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Abstract.

JULIA radarobsenationsof equatorialspread- (ESF)plasmairregularitiesmade
betweenAugust,1996andApril, 2000areanalyzedstatistically Interpretationof
the datais simplified by adoptinga taxonomyof echotypeswhich distinguishes
betweerbottom-type bottomside topside, and post-midnightirregularities. The
datareveal patternsin the occurrenceof ESFin the Peruviansectorthat are
functionsof seasonsolarflux, andgeomagneti@actiity. We confirmearlierwork
by Fejeretal. [1999] shaving thatthequiet-timeclimatologyof theirregularitiesis
stronglyinfluencedy theclimatologyof thezonalionospherielectricfield. Under
magneticallyquiet conditions,increasingsolarflux implies greaterprereversal
enhancemenamplitudesand, consequentlyirregularity appearanceat earlier
times, higherinitial altitudes,andhigherpeakaltitudes. Sincethe post-reversal
westward backgrouncklectricfield alsogrows strongemwith increasingsolarflux,
spreadF eventsalsodecayearlierin solarmaximumthanin solar minimum.
Variationin ESFoccurrenceduring geomagneticallyactive periodsis consistent
with systematicvariationsin the electricfield associatedvith the disturbance
dynamoand prompt penetrationdescribedby Fejer and Scerliess[1997] and
Sderliessand Fejer [1997]. Quiet-timevariability in the zonal electricfield
contributessignificantlyto variability in ESFoccurrenceHowever, no correlation
is found betweerthe occurrenceof strongESFandthe time history of the zonal
electricfield prior to sunset.

1. Introduction [1998]. Processedatacanbe viewed usingthe web sener
athttp://| andau. geo. cornel | . edu.

This paperaddressefrendsin the overall occurrenceof
F regionirregularitiesratherthancharacteristicef isolated
events.While theechoesdn our dataseexhibit considerable
morphologicalvariability, clearpatternsin their occurrence
areapparentThesepatternsbecomemoreevidentwhenthe
echoesare catgyorizedinto a few distinct types. While no
two spreadF eventsappearexactly alike in the radardata,
mosteventsfall naturallyinto cateyoriesandevolve accord-
ing to oneof afew scripts.

In orderto demonstratekill, forecastof ESFmustout-
perform predictionsderived from climatological or persis-
tencemodels. This paperpresentghe climatologicalrecord
of ESFoccurrenceversusseasorandsolarflux level, eval-
uatesthe effects of geomagneti@ctiity on the occurrence

The JULIA (JicamarcdUnattended.ong terminvestiga-
tionsof thelonospherandAtmospherejadaris aPC-based
data acquisition systemthat useslow power transmitters
and the Jicamarcamain antennaand functionsasan MST
or asa coherentscatterradar BetweenAugust, 1996 and
April, 2000, the JULIA radarwas usedto probeE and F
region plasmairregularitiesover 24 hour periodson nearly
300dayswhenotherJicamarcactiities did nottake prece-
dence Obsenationsweremadeover differentseasonssolar
flux levels,andgeomagneticonditions. The primary oper
atingmodemeasuredackscattesignal-to-noiseatios,first
momentDopplervelocities,andinterferometriczonal drift
speedbetweerf5 andabout900km altitude. Detailsof the
investigationhave beenpresentedby Hysell and Burcham
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of spread~, andanalyzeghe persistenceWe arguethatthe
climatologicalbehaior of thezonalelectricfield, itself con-
trolled by the neutralwind behaior, plays a predominant
role in controlling the climatology of spreadF. We shav
that the effects of geomagneti@ctivity on ESFare mainly
consistenwith the behavior of the disturbancelynamoand
of promptpenetratiorasdescribedy Fejer and Scherliess
[1997] and Sderliessand Fejer [1997]. Finally, we dis-
cussthe effectsof quiet-timeelectricfield variability on the
day-to-dayvariability of spread~. A betterunderstandingf
thisvariability is prerequisitdor developingskillful forecast
models.

2. Echotypes

Coherenscatteradarobsenationsof ionospheriplasma
irregularitiesarecorventionallydisplayedin rangetime in-
tensity (RTI) formatin which backscattepower is plotted
againstaltitude andtime. Many yearsof spreadF inves-
tigations carried out at Jicamarcaand elsavhere have led
to the accumulatiorand disseminatiorof large numbersof
RTI plotsknown for their compleity andvariability. These
RTI plotsmaycorvey anexaggeratedenseof the“random-
ness”of equatorialspreadr, however. Althoughthey have
two dimensionsRTI plotsshouldnot beinterpretedastwo-
dimensionalspatialrepresentationsf the irregularitiesex-
ceptperhapdor very broadfeaturesThisis becaus¢heve-
locity with whichtheirregularitiesdrift pasttheradaris nei-
ther uniform nor constantbecausehe eddy turnover time
for dominantfeaturesin the disturbedionosphericflow is
lessthanthe time it takesto generatean RTI map,andbe-
causehebeamwidthof eventhe Jicamarcantennas broad
comparedo the sizeof the primary plasmawavesinvolved
in spreadr. We believe that muchof the structureapparent
in RTI plotsis dueto a complicatednstrumentfunctionand
shouldbeignored.RTI plotsfromthe JULIA dataseexhibit
clear patternswhen interpretedsimply as indicationsof at
whataltitudesandtimesirregularitiesoccur

As arguedby Hysell and Burcham [1998], most of the
echoesobsened with the JULIA radarfall neatly into a
few maincateyories. Thesearebottom-typelayers,bottom-
sidelayerstopsidelayers(radarplumes)andpostmidnight
irregularities. Representate examplesof thesetypesare
shavnin Figurel. In thisfigure, threeexamplef eachtype
obsenedat differentphase®f the solarcycle areshown.

The characteristicef bottom-type bottomside andtop-
sidelayersweresummarizedy Hysell[2000]. All areman-
ifestationsof ionospheridanterchangenstabilities. Bottom-
type layersappearto be the signaturesof primary waves
with scalesizestrans\erseto B smallerthanabout1 km.
They canexist at low altitudeson flux tubeswith E region
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dominatedntegratedconductvities without couplingto the
E region andelectrically“shorting out”. Thesenarrov lay-

ersmainly drift westward undercontrol of the E region dy-

namo,evenduringsolarmaximum,andcannotexhibit much
vertical development. Bottomsidelayersmeanwhilerepre-
sentinterchangednstabilitiesexisting at higher altitudesor

later times on flux tubesimposingno significantE region

loading. They are alsomainly confinedto the linearly un-

stablebottomsidebut drift eastvard, exhibit significantver-

tical development,andcan penetratedhe F peak,occasion-
ally launchingnarronv channelof depletedplasmainto the
topside. Bottomsidelayershave primary waveswith trans-
versescalesizesof afew km thatresembleheirregularities
emeging in numericalsimulationsof interchangenstabili-

tiesinitialized by broad-bandrandomoise.Finally, topside
layersor radarplumesrepresentarge-scaledeepplasmade-

pletionsthatbreakthroughto thetopsideandascendapidly

to high altitudes. Radarplumesaccompayg what appearto

bedrasticdeformation®f thebottomsidd- layerandresem-
ble the wedge-shapedepletionsthat emege in numerical
simulationsinitialized by large-scaleJarge amplitudeper

turbationg(e.g. Zargham[1988]).

Figurel illustrateshow bottom-typelayersvary with so-
lar activity. The altitudeat which layerstypically appeared
increasedrom about200 km to about400 km with anin-
creasan the10.7cmflux from 70to 200. Whereaghe lay-
erssometimegpersistuntil local midnightduring solarmin-
imum, they typically vanishedby 22 LT at solarmaximum.
Oncebottom-typelayersdisappeapn a givenevening,they
seldomreappear The morphologyof radarplumesis also
affected by changingsolar flux. As solar flux increases,
plumestendto form earlierin the eveningandat higheralti-
tude,to achieve highermaximumaltitudes to crossthrough
theradarscatteringvolume morerapidly, andto desistear
lier.

Figure 1 depictsbottom-type, bottomside,and topside
irregularitiesoccurringby themseles. However, different
layertypesoccursequentiallyfollowing a routinechoreog-
raphy Bottom-typelayersgenerallyemegefirst, soonafter
sunset. Often, they descendunderthe influenceof a west-
ward zonalelectricfield until the underlyingplasmawaves
arestabilizedby collisions. Shouldthey insteadascendor a
time, radarplumesoften appearmver the radarshortly after
the bottom-typelayer reachests apex. More radarplumes
may follow. Eventually bottomsidelayersremainand can
be obseneduntil aboutlocal midnight. Thisis thecommon
orderingof events.Onagivenevening,stepsanbeskipped,
but the orderis usuallyfollowed.

Table 1. presentsoverall occurrencestatistics sorted

by the 10.7 cm solar flux index. The echotype refersto
strongesttype of echooccurringon a given evening prior
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Figure 1. RTI plotsdepictinggroupsof bottom-typelayers(first row), bottomsiddayers(second)radarplumes(third), and
post-midnightirregularities(fourth). Representate 10.7 cm solarflux levels areindicatedon the upperright of eachplot.
Notethatthe plotsdo notall startandendat the sametimes.
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Table 1. Occurrencestatisticsfor echotypesversusl0.7
cm solarflux.

$9<90 90< ¢<160 160< ¢

none 12% 16% 10%
bottom-type 23% 27% 31%
bottomside 15% 19% 16%
topside 50% 38% 43%

to local midnight, ranked from the wealest (hone)to the
strongest(topside). (Note that the actual strengthof the
echoeghemseleshaslittle to do with seasoror solar cy-
cle.) The table representsesultsfrom all seasonsxcept
Junesolsticebut, like our databases stronglyinfluencedy
equinoxconditions.Our seasonatoverageundoubtedlyaf-
fectsthestatistics.Occurrencesf irregularitiesduring June
solsticearerare. The statisticsshovn heredo not exhibit
significantsolarcycle variationsexceptperhapgor a small
increasein the occurrenceof topsideplumesduring solar
minimum.

Finally, the JULIA radar has detectedmary instances
of irregularitiesforming well after local midnight. Three
representatie examplesof post-midnightirregularitiesare
shavn in Figure 1. Theseirregularitiesdo not follow the
bottom-typetopsidebottomsideordering but insteadhave
a distinctly differentmorphology In RTI diagrams,post-

midnightirregularitiesgiveriseto characteristisvedgeshapes.

As arule, they occurfollowing periodsof geomagnetiac-
tivity andaremostcommonin solarminimum (seebelow).
They are obsened during solar maximumfollowing major
storms.

3. Climatology

Figure2 andFigure3 presenthe occurrencestatisticsof
JULIA spreadr echoedor equinoxand Decembeisolstice
conditions respectiely. Theupper middle,andlower rows
in eachcasecorrespondo low, moderateandhigh solarflux
conditions.Geomagneticallyjuietandactive conditionsare
depictedin theleft andright columns,respectiely (seebe-
low). Thegraphghemselesrepresenthe percentageateof
occurrencef detectableechoedinnedin altitudeandlocal
time. Histogramsat the bottomof eachgrayscalelot shov
the numberof datasetsontributing to the statistics. More
dataweretaken during magneticallyquietthanactive peri-
ods, and the shortageof datafrom disturbedsolsticecon-
ditionsin particularrendersthoseresultsinaccurate.Solid
lines superimposedn the quiet-timeplots shov quiettime
averagevertical plasmadrifts derived from incoherentcat-

ter measurement{sSderliessand Fejer, 1999].

The echophenomenologylepictedherewill be seento
supportmary of the conclusionsdrawvn recently by Fejer
et al. [1999], who demonstratedhat the quiet-time clima-
tology of F region irregularitiesobsened in the Peruvian
sectoris closely tied to the quiet-time climatology of the
zonalionosphericelectricfield. The likelihood of observ-
ing irregularitiesin a givenseasorandyear, they found,de-
pendsmainly on the averageamplitudeof the prereversal
enhancementime of theeveningreversal,andpostreversal
field strength. The climatology of the electricfield mean-
while is controlledby the behavior of the neutralwindsand
thedistribution of conductvity alongthemagnetidlux tubes
andalreadyhasbeenwell establishedSderliessandFejer,
1999].

The zonal electric field affects postsunseF region sta-
bility mainly in two ways. An eastvard (westward) field
drives a zeroth-orderPedersercurrentthat is directly and
immediatelydestabilizing(stabilizing). More importantly,
an eastvard field causeghe F layerto ascendover time to
altitudeswhereion-neutralcollisions are lessfrequentand
the linear growth rate of the RayleighTaylor instability is
higherandlessinfluencedrelatively by the ultimate direc-
tion of the electricfield. Climatologicalchangesn the be-
havior of the electricfield shouldaffect the climatology of
ESFoccurrenceaccordingly

Figures2 and3 supporthefindingsof Fejeretal. [1999]
in shawving that,undermagneticallyquietconditions the ef-
fect of increasingsolarflux is to causeirregularitiesto oc-
cur earlierandat higheraltitudesandto penetrateéo much
highertopsidealtitudeson average. This is consistentwith
the increasein both amplitudeof the prereversalenhance-
mentandthetime of the eveningreversalof the zonalelec-
tric field associatedvith increasingsolarflux. Furthermore,
sincethe averagepostreversalwestward electricfield also
grows strongerwith increasingsolar flux, spreadF events
tendto vanishearlierin solarmaximumthanin solarmini-
mum. Thelatereversaltime andsmall post-rerersalelectric
fieldsassociateavith low flux Decembesolsticein particu-
lar leadto long-livedspread- events.Post-midnighspread
F is likewise obsened most frequently during solar mini-
mum, whenthe small post-reversalzonal electricfield can
mosteasilybe overcomeby storm-drivenelectricfields (see
below).

4. Persistence

Forameteorologicaforecasto demonstratekill, it must
outperformboth climatologicalforecastmodelsandmodels
basedon persistencethe forward extrapolationof current
conditions. The climatology of ESFirregularitieswas de-
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Figure 2. Binned JULIA datashaving the occurrencestatisticsof radarechoedor differentsolarflux and geomagnetic
activity levelsduring equinox(Feb— Apr, Aug — Oct). Grayscaleslepictthe likelihood of detectingechoesn bins 6 min.
wide by 15 km in altitude. Geomagneti@ctiity is basedon the Kp index averagedover the precedingé hours. Note that
relatively few datasetgorrespondingo solarmaximummagneticallydisturbedconditionshave thusfar beentaken.
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Figure 3. Sameas previous figure exceptfor Decembersolstice(Nov — Jan). Note that very few datacorrespondingo
geomagneticallactive conditionshave sofar beencollected.
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scribedin the precedingsection. Here, we apply the con-
ceptof persistenceo theirregularitiesandexaminethe cor-
relationin the day-to-dayoccurrenceof radarplumes. A
quick surwey of all the JULIA datasuggests tendeny for
radarplumesto occur over consecutie daysseparatedy
daysof inactivity. A similar phenomenoris apparentin
satellite-basedpreadr databasesuchasthe AE-E dataset
(R. Heelis,personatommunication2000).

We candefinea randomvariablewith two statesrepre-
sentingthedaily pre-midnightoccurrencer non-occurrence
of atopsideradarplumein the JULIA datasetTherandom
variablewill have a differentmeanandvariancefor differ-
ent seasonsand phasesf the solarcycle. Using standard
techniquesanddefinitions,we cancomputethe normalized
autocorrelatioriunctionof thisrandomvariablefor different
lags,wherethelagsareintegernumbersof days.Autocorre-
lation valuesapproachinginity would indicatea strongten-
deng for ionosphericconditionsto repeamight afternight.

Table 2. Correlationanalysisof plumeoccurrence.

Persistencén) Persistencén)

F10.7Index Equinox All seasons
¢ <80 0.38(66) 0.33(70)
80< ¢ < 140 0.11(65) 0.04(73)
140< ¢ 0.22(37) 0.26(51)

Ourcalculationsof theautocorrelatioriunctionyield sta-
tistically insignificantcorrelationsfor lags of two daysor
more.However, for alag of a singleday, the correlationval-
uescanbe large. The oneday correlationvalueis whatwe
are calling persistence Table 2 presentpersistencealcu-
lated from the JULIA datasetand sortedby solarflux lev-
els. In this table,the numberenclosedn parentheseis the
numberof obsenation pairscontrilbuting to the normalized
autocorrelatiorfunction estimate. The first talbular column
representgquinoxconditions. We do not posses&nough
datato make accuratecalculationsfor solstice conditions
but have combinedwhat solsticedatawe do have with the
equinoxdatato computeall-seasorpersistence.The solar
flux binning levels usedherewere chosenso that approx-
imately equalnumbersof datawould fall into eachof the
threecatagories.

Table2. shows thatthe persistencef radarplumesap-
proached).4 during solarminimum. Basedon persistence
alone, one can thereforeforecastthe occurrenceof radar
plumes24 hoursin advanceduring solarminimum equinox
with 70% accurag. (Thatis, givena persistencef 0.4 and
a meanoccurrencerate of 50%, the occurrenceof spread

7

F will mirror the occurrenceon the previous day 70% of
thetime.) For high solarflux conditions,the persistencés
lower but still significant. The higherwe make the binning
thresholdthat defineshigh solarflux, the higherthe persis-
tencebecomesandweanticipatehatthefigurewill climbas
datafrom higherandhigherflux conditionsareenterednto
the JULIA databaseNote, however, thatthe persistencés
significantlyreducedduring moderatesolarflux conditions.
Persistencéorecastingvould appeato beineffective under
suchconditions,implying a more importantrole for other
forecastmethodsat suchtimes.

The physical mechanismunderlying the apparentone-
daymemoryof theequatoriaionospheravith respecto the
occurrenceand non-occurrencef radarplumesis not un-
derstood. Part of the explanationmay involve the role of
geomagneti@ctivity in initiating and suppressingeSFE In
the next sectionof the paper we will demonstratea solar
flux dependencentheefficiency of geomagnetiforcing of
equatorialelectrodynamicsand of its reversedrole during
low andhigh solarflux conditions.

5. Geomagnetic activity

Figure 2 alsogivesan indication of the relationshipbe-
tweenthe occurrenceof spreadF in equinoxand geomag-
netic actity. In this figure, active conditionsimplies an
averagevalue of Kp equalto or in excessof 3 for the six
hoursprecedingthe given momentof obseration. The ef-
fectsof geomagneti@ctivity evidently dependon the solar
cycle aswell ason local time. ComparisonbetweenFig-
ure 2 andFigure3 hintsthattheseeffectsdependon season
aswell. However, we have takenvery few datacorrespond-
ing to geomagneticallyactive solsticeconditionsandsowill
focusour remarkson equinox.

Thefirst row in Figure2 shavs that geomagneti@ctiv-
ity is conducve to irregularity formation prior to midnight
during low solarflux conditionsandis nearly essentiakf-
ter local midnight. Before midnight, geomagneti@activity
causesrregularitiesto occurmorefrequentlyandat consid-
erably higher altitudesthanthey do otherwise. The effect
is evenmoreevidentafter midnight, whengeomagnetiac-
tivity causegpostmidnightirregularities,which occurinfre-
guentlyunderquietconditions to be obsenedasfrequently
asthey areimmediatelyaftersunset.

During moderatesolarflux conditions,geomagneti@ac-
tivity seemso have a muchsmallerinfluenceon the occur
renceof irregularitiesprior to midnight. Geomagnetiac-
tivity meanwhilecontinuego be nearlyessentiafor theoc-
currenceof post-midnightrregularities.However, the over-
all rateof occurrencdor suchirregularitiesfalls drastically
with increasingsolarflux.
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Nearsolarmaximum,geomagneti@ctivity stronglydis-
rupts spreadF actiity beforelocal midnight. The occur
renceof plumesin particularis nearlyarrested.After mid-
night, irregularities continueto be obsened during solar
maximumduringdisturbedconditionsbut atafrequeng too
low to contributeto Figure2. For example,strongpostmid-
night irregularitieswere obsened at Junesolsticeon June
28,1999 betweerdd and6 LT a few hoursfollowing a Kp
valueof 6. The10.7cm solarflux index hadreachedavalue
of 207on June27.

We notethat two classef irregularitiesobsened after
midnightwith no closeassociatiorwith geomagneti@activ-
ity have beendetectedby the JULIA radar One classis
composedf echoessometimesobsened briefly just prior
to sunriseat altitudesnearthe F peak. Theseirregulari-
ties have beendiscussedy Farley et al. [1970] and Mac-
Dougalletal. [1998]. Anotherclassis madeup of irregular
ities with smallDopplershiftsthatthatappeato betherem-
nantsof radarplumesthatmight have formedseveralhours
previously. Thesemay be the signaturef “deadbubbles”
[Aggsonet al., 1992] and suggestthat small-scalewaves
may continueto be excited by large-scalegplasmainhomo-
geneitiedong afterthe primaryinstability hasceased.

Themainfeaturesof Figure2 arein goodagreementvith
the ESF occurrencephenomenologyound by Fejer et al.
[1999] who drew similar conclusionson the basisof Jica-
marcaincoherentscatterdatacollectedbetween1968 and
1992.They explainedthesefeaturesnainly in termsof elec-
tric fields driven by the disturbancedynamoprocesgBlanc
and Richmond 1980; Fejer et al., 1983; Stherliessand Fe-
jer, 1997]. Disturbancedynamoelectricfields resultfrom
enhancedenegy depositionin the auroralionospheredur-
ing geomagneticallyactive periods. A modifiedmeridional
circulationresultswhich leadsto modificationgo the dawn-
to-duskelectricfield obsernedat mid andlow latitudes.The
senseof the modificationopposeghatof thequiettime sys-
tem and givesrise to ascent(decent)in the late evening
(earlyevening)sectorsThedisturbancelynamas therefore
generallystabilizingin the equatorialionosphereeforelo-
calmidnightanddestabilizinghereafter The post-midnight
disturbancedlynamoresponseavasfound to be independent
of solarflux andstrongestat about4 LT. The pre-midnight
responsevasfoundto have a strongsolarflux dependence
andis strongesht solarmaximumdusk.

Disturbancedynamoelectricfields areusuallynecessary
to destabilizehe F region ionospherafter midnight,which
is otherwisestabilizedby its low altitude (high collisional-
ity) andby the prevailing westward quiettime electricfield.
This westward field is easily overcomeduring solar mini-
mum, wherewe find a high occurrenceof post-midnightir-
regularitiespeakingat approximatelyd LT. As the solarflux
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level increasessodoesthe amplitudeof the westward quiet
time field [Scerliessand Fejer, 1999]. Thus, strongerand
strongerdisturbancesare requiredto causeESFE By solar
maximum, post-midnightirregularities becomequite rare,
but their occurrencas still highly correlatedwith geomag-
neticactiity. In contrastthe occurrenceof pre-midnightir-

regularitiesis stronglyanti-correlatedvith geomagnetiac-
tivity at solar maximum. The correlationessentiallyvan-
ishesduring moderatesolarflux conditionswith the weak-
eninginfluenceof the disturbancedynamo. By solar min-

imum, the occurrenceof pre-midnightirregularitieshasbe-
comecorrelatedvith geomagnetiactuity, indicatingthein-

fluenceof a mechanisnotherthanthe disturbancelynamo.
Notethattheseoccurrencgatterngeflectobsenationsfrom

Jicamarcandmay not hold at otherlongitudes.

Thetimescalesitwhich the effectsof geomagnetiactiv-
ity are experiencedn the equatorialionosphereare signa-
turesof the mechanismat work. Following Scherliessand
Fejer [1997], we soughtto reveal thesetimescaleshy cor-
relatingour JULIA radarobsenationswith geomagnetiin-
dices. Scerliessand Fejer [1997] correlatedthe departure
of measuredonosphericelectricfields from their seasonal
averagedquiet time valueswith the AE index, an indica-
tor of corvection strengthand enegy input in the auroral
zone. In our case the variablederived from our datasefs
the two-staterandomvariableindicating the occurrenceof
non-occurrencef atopsideplume(seeearlierdiscussiorof
persistence)We distinguishbetweerplumesobsenedprior
to andafteraboutmidnight. Two randomvariablesarethen
realizedonceperday.

We correlatedhesewo variableswith the PC(polarcap)
index, asinglestationindex derivedfrom the magnetometer
stationat Thuleandconcevedto measureéhedegreeof IMF
mergingwith theEarth's magnetidield atthemagnetopause
[Troshichev etal., 1988]. It is calculatedrom the projection
of the total (vectorsum)of the horizontalgeomagnetidis-
turbancegprojectedon the dawn-duskline andis associated
with the Hall currentin the noon-midnightdirection. The
PC index hasbeenfound to be highly correlatedwith AE
[Vennestrgm et al., 1991; Vassiliadiset al., 1996; Takalo
and Timonen 1998]andhasbeenfoundto be a goodproxy
for the hemisphericouleheatingrate [Chunet al., 1999].
PCindex valuesare availableat 15 min. intervals andare
updatedregularly. All of the F region datain the JULIA
databasevereusedfor this analysis.

Figure4 shavsthe correlationbetweerthe PCindex and
the obsenationof plumesbeforeandafter1 LT by the JU-
LIA radar Theformercurve is only plottedthroughO LT;
to plot the correlationfunction for later timeswould be to
correlateESFplumeswith future valuesof PC.Both setsof
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Figure 4. Normalizedcross-correlatiorfunction between
thePCindex andtheoccurrenc®f pre-midnight(solidlines)
andpost-midnightdashedines)irregularitiesversughelo-

cal time of the PCindex. Thetime index ‘O’ refersto lo-

cal midnight. One-houmwide sliding window averageshave

beentaken,andtheerrorbarsreflectthevarianceof theaver-

agedvalues.Correlationfunctionsfor low (abose) andhigh

(below) solarflux conditionsareshawn.

curvesarecalculatedor low andhigh solarflux conditions.
Timesup though30 hoursprior to local midnight are con-
sidered.

Considerfirst the curves correspondindo radarplumes
obsenedafter1 LT. The curvesfor low andhigh solarflux
conditionsareessentiallyidenticalandreveal a strongposi-
tive correlation.Two shorttimescalegr = ~1-6and~7-12
hours)andalongtimescalgr = 20-30hours)areclearlyev-
identin theresponseThis phenomenologis strikingly sim-
ilar to thatfoundby ScherliessandFejer[1997]eventhough
somavhatdifferentquantitiesare beingconsideredqnotein
particularthe similarity betweenthesecurves and the rel-
ative efficiency plottedin Figure 3 of Scterliessand Fejer
[1997]for 0-4 SLT). Scherliessand Fejer [1997] associated
theshorttimescaleesponsef the postmidnighionosphere
to geomagnetidorcing with the disturbancedynamoand
found good agreemenbetweenequilibrationand recovery
timesresultingfrom aregressioranalysisof Jicamarcalata
andthosefoundby Fuller-Rowelletal. [1994]. They mean-
while associatedhe long timescaleresponsen part with
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compositionchangesn the low-latitude ionosphereoccur
ring aboutl day after high-latitudecurrentchangegFuller-
Rowelletal., 1994,1996].

Turningto the curvesin Figure4 correspondindo radar
plumesobsened prior to 1 LT, we seetotally differentbe-
havior for low andhigh solarflux. During solarmaximum
conditions thereis a stronganti-correlationwith PCvalues
measuredrom about5 to 16 hoursbeforelocal midnight.
This timescaletoo is in good agreementvith the response
of low-latitude zonalelectricfields to geomagneti@ctiity
in solarmaximumbroughtaboutby thedisturbancelynamo
[Scterliessand Fejer, 1997]. While we might thereforeex-
pectto find nocorrelationduringsolarminimum,Figure4in
fact shaws a significantpositive correlationconsistenvith
the upturn of ESF during solar minimum apparentin Fig-
ure 2. This positive correlationis not consistentwith the
known phenomenologyf the disturbancedynamo. Since
the correlationis largestbetween20 and 24 LT, the time
when the radar plumesare actually occurring, the upturn
representaveryrapidrespons¢o geomagnetiorcing. We
arethereforeinclinedto associatehe phenomenomvith the
promptpenetratiorof electricfields generatedy the solar
wind- magnetospherdynamao[ Seniorand Blang, 1984].

Fejer and Scerliess[1997] were recentlysuccessfuln
separatingempirical evidencefor storm-timeresponse®f
equatorialelectric fields to prompt-penetratiorand distur
bancedynamoeffects by taking into accountthe different
impulseresponse®f the two mechanisms.They shaved
that,following anincreasen thepolarcappotential,equato-
rial electricfieldsareeastvard (westward)duringtheday (at
night) andevolvewith atimescaleof aboutl hour. Thesense
of theperturbationss reversedor decreasem thepolarcap
potential. Sudderdecreasem the polar cappotentialcould
thereforedestabilizethe equatorialionosphere Onceirreg-
ularitiesdevelopinto thenonlinearregimeandradarplumes
begin to evolve andascendo highaltitudes furtherreversals
in the electricfield would have little effect on the instabili-
ties. In thatsensetheionospherdunctionslik e adiodewith
regardto the effect of penetratingelectricfields on stability.
Theeffectshouldandappears$o be mostpronouncediuring
solarminimumwhenthe quiet-time,westward electricfield
hasa minimumamplitudein the evening.

6. Quiet timevariability

Basedontheanalyseselatedto the climatologyandper
sistenceof ESFirregularitiesandon their responsd¢o mag-
netic actiity, it seemsasif an empirical model for fore-
castingirregularitiesmight easilybe constructed However,
the accurag of the modelwould suffer from the consider
ablequiet-timevariability exhibitedby thezonalionospheric
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Figure 5. RTI plots for successie daysobsened by the
JULIA radar

Figure5 shovs RTI plotsfor two successie daysin late
March, 2000. The seasonsolarflux level, andgeomagnetic
conditionsonandprecedinghesetwo dayswereessentially
identical.lonogramdor thesedays(notshavn) indicatethat
theF peakat1930LT wasatapproximatelysO0km on both
daysjust prior to the onsetof coherentbackscatter (The
value of fOf2 wasapproximately8 MHz on the 27thand7
MHz on the 28th.) The ionospherewas evidently linearly
unstableon both days, and bottom-typelayersemeged at
nearly the sametime and altitude on both days. A fore-
cast model basedon linear instability theory might have
predictedthis. However, whereaghe bottom-typelater on
March 27th descendedintil being stabilizedby collisions,
the layeron the 28th ascendedhbecamea bottomsideayer,
andgave rise to a topsideplumeat its ape. Variability in
the ionosphericelectricfield evidently contributessubstan-
tial variability to ESE

We have studiedthe quiet-time variability of the zonal
electricfield usingthe JULIA radar Theradarmodeutilizes
asmallantennawith awide beamto probeplasmairregular
ities in the electrojetand performsspectralanalysisto esti-
matetheionospheridield from the Dopplershifts of typell
echoesDetailsaboutthetechniquewhichwaspioneeredy
Balsley [1969], weregiven by Hysell and Burcham[2000].
As anexample,Figure6 shows the estimatedzonalelectric
field for five consecutie daysof March, 2000. This period
wasgeomagneticallyguiet,but considerabl&ourly andday-
to-dayvariability is evident. Similarvariability in incoherent
scattermeasurementisasbeenhighlightedby Viswanathan
et al. [1987], Basuet al. [1996], and Scerliessand Fejer
[1999] amongothers. Gravity waves propagatingnto the
thermospherarepresumedo bethecause.
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Figure 6. Zonalelectricfield estimatedor five consecutie
daysof March,2000. Theunitsarem/s,correspondingo the
EXB ascentates.Statisticalerrorbarsareplottedthoughthe
pointsbut are generallytoo smallto be discerned.Topside
spread- wasobsenedonly on March 12, the day thatalso
exhibitedanearlypeakin thezonalelectricfield.

We have attemptedo evaluatetheeffectthatthetime his-
tory of the zonalelectricfield throughouthe afternoonand
twilight hourshason“predisposing'theF regionionosphere
to postsunsetnstability. Figure 7 shovs averageelectric
field estimatedrom April, 1999andMarch,2000.The10.7
cm solarflux varied betweenabout100 and 140 in April,
1999and 180 and 230 in March, 2000. In the middle and
bottom rows, datawere sortedaccordingto whetherradar
plumeswereobsenedatary time aftersunsetThetwo sets
of curvesshav no clearevidenceof a systematidifference
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Figure 7. Averageelectricfields for April, 1999 (left col-
umn)andMarch,2000(right column). Solid linesrepresent
quiettime averagederived by Scerliessand Fejer [1999]
from incoherenscatterdata. Thetop panelsrepresentver-
agesof all available JULIA data. The middle panelsrepre-
sentdayswhen no ESF plumesoccurred,and the bottom
panelsrepresentdays with plumes. Vertical lines drawvn
throughthedatapointsrepresengeophysicalariability and
noterrorbars.

betweerspread- andnon-spread nights. Note, however,
thatour electricfield estimategenerallystartto breakdown

beforethe time of the peakin the prereversalenhancement.

We believe thattherewill be somepredictive benefitin ac-
curatelymeasuringhe amplitudeanddurationof the prere-
versalenhancemerandareattemptingto improve our tech-
nigueto do so. Accurateforecastamadebeforethe time of
theprereversalenhancementhough,maywell beunobtain-
able.

7. Summary

In this paper we have analyzedan extensve archive of
radarbackscattedatato infer the climatological behavior
of ionosphericirregularitiesin the equatorialF region in
the Peruviansector Irregularity formationis very common
except during Junesolstice,but the most severe spreadF
events,characterizedy radarplumes,occuron half of all
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eveningsor less,dependingpn the solarcycle. As solarflux
increasegrom solarminimum conditions,radarplumesare
obsened earlierin the eveningand at higher altitudes, but
they alsodecayearlierandhave anoccurrenceatethat de-
clinesslightly overall. This behavior is consistentwith the
climatologyof the zonalionosphericelectricfield. Theam-
plitude of the postreversalelectricfield is smallestduring
Decembesolstice,andit is thenthatwe find spreadr per
sistinglatestinto the evening.

Geomagneti@ctiity affectsthe occurrencef irregular
ities in a mannerthat dependson local time and the sea-
sonandsolarcycle. Disturbancedynamoelectricfields ap-
pearin the equatorialzonefollowing periodsof geomag-
netic actvity diagnosedby the PC index on intermediate
andlong timescales.The senseof the disturbancedynamo
electricfields is so asto stabilize (destabilize)the equato-
rial F region prior to (after)aboutlocal midnight. The post-
midnighteffectis mostevidentduringsolarminimumwhen
the backgroundpost-reversalzonal electric field can most
easily be overcomeby the storm-time perturbations. The
pre-midnightresponsds most evident during solar maxi-
mum, whenthe disturbancedynamoeffectively suppresses
plume formation. During solar minimum, promptpenetra-
tion electric fields give rise to a fastresponsen the pre-
midnight ionospherewherewe find enhancedrregularity
formationalmostimmediatelyafter perturbationsappeaiin
the PCindex. Thesefindingsdo not necessarapplyto lon-
gituderegimesoutsidethe Peruviansector

The pre-midnightirregularitiesunder study exhibit sig-
nificant one-daypersistenceluring low andhigh solarflux
conditionsbut not undermoderatesolar fluxes. This phe-
nomenoris notunderstoodbut couldbeanotherreflectionof
the effectsof geomagneti@ctivity. During low (high) flux
conditions,geomagnetiactiity generallyenhancegsup-
presses)rregularity occurrenceprior to midnight. Sequen-
tial daysof unseasonablpw (high) spread- activity should
thereforeresultfollowing long lived storms. However, dur-
ing moderateflux conditions,the correlationbetweengeo-
magneticactivity andirregularity occurrencés weak,asthe
differentmechanismst work are offset. Consequentlythe
one-daypersistencecould be expectedto diminish during
thistime.

Finally, we have discussedhe considerableday-to-day
quiettime variability in the zonalelectricfield obserned by
obliqueradarprobingof the electrojet. This variability will
tendto thwartforecasstratgiesbasecn persistencer cli-
matologicalmodelingor on assessmentse linear stability
of theF regionatsomefixedtime. As reportecby Basuetal.
[1996], the peakamplitudeof the preresersalenhancement
of thezonalelectricfield is probablyhighly predictive of ir-
regularity occurrenceWe planto improve our obliqueradar
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techniqueo attemptto verify this proposition.
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