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Abstract. The plasmasphericmassdensityat ��
�� was
monitoredby two IGPP/LANL groundmagnetometersta-
tions during the magneticstorm on September25, 1998.
Evenat this low latitudetheplasmadensitydroppedsignif-
icantly to 
������ of thepre-stormvalue. The total electron
content(TEC) inferredby GPSsignalsalsoshows a sizable
decreaseduring the storm. The observationssuggestthat
theconvectioncausedby thestrongelectricfield associated
with themagneticstormerodedtheplasmasphereaslow as����� , which is a muchlower latitudethanthat expected
from the estimatedpotentialdrop acrossthe polar cap to-
getherwith a simplemodelof the magnetosphericconvec-
tion pattern.

Intr oduction

In theinnermagnetosphere,magneticflux tubescirculate
on closedpathsandform a region calledthe plasmasphere
with densecold plasmacomparedwith the outermagneto-
sphere.Thesizeof theplasmasphereis determinedby abal-
ancebetweenthecorotationalelectricfield andthatimposed
by thesolarwind [e.g.,Nishida, 1966].Duringmagnetically
disturbedtimes,theplasmapausemovescloserto theEarth
becauseof the enhanceddawn-duskelectric field. In ob-
servationalaspects,our understandingof the plasmasphere
is derived from both satellite measurements[e.g., Chap-
pell, 1972] and whistler propagation [Carpenter, 1966].
More recently, the Faraday-rotationand dispersive-group-
delaytechniquesarealsousedto calculatetheelectroncon-
tentin theionosphereandtheplasmasphereby receivingsig-
nalsemittedfrom satellites.

The observationsfrom the RadioBeaconExperimentof
the geostationarysatellite ATS-6 show clear depletionof
electronsin both theplasmasphereandthe ionospheredur-
ing severemagneticstorms[Degenhardt et al., 1977].How-
ever, sincetheelectroncontentderivedfrom this typeof ex-
perimentis along the the slant path of the signal, it does
not directly indicatethedensityat specificlatitudes.In this
letter, we presenta new approachto study the dynamical
behavior of theplasmasphereduringmagneticstorms.The
gradienttechniqueusesthe principle that the phasediffer-
enceof field line resonancesobservedby two closelyspaced
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stationslocatedalongthesamelongitudemaximizesat the
eigenfrequenciesof the field line midway betweenthe two
stations [Baransky et al., 1985]. Theplasmamassdensity
canthenbe inferredby the observedeigenfrequency if ap-
propriatemodelsof themagneticfield andtheplasmaden-
sity areassumed.At mid- and low latitudes,the first har-
monic of field line resonancesis locatedin the Pc 3-4 fre-
quency band,andit hasbeendemonstratedthatthegradient
techniquecanrevealclearphase-differencepatternsateigen-
frequencies[Waters et al., 1991;1994].

Herewe examinethevariationof theplasmasphericden-
sity in the courseof a severe magneticstorm on Septem-
ber25,1998,by applyingthegradienttechniqueto thedata
from two groundmagnetometerstationsat ��
�� . We find
that the plasmasphericdensityat this low latitudewassig-
nificantly depletedduring the recovery phaseof the storm
andit slowly recoveredafterward.Thedepletionat this low
latitudeis unexpectedsinceit requiresa verystrongelectric
field thatis well abovethevaluesdeducedfrommodelingthe
currentsandcirculationof plasmafor the sameevent. We
alsoshow the decreaseof the total electroncontent(TEC)
deducedfrom GPSsignalsanddiscussits possiblerelation-
shipto theplasmasphericdepletion.

Observations

On September24, 1998,a large-scalesolarwind discon-
tinuity arrivedat theEarth’smagnetosphereat2345UT and
causedthe suddencommencement(SC) event observedby
several spacecraftand ground magnetometerstations. A
strongmagneticstormassociatedwith thisSCtookplaceaf-
terwardandreachedits maximumon thenext day, Septem-
ber25,1998.Thespacecraftobservationsof magneticfield
perturbationsassociatedwith this event including the solar
wind conditionsare discussedby Russell et al. [1999] in
detail.

MagnetometerstationsAFA and LAL, locatedat Col-
oradoSprings,ColoradoandLos Alamos,New Mexico, re-
spectively, were installedin 1998 by the Instituteof Geo-
physicsand PlanetaryPhysics(IGPP) at UCLA and Los
Alamos National Laboratory (LANL). Both systemsare
fluxgatemagnetometerssamplingat 1 Hz. They are syn-
chronizedby GPSsignalsin order to have the timing ac-
curacy betterthan a millisecond. The noiselevel of both
systemsis about0.1nT. Themagneticlatitudesof AFA and
LAL are ����� � � and �"!"� # � , respectively, andbothof themare
locatedalong 
��$�&% � magneticlongitude. The latitudinal
separationof thisstationpair is 
'��#�# km.

Thephasedifferencesbetweenthemagneticfields in the(
componentat AFA and LAL are usedto identify the

eigenfrequenciesof the magnetosphericfield line midway
betweenthe latitudesof AFA andLAL. Startingfrom Sep-
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tember24,1998,fourdaysof phase-differencespectrograms
areplottedin Figure1. Sincethephase-differencepatterns Figure1
areonly seenonthedayside,all spectrogramspresentthein-
terval between1200UT and0200UT of thenext day, which
correspondsto thelocal time interval 0500-1900.

OnSeptember24,1998,thefundamentalmodefrequency
atabout30mHzcanbeclearlyidentified,andit wasslightly
higherin themorningthanin theafternoon.Thedecreaseof
theeigenfrequency with timehasalsobeenshownby Waters
et al. [1994],andit indicatesanincreaseof theplasmamass
densityin theflux tubefrom the morningto the afternoon,
which is causedby theoutflow from theionosphereinto the
equatorialplasmasphereduringtheday. Largephasediffer-
encesarealsoseenat 
)�*%$+ mHzduring1800-2200UT, and
they maybeassociatedwith thethird harmonicof field line
resonances.

OnSeptember25,1998,thetwo stationscameto theday-
sideregionagainapproximatelythirteenhoursaftertheSC.
The phase-differencepatternwas not observed until 1700
UT (1000 LT). Starting from 1830 UT, the fundamental
modeandthesecondharmoniccanbeclearlyidentified,and
a hint of a third harmoniccanalsobeseen.Thefundamen-
tal modefrequency wasabout50 mHz at 1900UT, and it
increasedto 60 mHz at 2400UT. A similar percentagein-
creasein frequency is foundfor thesecondharmonic.

On the following day, September26, theeigenfrequency
did not increasewith time. It beganthedayatabout50mHz
andstayedsteadyor declineda little. Thephase-difference
patternwasnot asclearasthat on the previousday, which
is probablydueto the fact that muchweaker Pc 3-4 wave
power wasseenon this day(not shown). On September27,
theeigenfrequency droppedto lowervaluesandthetrendof
decreasingeigenfrequency clearly appeared,ason the day
beforethestorm.

Severalmoredaysof phase-differencespectrogramshave
beenexamined,andtheresultsof eigenfrequency measure-
mentsaresummarizedin Figure2. Thetoppanelof Figure2 Figure2
is the ,.-*/ index throughoutthetime interval from Septem-
ber24to October2 in 1998.Sincethedensityin theplasma-
sphereis afunctionof localtime,only thevaluesat2200UT
(or 1500LT) areplotted. Theplasmamassdensitiescorre-
spondingto theseeigenfrequenciescanbecalculatedby us-
ing the formulagivenby Schulz [1996] andthey areshown
in thethird panel.Hereadipolemagneticfield andaplasma
density02143$576 areassumed.A clearreductionof theequa-
torial plasmasphericdensityassociatedwith this magnetic
storm is seen. The equatorialdensityduring the recovery
phaseof themagneticstormon September25 waslessthan
onethird of the pre-stormvalue. Startingfrom September
26, the densitygraduallyrecoveredandit took 4-5 daysto
comebackto thepre-stormvalue.
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A significantdecreaseof theTEC is alsofoundfrom the
GPSmeasurementsfor this magneticstormevent. Thebot-
tom panelof Figure2 shows the zenithTEC valuesabove
Boulder, Coloradoduringthesametime interval. Themeth-
od of obtainingzenithTEC valuesandan examplefor an-
othermagneticstormaredescribedbyMusman et al. [1998].
Units of TEC are �*%"8:9 electrons/cm9 . Sincethe rapid de-
creaseof electrondensitywith increasingaltitude,thezenith
TECvaluesshown in Figure2 canbeusedasaproxyfor the
electrondensityin theionosphere.In additionto thetypical
diurnalvariationof TEC,which shows thegreatestvaluein
theearlyafternoonandthelowestvaluejust beforesunrise,
a significantdrop of the daily TEC maximumby approxi-
mately60%occurredonSeptember25(Day268)duringthe
magneticstorm.However, unlike theplasmasphericdensity
at ���;� , the daily TEC maximumroseto slightly higher
than80%of thepre-stormvalueon thenext day. A slower
recoveryof TECoccurredafterSeptember27.

Discussion

Thedensityvariationinferredfrom theassumedmagnetic
field anddensitymodelstogetherwith eigenfrequency mea-
surementsobtainedby the gradientmethodclearly shows
a significantdepletionat ����� during the September25,
1998, magneticstorm. We also examinedthe phasedif-
ferencespectrogramsfor the stationpair LAL-SGD (San
Gabriel Dam, [magnetic longitude, magnetic latitude] =
[307.5� , 41.1� ]) and found the sameresult. The observa-
tionscanbe interpretedthrougha picturein which initially
the inwardmotionof theplasmapauseoccurson thenight-
side,andthedaysideflux tubesthenbegin to convecttoward
the magnetopause,tendingto erodethe outer edgeof the
plasmasphere[Chappell, 1972].However, ourobservations
show that thedepletionoccurredat anunexpectedlylow � -
shell. In anoversimplifiedmodelof themagnetosphere,in
whichtheelectricfield imposedby thesolarwind is uniform
within the magnetosphere,the corotationalandconvection
electricfieldsareequalandoppositeon theduskterminator
at a distanceof ���=< �*>�� ?A@B��C where C is thepotential
dropacrossthemagnetospherein kV and ?D@ is the radial
distancein RE to the magnetopauseat the terminator. To
erodetheplasmasphereto a distanceof 2 RE at duskwould
requirea potentialdrop 
�!&%�% kV, which significantlyex-
ceedsthe potentialdrop of E=�&% % kV deducedfrom mod-
eling the currentsandcirculationof plasmaon September
24-25,1998,by usingtheAMIE technique[G. Lu, personal
communication,1999].Nevertheless,thedepletionat �F�G�
agreeswith theempiricalformulaof theplasmapauseloca-
tion �IHJH basedon spacecraftand whistler observationsat
higher � -shells [Carpenter and Anderson, 1992]. Accord-
ing to this formula, � HJH wasreducedfrom 4.2 to 1.8during
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September24-25in responseto anincreaseof KML up to > N
at 0600-0900UT on September25. Alternatively, the de-
pletioncouldalsoberelatedto thelossof plasmainsidethe
newly formedplasmapausefollowing astormonsetreported
by Carpenter [1962].

Continuousobservationsof eigenfrequenciesarealsouse-
ful for discussingtherefilling anddepletionratesof theplas-
masphere.FromFigure2, it appearsthat theplasmasphere
was refilled at an inferred rate of 
O#&�"! amuP cm57Q&P d 5R8 ,
or equivalently 27 amuP cm5SQTP hr 5U8 , at the equatorafter it
was fully eroded. However, therewasalsoa diurnal vari-
ation of the plasmasphericdensityassociatedwith ion out-
flow from theionosphereon thedaysideandthelossof par-
ticlesfrom theflux tubesin theionospherein thenightside.
From the phase-differencespectrogramsfor September24
andSeptember27 in Figure1, it canbeshown that the re-
filling ratewas 
G��%�% amuP cm57QTP hr 5R8 duringtheinterval of
0900-1500LT for bothdays.This refilling rateis equivalent
toanupwardionflux of +V�W!UXY�*% Z amuP cm579TP s5U8 , whichis in
agreementwith thereported1��[X\�*%�Z electronsP cm5S9�P s5R8
for �^]_� [e.g.,Singh and Horwitz, 1992]if theaverageion
massis 
�� amu(e.g.,75%H

N
, 23%He

N
andHe

NUN
, and

2% O
N

). On theotherhand,thepeculiarrising trendof the
eigenfrequency on September25 indicatesthat theplasma-
sphereat �`��� wasbeingdepletedat that time. Specifi-
cally, theequatorialdensitydecreasedfrom 1610amuP cm57Q
at 1900 UT (noon) to 1210 amuP cm57Q at 2300 UT (1600
LT). Thissuggeststhatthedepletionratewasstrongenough
to giveanetdepletion100amuP cm57Q�P hr 5R8 atonelocal time
above the ionosphericsupply rate that we assumestayed
near200amuP cm57QTP hr 5R8 .

Low TEC valuesmay resultin a slower ion outflow into
theplasmasphere,butaseveredepletionof theplasmasphere
maynot beanimportantcausefor low TEC valuesbecause
of the abundanceof particlesin the ionosphere. Instead,
TEC valuesare sensitive to processestaking place in the
ionosphere.For mostsummerionosphericstorms,changes
in thechemicalcompositionof neutralgasescanreducethe
numberof electrondonorsand increasethe recombination
rates[e.g.,Fuller-Rowell et al., 1997].As a resultthelower
efficiency of ionizationby thesolarEUV radiationyieldsa
lowerTECvalue.How thisprocessaffectsthedepletionand
refilling of theplasmasphereis aninterestingtopicfor future
studies.

In this letter we have presentedthe first studyusingthe
gradient techniqueof magneticpulsationsto analyzethe
densityvariationof theplasmasphereundertheinfluenceof
a magneticstorm. We find this a promisingway to explore
the dynamicsof the plasmasphere.The abundantgeomag-
netic field datacan alsoprovide valuableinformation that
canbecomplementaryto satelliteor whistlerobservations.
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A larger numberof observationswith a wider coveragein
local time for the plasmasphericdepletionat low latitudes
shouldbe examinedin detail to determinewhetherthe ob-
servationsarein accordancewith theexisting theory.
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Figure 1. Phase-differencespectrogramsof hAi for thesta-
tion pair AFA-LAL. Eachdiagramshows the spectrogram
for thelocal time interval 0500-1900.

Figure 1. Phase-differencespectrogramsof h i for thestationpair AFA-LAL. Eachdiagramshows thespectrogramfor
thelocal time interval 0500-1900.
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Figure 2. (From top to bottom) ,.-*/ index, fundamental
modefrequenciesof field line resonancesat �j��� for the
local time1500obtainedby thegradientmethod,equatorial
plasmamassdensitiesinferredby theobservedresonantfre-
quencies,andzenithTECvaluesaboveBoulder, Colorado.

Figure 2. (Fromtop to bottom) ,.-*/ index, fundamentalmodefrequenciesof field line resonancesat ���k� for the local
time1500obtainedby thegradientmethod,equatorialplasmamassdensitiesinferredby theobservedresonantfrequencies,
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