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Abstract. The plasmasphericmassdensityat L ~ 2 was
monitoredby two IGPP/LANL ground magnetometesta-
tions during the magneticstorm on SeptemberR5, 1998.
Evenat this low latitudethe plasmadensitydroppedsignif-
icantly to ~ 1/4 of the pre-stormvalue. The total electron
content(TEC) inferredby GPSsignalsalsoshavs a sizable
decreasealuring the storm. The obsenationssuggesthat
the corvectioncausedy the strongelectricfield associated
with the magneticstormerodedthe plasmaspheraslow as
L = 2, which is a muchlower latitude thanthat expected
from the estimatedpotentialdrop acrossthe polar cap to-
getherwith a simple model of the magnetosphericorvec-
tion pattern.

Intr oduction

In theinnermagnetospherepagnetidlux tubescirculate
on closedpathsandform a region calledthe plasmasphere
with densecold plasmacomparedwith the outermagneto-
sphereThesizeof theplasmaspheris determinedy abal-
ancebetweerthecorotationaklectricfield andthatimposed
by thesolarwind [e.g.,Nishida, 1966]. Duringmagnetically
disturbedtimes, the plasmapauseovescloserto the Earth
becauseof the enhanceddavn-duskelectricfield. In ob-
senationalaspectspur understandingf the plasmasphere
is derived from both satellite measurementge.g., Chap-
pell, 1972] and whistler propagation [Carpenter, 1966].
More recently the Faraday-rotatiorand dispersve-group-
delaytechniguesrealsousedto calculatethe electroncon-
tentin theionospherandtheplasmasphengy receving sig-
nalsemittedfrom satellites.

The obsenationsfrom the Radio BeaconExperimentof
the geostationarysatellite ATS-6 showv clear depletionof
electronsn boththe plasmaspherandthe ionospheradur-
ing severemagneticstorms|[Degenhardt et al., 1977]. How-
ever, sincetheelectroncontentderivedfrom this type of ex-
perimentis alongthe the slant path of the signal, it does
not directly indicatethe densityat specificlatitudes.In this
letter, we presenta new approachto study the dynamical
behaior of the plasmaspherduring magneticstorms. The
gradienttechniqueusesthe principle that the phasediffer-
enceof field line resonancesbseredby two closelyspaced



stationslocatedalongthe samelongitudemaximizesat the
eigenfrequenciesf the field line midway betweerthe two

stations [Baransky et al., 1985]. The plasmamassdensity
canthenbe inferredby the obsened eigenfrequengif ap-
propriatemodelsof the magneticfield andthe plasmaden-
sity are assumed.At mid- andlow latitudes,the first har

monic of field line resonancess locatedin the Pc 3-4 fre-

gueng band,andit hasbeendemonstratethatthe gradient
techniquecanrevealclearphase-diferencepatternsateigen-
frequenciegWaters et al., 1991;1994].

Herewe examinethe variationof the plasmaspheriden-
sity in the courseof a severe magneticstorm on Septem-
ber25,1998,by applyingthe gradienttechniqueto the data
from two groundmagnetometestationsat L ~ 2. We find
that the plasmaspheridensityat this low latitude was sig-
nificantly depletedduring the recovery phaseof the storm
andit slowly recoveredafterward. The depletionat this low
latitudeis unexpectedsinceit requiresa very strongelectric
field thatis well abovethevaluesdeducedrom modelingthe
currentsand circulationof plasmafor the sameevent. We
alsoshaw the decreasef the total electroncontent(TEC)
deducedrom GPSsignalsanddiscusdts possiblerelation-
shipto the plasmaspheridepletion.

Obsevations

On SeptembeR4, 1998, a large-scalesolarwind discon-
tinuity arrivedat the Earths magnetospherat 2345UT and
causedhe suddencommencemeniSC) event obsened by
several spacecraftand ground magnetometestations. A
strongmagneticstormassociatevith this SCtook placeaf-
terward andreachedts maximumon the next day, Septem-
ber25, 1998. The spacecrafobsenationsof magnetidield
perturbationsassociatedvith this eventincluding the solar
wind conditionsare discussedy Russell et al. [1999]in
detail.

MagnetometerstationsAFA and LAL, locatedat Col-
oradoSprings,ColoradoandLos Alamos,New Mexico, re-
spectvely, wereinstalledin 1998 by the Institute of Geo-
physicsand PlanetaryPhysics(IGPP) at UCLA and Los
Alamos National Laboratory (LANL). Both systemsare
fluxgatemagnetometersamplingat 1 Hz. They are syn-
chronizedby GPSsignalsin orderto have the timing ac-
curag betterthan a millisecond. The noiselevel of both
systemss about0.1 nT. The magnetidatitudesof AFA and
LAL are44.3° and47.6°, respectrely, andbothof themare
locatedalong ~ 320° magneticlongitude. The latitudinal
separatiorof this stationpairis ~ 366 km.

The phasedifferencesetweenthe magneticfieldsin the
H componentat AFA and LAL are usedto identify the
eigenfrequenciesf the magnetospheriéield line midway
betweerthe latitudesof AFA andLAL. Startingfrom Sep-



tember24,1998,four daysof phase-diferencespectrograms
areplottedin Figurel. Sincethe phase-diferencepatterns
areonly seeronthedaysideall spectrogrampresenthein-

tenal betweerl200UT and0200UT of thenext day, which
correspond$o thelocal timeinterval 0500-1900.

On Septembe?l4,1998,thefundamentamodefrequeny
atabout30 mHz canbeclearlyidentified,andit wasslightly
higherin themorningthanin theafternoon.Thedecreasef
theeigenfrequengwith time hasalsobeenshavn by Waters
et al. [1994],andit indicatesanincreaseof theplasmamass
densityin the flux tube from the morningto the afternoon,
whichis causedy the outflow from theionospherénto the
equatoriaplasmaspherduringtheday. Large phasediffer-
encesrealsoseemat~ 105 mHzduring1800-2200JT, and
they maybe associatedvith the third harmonicof field line
resonances.

On SeptembeR5, 1998, thetwo stationscameto theday-
sideregion againapproximatelythirteenhoursafterthe SC.
The phase-diferencepatternwas not obsenred until 1700
UT (1000 LT). Startingfrom 1830 UT, the fundamental
modeandtheseconcharmoniccanbeclearlyidentified,and
a hint of a third harmoniccanalsobe seen.Thefundamen-
tal modefrequeng was about50 mHz at 1900 UT, andit
increasedo 60 mHz at 2400UT. A similar percentagén-
creasan frequeng is foundfor the seconcharmonic.

On thefollowing day, Septembe6, the eigenfrequeng
did notincreasewith time. It beganthedayatabout50 mHz
andstayedsteadyor declineda little. The phase-diference
patternwas not as clearasthat on the previous day, which
is probablydueto the fact that muchwealer Pc 3-4 wave
powerwasseenon this day (not shovn). On Septembe27,
theeigenfrequengdroppedo lower valuesandthetrendof
decreasingeigenfrequeng clearly appearedas on the day
beforethe storm.

Severalmoredaysof phase-diferencespectrogrambave
beenexamined,andthe resultsof eigenfrequengmeasure-
mentsaresummarizedn Figure2. Thetop panelof Figure2
is the Dst index throughouthetime interval from Septem-
ber24to October in 1998.Sincethedensityin theplasma-
spheras afunctionof localtime, only thevaluesat2200UT
(or 1500LT) areplotted. The plasmamassdensitiescorre-
spondingto theseeigenfrequenciesanbe calculatedoy us-
ing the formulagivenby Schulz [1996] andthey areshavn
in thethird panel.Hereadipolemagnetidield anda plasma
densityp ~ r—* areassumedA clearreductionof theequa-
torial plasmasphericlensity associatedvith this magnetic
stormis seen. The equatorialdensityduring the recovery
phaseof the magneticstormon SeptembeR5 waslessthan
onethird of the pre-stormvalue. Startingfrom September
26, the densitygraduallyrecoveredandit took 4-5 daysto
comebackto the pre-stormvalue.



A significantdecreasef the TEC is alsofoundfrom the
GPSmeasurement®r this magneticstormevent. The bot-
tom panelof Figure 2 shaws the zenith TEC valuesabove
Boulder, Coloradoduringthe sametime interval. Themeth-
od of obtainingzenith TEC valuesand an examplefor an-
othermagneticstormaredescribedy Musman et al. [1998].
Units of TEC are 102 electrons/crh. Sincethe rapid de-
creasef electrondensitywith increasingaltitude thezenith
TECvaluesshavn in Figure2 canbeusedasaproxy for the
electrondensityin theionosphereln additionto thetypical
diurnalvariationof TEC, which showvs the greatestaluein
the early afternoonandthe lowestvaluejust beforesunrise,
a significantdrop of the daily TEC maximumby approxi-
mately60%occurredon Septembe?5 (Day 268)duringthe
magneticstorm. However, unlike the plasmaspheridensity
at L = 2, the daily TEC maximumroseto slightly higher
than80% of the pre-stormvalueon the next day. A slower
recovery of TEC occurredafter SeptembeR?7.

Discussion

Thedensityvariationinferredfrom theassumednagnetic
field anddensitymodelstogethemwith eigenfrequengmea-
surementobtainedby the gradientmethodclearly shavs
a significantdepletionat L = 2 during the Septembe@5,
1998, magneticstorm. We also examinedthe phasedif-
ferencespectrogramsor the station pair LAL-SGD (San
Gabriel Dam, [magnetic longitude, magneticlatitude] =
[307.5°, 41.71°]) andfound the sameresult. The obsena-
tions canbe interpretedhrougha picturein which initially
the inward motion of the plasmapauseccurson the night-
side,andthedaysidelux tubesthenbegin to corvecttoward
the magnetopausegndingto erodethe outer edgeof the
plasmaspherg¢Chappell, 1972]. However, our obsenations
shav thatthe depletionoccurredat an unexpectedlylow L-
shell. In anoversimplifiedmodelof the magnetospherén
whichtheelectricfieldimposedy thesolarwind is uniform
within the magnetospherdhe corotationaland corvection
electricfieldsareequalandoppositeon the duskterminator
atadistanceof L = /183Rjs/® where® is the potential
drop acrossthe magnetospherim kV and R, is theradial
distancein Re to the magnetopausat the terminator To
erodethe plasmasphert a distanceof 2 Rg at duskwould
requirea potentialdrop ~ 700 kV, which significantly ex-
ceedsthe potentialdrop of < 200 kV deducedrom mod-
eling the currentsand circulation of plasmaon September
24-25,1998,by usingthe AMIE techniqudG. Lu, personal
communication1999]. Neverthelessthedepletiomat L = 2
agreeswith the empiricalformula of the plasmapauskoca-
tion L,, basedon spacecrafand whistler obserationsat
higher L-shells [Carpenter and Anderson, 1992]. Accord-
ing to this formula, L,, wasreducedrom 4.2to 1.8 during



SeptembeR4-25in responseo anincreaseof Kp upto 8,
at 0600-0900UT on SeptembeR5. Alternatively, the de-
pletioncouldalsoberelatedto thelossof plasmainsidethe
newly formedplasmapausmllowing astormonsetreported
by Carpenter [1962].

Continuousobsenationsof eigenfrequenciegrealsouse-
ful for discussingherefilling anddepletiorratesof theplas-
masphereFrom Figure 2, it appearghatthe plasmasphere
was refilled at an inferred rate of ~ 647 amucm=3.d—!,
or equivalently 27 amucm=3-hr—1, at the equatorafter it
was fully eroded. However, therewas also a diurnal vari-
ation of the plasmaspheridensityassociatedvith ion out-
flow from theionospheren the daysideandthelossof par
ticlesfrom the flux tubesin theionospherén the nightside.
From the phase-diferencespectrogramgor Septembef4
and SeptembeR7 in Figurel, it canbe shavn thatthere-
filling ratewas~ 200 amucm~3-hr~! duringtheinterval of
0900-1500_T for bothdays.Thisrefilling rateis equivalent
to anupwardion flux of 5.7x 108 amucm—2-s~!, whichisin
agreementvith thereported~ 3 x 108 electronsem=2.s71
for L > 4 [e.g.,Sngh and Horwitz, 1992]if theaverageon
massis ~ 2 amu(e.g.,75%H™, 23% He" andHe™ ", and
2% O™). Ontheotherhand,the peculiarrising trendof the
eigenfrequeng on SeptembeR5 indicatesthatthe plasma-
sphereat L = 2 wasbeingdepletedat thattime. Specifi-
cally, theequatoriadensitydecreaseftom 1610amucm—3
at 1900 UT (noon)to 1210 amucm—3 at 2300UT (1600
LT). This suggestshatthe depletionratewasstrongenough
to giveanetdepletionl00amucm—3-hr—! atonelocaltime
above the ionosphericsupply rate that we assumestayed
near200amucm—3-hr—1,

Low TEC valuesmay resultin a slower ion outflow into
theplasmaspherdut aseseredepletionof theplasmasphere
may not be animportantcausefor low TEC valuesbecause
of the alundanceof particlesin the ionosphere. Instead,
TEC valuesare sensitve to processesaking placein the
ionosphere For mostsummerionosphericstorms,changes
in the chemicalcompositionof neutralgasesanreducethe
numberof electrondonorsandincreasethe recombination
ratese.g.,Fuller-Rowell et al., 1997]. As aresultthelower
efficiency of ionizationby the solarEUV radiationyields a
lower TEC value.How this processffectsthedepletionand
refilling of theplasmaspheris aninterestingopicfor future
studies.

In this letter we have presentedhe first study usingthe
gradienttechniqueof magneticpulsationsto analyzethe
densityvariationof the plasmaspherendertheinfluenceof
a magneticstorm. We find this a promisingway to explore
the dynamicsof the plasmasphereThe atundantgeomag-
netic field datacan also provide valuableinformation that
canbe complementaryo satelliteor whistler obsenations.



A larger numberof obsenationswith a wider coveragein

local time for the plasmasphericepletionat low latitudes
shouldbe examinedin detail to determinewhetherthe ob-
senationsarein accordancevith the existing theory
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Figure 1. Phase-dierencespectrogramsf By for the sta-
tion pair AFA-LAL. Eachdiagramshows the spectrogram

for thelocal time interval 0500-1900.

Figure 1. Phase-dierencespectrogramef By for the stationpair AFA-LAL. Eachdiagramshaws the spectrogranfor

thelocal time interval 0500-1900.
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Figure 2. (From top to bottom) Dst index, fundamental
modefrequenciesf field line resonanceat L = 2 for the
localtime 15000btainedby the gradientmethod,equatorial
plasmamassdensitiesnferredby theobsenedresonantre-
guenciesandzenithTEC valuesabove Boulder Colorado.

Figure 2. (Fromtop to bottom) Dst index, fundamentamodefrequencie®f field line resonanceat L = 2 for thelocal
time 15000btainedby thegradientmethod equatoriaplasmamassdensitiesnferredby the obsenedresonanfrequencies,
andzenithTEC valuesabove Boulder, Colorado.
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