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Due to reoentavailabilityald analysesof high time resolutionsatellite

data (includingIMP 6 and the ISEE-1and -2 satellitepair),the study of the

❑agnetapaugeand boundarylayerhas entereda periodof renewedactivity.

Plasmaobservationsfrom the VELA satellitesfirstestablishedthe presenceof

magnetasheath-likeplasmawith reduceddensityand flow velocityin a rela-

tivelythin ($ 1 H=) layer borderingthe plasmasheetat low latitudesand*,

b~rderingthe lobe environmentat high latitudes. Reoentanalysesof HEOS 2,

Explorer33 and IMP 6 data have establishedthe presenceof thts ‘plasma

boundarylayeri’(PBL)over the entiresunwardmagnetospherenear the magneto-

pause. This reviewgives a brief summaryof recentpublishedresultson two

d~stinctregionsof the PBL: that borderingopen fieldline regionsand that

borderingclosedfieldline regions. The ❑agnetopauselayer (i.e.,current

layer)can usuallybe identifiedby a ohangein magneticfielddireotionand
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cannot.be uniquelyidentifiedby any otherfieldor piasmaparameters. Immed-

iatelyearthwardof thismagnetopausecurrentlayer,a PBL of magnetosheath-

like plasuais usuallyobservedthat has dominantlymagnetooheath-likeenergy

spectraand flowcharacteristics.Observedplasmaboundarylayer thicknesses

are highlyvariableand are generallymuch largerthan the magnetopauselayer

thicknesseseven near the subsolarregion. Severalsuggestedsource

mechanis~sfor the plasmaboundaryl~yer are discussedand compared.

. .
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TRODUCTXON

Quantitativemagnetosphericmagneticfieldmodelsinciude,either directly

or indirectly,a magnetopausecurrentsystem(seethe reviewby Roederer,

1975). The ma”?etopausecurrentsare part of the basicboundaryconditionsof

the magneto=. ‘.ndthey contributesignificantlyto the outer❑agncto-

sphericfield. to recentavailabilityand analysesof high time

resolutionsatellitedata (includingIMP 6 and the ISEE-1and -2 satellite

pair),the studyof the magnetopauseand plasma

entereda periodof renewedactivity. The many

be simplydescribi,~ga commonregion❑aintained

boundarylayer (PBL) has

labelsappliedto the PBL may

by variousentry and transport

processes, We use the term ‘Iplasmaboundarylayertt(PBL)for lack of a more

physicallymeaningfullabelthat can only be chosenafter the magnetopause

interactionprocesseshave been clearlyand uniquelyidentified.

Satellitecoverageof the sur?w~rdmagnetopauseand PBL is shown in Figure

1 far four satellitesthat includeboth plasmaand fieldmeasurements. HEIOS2

prcwidesexcellentcoverageof the higherlatitudePBL whereasIMP 6 gives

complementary

provideddual

250 km. This

coverageat.lower latitudes, The ISEE spacecrafthave recently

spacecraftsamplingwith a spacecraftseparationdistanceof @

separationdistancewill be graduallyincreasedto providea

furtherdelineationof spaceand time variationsnear the magnetopauseand

~thertransitionregions, For the locationsof more tailwardPBL observa-

tions,the readeris referredto Figure 1 in Sckopkeand Paschinann(1978).

Plasmaobservationsfrom the VELA satellitesfi,rstestablished the

continuedpresenoeof magnetosheath-ltkeplasmawith reduceddensity and flow

velocityin a

latitudesand

1972;Akasofu

relativelythi]l($ 1 RE) layerborderingthe plasma sheet at low

borderingthe loboenvironmentat high latitudes[Hones et al.,

et alp, 19’/3]. Recentanalysenof HEOS 2 data [Rosenbaueret
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al., 1975; Paschmanne+ al., 1976;Haert?ndelet al., IW31, Explorer 33 data

[Crooker1977]and IMP 6 data [Eastmanet al., 1976;East~manand Hones, 19781

have establishedthe presenceof this plasmaboundarylayerover the entire

sunward❑agnetospherenear the ma.gnetopause.

A confusingvarietyof’labelshave been appliedto the PBL due to a wide

varietyof spacecrafttrajectories,data sets and timeresolution. Analyses

of the IMP 6 [Eastmanand Hones,19781,

2 data [Paschmann

of a low latitude

(theplasmasheet

et al., 1976] suggest

boundarylayer (LLBL)

or outer ring current

layer (HLBLor plasmamantle)bordering

VELA [Palmerand Hones,1978]and HEOS

an observationaldescriptionin terms

borderinga closedfield line region

region)and a high latitudeboundary

a regionof probablyopen fieldlines

(theextendedpolar cap regionor tail lobeenvironment).The distinction

betweenthesetwo regionsof the PBL is basedon the comparativeprofilesof

observedplasma

distribtitions,

di.s:anceinward

densityand thermalenergyin additionto energeticelectron

Both the densityand thermalenergydecreasewith increasing

from the magnetopausein the HLBL [Paschmannet al. 1976].

VELAmagnetosheath-lobeenvironmentcrossingsthat we have checked-alsoshow

this HLBL signature. The VELA energei.icelectrondata indicatethat this

regionis on open fieldlines (Palmerand Hones,1978). In contrast,IMP 6

crossingsof the LLBL and VELA magnetosheath-plasmasheetcrossingsshow an

increasein thermalenergy,alongwith the densitydecrease,with increasing

distanceinwardfrom t!~emagnetopause. Energeticelectrondata from IMP 6

(L’~.s!manml Hones,19’78)and VELA (Palmerand Hones, 19’/8)indicatethat the

LLBL is on closedfieldlines.

Magnetopauselayer (i.e.,the currentlayer),LLBL and HLBL are regions

for whichconvenientempiricaldefinitionscan be specified(Eastmanand

Hones,1978), It shouldbe noted that the magnetopauselayarand the P13Lare
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related but (usually) diatinot regions so that any magnetopauee model 1s

Incomplete without a corresponding treatment of the PBL.

Generaloharaoteriatiosof the PBL oan only be evaluated hy oomparing many

oroeslng examples slnoe boundary ❑otions and spatial variations are often

dominant (as in multiple magnetopauue orossinga). Our description of LLBL

oharaoterletios IS baaed on over 100 IMP 6 orosslngs of the magnetospherela

aunward aurfaoe.

magnetopause and

Fortunately, the

~ 2 results are baeed on a similariy large 8A Gf

PBL orossings (e.g., see Haerendel et al., 1978).

ISEE-1 and -2 satellite pair are presently providing high

time resolution measurements that oan.often separate the effeots of boundary

mot ion. However, spaoe and time variations are sometimes large enough in the

vioinity of the magnetopauae that even oareful analyala of the ISEE data does

not always lead to a olear separation of these variation

al., 1978).

Some oharaoteriatioa of the LLBL aa ob?erved by IMP 6

Figure 2. The overall density and velooity decreaae from

(ace Paachmann et

are Illuatratad in

the ❑agnetopauss
. .

layer to the Inner extent of the LLBL (going from ri8ht to left In the left

aide of the figure) la aooompanied by an inoreaae In thermal energy and

oontinued magnetonheath-level low frequency magnetio field

by the standard deviation SDB. The plaama B (the ratio of

magnetlo field energy density) usually dropu to $ 1 in the

the LLbL oonoiatent with the deoay of field fluotuationa,

fluctuation, given

plasma to

Innm portions of

Thin is beoauae,

for low J, the magnetic field is dominant and is not readily perturbed by the

plaama. Within tho boundary layer the plaama flow clireotions

variable and ueually shift into a direotion (for the eoliptio

oomponent) that Ie farther frOM the xG~ul~ than the nearby

are more .

plane fJ.oti

IW3gnetoaheath
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a significant cross-field velooity

ccxnponent; for example, the angle between the plasma flow and

direction for the Maroh 4, 1972 orossing shown in Figure 2 is

cases of higher cross-field flow components have been sampled

the field

~ 20°. Many

by IMP 6 in the

LLBL as well as by HE03 2 (Haerendel et al., 1978). The electron differential

spectra shown at the upper right stale of Figure 2 show the commonly observed

similarity of electron spectra sampled on each side of the magnetopause layer.

Although periods of local density ❑inima in the LLBL can often have

magnetospherio.like spectra, as shown in this example for a period near 1638

UT, electron spectra within the LLBL are often virtually indistinguishable

from those of the nearby magnetosheath. This speotpal similarity of plasma on

opposite sideg of the magnetopause layer with a gradation towards magneto-

spherio spectra farther into the LLBL has been nated in data from both IMP 6

and HEOS 2 (e.g., the October 10, 1973 orossing, Haerendel et al., 1978).

2nergeticelectron pitch angle distributions are often pancake-shaped in the

LLBL and adjacentmagnetosphere(suggestitia closedfieldline region). A

S%reamingdistributionas shownis oftenobservedin the adjacent -

magnetosheath.

IMP 6 plasma,energeticelectronand ❑agnetiofield observations provide

several results abcut the structure of the low latitude boundary layer and

msgnetopause layer in the region uovered by IMP 5 as shown in Figure 1 (ses

Eastman and Hones, 1978):

1. IT all IMP 6 ci-ossing~,some magnetasheath-likaplasma is observed

earthward of the magnetopause layer. ihe speotral intensities of LLBL

electrons oloae to the msgnetopause layer are often virtually indis-

tinguishable from those of the adjaoent ❑agnetosheath eleotrons. Ion

speotral intensities in the LLBL and local ❑agnetosheath are also very
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2.

3*

4.

5.

6.

similar. Many crossings show a significant magnetospheric

the ion and electron spectra, especially farther earthward

magnetopause layer and near relative density minima within

contributionto

from the

the LLBL.

High temporalresolution(three-secondaverage)data revealthat in 24 out

of 40 IMP 6 magnetopausecrossings,no distinctchangesin densityor

electronspectraare observedat the magnetopauselayer.

The LLBL thicknessis highlyvariableand, generally,is

the rnagnetopauselayer thickness.

NominalLLBL thicknessvaluesbasedon 90 IMP 6 boundary

statisticallysignificantcorrelationwith latitude,K
P’

much greaterthan

crossingsshow no

hourlyaverages

of IMF By or IMF Bz or with the locallymeasuredz-componentof the

magnetosheathmagneticfield. Spaceand/ortime variationsof the LLBL

thicknessesmay concealany real correlation

ObservedLLBL

nent, even in

a significant

bulk plasmaflow almostalwayshas an anti-sunwardcompo-

the near noon regionequatorwardof the cusp, and oftenhas

cross-fieldcomponent. “

Energeticelectron(47 to 350 keV) pitchangledistributionsindicatethat

the low latitudeboundarylayer is on closedfieldlines.

These observationsare generallyconsistentwith the F?EOS2 observations.

However,Haereitdelet al., (1978)reportthat the apparentplasmaflow in the

LLBL opposedthe externalfl~w in approximately25% Gf all crossings. Such

reversedflowsin the LLBL have not yet been noted in the highertime

res~lutionIMP 6 data exceptfor brief intervalsduringthree crossingsnear

the cusp region. Multiplecrossingsof the innerPBL surfacecould explain

the occasionalHEOS 2 observationsof sunwardcomponentflow in tbtiLLBL;

however,forthcominganalysisof ISEE data shouldresolvethis dif’i’erence.

Anotherdifferenceis that HEOS 2 data commonly show a densityplateauin the
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PBL with a sudden density change at the ❑agnetopause layer and at the inner

extent of the PBL. An ISEE-1 m’ossing on November 3, 1977 is shown in Figure

3 that clearly shows a density plateau signature. Such density plateau

signatures are rarely observed by IMP 6; instead, the majority of IMP 6

croasinga reveal no distinot ohangea in density or eleotrcn spectra at the

❑agnetopause layer. The ISEE obaervationa suggest a spatial change in PBL

structure with increasing distance from the subsolar region when compared to

the IMP 6 observations. This is further emphasized in the

November 8, 1977 shown in Figure 4. This croaaing shows a

detached from the magnetopause layer, a altuation that has

clearly found in the IMP 6 data. The isolated PBL in this

ISEE-2 crossing of

PBL that is

not yet been

ISEE-2 crossing has

❑agnetosheath-like spectra (Paschmann et al., 19781 although it is clearly

locat d on magnetospheric field lines (ace Russell and Elphic, 1978).

Paschmann et al. (1978) descrike a possible temporal model for these isolated

PEL regions in which ‘plasma entry and/or transport along the boundary are

‘switched’ on and off.11 The flow parameters shown in Figure 4 during the

detaohedPBL segment or plasma ‘Iintrusionnshow a dawn-dusk flow reversal that..

suggests a vortex of plasma flow. Such possible vortioes are evident in other

segmentsof the ISEE PBL crossings near the noon meridian at 25° latitude.

Paschmann et al. (1978)

producedby “temporally

vortioes,

A comparisonof the

point out.that

limited plasma

ISEE and IMP 6

the apparent PBL thickness may be

entry” andlor

results shows

the paasage of plasma

that the

within* 30° of the subsolar point is significantly different

structure along the flanks farther from the aubs~lar region.

between the availabls IMP 6, HEOS 2 and ISEE observations may

PBL structure

than its

The relationship

be seen by

comparingobservedplasmaflow directions fron all four spacecraftfor various

.
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crossingsas shwn in Figure 5. All flow vectors drawn in the PBL in the

equatorialplaneor noon-midnightmeridianplaneare basedon projecting

observed flow vectors based on crossings that occurred within 15° of the GSM

X-Y or X-Z plane,respectively.Other flowvectorsare estimatedprojections

of observed flow vectors projected onto the magnetopause surface. Substantial

changes in plasmaflow directionsare frequentlyobservedin tws regions: the

subsolarregionand the cusp regions. The remainingHLBL and LLBL regions

consistentlyshow anti-sunwardflow that is closelyfield-alignedin the HLBL

(Rosenbaueret al., 1975)and generallyfield-alignedin the LLEL (exceptnear

the eclipticplaneand in the subsolarregivn)althoughsignificantfluctua-

tionsin the observedLLBL plasmaflow fieldare superimposedon this pattern.

DISCUSSION

Classicmergingsignaturesas predictedby most steady-statereconnection

models (e.g.!Levy et al., 1964) are singularlyabsentin the HEOS 2

(kaerendelet al., 1978) and IMP 6 data (Eastmanand Hones, 1978). However,

Crooker(1978)has proposeda geometricallyupdatedreconnectionmodel that

does not predictacceleratednet plasmaflowszlong the daysidemagnetopause.
..

The model envisfi.onedby Crooker(1977)is bimodalin that it’incorporatesan

open fieldline boundaryregionmaintainedby reconnectionprocesses

overlayinga PBL on closed fieldlines, Hones (19?6) has presenteda related

picturethat, in addition,incorporatesthe relationshipof magnetotail

processes. The closedPBL in Crooker’smodel would be directlyexposedto the

oncomingmagnetosheathj)lasmaonly in regionswhere reconnectionprocesses

were not occurring. Over the magnetopauseregionsampledby IMP 6, the ?BL

would be normallyexposed,whereasin the cusp regionand the HLBL, boundary

layersmaintainedby reconnectionpronesseswould dominate,
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Reconnection could be significant, even in the subsolar region, if’

‘patohy,n fbrced reconnection can operate as proposed reoently by Sonnerup

(1978) and Schindler (1978), Patchy reconnection would not result in the

unobserved large soale laminar reconnection pattern. Schindler ha?l developed

a ‘patohyn reconnection pioture whloh differs in some respects from the

Lemaire et al. (1978) model of’impulsive penetration of solar wind

irregularities into the ❑agnetosphere (see also Lemaire in this volume).

These impulsive penetration models COUIU be used to explain the disordered

flow pattern often observed by ISEE at 25° latitude near the noon meridian

(Paschmann et al., 1978). Haerendel (1978) has described a picture of eddy

convection (leading to localized, sporadic reconnection) to explain HEOS 2

particle and field observations h the outer polar cusp (?aschmann et al.,

1976). This model could also be used to explain the highly variable flow

pattern observed by ISEE (see Figures 3 and 4) in the subsolar region.

The impulsive penetration ❑odels and turbulence models emphasize the

three-dimensional, non-steady-state observdd character of the magnetopause and

PBL. Mechanisms that provide for highly space-and-time dependent r.egicm~ of

magnetosheath plasma penetration into the PBL could explain many of the Iti”?6’

observations Inoluding the observation that the PBL thickness is highly vali-

able and, generally, is much larger than the magnetopause layer thickness.

However, although the boundary layer plasma flow has significant fluctuations

compared to the nearby ❑agnetosheath plasma flow, the flow field is still

always anti-sunward and is generallywell ordered. FurtherISEE observations

may show that the PBL along the flanksof the magnetosphere,when analyzed in

an averaged rest frame

refleats oonc!itims at

magnetopause. If not,

of the moving plasma, has a turbulent flow pattern that

the time cf magnetosheath plasma penetration of the

a diffusion process may yet provide a viable
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explanationif it can explainthe thickPBL/thincurrentlayer combination.

Roederer(1977)gave an excellentreviewin whichhe identifiedthe number

2 problemof’the InternationalMagnetosphericStudyas the identificationof

“themechanismsfor the entryof solarwind plasmainto the magnetosphere.”

He also listeda closelyrelatedproblemas problemnumber 1; namely,the

“effectof the interplanetarymagneticfieldon topography,topologyand

stabilityof the magnetosphericboundary.t’It shouldbe noted that the

co~plexitiesinvolved ‘n a study of the magnetopause and PBL, reflected in the

trend towards time dependent, tk~ee-dimensional models,make it difficultto

identifya uniquemechanismfor a given set of observations.H9wever,the

availableobservationsplace severeconstraintson any viableself-consistent

model for magnetopausecurrents. Such a model roustincludethe effectsof

plasmaand fieldon both sidesof the boundarywithoutassumingthe

frozen-fieldapproximationand must incorporatethe plasmaboundarylayer

withinits theoreticalframework.
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1. Satellite coverage of the sunward magnetopause and plasma boundary layer

(pBL) for R’lP6, HEOS 2 and the ISEE-1 and -2 satellite pair. ISEE

cwerage is given only for October-December, 1977.

2. Basic characteristics of the LLBL are illustrated by this

IMP 6 crossing. Various plasma regions are identified at

on both plasma im and magnetic!field sifltiaturesas shown

plats on the left side of the figure. U and 0 denote the

March 4, 1972

lower left based

in the eight

total energy

density (keV/cm3)and plasmaB, respectively,Energeticeleotronpitah

angle distributionsare shownat the lowerrighthand side of the figure.

These pitch angle distributions indicate that the LLS3Lis on closed field

lines. Electron differential speotra shown at upper right illustrate the

similarityof LLBL energy

shea%h. Electron spectra

resemblespectrafrom the

r =11 RE, I$GSM= 3280 and

speotra with spectra from the adjacent magneto-

at the 1638 UT density minimum, however,

nearby ❑agnetosphere. This orossing ooaurred at

AGSM
s 44°.

3. l’ws-ana three-dimensional plasma parameters and magnetio field presshre

far the ISEE-1 crossing of November 3, 1977. Solar magnetospheric (GSM)

caardinates are used for spacecraft positions with R (in RE), 100al time

(LT in hmm~) and latitude (in degrees). Solid lines denote protons and

dotted lines denote eleotrons in the plots of density (N in cm-3)and

temperature (T in Kelvin). Bulk flow directions are givm in terms of

azimuth (Q ) and elevation (Ap) In spacecraft coordinates (olose to solar
P

ecliptic ooordinatos) based on both the 2D (solid line) and 3D (dots)

momentanalysis. M, E, N or S denote ❑orning, ●vening, northward or

southward flow components, respectively. Total plaama pressure (solid

line) and ❑agnetio field pressure (dotted line) arq give’nin units of 10-8
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\ \.

dynes/cm2(leftscale). The’’dottedcurve also gives the magnetic field

.—
strength (in gammas) by using the quadratic right hand scale. The

magnetopauseis markedby a solid vertical line and the Inner surface of

the plasma boundary layer 19 ❑zrkedby a dashedline. Magnetosheath

plasmais sampledpriorto 0751 UT and ❑agnetosphericplasmaIs sampled

after0903 UT. This figureis from Paschmann et al. (1978).

4. Two- and three-dimensional plasma parameters and ❑agnetio field pressure

for the ISEE-2 crossing of November 8, 1977. This figure uses tiiesame
.,

formatas Figure3 exceptthat an isolatedplasmaboundarylayar is ❑arked

off by verticaldashedlinesat 0254:50and 0258 UT. The

layeris centeredon the verticalsolidline at 0252 UT.

frcm Paschmann et al. (1978).

magnetopau~e

This figure is

5. Summary of plasma flaw In the sunward plasma boundary layer as observed by
.

LV} 6, HEW 2, ISEE-1 and ISEE-2. Approximate projections of obsorved

flaw vectcrs are given on tha noon-midnight meridian and equatorial plane

cr~ss-sections of the PBL based on satellitecrosslng~ with an earth

the two cross-sectionsare observedPBL flow

the ❑agnetopau~e surfaoe. The ❑agnetosheath bulk

centeredangleof < 15° from the X-Z and X-Y planes, respectively. Flow

vect@rs ❑arked betwfen

vectors pr~jected onte

flow adjacent ta the magnetopause was assumed to be parallel to the

magnetopaustisurface far this plot. This drawing haa been made to scale

exceptthat the PBL is enlarged*50%.
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