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Auroral processesesultfrom the exchangeof energy and momentumbe-
tweenthe magnetosphereand ionosphere,and the current systemsarising
from this exchange. Field-aligned potential dropshie upwardfield-aligned
current (FAC) region othe auroral zone maintain a required current density
in the face of opposing mirror forces. But field-aligneatential drops occur
in downwardcurrentregionsaswell, and resultin upgoing acceleratecelec-
tron beams. We investigatethe occurrenceof upward acceleratedelectrons
with altitude, magnetic local time and season using FABY.choosingorbits
having perigee over thequator,northern-southerrhemispheredifferencesin
altitude coverageare largely removed. For an interval near solstice,no elec-
tron beamswere observedover the summer auroral zone at FAST altitudes,
while over the winter hemisphere, 71%tbE crossingshad upgoing beams,a
clear seasonalkffect. During the equinox interval the distribution between
hemispheresvas much more balanced,but the overall occurrencewas less
(~46%) than during winter solstice. There is a clear tendencyfor upgoing
acceleratedelectron beam occurrenceat FAST altitudesto maximize when
dipole tilt placesthe field line footpoint deepin the nightside ionosphere,

where background ionospheric density is lowest.

Thus the accelerating

potential structure dips down to lower altitudes in this case.

INTRODUCTION

The auroral zone is the most dramatic and energetic
manifestationof the inter-regionalprocessesoupling the
hot, tenuousmagnetospheriplasmaand the cold, dense,
collisional ionosphericplasma.Auroral processesre thus
intimately linked to the driving mechanismsf magneto-
sphericcurrentsystems. To maintain current continuity,
large potential dropdevelopalong auroralzonefield lines.
Field-alignedpotentialdropsdevelopin regionsof upward
FACs to acceleratthe tenuousplasmasheetelectronsinto
the ionospheren effect wideningthe loss coneto provide
sufficient currentflow in the circuit [Knight, 1973]. In
general,no suchpotentialwasthoughtto be necessaryor
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the downwardFACSs, becausehe density of ionospheric
electronswould be sufficientto supply all the necessary
current.

But sporadicevidencefor field-aligned potential drops
andupwardaccelerate@lectronbeamsin downward FAC
regionshasbeenobservedover the years[Shelley et al.,
1976; Sharp et al., 1980; Klumpar and Heikkila, 1982;
Johnstone and Winningham, 1982; Burch et al., 1983;
Gorney et al., 1985; Hultqvist et al., 1988; Marklund et
al., 1994; Boehm et al., 1995]. Recentobservationshy
the Fast Auroral SnapshoT Explorer (FAST) mission
have demonstratedhat such potential drops are a very
common feature in the auroral zone during wirfi@arlson
et al., 1998; McFadden et al., 1998; Ergun et al., 1998].
Regions of downward current thus appear to sometimes
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quire a parallepotential structureto maintain currentflow,
evidently when the ionospheric plasma distribution lacks
sufficient charge carriers to do so otherwise.

Preliminary analysisuggestdhat the characteristicscale
size of downward current regions, and their associated
potential structures,is smaller than that of the typical
inverted-V/upwarccurrentregion. Currentdensitiesin the
downwardcurrent regions are thus correspondinglylarger.
Early analysisof FAST upgoing electron beam observa-
tions indicatedthat they are found between2000 and 4000
km altitude over the winter auroralzoneon about 78% of
the passeJarlson et al., 1998]. The occurrenceprobabil-
ity drops quickly below 250@&m, andthe overall beamoc-
currencevaries with season. (Seealso Peria et al., this
volume). It hasbeendemonstratedhat the observedelec-
tron beamshavenumberfluxes that agreeclosely with the
currentdensity inferred from magnetometeimeasurements
[Carlson et al., 1998; Elphic et al. 1998]. Thus these
beams can carmnost of the field-alignedcurrentdensityin
a downward current region: hence their importance.

To place this study in the broader conteximér-regional
processesthe exchangeof energyand momentumbetween
the magnetosphereand ionosphere) and current-driving
mechanisms, weonsiderthe following simple picture. In
the spirit ofParker [1996; and thisvolume] andlijima [this
volume], theobservednagneticdeflectionsat low altitudes
can be thought of as manifestationsof Maxwell stresses
applied to the ionosphere ;B AB/|, (seealso Strangeway
et al., this volume). Thesestressesre balancedin steady
state in the ionosphereby friction due to ion-neutral
collisions: OO(By,: AB/Y,) = p(v-U)v;,, where By, is the
ionosphericmagnetic field, AB is the perturbation field
componentp is the ionosphericplasmadensity,v is the
ion drift velocity, U is the neutraldrift velocity andv,, is
the ion-neutral collision frequency. The low-altitude
Maxwell stresses should map to the motions of
plasma inthe magnetospherasillustratedin Figure 1 for
the premidnightauroralzone. The top panel shows the
stressedtilted magneticfield lines and their connectionto

the ionosphere; here the hitgtitude stressesre appliedin
the anti-sunward/eastwadirection, while at lower latitudes
the stressis sunward/westward. The bottom panel shows
the magnetospheriglasmamotions neededo maintainthe
magneticstressagainstfriction in the ionosphere hamely
antisunwardconvectionin the outer magnetosphereand
sunward convectionin the inner magnetosphere. Field-
aligned currentsare presentwhere there are shearsin the
magneticfield, in this casewith downwardFACs at the
polewardand equatorwardedges,and upward FACs in the
middle. Eaclsenseof FAC is associatedvith electrostatic
potential structurenecessarnto supply the current density

required by magnetic field shearsthat are imposed by
motions.
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Figure 1. (top) Schematicdiagramof shearedmagnetic
field lines applying Maxwell stressto the ionospheric
plasma in the premidnight region.  The horizontal
perturbation field is shown by black arrows, which is
opposite to the sense of the stress. (bottom) The

magnetospheric motioof the flux tubesthat is consisten
with the stress applied to the ionosphere.

Using FAST observations, we hastudiedthe altitude,
invariant latitude (ILAT) distribution, seasonal
dependenceand activity dependencef upward accelerated
electronbeamsin the near-midnightmagneticlocal time
(MLT) regions. We shall seethat, for constantplasma
sheetconditions and downward current density, a lower-
density ionosphericprofile will correspondto a lower-
altitude accelerating potential, whereasddrigher-density

ionosphericprofile the potential structurewill appearat
higher altitudes.
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APPROACH

We makejudicious use of the rapidly precessing=AST
polar orbit to study beam dependemxcealtitude, MLT, and
seasonal or dipole tilt effects. Byjcking out periodswhen
perigeeis at the equator,and apogeeis in the midnight
sector,we can confine our study to near midnight MLTs
with similar altitude coverage in the norindsouth. Then
by dividing these intervals into equinox and solstice
subsets,we can study seasonaleffects (which primarily
affect the ionospheric density distributions, and hence
possibly the altitudesat which the acceleratingpotentials
form). For the equinox cases,we expectthe ionospheric
density distributions to be similar between the two
hemispheresince the field line footpointsin the auroral
zone have similar solar zenith angles. For the solstises
one hemisphere will have auroral footpoiirtsthe depleted,
dark winter ionosphere,the other in the denser, sunlit
summerionosphere. We focus on two intervals in the
FAST datameetingthe foregoingconditions: the equinox
interval 15 - 29 September1997, andthe solsticeinterval
25 December1997 - 8 January,1998. The FAST orbit
providesroughly 11 northernand southernauroral passes
per day, so each 15-day intenealuld potentially provide as
many as 165 auroral passesthrough the near-midnight

region for each hemisphere.

Plate 1 shows magnetic fielthd electron-relatedjuanti-
ties that illustrate some of the featurestod pre-midnight
winter auroralzone. Thetop panel showsthe east-west
perturbationmagneticfield, the secondpanel shows the
field-aligned currentiensityinferred from the slope of the
field perturbation, the third panel shows the inferred
height-integrated Pedersen conductivity ~p based on
precipitating electron energy fluxes [Robinson et al.,
1987], and the electron energy and pitch angle
spectrogramsare shown at the bottom. This pass
illustratesthat downward currentsare often found at the
edgesof the inverted-V electron structures,and these
downward currentregions tend to be smaller and carry
higher current densities than the inverted-V regions.
Moreover, they are associateith minima in the inferred
>, hot at gradientsin X, as would be expectedif a
constantelectric field is being maintainedin the iono-
sphere. The upward electron fluxtimesedownwardFAC
regionsis at times so high that the entire column of
winter polar ionospheric plasma could $&verelydepleted
within tensof second4o minutes [Elphic et al., 1998].
The downward FACs are found on the poleward sidthe
antisunward/eastward Maxwell straggjion (ABgast < 0),
and on the equatorwardside of the sunward/westward
Maxwell stressregion (ABg,sr > 0).  The downward
current is carried here by upgoietectronsthat havebeen
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Plate 1.Data from a FAST auroral pass &ebruary6, 1997. The panelsshow the perturbationeast-westmag-
netic field component, the inferred sheeirrentdensity (downwardcurrentsare positive), the inferred height-in-
tegrated Pedersen conductance based on elgutemipitation, and electron energy and pitch angle spectrogram
(color coded for log eV cins® sr* eV?'). The pass is at about 21.4 MLT, at an altitude of about 4000 km.
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acceleratedin somecasesachievingenergiesabovel keV.
For this survey, we identify an electron beam
event/downward FAC region using upgoing electrons.

The eventswere selectedusing FAST summary data,
which havea 5-sectemporalresolution. We identified the
acceleratedipgoing electronbeamson the basis of both
pitch angle (confined to few degreeswithin the loss cone)
andenergy(E > 20 eV), and energyflux greaterthan 10’
eV cni? st srt eVv?! (most beamshavemuch higher energy
fluxes, typically in the rangeof 10° eV cm? st sr! eVv?Y).
The data were scanned and beam events were |tygerbit
andtime, andwe also notedif the peak beamenergy ex-
ceededl keV. The correspondingaltitude, magneticlocal
time (MLT), invariantlatitude (ILAT), activity level (Kp)
were also determined for each case.

ALTITUDE AND ILAT DISTRIBUTIONS

The solsticecasesn our study are confinedto within a
few hourslocal time of midnight, though orbital coverage
extends outside thisange. Thereis a slight asymmetryin
MLT sampling betweenthe north and south casesduring
the equinoxinterval, with northernobservationshiasedto
earlier local times and southern to later ladades. In alti-
tude, the solsticecasescan be found aslow as about1600
km with many casesbelow 2000 km, whereashe equinox
casesare mostly found above 2000 km. No beamswere
found below about1500 km. Theseresultsare similar to
those discussed liyarlson et al., [1998]; thereis an appar-
ent cutoff of occurrence at altitudaboveroughly 3500 km
is due to orbital coveragefor the intervals usedhere (the
orbit passeghrough altitudesabove 3500 km mainly at
invariant latitudes equatorwardof the auroral zone). The
northernand southernaltitude - ILAT distributionsfor the
equinox casesare very similar. Most beamsare found
within the rangeof 60° - 80° ILAT, the normal range of
auroral phenomena near midnight MLT.

Figure 2 shows the fraction of electron beam calsdded
by the fraction of orbital samplesin that bin with altitude
for the two seasongthe error bars denotethe uncertainty
based orN'2, whereN is the numberof casesn the bin).
This ratio is proportionalto the total number of beam
eventsin a bin divided by the total number of orbital
opportunitiesto observea beamwithin that bin (in other
words, fractional occurrence). For both the solstice and
equinox cases, the beawmcurrencedropsto zeroat low al-
titudesbefore the orbital coveragedoes, meaningthat the
incidenceof upgoingelectronbeamsreally decreasebelow
about 1600 km. Above about 3300-kattitude, the orbital
coveragefor the selectedime intervalsdoesnot permit an
estimateof beamoccurrence. For both seasonsthe beam
fractional occurrencencreasesabove 1600-km altitude and
levels off at a roughly constantoccurrenceabove about
2500-km altitude. This may imply that the entire field-

alignedacceleratingpotential structuretendsto lie within
the altitudes between 16@Mhd 2500 km, with possibly a
slightly higher altitude distribution for the equinox cases.
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Figure 2. Histogramsof numberof upgoing beamsdivided
by the number of orbits withieachbin. Error barsdenotethe
corresponding N uncertainty, where N is the numbef events
in a bin. Upgoing electron beaotcurrencedrops below about
2000 kmaltitude, andreachesa fairly steadyoccurrenceabove
2500 km. Hatchedregions denote no coverage for these
intervals.

SEASONAL AND ACTIVITY EFFECTS

Table 1 presentsa list by day of the numberof FAST
near-midnight auroral passeswith upgoing accelerated
electronbeamsandthe numberof passeswithout beams.
For solstice, the northern winter passeswith beams
outnumbered the passaithout beams(71% hadbeams),
whereas southersummerpasseyieldedno beamsat all.
Note that the overall coverageis similar, 142 passesn
the north and 133 in the soutlrAST telemetrycoverage
during the equinox period was somewhatlower than
during solstice, with datafrom a total of 117 northern
passes and 126 southern passes returned gpdbad (out
of 165 possible). Of the data returned, accelenapepbing
electron beams were observea 59% of the northernand
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33% of the southernpassegthe bottom line of Table 1).
This difference in occurrencebetween the northern and
southernequinoxpassess puzzling becausewe chosethe
orbital configuration to remove any biasesin altitude,
MLT, or ILAT between the two hemispheres.

Table 1. Upgoing Accelerated Electron Beam Occurrence

Solstice (number of passes Equinox (number of passes

North  South North  South

Date Yes/No Yes/No Date Yes/No Yes/No
12/25/1997 7/3 0/10 9/15/1997 5/3 3/4
12/26/1997 5/4 0/10 9/16/1997 7/3 4/5
12/27/1997 3/7 0/10 9/17/1997 4/4 4/3
12/28/1997 6/4 0/10 9/18/1997 5/2 3/5
12/29/1997 5/5 0/9 9/19/1997 1/5 214
12/30/1997 5/2 0/8 9/20/1997 71/1 414
12/31/1997 6/4 0/9 9/21/1997 4/5 3/6
1/ 1/1998 4/2 0/6 9/22/1997 4/5 2/8
1/ 2/1998 10/1 0/11 9/23/1997 3/3 45
1/ 3/1998 7/3 0/11 9/24/1997 4/4 2/6
1/ 4/199¢8 7 /2 0/9 9/25/1997 5/2 1/3
1/ 5/199¢ 9/1 0/10 9/26/1997 5/1 3/5
1/ 6/1998 8/1 0/11 9/27/1997 5/3 2/6
1/ 7/1998 9/1 0/9 9/28/1997 6/4 4/6
1/ 8/1998 10/1 0/11 9/29/1997 4/3 1/6

Total 101/ 4. 0/ 133 Total 69 /48 42/84
71% 0% 59% 33%

The apparentifferencebetweenequinoxnorth and south
occurrenceis due to systematicsin orbital coveragefor
FAST. Downlink of the datadependson availability of
suitable ground stations, which occurs preferentially at
aboutthe sametimes everyday. By the sametoken, out-
agesdueto lack of groundstation availability alsotend to
occur systematicallyat othertimes everyday. During the
equinoxseasorstudied here, these outagesjust happento
occur at times far from the maximum dipole tilt for the
north equinox cases,but are centeredon the southern
maximum tilt time. Thusthe coveragebiastendsto favor
times when northern away tié maximized,andvice versa
for the southern tilt conditionsWe cantakethis biasinto
accountby normalizingto the actualamountof time ob-
servationswvere possibleat a given dipole tilt.  After cor-
recting for these biases, we see thatfthetional occurrence
shownin Figure 3 is essentiallyidentical betweenthe two
hemispheres, and clearly demonstratesdhiile tilt (hence
solar zenithangle)affectsthe observedbeamoccurrenceor
equinox conditions at FAST altitudes.

The upgoing electron beam energyisough indicator of
the potential drop. We have tabulatedthe occurrenceof
electron beams with peakenergybelow 1 keV, andthose
having peak energies abotekeV. We havecalculatedthe
fraction of casesof eachcategoryas a function of Kp, to-
getherwith the distribution of all Kp valuesfound during

the solsticeand equinoxintervals. For both solstice and
equinox, thereis a dearthof high-energybeamsfor the

quietestconditions,Kp ~ 0. Thereis some suggestion
that more energeticheamsare found as Kp increasesbut

this tendencyis far from clear. It is also of interestto

determine if beam occurrenceis higher during active
times. We havecompiledthe fraction of beamcasesin

bins of Kp, together with the overall fraction of Kplues
for the solstice and equingeriods. The histograms(not

shown) are very similar (and the uncertaintiesgenerally
overlap),indicating that beamoccurrencedoesnot appear
to increase significantly for higher Kp values.

SUMMARY AND DISCUSSION

We havestudiedthe occurrenceof upgoing accelerated
electron beamby using precessiorof the FAST orbit at
times whenperigee(and apogee)s over the equator,pro-
viding comparablecoveragein altitude, ILAT, MLT and
dipoletilt over eachhemisphere. We then selectednter-
vals nearnorthernwinter solstice and equinoxto clarify
the role of ionosphericdensityin beamoccurrence. We
find that beamsare found starting at altitudesnear 1600
km, andrise to a constantoccurrencefrequency around
2500 km. This may imply that the acceleratpaentials
form in the neighborhoodof 1600 - 2500 km, and not
higher.
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Figure 3. (top) Fractional occurrenceof northern (southern)
equinox passes with beams plotted as solid (dotted} versus
the time of maximumaway dipole tilt, 0440 UT for northern
hemisphere cases, 1640 UT for southern hemisphere cabes.
beam occurrence is peaked at the timenakimumawaytilt for
each corresponding hemisphere.

The overall occurrenceof upgoing acceleratecelectron
beamsaroundmidnight MLT is greatesiearwinter sol-
stice (71% of the passespandleast near summersolstice
(0%). The equinoxoccurrencenaslower, with 59% and
33% of passesexhibiting beamsin the north and south,
respectively. The lower occurrence and the appasym-
metry appeardo be relatedto both dipole tilt andorbital
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coverage. The highestoccurrenceof beamsis found when

Figure 4. Schematic showing that the potential structtirat
accelerates the electrons sloshesand down the field lines as
the dipole rotates. (top) For the equinox casethe potential
structure associatedwith upgoing electron beams (dashed
contour) drops down below the FAST orbit altitudedy in the
hemisphere where the dipole rocks away from the sun.
(bottom) For the solstice case, the potential structure only

drops to FAST altitudesin the winter hemisphere,but stays
there throughoutthe dipole rotation. The potential structures
associated with inverted-V’'s may also drop to lowétitudesin

the winter hemisphere. Current flow in both caseshown by

the solid arrows.

the magneticpole is most tilted away from the sun, cen-
tered on 04:40 UT in thaorth and16:40 UT in the south.
This geometrymeansthat the ionosphericfootpoints have
their largestsolar zenith angles,are farthestfrom the ter-

minator and hencehave the lowest ionosphericdensities.

Moreover, these results impthat the altitude of the accel-
eratingpotentialis lowestwhenthe dipole tilt away from
the sun is greatest. These acceleratingpotentials are

thoughtto form closedbanana-shapeslrfacesas shown
in Figure 4. The figure shows thditr steadyconditions,
these surfacewould rise andfall in altitude as the dipole
rocks during equinox.

Surprisingly, beanoccurrencadoesnot show a signifi-
cantincreasewith geomagnetiactivity. The occurrence
of electronbeamswith peakenergiesgreaterthan 1 keV
doesnot clearly increasewith Kp. Theseresultsimply
that higher potentials are not found as activity (Hrenet
field-aligned current) increases. This may indicate that
during highKp larger net field-alignedcurrentsare carried
by broaderregionsof modestcurrent density, rather than
smaller regions of more intense current density with
higher associated potential drops.

We areleft with the questionof why downwardcur-
rentsin the winter premidnightauroral zone form thin
sheets of high current density instead of spreadirtgnto
broaderlayersof lower currentdensity. The answermay
lie in the nature of how magnetosphericstressesare
accomodatedby the ionosphere. In the winter nightside
ionosphere the background density is low, and
enhancements to this densdgcuronly wheresignificant
electronprecipitationoccurs(seePlate1). The frictional
force p(v-U)v,, is thus higherin inverted-V regions, and
lower outsidetheseregions. An applied magnetospheric
stresscan causethe ionosphereto “slip” more easily in
the low-density, low-friction regions away from the
inverted-V precipitation. In otherwords,the low-density
ionospherecan more easily reduce the applied stress,
which results ina larger magneticfield shearbetweenthe
high-density high-friction inverted-V region andthe low-
density, low-friction region just outside of it.  The
enhanced magnetic sheaijust anotherway of describing
a high, localized downwardfield-aligned current density.
In sunlit or higher-densityionosphericconditions, where
inverted-V precipitation does not add much additional
ionization to the backgrounddensity, we would not
necessarilyexpectto seesuchlocalized,high-currentden-
sity downward FACs.
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