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Abstract.

Midlatitude E region plasmairregularitieshave beeninvestigatedisingthe Middle
and Upper Atmosphereg(MU) radarin Shigaraki,Japan,andthe Clemson30
MHz radarin SouthCarolina,USA. A new in-beamimagingtechniquehasbeen
incorporatedn thedataanalysis.Radaimagegevealthatthecoherenbackscatter
associateavith quasiperiodi¢QP) echoesnainly arrivesfrom spatiallylocalized,
elongatedscatteringegionsandthatstriationsin radarrange-time-intensityRT]I)
mapsarethe signaturef the migrationsof theseregionsthroughthe sparsely-
filled illuminatedvolume. The scatteringregionsin questionappeaito maintain
altitude asthey drift. Refractionandfinite aspectanglesensitvity permitfield
alignedirregularitiesin the regionsto be detectedyy radarsover a broadrangeof
zenithangles.Circulationobseredwithin the scatteringregionsis consistentvith
simulationsof polarizedE region plasmacloudsdescribedn a companiorpaper
asis theoccasionabppearancef typel echoesSeverallong, continuousandsof

scatterersrealsoevidentin theradarimages.

1. Introduction

In the companiorpaper(Hysellet al. [2002], henceforth
referredto as paperl), we investigatedhe electrodynam-
ics of irregular, patchysporadickE layersandplasmaclouds
in the nighttime midlatitude E region. Such layers have
beenobseneddirectly at Arecibo [Miller and Smith 1978;
Smithand Miller, 1980] and inferred from radio scintilla-
tion measuremenfBowman 1989; Maruyama 1991],and
the morphologyof the relatedquasi-periodicscintillations
(QPS)hasbeenshavn to matchthat of QP echoesclosely
[Maruyamaet al., 2000]. The sourceof the patchinesss
not known, althoughLarsen[2000] hasarguedthatit may
be driven by neutralshearinstabilities. Larsen[2000] fur-
theramguedthatthesepatchylayersarethe directsourceof
guasiperiodicechoes.Our theoreticalinvestigationshaved
that large polarizationelectric fields and Hall currentscan
arisespontaneoushyn elongatedayersandthatthe layers
themselesare unstableto kilometerscaleprimary plasma
waves.Theingredientsecessarjor forming small-scaler-

1On leave from the Departmentof Physicsand Astronomy Clemson
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regularitieswithin theclouds eitherdirectly by Farley Bune-
maninstabilitiesor indirectly by modecouplingandplasma
turbulencedrivenby the primarywaves,seemto be present.
However, links betweenthesetheoreticalfindings and ob-
senationsof coherenscatterfrom midlatitudeirregularities
andQPechoesn particularneedto be established.

Numeroustheoriesintendedto accountfor the charac-
teristicsof midlatitudeE region coherentscatterhave been
adwancedin recentyears[WWbodmanet al., 1991; Tsunoda
etal., 1994; Haldoupiset al., 1996; Shalimw et al., 1998;
Tsunoda 1998; Kagan and Kelley, 1998; Rosado-Roman
et al., 1999; Kagan and Kelley, 2000; Maruyamaet al.,
2000]. Validating thesetheorieswith corventionalradar
techniquedik e range-time-intensityRTI) analysisspectral
analysis,single baselineinterferometry and beamswing-
ing alonemay not be possible howvever. Thesetechniques
do not alwaysdistinguishclearly betweenspatialandtem-
poral variationswithin the illuminated volume and cannot
resole fine structurein the directionsperpendiculato the
radarbeam. The existing empiricaldatabaséor QP echoes
is somavhatambiguousn thatregard,andmultiple theories
appeatto be broadlyconsistentvith it.
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This paperpresentobsenationsof plasmairregularities
in the midlatitudeE region madewith the MU andClemson
radarsusing a new in-beamradarimagingtechnique. The
technique,introducedat Jicamarcaby Kudeki and Sirticll
[1991] and developedby Woodman[1997] and Hysell and
Wbodman[1997], utilizes multiple interferometrybaselines
to resohe spatial-temporalmbiguity and to discernfine
structurewithin the radarilluminatedvolume. Imagespro-
ducedwith thetechniquewill favor aninterpretationof QP
echoesaslocalized,drifting scatteringegionssparselydis-
tributedthroughouthe radarilluminatedvolume. Striations
in RTI plots reflectthe motion of the scatteringregionsto-
ward or away from the radar Telltale signsof circulation
within the scatteringregions supportthe ideathat they are
associateavith elongatedpolarizedE region plasmaclouds
drifting with the backgroundwind. The detectionof type
I echoesmmediatelyabove a very elongatedscatteringre-
gion alsosupportthis picture. We further arguethat plasma
irregularitieswithin localized, horizontally drifting plasma
cloudscanremainvisible to coherentscatteradarsfor long
periodsof time duein large partto refraction.

We bggin with anoverview of aseriesof experimentgper
formedwith the Clemson30 MHz radarandthe MU VHF
radarwhich wereusedto study QP echoesand operatedn
imagingmodein thesummerof 2001. After briefly describ-
ing the principlesof radarimaging, we presenta seriesof
imagesconstructedrom the radardataand evaluatetheir
connectionto the theory outlined in paperl. Finally, we
summarizeour findingsan suggestirectionsfor future re-
search.

2. Experimental overview

Midlatitude E region plasmairregularitieswere studied
with the Clemson30 MHz coherenscatterradaron approx-
imately 50 eveningsbetweenMay and August, 2001 and
with theMU VHF radaronthreesuccessie eveningsin Au-
gust,2001. StrongE region echoesveredetectecdat Clem-
sonon abouthalf of all eveningsand at the MU radaron
all threeeveningsof operation.Theseradarsare situatedat
similar geographidatitudesbut producedqualitatively dif-
ferentdatasetslue to differencesn their geomagnetidat-
itude, frequeng, sensitvity, andhoursof operation. Infor-
mationaboutthe processesesponsibléor quasiperiodiand
otherformsof echoesanbe deducedrom a comparisorof
the datasetsTable 1. lists the experimentparametersThe
main beamsof the MU and Clemsonradarswere directed
towardgeographi@ndgeomagnetiaorth,respectiely. Ex-
perimentsat both siteswere supportedocally by ionoson-
des.

Figurel shovs arepresentatie exampleof theMU radar

Table 1. Tableof radarparameter$or the QP echo
experiments.

Parameter MU radar Clemsorradar
Latitude(deg) 34.9N 34.7N
Longitude(dey) 136.1E 82.8W
Dip angle(deg) 51 66.5
Frequeng (MHz) 46.5 29.8
Peakpower (kW) 1000 8
IPP(ms) 15 4
Coherenint. 4 1
Baudlength(km) 0.3 15
Codelength(n) 32 28
Recevers 4 4
Baselines 11 9
dz (N 3.04 1.25
dy (N) 5.27 5
HPFB(deg) 3.6 10

datafrom August9, 2001, plotted in range-time-intensity
(RTI) format. Thefigureis dominatedby two distinctgroups
of QP echostriationsseparatedby a periodof relative inac-
tivity lastingaboutanhour. The rangerates,rangeextents,
slope signs, and pseudoperiodsof the striationsare con-
sistentwith whathasbeendocumentedy Yamamotoet al.
[1991,1992]. Echoesobsened on August7 were similar
to thoseshawvn here except that the striationsoccurredin
threedistinct groups,separateégainby hourlong periods
of inactiity. In contrast,Figure 2 shovs echoesreceved
by the MU radaron August8, 2001. Theseechoeddiffer
morphologicallyfrom thosein Figure 1, failing to resem-
ble quasiperiodistriationsandinsteadappearingrom 2115
to 2320LT asa long, unbroken successiorof amorphous
“blobs”.

Figure3, meanwhile shavs representatie datafrom the
Clemson30 MHz radartaken on Junell, 2001 (UT date).
This figure shavs four distinct groupingsof echoessepa-
ratedin time by about50 min. Thefirst two of theseexhibit
thecharacteristicef QP echostriationswith nearlyuniform,
negative rangeratesand with large rangeextentsin a few
casesln thethird andfourthgroupingshowever, theechoes
appeamorelik e blobsor elongatedlobswith positive, neg-
ative,or indeterminateangerates.Theterm“quasiperiodic”
appliesequallypoorly to theseechoesandthe echoegegis-
teredby the MU radaron August8. Althoughthe majority
of echoeseenrby theClemsorradarin thesummerof 1998
and 1999 resembledjuasiperiodicstriationswith predomi-
nately negative and positive rangeratesin the eveningand
early morning,respectiely, mostof the echoesobsenedin
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Figure 1. Range-time-intensitglot shoving quasiperiodiechoe®bsenedwith theMU radaron August9, 2001.Grayscales
depictsignal-to-noiseatiosin dB. A coarseapproximatiorof the echoaltitudein kilometersappeatron the right axis of the
plot (seetext).
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Figure 2. Range-time-intensitplot shaving echoeobsenedwith the MU radaron August8,2001.
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Figure 3. Range-time-intensitplot shaving quasiperiodiechoeobsenedwith the Clemsonradaron Junell, 2001.Here,
UT=LT+5 hours.
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Figure 4. Range-time-intensitplot shaving quasiperiodi@choeobsenedwith the Clemsorradaron Junel5,2001.Here,
UT=LT+5 hours.Notethattheechoegpresentit 0210UT in mary rangegatescorrespondo groundclutter.

2001 wereblob-like [Hyselland Burcham 2000]. Further

more,thosestriatedechoeseenn 2001wereequallylikely

to have positive and negative rangerates. Figure 4 shavs
an example of particularly intenseechoesreceved by the
Clemsonradar QP echoeswith both positive and negative
rangeratescanbe seento overlapin this figure, ruling out
the ideathat they are somehev relatedto multiple, tilted,

planarsporadickE layers. Blob-like echoesarealsopresent.
It is noteworthy thatthe obsenationsshovn here,which in-

cludethe only caseof typel echoegecevedin 2001, were
madeduringstrongspread- conditions.

The right axes of Figures1l—4 indicatethe approximate
altitudesfrom which the echoesould have arisen. The ap-
proximationin questionis thatradarsignalspropagatelong
straightlinesthroughtheazimuthalcenterof theradarbeam
at the elevation anglewherefield alignedirregularitiesex-
actly satisfythe conditionfor Braggscatter However, Hy-
sell and Burcham [2000] arguedthat theseapproximations
areunreliableandthat refraction,finite aspectanglesensi-
tivity, andoff-azimuthpropagatiormake it impossibleto as-
sign a scatteringaltitude to an echosolely on the basisof
range. The echoeghat appearto have originatedfrom al-
titudesaslow as90 km in Figure3 and80 km in Figure4
actually originatedat higher altitude but underwentsignif-

icant refraction. (SporadicE layersover Clemsonhad top
frequencie®f 6 MHz at0400UT onJunelland10MHz at
varioustimeson Junel5, andtop frequenciesashighas12
MHz were not uncommonduring the eveningsof the sum-
mer of 2001thereandatthe MU radar) Likewise,thelong
rangeechoeghat might seemto have comefrom altitudes
above about120km in Figure 4 actuallycamefrom lower
altitudesbut from large azimuthangles.In orderto quantify
thevariouseffectsthat disassociatechorangeandaltitude,
to studytheconfiguratiorof theirregularitiesresponsibléor
QPandotherechoesandto learnwhatthe QP striationsand
blobsin RTI mapssignify, we mustturn to moreincisive
diagnostidoolslik e in-beamradarimaging.

True imagesof the backscattefbrightness”distribution
(thedistribution of backscatteintensityversusearing)within
the radarilluminated volume can be formed from interfer
ometrydatatakenwith multiple baselineslt is well known
that interferometrywith a single baselineyields two mo-
mentsof the brightnessdistribution [Farley et al., 1981].
Morebaselineyield moremomentsandasufficientnumber
of momentdefineanimagein oneor two dimensions(For-
mally, theinterferometrycrossspectrunor “visibility” is re-
latedto the brightnesdistribution by anintegral transform
resemblinga Fourier transform[Thompson1986].) Radar
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Figure 5. Configurationof interferometrybaselinesused
with the MU and Clemsonradars. Baselinelengthsarein-
teger multiples of the d, andd, factorslistedin Table 1.
Arrowheaddirectionsindicatehow the receversweremul-
tiplexed.

rangegatingaddsanotherspatialdimension.An important
featureof in-beamradarimagingthat distinguishest from
beam-swingingapproachess thatthe angularresolutionof
the techniqueis limited by the length of the longestinter-
ferometrybaselinesatherthanthe sizeof the mainantenna
array Theformercangenerallybe increasececonomically
whereaghelattergenerallycannotandit is possiblen prac-
tice to form very high resolutionimageswith interferometry
evenusingsmallradarsystemdik e the Clemsonradar Im-
agedormedfrom differentDopplerspectratomponentsan
be combinednto compositémagescorveying information
aboutthe spectralcharacteristicef differentregionsof the
illuminatedvolume. Animatedsequencesf imagesreveal
how thescatterergvolve overtime asthey travel throughthe
illuminatedvolume.

Both the MU radarandthe Clemsonradarcanuseup to
four receversfor interferometry By receving signalsfrom
four spatiallyseparate@ntennayroups,cross-spectrahea-
surementganbe madeon up to six nonredundaninterfer
ometrybaselinesBy multiplexing thefour receversto mul-
tiple setof antennagroups,this numbercan be increased.
Crossspectrafrom 11 and9 nonredundantnonzerobase-
lineswerecomputedrom the MU andClemsonradardata,
respectiely, in this way. The baselineconfigurationsfor
bothradarsareillustratedin Figure5. Here,thecomponents
of thebaselinesn thedirectionstrans\erseto andparallelto

theradarmainbeamsareinteger multiplesof thed, andd,,
factorsgivenin Tablel, respectiely.

Becausehe visibility is incompletelysampledand suf-
fersfrom statisticalfluctuationsn practice,andbecauséhe
directtransformatiorirom visibility to brightnesspaceanay
be ill-conditioned, regularizationtechniquesand statistical
inversetheoryareappliedto thereconstructiorf the bright-
nessdistribution from the interferometrydata. The particu-
lar algorithm usedhereemploys entrofy asthe regulariza-
tion metric[Ables 1974;Jaynes 1982; Skilling and Bryan,
1984]. A detaileddescriptionof the algorithmwasgivenby
HysellandWbodman[1997].

3. Radar images

Imageshavebeenconstructedrom theE regionbackscat-
ter datain three dimensions;azimuth, zenith, and range.
Therebeingno expedientmeansof presentinghreedimen-
sionalimagesin print, the zenith angledependencef the
imageshasbeenintegratedout, althoughthe momentsof
theseantegralshave beenretainedseebelow). Theresulting
two-dimensionalmagesare computedasfunctionsof time
and are essentiallyfree of the spatial-temporahmbiguities
inherentin RTI diagrams.

Figure6 and Figure 7 shov sequencesf in-beamradar
imagesof E regionfield alignedirregularities. The horizon-
tal andvertical axesof the imageframesrepresentaizimuth
anglein degreesandrangein kilometers,respectiely. At
a rangeof 170 km (260 km), a 1°angle correspondgo a
trans\ersedistanceof about3 km (4.5 km). Note that the
transmittingantennasnainly illuminate the centralportions
of the imaging fields of view, explaining why the image
peripheriesare frequently empty Occasionally however,
strongechoescan be seenarriving from large azimuthan-
glesthroughantennasidelobes.

Interferometriccross-spectravere computedfrom the
MU andClemsorradardatausing4- and8-pointfastFourier
transformsyrespectiely. Eachimagepanelin Figure6 and
Figure7 is reallyacompositeof threeseparatémagescom-
putedfrom threeof the availableDopplercomponentsf the
cross-spectral hethreecomponentsvereselectedindcolor
codedaccordingto thekey in Figure8 andsuperimposetb
form the compositeémages.Red,blue,andgreencolorsde-
notered-shiftedechocomponentshlue-shiftedcomponents,
andcomponentsvith smallDopplershifts. Whencombined
this way, the lightnessof eachpixel becomesa represen-
tation of the signal-to-noiseratio (on a log scale,typically
from 5-35dB), the hueof the first momentDopplerveloc-
ity, andthe saturationof the Doppler spectralwidth; pure
(pastel)colorsindicatenarron (broad)spectra.

Plotter symbolsin the small graphsto the right of each
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Figure 6. Sequencesf four consecutie in-beamradarimagescomputedirom MU radardata. (top row) August8,2001.

(remainingrows) August9, 2001. Timesshavn areLT.
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Figure 8. CorrespondenceetweenDoppler spectralbins
andimagecolor component$or the MU andClemsorradar
experiments. The respectie Nyquist velocitiesfor the ex-
perimentsatbothradarsaregiven.

image panelin Figure 6 and Figure 7 shav the elevation
angle of the echoin degrees. The dashedlines drawn
throughthesegraphsmark the elevation anglesanticipated

of Figure6 drifted westward (toward the left of theimage)
while nearly maintainingits shape.In fact, all of the scat-
terersseenby the MU radaron August8 drifted westward
andhadonly very smallmeridionaldrift rates.Thattheecho
signaturesn the RTI plot in Figure2 areamorphousather
than striated can be attributed to the predominatelyzonal
motionsof theunderlyinglocalizedscatterersvhichbehae
like pointtargetsratherthanvolumescatter

Note also that the backscattein this casearrived from
elevationanglescloseto whatwould be anticipatedor per
fectly field-alignedbackscatterasdesignatedy the dashed
linesin the smallgraphsto theright of theimagepanels.In
fact, closeinspectionshowvs thatthe measureelevationan-
glesfall just above the dashedine on the nearside of the
scatteringregion andjust below it onthefar side. The mea-
suredelevation anglesimply that the backscattein ranges
betweenl70 and 180 km actually originatedat a common
altitude asif from athin, horizontal, patchylayer Exami-
nationof the entireimagingdatasetevealsthatit is typical
for echoedrom range-atendedscatteringregionsto arrive
from a singlealtitudeandfor thataltitudeto remainapprox-
imately constantasthe scatteringregionsdrift.

The secondand third rows of imagesin Figure 6 show

how multiple localizedscatteringegionscancoexist within
the radarilluminated volume. Thoughsmaller the scatter

for straightiine propagatiorandperfectlyfield-alignedbackscatind regionsin thesepanelsmainly sharethe characteristics

ter. Sometimesthe plotter symbolsfall preciselyalongthe
dashedine. At othertimes,the measurectlevation angles
fall afew degreesoff the dashedines. Largediscrepancies,
thoughtto be mainly indicative of refraction,aremorecom-
monin the Clemsonthanthe MU radardata. The Clemson
radaroperatestalowerfrequeny andalower elevationan-
glethantheMU radar andsignalsfrom it aremoreproneto
experienceheeffectsof refraction(seebelaw).

3.1. Typell echoes

The imageson the top row of Figure6 typify the radar
imaging dataset.In them, echoesare seento arisefrom a
localizedregion of space.Theregion is slightly elongated,
beingabout10 km deepin rangebut narraver in azimuth.
Moreover, the Doppler shifts of the echoesare inhomoge-
neousand vary acrossthe scatteringregion. The Doppler
shifts are small at the edgesof the scatteringregion but are
distinctly red-shiftednearthe azimuthalcenter Theseim-
agessuggestirculation within the scatteringregion, with
electronsrecedingrapidly from the radarin the centerbut
not at the periphery Localizedscatteringregionswith tell-
talesignsof internalcirculationarecharacteristideatureof
bothradardatasets.

Over time, the scatteringregion depictedin the top row

of theonediscussedbove. Themaindifferences thatthese
scattererspbsenedon August9, drifted rapidly towardthe
southwest.The numerousstriationsevidentin Figurel be-
tween 2030 and 2200 LT are manifestationsof multiple,
sparselypacled scatteringregionsclosingon the MU radar
asthey moved southwestward throughthe illuminatedvol-
ume. Thecloselyspacedscatteringegionsat 180km range
andbeyondin the secondrow of imagesin Figure6, for ex-
ample, were responsibl€for the “short period” QP echoes
apparenjust prior to 2100in the RTI map.

Whereasall of the scatteringregions discussedhusfar
canbe regardedaslocalizedif elongatedblobs, the fourth
row of imagesin Figure 6 depictsa qualitatvely different
situation. Here,an extremelyelongatedibbon of backscat-
ter is evident. The ribbon extendsfrom 0°azimuthat 165
km rangeto thewestward edgeof theimagingfield of view
at 175 km. Becauseof azimuth angle aliasing, the rib-
bonre-emegeson the eastvard edgeof theimagesandex-
tendsa few degreesfurther westward at greaterandgreater
range.Overtime,theribboncanbeseerno propagatesouth-
westward in the direction perpendiculato the front. The
scatteringntensityalongtheribbonis modulatedandeach
bright spotalongit produceda striatedsignaturen the RTI
mapin Figurel. The Dopplercharacteristicef theribbons
arecomplicatedbut suggested shiftsin the body of there-
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gionsandblue-shiftsor small Dopplershifts on the periph-
ery.

Finally, moreexamplesof localizedscatteringegionsare
shawvn in the bottomrow of Figure6. (Note: the echobe-
tweenl160and165km is a meteorechoandlies outsidethe
boundsof this discussion.)Theseregionsareelongatecand
do not sharea commonorientation.Over time, they drifted
towardthe southwestaind,consequentlyleft striationsin the
RTI mapin Figurel.

The Clemsonradarimagesshawn in Figure 7 are sub-
stantially similar to the MU radarimages,allowing for the
inferior rangeresolutionof thedatafrom theformer. Thetop
two rows of Figure7 shav imagescorrespondingo someof
the striationsapparenin Figure3. Eachof thosestriations
arosefrom a localized, elongated southvard drifting scat-
teringregion. Theirregularitiesindicatedin theimageshere
occupy aregionaboutlOkm deepin rangeandaboutl®°wide
in azimuth.As with the MU radarimagesthe scatteringe-
gions showvn herehave inhomogeneou®oppler shifts and
tendto be red shiftedin the centerand blue shifted at the
edges.

The third row of Figure 7 presentsmagesfrom laterin
the eveningon Junell, 2001. By this time, the scattering
regionshadbegunto drift predominantlywestward, exhibit-
ing only small meridionaldrifts of eithersign. The numer
ousscatteringegionsevidentin theimagesvereresponsible
for theblob-like featuredn the correspondindrT| diagram.
Thefourthrow of Figure7, meanwhile shavsanexampleof
averylongribbonof backscatteseerby the Clemsorradar
This ribbon extendedabout30 and70 km in the meridional
andzonaldirections,respectiely, andwaslessthan10 km
wide at any point. The Doppler shifts of the echoeswere
uniformly smallin this case Lik etheother, thisribbonprop-
agatedsouthwestwardovertimein adirectionnormalto the
front.

Animatedsequencesf imagesfrom all of the radarob-
senationsdemonstratéhatboththestriationsandtheamor
phousblobsin the radarRTI mapscan be associatedvith
localized,long-lived scatteringregionsdrifting throughthe
radarilluminatedvolume. Striationsresultwhentheregions
drift in the direction of the radar Negative and positive
QPechostriationslopescorrespondo southvardandnorth-
warddrifting scatterergiespectrely. Mostoften,thescatter
ing regionsareobseneddrifting southwesbeforemidnight.
However, thefield alignednatureof the scatteringrregular
ities mustimposeboundarieson the scatteringvolume and
limit therangesrom which echoesanbereceved. We can
investigateheseboundariedy examiningthe zenithangles
of theQPechoes.

Figure 9 shavs examplesof Clemsonradardatafrom
Junell, 2001, and MU radardatafrom August9, 2001,

during periodswhenmultiple quasiperiodiechoesverere-
ceived. The echoesn questionarrived from small azimuth
angles.The echoesave beensortedby rangeandelevation
angleandplottedin a grayscaldormatrepresentingherel-
ative signal-to-noisdevel on a dB scale. Eachgroupingof
plottedpixels corresponds$o echoedrom anindividual QP
striationaccumulateavertime. Thedashedinesin thefig-
urespredicttherelationshipbetweerrangeandelevationan-
gle for echoeriginatingat a fixedaltitude. The solid lines
representhelocusof perpendicularity The evidenceof the
figureis thatthe scatterersn questionarebetterorderedby
altitudethanby magneticaspectangle.

In the caseof the Clemsorradarobsenations theechoes
only spannedneor two rangegatesat ary giventime, and
their rangefollowed curvesof constantaltitude asthey ap-
proachedheradar In the caseof the higherresolutionMU
radardata,the echoesalsooccupiedseveral adjacentange
gatesin every integrationtime. Evenso, all of the echoes
associatedavith eachgivenstriationarrivedfrom acommon
altitude. Evidently, thescatteringegionsresponsibldor the
echoesarenot only localizedin rangeandazimuthbut also
in altitude,andthey maintainaltitude asthey drift. Mean-
while, theelevationanglesof the backscattedetectedy the
MU and Clemsonradarscan be seenhereto departfrom
whatis expectedor field-alignedbackscatteby asmuchas
about1.5°and 2°, respectiely. Similar obserationswere
presentedy Yamamotcetal. [1994].

Using radarinterferometryto probethe equatorialelec-
trojet at JicamarcaKudekiand Farley [1989] measureds-
pectanglehalf widthsdecreasindinearly with altitudefrom
about0.35°at98 kmto about0.1°at114km. Repeatingheir
analysison the MU radardatashowvn in Figure9, we mea-
sure aspectangle half widths betweenabout0.25°— 1.0°.
While the smallestof theseanglesare roughly consistent
with the Jicamarcaesultsfor the altitudesindicatedin Fig-
ure9, the largest,which weremeasuredn rangegatescon-
taining multiple targets,reflectthe factthatthosetargetsre-
sideat differentaltitudes.Moreover, asFigure9 shows, the
intensitiesof the echoedrom the targetspeakat elevation
anglesotherthanthe presumptie loci of perpendicularity

3.2. Typel echoes

Typel echoesrearelatively rarephenomenoat midlat-
itudesandwere obsened by the Clemsonradaron a single
occasionin 2001on July 15, 2001 for aninterval of about
2 minutesbeginning at about0348 UT in rangesbetween
280and295km. Thespectraof theechoesverenarronv and
hadDopplershifts of about250 m/swith the senseof prop-
agationaway from theradar Typell echoesvereobsened
simultaneoushput at closerrange.lImagesof all theechoes
are presentedn the bottomrow of Figure7. Thesewere
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Figure9. Comparisorbetweerechorangesandelevationanglesor groupingsof scatterersGrayscaleindicaterelative echo
intensityon a dB scale.Horizontal curvestracethe anticipatedrelationshipbetweerrangeandelevation anglefor scatterers
at the altitudesindicated. Vertical curvesrepresenthe locus of perpendicularityfor field-alignedbackscatter (left panel)

Clemsorradardata.(centerandright panels)MU radardata.

calculatedn the samemannerasthe otherimageswith one
exception;the Dopplerspectrabins utilized wereshiftedas
shawvn in the key in Figure8. Shifting the binsthis way in-
cludedthe type | echoesin the red image componentand
alsoexcludedsomeinterferencepresentat positive Doppler
frequenciestthetime in question.

Thestrongechoesn theimagesat rangeshetweerabout
260and275km have typell spectra.The scatteringregion
that gave rise to the echoesis very elongatedandis tilted
westward. The Dopplerspectraof theechoegrom the hori-
zontalcenterof theregionarebroadandredshiftedwhile the
echoedrom the peripheryhave narrov spectrawith small
Dopplershifts. Again,theelongatedcatteringegion shavs
signsof internalcirculation. The regionsfrom wheretypel
echoeswerereceved, meanwhile,resole as point targets.
While they resideat higheraltitudes they fall alongtheline
of the elongatedtilted scatteringregion. All of the echoes
arrivedfrom elevationanglescloseto the presumptie locus
of perpendicularityNote thatthe weak,greenverticallines
atthe centerof theimagesareartifactsfrom therangeside-
lobesof the codedradarpulseandshouldbeignored.

4. Analysis

CorventionalradarRTI analysismay not be sufficiently
incisive to differentiatebetweercompetingtheoriesof mid-
latitudeE regionplasmarregularities.However, someof the
ambiguityinherentin coherenscatteradarexperimentan
be mitigatedwith in-beamradarimaging. The processese-
sponsiblefor QP echoedecomeclearerwhenradarimages
areinterpretedn light of thetheoreticaframework outlined

in paperl andof findingsfrom otherremotesensingandin
situ experiments.

The electrodynamiconsequencesf ionization patches
or cloudsin the midlatitude E region were investigatedn
paperl. SuchpatchysporadicE layershave beenseenat
Arecibo by Miller and Smith[1978] and Smithand Miller
[1980] andhave alsobeeninferredfrom radio scintillations
[Bowman 1989;Maruyama 1991]. In paperl, we shaved
that the clouds can develop very large polarizationelec-
tric fieldsif elongatedandthat strongcurrentscanflow in
the cloudsan remainsolenoidalby closingin the F region.
Driversfor thepolarizationincludethe backgroundhorizon-
tal electricfield imposedat night by the F region dynamo
alongwith horizontalE region winds. Climatologically the
midlatitudemeridionalelectricfield is expectedto be south-
wardandhave anamplitudeof theorderof 1 mV/m atnight
while the zonalelectricfield is expectedto be significantly
smaller[Richmondetal., 1980]. Thehorizontalwindsin the
lower thermospheremeanwhile,exhibit considerablevari-
ability, asdemonstratedecentlyby Larsen[2002]. TheHor-
izontal Wind Model (HWM) indicatesa broadtendeny for
the horizontalwindsin the midlatitudeE region to be south
westwardin the early evening,shifting to north eastvard by
midnight [Hedin et al., 1996]. In the premidnightsector
therefore we would expectE region plasmacloudsto drift
southwestward and to experiencea predominantlysouth-
ward or south eastvard backgroundelectric field in their
frameof referencegiving riseto a strongeastvard or north
eastvard polarizationelectricfield within. Polarizatiorfield
strengthof up to 10-20mV/m areconsistentvith modelre-
sultsandhave beendetectedn ground-basedndin situ ex-
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perimentgPfaff etal., 1998;Haldoupisand Schlegel, 1994].

The conjunctionof plasmadensityinhomogeneitiesstrong

electricfields,andstrongcurrentsn plasmacloudssuggests
an associatiorwith plasmainstabilities,plasmaturbulence,
small-scaleplasmairregularities,andcoherenscatter

Becausef theresemblancef midlatitudecoherenscat-
ter spectrao typell spectraobsenedin theequatoriaklec-
trojet, gradientdrift instabilitiesare commonlyassumedo
be presentin the sporadicE layers. Rosado-Romaset al.
[1999] shaved how intermediate-scal@ensof meters)gra-
dientdrift modeswith finite parallelwavenumbeicanbeun-
stablein the midlatitude E region. In paperl, it wasalso
shawvn that large-scalg~1 km) collisional drift modesin-
volving finite parallelwavenumberganalsobe unstablen
E region plasmaclouds.Evidencethatthelatterarefoundin
naturewas provided recently by Kelley et al. [1995] who
conducteda rocket experimentin a volume in which co-
herentechoeswere simultaneoushdetectedby radar The
rocket payloaddetectectlearsignaturesf horizontal kilo-
metric plasmadensitystructuringin a plasmacloudsituated
above asporadicE layerin whichintermediate-scalplasma
waveswerealsoembedded.

Whetherthe primary waves in questionare kilometric
collisional drift waves or intermediate-scalgradientdrift
waves,we canassumehatsmall-scaleplasmairregularities
detectedy radarsarisefrom themthroughtheturbulentpro-
cesseslescribedby Sudan1983]. Thephasevelocity, w/k,
for the small-scalevavesis generallytakento be governed

by

k- (Vge —Va)
14+

where) is the anisotropy factor (the ratio of the electron
to ion transerse mobility), w is the frequeng, k& is the
wavenumberandV . andV 4; aretheelectronandion drift

velocities,respectiely. While this expressioris strictly true
for primarygradientdrift andFarley Bunemarnwaves,expe-
riencehasshown thatit describeghe propagatiorof small-
scaleirregularitiesin the equatorialelectrojetas well (see
FejerandKelley [1980] for example).The electrondrift ve-
locity in (1) is approximatelythe E x B drift speedwhich
reflectsthe effectsif the backgrouncelectricfield, the po-
larization electricfield that may arisein the plasmacloud,
and the polarizationelectric field associatedvith the pri-

mary waves. The ion drift velocity, meanwhile,is mainly
controlled by the neutralwind. The simulationstudiesin

paperl indicatethat, of these the polarizationelectricfield

setup by the plasmaclouditself is likely to dominateat al-
titudeswherethe ¢ factoris small. The polarizationfield

setup by primary wavesmay well becomevery strongun-
der somecircumstanceshut its rapid variationin azimuth

w = +k- Vg Q)

will generallybebeyondtheabilitiesof theradarto resole.

Neutralwind effectsmay dominate(1) at altitudeswherey

is comparabléo unity andbelow, but thisdomainis asource
of only asmallminority of theechoesve encounteredMost
of the scattererobsened occupiedaltitudesaborve 100 km

wherey is muchlessthanunity.

Thecombinationof a southwardmeridionalelectricfield
anda westward wind will setup polarizationelectricfields
andelectroncirculationin E region plasmecloudslik e those
shavnin Figure3 of paperl. There theelectronstreamlines
indicaterapidnorthwarddrifts in thecenterof thecloudsand
slower southvarddrifts onthecloudedgesin therestframe
of thecloud. In astationaryframe,theelectronmotionatthe
cloud edgescould appeato be northward or southvardde-
pendingon the meridionalneutralwind speed.To the extent
thatsmall-scalevavesareavailableastracerghroughouthe
body of thecloud, significantlyred-shiftedechoeshouldbe
obsened from the centerof the cloudsin accordancevith
(1) whereasrelatively small Doppler shifts should be ob-
senedatthe cloud peripheries Suchcharacteristioppler
shift patternsappearthroughoutour imaging data, and we
thereforeassociatehe elongatedscatteringregionswith di-
mensionof a few kilometersin theimageswith the plasma
cloudssimulatedn paperl.

It is importantto recognize however, that nothingguar
anteesthat small-scaleirregularities will be presentuni-
formly throughoutthe plasmacloud to “paint” the entire
circulation cell for the radar Justas the clouds are dis-
tributed sparselythroughoutthe radarilluminated volume,
the irregularitiesare distributedinhomogeneouslyhrough-
out the cloud, and only part of the circulationis likely to
bevisible at any giventime. Often, however, enoughof the
circulationis visible to make it recognizable.

4.1. Refraction

The finite aspectanglesensitvity of field alignedirreg-
ularitiesmakesit possiblefor themto be obsened for sig-
nificant periodsof time asthey drift. Hysell and Burcham
[2000] calculatedhatirregularitieswith anaspectanglehalf
width of 0.5°could be detectedy the Clemsonradarover a
50 km spanof rangesthelengthof thelongestQP echostri-
ation ever seenat Clemson. However, Figure9 shows that
the coherentechoesare not only spreadn magneticaspect
anglebeyondwhatis expectedonthebasisof experimentsat
Jicamarcabut alsothatthey canbemostintenseat elevation
angleswell off the presumptye locus of perpendicularity
We attributethesephenomenanainly to refractionandseek
to quantify the effectsbelow.

We work in the domainof geometricopticsandneglect
birefringence taking the radarfrequeng to be well above
the critical frequeng of the plasma.Considerthe caseof a
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Figure 10. Pathsof rayspenetratinga plasmacloud with a
Gaussiarspheroiddensitydistributionwith ¢=0.5. Theaxes
represenhondimensionatiistances.The critical frequeny
is closeto theradarfrequeng in this casewhichis exagger
atedfor demonstratiompurposes.

sphericallysymmetricplasmacloud with densitygiven by
N = N, exp(—r?/20?) wherer is theradial distancefrom
the center It is well known that, in the caseof a medium
with sphericalsymmetry the ray characteristién polar co-
ordinatess governedby theordinarydifferentialequation

dr = f\/ n2r?2 — 2 (2)
df c

wheren is theindex of refractionandc is anintegrationcon-
stant(e.g. Born and Wblf [1964]). We canintegrate(2) nu-
merically usingthe specifiedplasmacloud modeland keep
trackof thecharacteristicef raysaimedatthe cloudfrom a
greatdistance Integrationis performedhereusinga predic-
tor correctormethod.

An examplecalculationis picturedin Figure10. In this
figure, we mayregardtheraysashaving enteredthe region
from theright in parallelasif from a distantsource.When
theraysexit the cloud on the left, they do sowith a spread
of trajectories.This spreadmnay permitthe Braggscattering
conditionto be met at variousplacesinside the cloud even
if theincidentraysarenot orthogonatto the magneticfield.
We have performednumerousalculationsof this kind for a
rangeof radarfrequenciesf, peakplasmadensitiesV,, and
ordersp. It wasfoundthatthe maximumangulardeflection
of the raysfrom the horizontal(¢) in eachcaseis predicted
by the simpleempiricallaw:

2
o = 2(?) %(lnzp—kl) 3

wheretheunitsof ¢, f, andN, aredegreesMHz, andcc™!,
respectiely. Thisformulaassumeshattheradarfrequeny
is muchgreatethanthe peakcritical frequeng andis accu-

rateto within afew percenbverabroadrangeof parameters.

Notethatthe problemis scaleinvariantsuchthato doesnot
enterinto (3). The maximumdeviation angle¢ providesan
indicationof theinfluenceirregular, patchysporadice layers
arelikely to have on the measurecalevation anglesof field-
alignedbackscattefrom irregularitiesinsidethe layers.

lonogramstaken throughoutthe evening of August 9,
2001, at the MU radarshaved sporadicE layerswith top
frequenciebetweerl0and13MHz. Theblankingfrequen-
cies, meanwhile,were only about2 MHz, supportingthe
notion that the layerswere patchyor cloud like. Although
MU radarandionosondedo not probea commonvolume,
we may take the vertical soundingsas an indication of the
ervironmentfrom which the quasiperiodiechoesemepged.
Accordingto (3), sphericallysymmetricplasmacloudswith
Gaussiardistribution functions(p = 2) andwith peakden-
sitiesof just1 x 10® cm~2 could give rise to deflectionsat
46.5MHz of upto 1.66°. This angleis closeto the max-
imum departurefrom the locus of perpendicularityfor the
MU radarbackscatteanalyzedin Figure 9. Cloudswith
steepeiboundariesould causeaven greaterdeflection,and
thedeflectionsassociateavith Clemsorradarsignalsshould
becorrespondinglyarger. With N, =4.5 x 10° cm ™3 andp
= 2, (3) predictsa maximumdeflectionof 1.8°for Clemson
radarsignals,in closeagreementith the maximumdepar
turesfrom perpendicularityapparentin Figure9. Although
a systematicstudy of the plasmadistribution within patchy
sporadicE layersremainsto be performed,plasmaclouds
with ratherdiffuseboundariesandwith peakdensitiescon-
sistentwith ionosphericsoundingcanaccountor therange
of magnetiaspectinglesobsenedin thecoherenbackscat-
ter. Thisphenomenoallowsthelocalizedscatteringegions
underlyingquasiperiodi@choedo betrackedby theradaras
they drift over considerablelistances.

Allowing thatrefractioncanaccountor +1.5°deviations
in the radarray pathsand taking 0.25°as a representatie
value of the aspectanglehalf widths of the field alignedir-
regularities,we can expectcoherentechoesto be received
from anglesas far as +2.5°from the locus of perpendicu-
larity while suffering lessthan 35 dB of attenuationat the
extremes .Striationsassociateavith suchechoescouldhave
detectableangeextentsas greatasabout20 km in typical
MU radarRTI plots, the approximatdengthof the longest
striationsvisible in Figure1 andFigure2. This figure be-
comesabout60 km for the Clemsonradar Echoeseceved
from large azimuthanglescould have considerablylonger
rangeextentsthanthese dependingpn the scatteringgeom-
etry. Echoegecevedthroughsidelobesvould have particu-
larly largerangesandrangeextents.
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4.2. Continuous bands (ribbons)

IntheMU andClemsorradarimageswe foundexamples
of extremely long bandsor ribbonsof backscatter These
representhe minority of thescattererebsenedatbothsites
but were notedto occurseveraltimesin our dataset.Since
the ribbons are modulatedin intensity along their length,
they are not easily distinguishedin RTI mapsfrom other,
morecommonkindsof scattererandleave striationsassig-
natures.Theribbonshave all beenobsenedpropagatingo-
wardthe southwest.

A possibleinterpretatiorfor theribbonsis thatthey rep-
resentdiscontinuitiesin ordinary planarsporadicE layers.
In paperl, it was found that ripple discontinuitiesin ex-
tendedayerscanbecomepolarizedin abackgrouncelectric
field, althoughthe resultingpolarizationfield is not neces-
sarily very intense. How sucha ripple would be induced
in a sporadicE layeris unknavn. The morphologyof the
ribbonsis reminiscentof the ripplesin the total electron
contentobsened by Saitoet al. [1998, 2001] with the GSI
network of global positioning satellite recevers in Japan
(GEONET)duringthe passagef travelingionospheriais-
turbancegTIDs). We may hypothesizahattheribbonscat-
terersreflectthe E regionrespons¢o electrifiedTIDs propa-
gatingin theF regionacrossommonmagnetidield lines. A
similar hypothesisvasadvancedrecentlyin detail by Tsun-
odaandCosgove[2001]. In thefuture,radarimagescanbe
comparedvith imagesrom the GEONETnetwork to inves-
tigatecommonalitiesn thetwo phenomena.

4.3. Typel echoes

Thedispersiorof Farley Bunemanwaves,of which type
| echoesarea signatureis governedby (1) alongwith the
following growth rateexpression:

¢/Vz'
1+

wherey; is theion-neutralcollision frequeng, C, is theion
acousticspeedanda is the recombinatiorrate (e.g. Fejer
etal. [1975].) Whencombinedwith (1), (4) impliesathresh-
old velocity for the electronsbelon which wavescannotbe
excited. Neglectingrecombinationthe thresholdcondition
is

vy = ((w -k- de')2 - k2cs2) —2an, (4)

vge > vai +Cs(1+1) )

wherethe scalardrifts referto thecomponenbf theelectron
andions in the direction of wave propagation. Favorable
conditionsfor the generatiorof Farley Bunemarwavesin-
cludelow temperatureandmetallicion compositionwhich
reducethe ion acousticspeed,along with winds and ion
drifts in the direction oppositethe electrondrifts. Finally,

the anisotropy factoris much lessthan unity above about
100 km but increasesapidly below, drasticallyincreasing
the electrondrift thresholdthereand making Farley Bune-
manwavesmoredifficult to excite.

The imagesin the bottom row of Figure 7 depict a
highly elongatedscatteringregion betweenabout260-270
km rangeshawing all the signsof beingstronglypolarized.
The elevationanglesof this type Il echoregion arecloseto
thelocusof perpendicularitysuggestingninimal refraction,
but arelargeratthe nearedgethanat thefar edge,implying
thatthe elongatedscatteringregion is a horizontallayer. At
rangesheyond270km, thereis aregion devoid of backscat-
terandthentwo compactregionswith typel echoeghatfall
alongthe line of the elongatedscatteringregion. The alti-
tudesof the type Il andtypel echoregionsareabout100
and110km, respectiely.

That all the scatteringregions in the radarimagesare
collinearsuggestshatthey arerelatedeventhoughthetype
| andll echoregionsareseparatedhy 10 km in altitude.We
may surmisethatthe elongatecplasmaayerresponsibldor
the type Il echoesextendedto rangesgreaterthan 270 km
but that the Bragg scatteringcondition was unmetbeyond
270 km, and so no echoeswere receved. Assumingthat
strongpolarizationelectricfieldswerepresentn thelayerat
moredistantrangesthesefields would have mappedalong
magneticfield lines to higheraltitudesat which the Bragg
scatteringconditionwasonceagainmet. At 110km altitude,
themappedolarizatiorelectricfield couldhave excitedFar-
ley Bunemarninstabilitiesandgivenriseto thetypel echoes,
providedthethresholdconditionwasmetat the higheralti-
tude. Why typel echoesappearedit the higheraltitude but
notthelowerin thatcaseis unclear Verticalgradientdn the
winds, composition,and the ¢ factor presumablyreduced
theinstability thresholdn theupperlayerto the pointwhere
instabilitiescould be excited.

5. Summary and Conclusions

We have investigatedthe scatteringregions underlying
QP echoesisingin-beamradarimaging. Theseregionsturn
out to be spatially localized, to be horizontally elongated,
andto maintainaltitude as they drift throughthe radaril-
luminatedvolume. The trademarkquasiperiodicstriations
in radar RTI plots are the trails of the drifting scatterers,
like thetrails of starsleft in long-durationphotographiex-
posures. Refractioncan permit coherentscatterfrom field
alignedirregularitieswithin the regionsto be detectedover
awide rangeof elevationangles.The climatologyof thedy-
namoelectricfield andthe neutralwindsin the midlatitude
lower thermospherés consistentwith the mostcommonly
obsenedsignsof the echorangeratesandDopplershifts.
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Plasmasarechage neutralby definition,andthe assem-
blageof free chagein a plasmais enegetically expensve.
However, a dielectric plasmaresponsdeadingto the cre-
ation of inducedelectric dipolesis enegetically favorable
in a plasmain an appliedfield anddoesnot violate chaige
neutrality Effective chaige appearsvherever the polariza-
tion (induceddipole momentper unit volume)is divergent
andtendsto concentrateearthe boundariesor surfacesof
inhomogeneouplasmastructures.The polarizationelectric
fieldsthatarisearedipolaror higherorder Electronswith
streamlineghat follow the equipotentialswill circulatein
a conspicuousvay when drifting throughinhomogeneous
plasmas.

Circulationhasbeenuncoreredusingradarimaging. We
interpretthe circulation as evidencethat the scatteringre-
gions coincide with elongated,polarized plasmaclouds.
Such clouds have beenobsened in the ionosphereover
Arecibo andhave beendetectedn otherin situ andremote
sensingexperiments. Simulationsshown that polarization
electricfields and Hall drifts large enoughto drive Farley
Bunemaninstabilitiesand producetype | echoescanarise
in particularly elongatedcloudscoupledelectrically to the
F region. Thetypel echoedletectedoy the Clemsonradar
occurredin the vicinity of a highly elongatedscatteringe-
gion. Simulationsalso shav that plasmaclouds are un-
stableto kilometerscalecollisional drift instability modes,
andwe presumeat this point that intermediate-and small-
scaleirregularities can be generatedsubsequentiyjoy non-
linear mode couplingand plasmaturbulence. Evidenceof
horizontal kilometric wavesin patchysporadicE layersthat
were accompaniedy intermediate-and small-scalevaves
waspresentedby Kelley etal. [1995].

In paperl, it was arguedthat E region plasmaclouds
produceall the phenomenaecessaryo accountfor small-
scaleirregularitiesandcoherentradarbackscatteincluding
large-scaleprimary waves, large electric fields, and large
Hall currents. Neverthelesssimultaneousobsenations of
E region plasmaclouds, of structurewithin thoseclouds,
andof QP echoedrom a commonvolumeremainunmade.
Lik ewise,althoughthereis compellingevidencethatneutral
shearinstabilitiesmay be responsibldor producingpatchy
sporadickE layersandclouds,directobsenationsof the pro-
cessat work arelacking. Beforea completepicture of the
QP echophenomenortandevelop, simultaneousneasure-
mentsof the backgroundolasmadensityandelectricfields
(via incoherentcatteror rocket probes) intermediate-scale
plasmastructure(via rocket probesor radio scintillations),
neutralwind profile (via incoherentscatteror chemicalre-
leases)andcoherenscatter(via interferometryor imaging)
will haveto bemade.
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