We have investigatedhe static and time-dependenbe-
havior of polarizedplasmacloudsandirregularitiesin mid-
latitude sporadicE layersin an effort to understandthe
sourceof the small-scaldrregularitiesdetectedhereby co-
herentscatterradars. It hasbeenshown that polarization
electricfields an order of magnitudemoreintensethanthe
backgroundappliedfield canarisein very elongatedayer
structureswith minor axeslessthan about1 km and that
thesefields can drive strongHall currentsableto closein
the F region. Furthermorejrregular or patchysporadicE
layersappearto be unstableto large-scalecollisional drift
instabilities. The growth rateis proportionalto the electric
fieldsin the layer, andthe dominantwavelengthis likely to
be approximatelyl km or less. Electricalcouplingto the F
regionis necessarjor instability.

In all theanalysegpresentedbove, forcing wassupplied
by a1l mV/m backgroundouthvardelectricfield. However,
neutralwinds provide anotherimportantsourceof forcing.
We may regard the simulationspresentedabove as having
beencarriedoutin theneutralframeof referenceandreinter
prettheelectricfield in thatframeasE’ = E + u x B, where
u is the neutralwind velocity. A 100 m/swestwardwind is
equivalentto a5 mV/m southvardelectricfield with regard
to its ability to polarize,drive Hall currents,and excite in-
stabilitieswithin an E region plasmacloud. Wind speed®f
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the orderof 100-150m/s appearto be commonplaceén the
lowerthermospheraftersunsefLarsen, 2002].

ObtainingpolarizationelectricfieldsandHall drifts large
enoughto excite Farley Bunemaninstabilitiesandgive rise
to type | echoesn irregular sporadickE layersfoundin na-
ture consequenthseemso poseno fundamentatheoretical
problems.Nor doesexciting large-scalgrimarywaveswith
growth timesof theorderof afew minutes.We presumehat
thelarge-scalgrimarywavesareableto generatéhesmall-
scaleirregularitiesresponsibldor coherentackscatteand
type Il echoesby meansof plasmaturbulencein a man-
ner analogougo that describedby Sudan [1983], although
our simulationlacksthe resolutionnecessaryo verify this.
Coherenscatterfrom irregularitiesembeddedn sporadiceE
layer patchesand cloudsdrifting toward or away from the
radarwould appealasstriationsin range-time-intensitgia-
grams. In a companionpaper we arguethatimagingradar
datasupportthis hypothesisand also that quasiperiodicity
resultswhenthereare multiple cloudsin the radarantenna
beam.

Notethatthe plasmdayersandcloudsinvestigatedbove
were composedof atomic and molecularions for expedi-
eng. In nature, the instabilities studies here would be
stronglydampecdby recombinatiorunlesghelayersin ques-
tion were composedf metallicions. We assumehat the
sporadicE layersandirregularitiesthat underliequasiperi-
odicechoesre,in fact,composeaf metallicionsandthere-
fore regardthetime-dependergimulationspresentedh sec-
tion 4, which incorporatedatomicanddiatomicions, asil-
lustrative approximation®f the naturalprocessesMetallic
cloudsshouldbehaein asimilarway exceptthatthey would
diffuseandrecombinemoreslowly.

The sourceof irregular and patchysporadicE layersat
mid latitudesis not understood althoughthereis mount-
ing evidencethat neutralshearinstabilitiesare responsible
[Larsen, 2000]. Moreover, it is notknownwhetherthewaves
simulatedherewould grow to dominatethe intermediate-
scalegradientdrift wavespredictedby Rosado-Roman et al.
[1999] or vise versa. Evidencethat kilometerscalewaves
aredominantn midlatitudeE region plasmacloudswaspro-
videdby Kelley et al. [1995]whoprobedathick, densecloud
suspendedver a sharpsporadicE layer with a sounding
rocket in a volumein which what appearin retrospectto
have beenquasiperiodicechoeswere detected. Data from
their rocket, which reachedapogegust below 120 km and
whichmovednearlyhorizontallythroughthecloud,revealed
thepresencef large-amplitudemonochromatickilometric
plasmadensitywaves. A spectrumof secondarygradient
drift wavesalsoappearedo be presentFurtherevidenceof
kilometric wavesin patchysporadicE layersof this kind,
supportedby simultaneouobsenationsof QP echoesand

coupledwith informationaboutthe neutralflow in thevicin-
ity of thelayers,couldleadto acompletepictureof the phe-
nomenon.
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