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Abstract

Observations at high temporal resolution of the frontside magnecto-
pause and plasma boundary layer, made with the LASL/MPE fast plasma
analyzer onboard the ISZE-1 and -2 spacecraft, have revealed a
complex quasiperiodic structure of some of the observed boundary
1lyor;: cool tailward streaming boundary-layer plasme is seen in-
termittently, with intervening periods of hot tenuous plasma which
has propertirs similar to the magnetoséherlc population, While in-
dividual encounters with the boundary layer plasma last only a few
minutes, the total observation time may extend over one hour or
more. One such crossing, at 08 hours local time and 40° northern
GSM latitude, is examined in detail, including a quantitative
comparison of the boundary~-layer entry and exit times of the two
spacecraft. The data are found to be compatible with a boundary
layer that is always attached to the magnetopause but vhere the
layer thickness has a large-scale spatial modulation pattern

twhich travels tailward past the spacecraft. Included are periods
when the thickness is essentially zero, and others when it is of
the order of one earth radius. The duration of, these pericds is
highly variable but is typically in the range 2-5 minutes corres-

, ponding to a distance along the magnetopause of the order 3-8RE.

The observed boundary layer features include a steep density
gradient at the magnetopaus2, with an approximately constant
boundary layer plasma density amounting to about 25% of the ma-
gnetosheath density, and a second abrupt density decrease at the
inner edge of the layer. It also appears that the purely magneto-
spheric plasma is occasionally separated from the boundary layer
by a halo region in which the plasma density is scmewhat higher,
the temperature somewhat lower, than in the magnetosphere. A ten-
tative model is proposed in which the variable boundary layer
thickness is produced by the Kelvin-Helmholtz instability of the
inner edge of the layer, and in which eddy motion provides ef-
fective mixing within the layer,
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1. Iﬁggoduction

.

Plasma observations performed in the outerniost regions of the
Earth's magnetosphere have shown the presence of a layer of
magnetosheath-like plasma just inside the magnetopause. Such
plasma has been found on tail field lines at low latitudes in the
*magnetotail boundary layer®™ (Hones et al.,, 1972; Akasofu et al.,

. 1973), and at high latitudes in the "plasma mantle” (Rosenbauer

et al., 1975), as wiil as on dayside field lines at high lati-

" tudes just equatorward of the cusp in the "entry layer®" (Pasch-

mann et.al., 1576; Crooker, 1977; Eastman, 1979), and at low
latituues a1n rne ow-latitude boundary layer " (LLBL) (Eastman
et al,, 1976; Haerendel et al., 1978; Paschmann et al., 1978;
Eastman and Hones, 1979; Eastman, 1979). It is the purpose of
this paper to display and discuss certain temporal and spatial

features of the LLBL, revealed by the fast plasma instrumentation

onboard the satellite pair ISEE-1 and -2. A description of the

. ISEE sﬁhcecraft and mission may be found in Ogilvie et al. (1977).

’

Prior studies of the LLBL were base on two-dimensional plasma
data with medium to low temporal resolution: data from the
LASL plasma analyzer on IMP-6 (Eastman et al., 1976; Eastman
and Hones, 1979; Eastman, 1979), and from the MPE instrument
on HEOS-2 (Haerendel et al., 1978). The results reported by
the two groups agree in many respects, but differ also on

one important point, that concerning ths p;edominantly ob-
served density variation at the magnhetopause and across the

boundary layer. In the IMP data 50% .or more of the crossings N



display no tiistinct density change across the magnetopause,

while in the HEOS observations such a change is almost always
present with the density remaining at a plate;u level, sub-
stantiglly below the magnetosheath value, throughout m?st oé

the LLBL. These different findings led the two groups to suggest
different entry mechanisms: local entry, via diffusion or direct
flow across the magnetopause, in the former case; nonlocal entry,
e.g. in the cusps, f9110wed by internal flow and diffusion and/or
heating of cold magnetospheric plasma, in the latter. Some of
the discrepancies between the two data sets are perhaps arti-
fiéial and caused by the much coarser time resolution of the
HEOS ®xperiment {(Eastman and Hones, 197%2). There may also be

A real difference, owing to the fact that the two sets do not
cover the frontside magnetopause identically, w%th a preponder-
‘ance of crossings at greater distances from the subsolar region

-in the IMP-6 set (Paschmann et al., 1978).

The present anélisis dces not suffer from a lack of temporail
resolution. Like the study of Paschmann et al. (1978), it is '
based on data from the LASL/MPE fast plasma experiments (FPE)

on ISEE-1 and -2 which in high data rate provide two-dimensional (2D)
proton and electron distributions every 3 seconds, and, simul-
taneously, three-dimensional .(3D) distributions every-12' seconds.
Details of the instruments are described elsewhere (Bame et al.,
1878; Paschmann et al., 1978). Here, it is sufficient to note
that the 2D instruments sampie'protons and electrons in 16 energy
bins and in 16 angular sectors of the spacecraft equatorial

plane (wﬁkch approximately coincides with the ecliptic plane),

inteqgrating over + 55° of the elevation angle. By reducing the

' .
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angufar resolution to 8 sectors, which is adequate for many
purposcs, 2D distributions can be obtaiied every 1.5 3ccondl."
In addition, good approximations to %ha electron denlity.nnd
temperature can be derived from individual énergy spectraj;

these parameters (1D data) can-be aralyzed with 375 milliseconds
resalution, cf. Bame et al. (1979). The 3D instrument resolves

the + 55° elevation range into 4 segments, the azimuth into 8

. and 4 scctors (for the inner and outer elevation channels,

respectively). Its total field of view amounts (as that of the 2D
instrument) to 82% of the unit sphere. Effects of the incomplete
angular.coverige on the accuracy of the computed plasma bulk
;arama;e;a'have been studied by means of cimul:tions with Max-
wellian distributions (cf. P#schmann et al., 1978). Briefly,
inaccuracies grow with increasing flow eclevation angles and

increasing ratios of the bulk speed over the thermal speed,.but

_ even for elevations as large as 60° they are reasonably small

as long as the temperature is above - 106 K, and the bulk lpéed
below - 300 km/s. Ion beams can only be missed if they are highly
supersonic and propagate almost perpendicular to the spacecraft
spin plane. The data (cf. Figure 3) do not indicate the presence
of such ions in the large part of velocity space that is sampled
by the instrument. Also employed in our study are the 64 s aver-
ages of the UCLA magnetic-field data provided on the ISEE-1 data
pool tape, and for certain intervals also medium resolution

(12 s averages overlapping by tio thirds) and high resolution
(62.5 ms) field data. A description of éhé,magnetometer experi-
ment may be found in Russell (1978).
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Sections 2-7 of the paper contain a detajiled :tudy‘and inter-
pretation of a single low-latitude morning-side boundary .ayer
crossing (November 6, 1977, orbit 7,*outbound). followed in
Sectionh 8 by a brioé summary of other ISEE observations of the
LLBL. The November 6, 1977, pass is representative of a number
of these. It was selected for several reasons, among them the
high rate of data transmission, and the availability of simul-
taneous ISEE-1 and -2 data over most of the period of interest.
But our main criterion was that one of the effects which we
wigh to demonstrate was leéss obscured by competing ones than
on other occasions. This effect is the presence of a large
temporal modulation of the boundary layer fhickness at a fixed
observation point on the magnetopause, or ecquivalently, a
spatial modulation pattern travelling tailward past that point.
In Section 9, we describe a’physlcal modeél that ﬁay explain
this modulatdion.
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2. Overview of Obsarvations

Figure 1 shows two hours of plasma and maénetie-!icld dat; from
the ISEE-) outﬁbund-traversal of the outer magnetosphere and
magnetosheath on November 6, 1977, starting at 0430 UT. A few
brief boundary layar plasma encounters occurred in the 30 mi-
nute period preceding that time (Frank et al., 1978, Fig, 5)
‘but the main encounte:r started «t 0453 UT and continued inter-
mittently for slightly more than 50 minutes, during which time
the gatellite travelled outward a distance of more than one
earth radius. gt 0550 UT it crossed the magnetopause, vheres the
mayiiatic field underwent a large directional changer and entered
the magnetosheath. The satellite location at that time was

~ 0800 local time at ~ 40° northern GSM latitude. The geocentric

radial distance of the magnetopause was 12.75 Ry in close agree-

.ment with .the position predicted by the Fairfield (1971) model.

- At the beginning of the data interval shown, the instrument

sampled the hot tenuous plasma of the outer magnetosphere
(region 1; identified in Figure 1 by the density level) and
at the end the much denser and cooler magnetosheath plasma
(region 4). These two states establish the extreme upper and
lower limits on density and teméerature. During the boundary
layer encounter the plasma density and proton temperature
switched' between two intermediate states of

low density and high temperature (regioﬁ 2) and of hLigher den-

sity and lower tempe—ature (region 3). We refer to the former

region as the halo, to the latter as the boundary layer proper.
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In reality there are several Lntezmcpiate levels, but for the
purposes of the subsequent discussion it is convenient ty con-

sider only four plasma domains, referred to as regions 1-4

! above (for a geometrical model, see Figure 7). The density

maxima ln region 3 typically fall short of the maginetosheath
(region 4) values by a factor of ~ 4, and the minima in

region é exceed the magnetospheric (region 1) values by a

factor of ~ 2, Likewise, the proton temperature minima in region3
typica{ly exceed the magnetosheath temperature by, a factor

of ~ 2 while the maxima in region 2 fall short of the magneto-

| spheric values by a factor of ~ 4. During the high density

periods (region 3) the electron tempemture reaches escantially
the magnetosheath level, during low density ones (region 2) it

falls substantially short of the magnetosphere level.
1

The plasma parameters shown are individual data (3 s "snapshots") spaced 24 s

apart (rather than averaged over 24 s). This spacing was chosen to

adjust the temporal resolution to the time interval covered; cor-

respondin§ reductions apply to some of the subsequent figures.

On expanded time scales, the full set of the 3 s or 1.5 s data
(partially shown in later figures), «nd even the 1D electron data
displayed every 375 mil}iseconds (not included) similarly show
distinctly different states of the density and temperature, in
the latter cases superimposed by fluctuations of the order of a
factor of 2, Since we do not intend to discuss the microscale
structure of the plasma, such fluctuations on time scales oi less
than 3 s are of no importancé for our purpose; also, their in-
fluence on the 3 s data is small so that the intermediate levels
shown in the figure are real and not merely artifacts created by

data averaging. By using the term "level"” we do not wish to imply

> o
. - ~ - -
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that the plasma density and temperature remain conztant throughout
such intervals, It is immediately apparent in Figure 1 thay, '
whereas transitions from :gqton 2 to region 3 tend to cccuf‘ra-
pidly, the relaxatiop back to region 2 conditions takes place
more gradually, and often step-wise. Further discussion of the
plasma, properties in and near the boundary layer is presented

in Section 3.

Levels of plasma density and temperature intermediate between
Qagnetosheath and magnetosphere values are among the well-known
characteristics of the LLBL (Eastman et al., 1976; Haerendel et
al., i1376; Eastinan ana dones, 14/9), but the quasiperiodic
switching between two intermediate levels, apparent in the
figure, with periocds in the range 2-~5 min has not been reported
heretofore. It is this feature that provided the main focus of
the present, paper. '

w

Turning ﬁbw to the plasma bulk f£low panel in Figure 1, it is

.seen that the boundary layer plasma in the high density low

temperature state (region 3) attains bulk speeds comparable to
the magnetosheath value. In fact, in the density maxima imme-
diately preceding the magnetopause it exceeds that value by

approximately 50%8. The velocity spikes in the magnetosheath

' region at 0605 UT, and perhaps alsc those near 0557 and

0624 UT, have the signatures of flux transfer events (Russell
and Elphic, 1978). In the low-density gaps (region 2) the flow
speed is, for the most part, small, More details concerning

the plasma flow are given in Section 4.

e SO e
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The magnetic-field orientation, given by the GSM longitude and

latitude angles ‘s and AB in Pigure 1, indicates tha; there was
only one magnetopause crossing: at 0550 UT. During the preceding
S0 minutés of boundary layer observations, the field orientation

6.: magnetospheric although with a higher level of fluctuations

.than before ms0459 UT. Such fluctuations are commonly observed

in the boundary layer (Eastman et al., 1976; Haerendel et al.,
1978) . Details of these variations 3:- discussed in Section S.
The possibility of brief excursions into the magnetosheath which
might not show up in the low-resolution field data used in the
figure, can be ruled out from an inspéction of the medium eand
high resolution data. Immediately before the magnetopause
erossing the plasma was in the low-density high-temperature
state (region 2), indicating that little boundary'layer plasma
was present. The thickness of the boundary layer at this instant,
and the motion and structure of the magnetopause will be dig-

cussed in Section 6.
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2. The Boundary Layer Plasma

The boundary layer plasma has frequently been destiibed as being
"magnetosheath-1like" or a mixture of plasma from the magnetosheith
and from the magnetosphere (Eastman et al., 1976; Haerendel et al.,
1978; Eastman and Hones, 1979; Eastman, 1979). This descrip-

tion was obtained from comparisons of proton and electron

spectra in the magnetosphere, magnetosheath, and boundary

layer plasma, and was recently confirmed by mass spectrometer

data (Shelley et al., 1978; Peterson et al., 1979). Rather

than discussing individual energy spectra we present in Figure2
the temme zal ;a:;atzcnssf prcton ana slectron fluxes in selectea
energy bands during the central onc-hour interval of the pre-
vious figure. The parameters ahogn are "partial densities”,

i.e., the contributions from the respective energy bands to

the total (ZD[ plasma density shown in the upper panel of Fi~-
gu:; 1.

The upper two proton curves and the upper electron curve in
Figure 2 are the low-energy parts of the spectra which dominate
in the cool magnetosheath distributions. These fluxes are enhanced
in the boundary layer and, since they contribute the most to the
total density, lead to the density enhancements. The bottom fro-
ton and electron curves are taken from those parts of the dis-
tributions which dominate the spectra in the outer magnetosphere.
These curves are invariably depressed whenever.the low=-energy
fluxes are enhanced. In accordance with previously published

results (Haerendel et al:, 1978) we sce that, also in this case,
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the amplitude of the oscillation in the high-energy (magneto-
spheric) proton curve is much smaller than that of the low=energy
(magnetosheath) one. The remaining two curves are from those
parts of the spectra where variations are complzltivelx smti&;
4n particular, there are hardly any changes at the magnetopause.
The maxima of the lod-onc:gy protons and electrons in the bound-
ary layer never reach their respective magnctosheath levels,

a fact reflected in the corresponding behaviour of the total
density in Figure 1. Likewise do the high-energy fluxes never
fall as low as in the magnetosheath.

Two mora comments should be made about the curves in Figure 2,
First, at the beginning of the event the transition from the
magnetosphere (region 1) to the dense boundary layer (region 3)
occurs, nct directly, but via a brief encounter with region 2,
This fact is also evident in Figure 1, in par:iéular in the
electron temperature. On the other hand, it appears that the
magnetopause ¢rossing corresponded to a more or less direct
transition from region 2 to region 4 since (on this time scale)
the records do not shcw any appreciable shoulders in the den-
sity curves to indicate a sustained presence of region 3 plasma,
This point will be examined further in Section 6.

The second comment {s that, at the highest as well as the lowest
enexrgies, the transitions from ;egion 2 to region 3 are often
very sharp and nearly simultiheous, while the return to region 2
is more gyadual, giving the time records a saw-tooth

appearance, At the intermediate energies (2.3 - 4.5 keV ions;
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285 -~ 670 eV ¢lectrons) the 2+ 3 transitions are usually also

rapid but the saw~-tooth effect is largely absent,

The steep temporal gracdients in Figures 1 and 2, associated
with transitions from region 2 to region 3, do not correspond
to stationary steep spatial gradients traversed at essentially
the satellite specd, One indication of this may be found in
Figure 2 which shows that the gradients are almost equally
steep at high and low energies, contrary to what would he -
expected from finite gyro-radius effects in a stationary
structure. In Section 7 the time delays between the ISEE<]
Sl e whiSwbileZ i With. these gradjents will, he used to e
demonstrate that the situation is likely to have been produced
by more gentle spatial gradients in density and temperature
‘being swept by the satellite with speeds comparable to the
plasma flow speed in the boundary layer.

Intsummary..the energy compoéiéién of the plasma in region 3

is consistent with the view that the boundary layer contains

a mixture of the magnetosheath and magnetospheric components.
In the discussion sersiion we shall present a possible qualitative
model which accounts for the formation of both regions 2 and 3

via a combination of «¢ddy and microscopic diffusion processes.

3

-
.-

We turn now to a brief discuscsion of the interrelationship of

-

density and temperature variations during the 50 minute boundary
layer encounﬁer. The top two panels in figure 3 show that

density and temperature curves are almost perfect mirror in::2s
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of each other, the implication being that the product of N and
T, i.e., essentially the pressure, varies much 10:l.than N and
T individually. This latter effect is shown by the plasma
pressur> (lower curve) in the third panel., The remaining varia-
tions in p are sich that the pressure tends to be low when the
plasma density is high. These pressure fluctuations are ba~-
lanced to a considerable extent by the magnetic pressure 82/81
which is slightly higher in the high density regions so that
the total pressure (p4-82/8u), shown as the upper curve in the
third panel of Figure 3, remains inearly constant. An exception
1s.the large and unexplained pulse in magnetic (and total)

pressure near 0548 UT.
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4. Plasma Flow Properties

To study the plasma flow behaviour in detail, we employ the
three~dimensional FPE -3ata. As a compromise between tha con-
flicting demands of high time and high angular resolution we show,
in panels 4-6 of Figure 3, 24 second sliding averages of the
3D flow vectors as well as the 2D (3 second) data of the bulk
speed. The latter information can be used to identify rapid
variations which may lead to time aliasing of the 3D data.
The flow directieé is given by the angles a, and c; which are

* measured in a co-ordinate system associated with the boundary

| normal. This right-handed ;aztesian system (NOR) is defined as

follows: the z,, axis is parallel to the outward-diracted normal,

N

to the magnetopause, vhile the x. axis lies in the plane de-

N

fined by the Earth-Sun line and the 2z, axis, and points towards

N
the tail. The angles a_ and ¢_ measure the azimuth in the tangential

u“,yh) plane and the eievatio: from this plane; respectively, with
%?>o indicating an outward directed flow component. The normal vector
employed in the diagrams was the Fairfield (1971) model normal.

It has solar ecliptic (GSE) cartesian cocrdinates (0.674,~-0.682,
0.283) and coincides rather closely with the minimum-variance
normal calculated from the magnetic field vectors in the
ﬁagnetopause (see Section 6).

The HOR system was chosen to facilitate a cémparison of the
boundary layer flow witﬁithe external (magnetosheath) flow:

Just outside the magnetopause, a perfectly axisymmetric flow
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around the magnetosphere would be characterized by a_ = ¢_ = 0,

P P

Consequently, when a_ =« « O in the boundary layc}, the plasma

<
£lcws approximately zatalicl to the exterior piasma. Contrary

to expe-tations, boéh ap and o deviate from zero after 0550 UT,

and both angles show certain quasi-periodic variations. These os-
cillations are caused by an instrumental effect: since the magneto-
sheath plasma was rather cocl on this occasion, the ion distri-
butions were not adequately resolved by the 3D ingtrument. The
lame.eftcct is also responsible for the noticeable differences
between the 2D- and 3D bulk speed curves in this interval (pane14)f
At least part of the deviation of tﬁe average compiited flow direc~-
tion from the expected direction (in the observed sense) results
from the instrument's systematic underestimate of the flow compo-
nent parallel to the spacecraft spin axis which {s no longer negli-
gible under the present circumstances. Another plausible reason

for this deviation is that the magnetopause orientation may have
changed in association with the inward motion at 0550 UT, cf. Sec- |
tion 6. (Note, however, that in a NOR syséem based on the minimum .
variance normal rather than on the model one, cp is even more negaL
tive.) Nevertheless, the mean deviations of the computed magneto-
sheath flow angles from zero are sufficiently small to permit the

use of a, = o = 0 as the reference for the boundary layer flow directions.

.-

The bulk flow speed generally starts to increase nearly coinci-
dent with, but sometimes slightly preceding, the rapid density
incieases at the region 2-3 %ransitions, This initial velocity
increase }s considerably lexs rapid than the density increase,
while the velocity decrease is more rapid than the density de-

crease during the return from regicn 3 to region 2. Thus the
A} .
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bulk speed pulses do not have the saw-tooth shape o

of the density (and temperature) pulses.

The flow angles % and_:p. shown. in Figure 3 only for particle fluxes
axceeding 107 em™? 5”1, also display a characteristic behaviour

during the flow pulses. In most cases th. i:imuth angle L re=

mains near zero while the elevation anglu €, =hanges from ne-.
gative in the e;rly part to positive in the late part of the

pulse. This result indicates the presence of a substantial flow
component inward from the magnetopause during the early part,
outward during the’late part, of the flow pulse. Near the pulse
raxima the flow is usuaily approximately parallel to the magneto-
sheath flow. Hence, most of the boundary layer plasma is flow-

ing approximately parallel to the external flow. When the bulk
speed is lJow, on the other hand; the direction is generally

more wvariable .(partly tor 1natrumental reasons), but sometimes

thexe are short intnrvals (e.g., 0503 -0506 UT) when the boundary
layer plasma has a flow component that is nearly anti-parallel to
éhe magnetosheath flow. Some of the above flow characteristics could
in theory be the result of a B x Vp drift but no consistent relation-
ship between Yp and cp has been found. Thus we conclude that the
observed inward-outward flows are associated with radial E x B
motion of the boundary layer plasma. Studies of these effects

using time delays between the two satellites are presented in

Section 7.
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$. Magnetic Field Nbservations

The magnetic field vector is shown in the threé bottom panels of
Figure ?i with the field orientation given by an azimuth anqie a'n
and an clevation angle c'B. These angles are measured i; the right-
handed cartesian LMN coordinate system associated with the local
n;gnotopause normal as described by Russell and Elphic (1978).
Again the z' axis (N) is along the outward (model) normal, but the
x' axis (L) is due north and is such that the GSM z axis lies in
the (x',z'), or (L,N) plane. The azimuth angle a'B lies in the LM
plane and is measured from the L (or x‘) axis., The NOR and LMN
systems differ only by a rotatjon around the common 'z =2' axis,
i.e. in the azimuth angle; in the present case, a «a' -60%, cf. the
NOR scale given on the right-hand side of the u‘s‘panel.'whus. when
ap * 0 and °'8 + 0, {and L c'§ = Q), the angle between flow and
field is : 60°. Also, positive exrursions of :'B from zero imply
that the tangential field compunent is rotated tailward, towards
the plasma flow direction.

In tkc magnatosphere q's is approximately zero while, contrary

to expectations, c'n has a substantial negative value. Since

the ILMN x' axis (L) was not parallel to the dipole meridional
plane at this time, but was tilted sunward with respect to that
plane, the former result indicates that the magnetic field lines
were swept back towards the tail in accordance with standard
models of the geomagnetic fiefd‘(cf. Mead and Fairfield, 1975;
Figure 5). The negative c'B angle in regions 1 and 2 is more
puzzliny. it could again indicate that the orientation of the

magnhetopause normal during the boundary layer encounter period

Al .
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was different from that of the model normal. This 1ntérprcta-
tion is supportcd by the.fact that, after the magnetopau.o'

crossing at 0550 UT, ¢'. was close to zero {(the magnetosheath

B
c'a value is off-scale in Pigure 3 but is « -170° inittaliy,

cf. Figure 5). Assuming that the magnetopause orientation was
stable over a sufficiently long interval, and that the boundary
was a tangential discontinuity, we can enforce c'n = 0 on both
sides by taking the cross product of an inner andvouter field
vector for the normal direction. Choosing vectors nsar 0529

. and 0554 UT when the field was relatively quiet, we obtain a
normal with GSE ccmpr.;nents (0.550, -0.674, 0.494). Its z component is
signiticantly larger than that of the model normal (0.674, -0.682,
0.283) and is difficult to reconcile.with the given spacecraft location.
Another possibjlity is that the satellite pair remained at a
rather large distance from the magnetopause during most of the
boundary layer encounters. At high laiitudes near the southward
edge of the cusp the magnetic field develops a substantial in-
'ward componen; even at relativelé modest qtstances from the
maéhetopause. It will be shown in the next section that the
magnetopause at the time it was penetrated moved inward at a

rate of -~ 50 km/s. At this speed, a distance of 1 Rg is

.

traversed in only 2 minutes.

Thé magnetic field undergoes systematic changes during the
transitions back and forth between regions i and 3. During
‘the rapid density increases in the 2+ 3 transikions g'B aﬁd
c'B both increase. The former change corresponds to a field

aligned current flowing toward the equator, the latter to a
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tipping of the field vector to a position more parallel to

the magnetopause. In addition, the field magnitude is slightly
enhanced, indicating an increase of the field tension in asso-
clation"with the positive excursions of the angles. These
variations will be discussed at the end of Section 9, After

e 0543 UT these systematic features cease. For example, during

the large field magnitude pulse near 0548 UT, u'B is negative,
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significantly different from zero.
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6. Magnctopause

The orientation and magnetic structure of tho magnetopause
current layer has been ex:mined by use of the minimum variance
analysis (for a review, see Sonnerup,’ 1976). The resulting
normal vector, obtained from the ISEE-2 data set, has the

GSE cmmponents (0.693, =-0.713, 0.102) with an estimated un-
cecztainty in orientation of only + $°; the results from ISEE-1

are essentially the same. This normal differs by an angle of

~10° from that of the Fairfield (1971) model which has the GSE

components (0.674, =-0.682, 0.283). The latter was used for
the data presentation in Figure 3 because the distoriion in-
dicated by the small GSE z component of the minimum-variance
normal vector may not have persisted throughout the boundary
layer encounter.

The structure of the magnetopause is shown in Figure 4 which
contains, on ;he left, a polar plot of the tangential field
: ., Nlong the maximum and intermediate

3
variance directions, respectively, and on the right, the

componerts, BL' and B

normal field component, Bk' versus Bi' It is seen that the
tangential field undergees a well ordered rotation from its
magnetospheric (B, > O) to its magneto#heath (B4 < 0) direction.
Thé rotation &ngle is nearly 180°, The normal field component

has an average value of 0.3 + 0.7 nT and is therefore not
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Since the plasma bulk flow speed exceeds the magnetosheath
spaed by a considerable amount in three of the bouﬁdary layer
plasma encounters preceding the magnetopause crossing (see
Pigure -3), it is of interest to ask whether these high speeds
could have been caused by local magnetic field reconnection as
in the case described by Paschmann et al. (1979). The reconnec-
tion model requires the tangential velocity change A!t and
magnetic field change Agt across the magnetopausy to be colinear,
However, such is not the case. The iiigh plasma velocities in
thg,boundaty layer are apptoiimately parallel to the magneto-
sheath flow vectors, i.e., Ay, is ﬁatlward (along NOR=-x),
while AEt is along the maximum variance direction, which is
almest parallel to the LMN-I, direction. Hence the two vectors
are migraligned by about 60°. Furthermore, the velocity change

predicted by the reconnection model, IAgtl/(uop)1/2

« 1is about
200 km/s while the observed |4y,| is less than 100 km/s. This
disagreement between the measured local 4y, and the one predicted
by theory does not exclude the poscibility that the boundary
layer plasma was accelerated by reconnection as it crossed the
magnetopause somewhere upstream of the observation point. How-
ever, an entirely different explanation for the observed bound-
ary layer vclocity peaks is also possible and will be p;esented

in the discussion section.

It is also of interest to establish the thickness and speed of
the magnetopause as well as the thickness of the layer just in-
side the magnetopause in which the plasma density decreases

down to the region 2 level. This can be done with the aid of

)
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Figure § whiéh shows plasma density and field angle a'y for both
ISEE-1 and -2 as a function of time. It is seen that the outer
satellite, ISEE-1, encountered the magnetopnu;c approximately ‘
10 s earlier than the inner one. Since the component of the sa-
tellite separation vector along the minimum variance normal was

- 500 km one concludes that the magnetopause moved inward with a
speed of approximately 50 km/s at the time of the crossing., The
duration of the magnetopause current layer is about 20 s s¢ that
its thickness was of the order of 1000 km, For ISEE-2, the density
increase from the region 2 level to the magnetosheéth ona com-

mences approximately 4 s prior to the inner edge of the magnetd-

pausec 2n? i3 essentially complete at the latter location. Thus

"at this time the density ramp, i.e., the boundary layer, had a

thickness of only about 200 km, For ISEE-1, the magnetic field

‘rotation started at about the same¢ time as, or even slightly

prior to the density increase, indicating that no boundary layer
was present. The different slopes and other features of the ISEE-1
fnd -2 curves ;uring the crossing-indicate that substantial changes
‘1n ﬁagnetopause velocity and/or in plasma and magnetic structure

occur on time scales of the order of 10 s.




7. Interpretation
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In order to develop a conceptual mode) which orders the obser-
vationz discussed in the previous sections, it is necessary
first to examine the time delays between the ISEE-1 and -2 en-
counters with the boundary layer (region 3) plasma, This is
done in Figure 6, which shows the ISEE-1 and -2 ion
deiisities, as a solid curve and as dots, respcctively; during
the major part of the boundary layer encounter; the remaining
pe;iod. that immediately preceding the magnetopause crossing,
may be found in Figure 5. In examinlnq these figures it is
important to remember that ISEE-1 was 500-550 km closer to the
magnetopause than ISEE-2, and that the separation vector between
the two satellites fornied only a small angle wigh the nominal
magnetopause normal.

The most strik;ng feature in Figure 6 is that, for the most
part, ISEE-1 entered the boundary layer (region 3) before, and
left that region after, ISEE~2. There is no single instance
where ISEE-2 entered region 3 before ISEE-1 as would occur if
the boundary layer consisted of plasma sheets (or blobs) sepa-
rated from the magnetopause, and the satellites were traversing
a sheet surface facing the magnetopause. There are a few isolated
instances when ap #xit from region 3 was nearly simultaneous
for the two satzllites and even when ISEE-1 exited somewhat be-
fore ISEE~2. But the pwepcndérance of the timing evidence in
Figure 6, including several instances when region 3 plasma was

seen by ISEE-1 and not be ISEE-2 (e.g. near 0505 and 0513 UT),
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indicates that the satellite pair crossed into and out of

region 2 across an interface located on the earthward side

of that region. In other words, there is no evidence in the
present data set that recuires a detached boundary layer.

Below, we discuss three models, all of which have an attached
boundary layer, and all of which are consistent with the basic
aobscrvation that the boundary layer (region 3) plasma was seen
intermittently during the 50 minute period preceding the magneto=-
pause crossing and, in particular, that it was essentially ab-
sent adjacent to the‘magnetopausc crossing. These models are

also shown in Figure 7.

Model A consists of a plasma layer attached to a smooth magneto-
pause surface. The plasma moves tailwards and the layer thick-
ness is essentially independent of the tailward covzdinate XNe
The magnctopause and boundary layer together execute a quasi-
periodic inward/outward motion. In addition the boundary layerxr
'thlckness var;es with time in such a manner that it happens to

be hearly zero’ at the time of the magnetopauce encounter,
Model B is similar to model A except that the inward/outward
motion of the systein is replaced by an undulation of both
magnetopause and boundary layer to form a tailward moving wave
train,

Model C has a smooth and generally nearly stationary magneto-
pause surface with an attached plasma layer, the thickness of

which is a function of x,. This layer moves tailward with the

Al .
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result that a satellite crossing the region will ohserve the
boundary layer plasma intermittently. The nodnlatiop of the
boundary layer (region 3) thickness is large and incorporates
values near zero. Thus the model can be described as field-.
aligned plasma blob; sliding along the magnetopause. The radial
width of these blobs is of the order of one earth radius. Their
length in the flow direction is typically 3-8 Rp/ based on a du-
ration of 2-5 minutes and a flow-speed of 150 km/s. The indivi-
.,dunl blobs are sometimes connected via narrow necks along the
magnetopause but are sometimes entirely disconnected. The lead-
ing and trailing edges may be steep, as shown in the figure. On
+ the basis of the behaviour of shear layers in ordinary hydro-
dynamics it may also be presumed that the blobs contain sub-
stantial vortex motiun in the sense indicated in the figure. As
discussed in Section &, inward motion ©f the entire magnetopause~-
bounda:y'layer system with - 50 im/s must have occurred during

the magnetopause encounter. . .

»

»

In discussing the advantages and disadvantages of the three models
it is first noted that each incorporates certain ad hoc elements.
In all models it must be assumed that the boundary layer (region 3)
thickness happened to be nearly zero at the time of the magneto-
pause crossing. Model C' hes the adiWantage that it implies the
regular occurrence of a vanishing or nearly vanishing thickness.
On the other hand, in model C it is necessary to assume the on-
set of inward motion of the magnetopause and boundary layer at

the time of the crossing of Ehat layer. Such motion is a regular
part of mgdels A and B.. . w T .

puring the 50 minutes pyior gp the magnetopause crossings, all

threc models may require a slow outward motion of the magneto-




pause and boundary layer witﬁ the sateiiite pair in o:do; to
account for the fact that they all éfcdict, but the data set
does not show, a systematically increasing time duration of the
‘region 3 encounters and a decreasing duration of the inter-
vening gaps (region 2) as the satellite pair progresses out-
ward. Such slow magnetopause motion has been reported (Aubry

et al., 1970) but in the context of the present models it re-
presents an ad hoc additional agsumption. In model C steep

ireading and trailing edges of the plasma blobs may in part

- wliminate this difficulty.

»

Turning now to the more definite predictions of each model,

it is first seen that models A and B predict a high likelihood
of multiple magnetopause crossings whereas model C does not,
Since only a single crossing was observed, model C has a defi- _
nite advantage. Models A and C both predict inward plasma motion
during the early part, outward motion during the late part, of

an encounter with region 3, while model B has the opposite pre-
d}ction. Furthermore, model B, but not models A or C, predicts

a sunward tilt of the magnetopause normal vector at the time of
the magnetopause czos;ing. The data do not indiéaté-a signifi~-
cant tilt in that direction, as can be:juu;ed from the smallness
qf the angle between the minimum variance and model normal vec=
tors mentioned in Section 6. Model C, but not models A and B,
may account for the occasional occurrence of situations where
ISEE=~2 leaves region 3 befozr@ ISEE=1. This sltuation requires

a negative slope of at least part of the trailing edge of a

. plasma blob as shown in Figure 7. Such a situation would not

occur in model B unless the magnetopause develops severe folding.

.
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On the basis of these results it appears that, among the

three models, C offers the best explanation of the observed
plasma data. However, it is also evident ﬁhnt some elementx of
at least model A and perhaps also model B may have been present.
In other words, we do not argue that the magnetopause has no
radial motion and no small—amplitqda, luong-wave length waves.

We do argueé that the dominant contribution to the quasiperiodic
entiy into, and exit ocut of, the boundary layer (region 3J) is
likely to have been produced by plasma blobs slidiné tailward

along the magnetopause, as assume-J in model C.

In order to check the validity of model C further and learn
more about the shape of the plasma blobs we have used the time
delays between the two spacecraft for region 2!+ 3 and 3 + 2

crossings to calculate the vector normal n to the interface

. batween the two regions. Denoting the time delay (tz - t,),

and the separation vector (r, - r,), between ISEE-2 and -1

by At and Ar, respectively, we have

- o seen - . . -

(Vat - 4xr) en =0

This relation (s based on the assumption that>n and.V +n remain

unchanged during the interval At. If one further assumes the

interface to be field aligned so that

3
L]

Ben=20

it folfbws that
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where

U £ (VAt - ax).
In order to remove the ambiguity of the sign of n we require
that V+ n>0 for positive density gradients (leading edges),
and V¢ n <0 for the negative ones (trailing edges). The resulting noomal
vectors will point from the boundary layer into the halo,

Another expression for the interface normal can be obtained

by computing the cr&?s product, B, x §3. of field vectors

taken from either side uf the boundary. This method is also
based on the assumption that the interface is field aligned :
(i.e., a tangential discontinuity) but it is independent of

the plasma measurements. It fails, of course, when the field
rotation is small.

The results ;f both methods are.agown in Figqure 8 as projections
oé‘boundaty layer normals onto the {xy,2zy) plane of the NOR
system in which zy is the model magnetopause normal, and X9

is the direction of the axisymmetric (tailward) magnetosheath
flow. Letters (a)-(l) refer to the respective density gradients
in Figure 6. The time delays At were determined from the 1D elec-
tr;n data (not shown). Sectors with radii of short and intermediate
A léngth indicate the range of normal directions obtained from the
U x B method, using data on the low and on the hich dénsity side of the dis~
continuity, respectively. The spread in angle is associated with uncertainties

in At and fluctuations in B. Because of the comparatively

]
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lony cycle time (12 s8) of the 3ID 1nstrumcn_t,

only one plasma data point from either side of the gradient
was employed. Uncértainticc due to statistical errors of the
plnm’a bulk speed are not displayed. They are likely to be
of the same order as those shown, particularly for the data

from the halo region where V is usually small. The long

" arrows result from the B, x By method. They represent the

averages over up to 9 vaiues. Arrows were not drawn when che
field rotation was less than 15° for all individual vector
pairs. In this context, it is significant t¢ note that such
normal vectors could not be reliably determined for several
of the diagrams on the right, The explanation is found in
Figure 3 which shows that across trailing plasma edges the

field rotation is generall_y smaller (and more 'gradual) than

‘across the leading edges.

In some of the examples the three normal directions differ

quite s‘ignificant:ly from each other. This, as well as the
occ;asionally large spread in angle of an 1'ndividua1 normal,
indicates that variations of the plasma and field parameters
occurred in less +*han 9 s or 12 s which are the sampling and, averaging
intervals_for the (31‘)-) plasma and (medium resolution) field data,
respectively. (Although uncertainties of the plasma data were not
taken into account explicitly they are implicitly present
nevertheless: 4 close look:at Figure 6 shows that some of

the density gradients have different slopes in the ISEE=-1

and -2-data, indicating a change in bulk speed within a few seconds.
In such cases,, the underiy:lng assumption that V- n is identical

Al



3

30

*

on the two sides of the discontinuity breaks down. In vicw of all
these uncertainties we consider the agreement between th2 normals
within each of the double columns in Figure 8 as remazkably good.
Deviations of the directions from those expected for leading and

trailing edges (e.g., ex;hple ¢) will be discussed below.

The first Aoteworthy feature in Figure 8 is that, with the ex-
ception of one case (event k, ISEE-1), all of the U x B normals
have negative zy components. In other woids, the vectors point
towards the magnetosphere. Since the normals were chosen to point
from the boundary layer into the halo this result implies that
none of the crossings had the signature of a bourdavy layer de-
tached (and scparated by halo or magnetospheric plasma) from the
magnetopause,

The second remark concerns the Xy components of the normals.,hl-
most all cases éuggest that the inner bhoundary of the boundary

layer was tilted relative to the model magnetopause. Furthermore,

-]

*Xn is positive for the ﬁajarity of the leading edges, and nega-
tive for the trailing edges. Since we have applied the constraint
Ve _g§ 0 for leading and trailing edges, respectively, this is

what would be expected for models C and B in Figure 7 if the bound~
ary layer flow always had a component pa;allel to the exterior
flow (v - ixa»O). However, as already pointed out in Section 4, the
boundary layer plasma occasionally has a sunward flow component.
‘It is for such periods that the x, components pf the normals in
Figure 8 have the apparently wrong sign. In particular, in case ¢
the plasma flows towards the sun during thg entire period although
partly at rather low flux levels so that the flow variables are

not continuously displayed in Figure 3,
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The relative orientation in Figure 8 of thn notma@ vectors at
entry into and exit from the boundary layer blobs indicates

that the slope of the boundary layer edge relative to the magne-
topauée is frequently steeper at the trailing (exit) than at the
leading (entry) edges. A straightforward interpretation of the
saw-tooth structure of the boundary layer encounters in Figure 3
would indicate the opposite behavior: the rapid entries should
correspond to steep slopes and the gradual exits to gentle ones.
A plausible explanation for this apparent inconsistency in the
obszervations is that the trailing edges are ragged and that the
selection of events for the time-delay analysis underlying

Figure 8 is strongly biased toward the steepest élopes.
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8. Other Observations

s; far, our discussion has concerned only a single case. We '
now briefly discuss scme of the other observation;. puring
their first year of operation, ISEE~-1 and -2 provided data
from over 120 passcs across the outer magnetosphere and ma-
gnetopause between 0400 and 2000 hours local time, and between
+40 and -20° GSM latitude. This number is too large to permit
exanination in as much detail as the crossing discussed above
but we have surveyed low resolution (1 minute) data from most

of the passes, and full-resolution data from many Gf them,

Some 20 of the flank orbits shoy;d the presence of the plasma
mantle, for example, the plasma was streaming tailward along the
magnetic field. In the other cases, the boundary layer flow had a
sgyuxiuu&.crqss-field component which is typical for the ’ '
low-latitude layer. The appearance of the houndary layer
spanned thé entire range found in the surveys of Haerendel
et al. (1978), and Eastman and Hones (1979), from virtually

no boundary layer plasma to layers of intermediate and com-
paratively long duration, some of them with only one crossing
of the magnetopause, others with mu;éiple crossings. It is
worth pointing out that it was difficult tn find even a few

crossings in which the boundary layer density decreases

"smoothly with time from the magnetosheath density towards

the magnetospheric value. Instead, many of the passes con-

tained the main feature of the example studied here: the

.

recurrent appearance of boundary layer 'plasma, at inter-~

»
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3

mediate density levels, alternating with magnetosphcric-like plasma.
Usually, the total duration was comparatively short (20 minutes

or less), and often, several magnetopause crossings occurred,

. -

There were three crossings (outbound orbits 12, 26, and 28)
with complete data coverage for which the data looked very
similar to Figure 1: all showed the intermittent presence of
boundary layer plasma for 50 minutes or more, followed by a
single magnetopause crossing. Unfortunately, the rate of data
transmission was low in all three cases, i.e., 4 times lower
than for orbit 7, so that precise timing studies could not be
performed. One of these crossings, shown in Figure 9, occurred
near the location of the November 6, 1977, crossing; the other
two were located at low latitudes near the dawh- meridian,
There are two differences between Figures 1 and 9. First, the
density and temperature in the latter case tcnded to return

to their magnetospheric levels in the gaps between the inter-
mittent boundary layer encounters. Thus the region 2 plasma
whs‘essentially absent. Second, in Figure 9 but not in Figure 1
boundary layer pla‘.sma (at densities up to the mzjnetosheath level) was .
present for a substantial time interval just prior to the magnetopause crossing
near 0632 UT. Neither fea'ture is in conflict with model C. In all other as-
pects the two crossings are iemarkably similar, including the
sense of the magnetic-field variations during the boundary
layer encounters (a rotatiqn towards a more tailward and out-
ward pointing direction concurrent with an increase of the
field magnitude), as can be seen in some cases even in the

low-resolution data of Figure 9.

A)
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It is interesting to compare the detailed observations ob-
tained with the ISEE instruments with the results of the

HEOS~-2 survey by Haerendel et al. (1978). For orbit 7 out=
bound, we have simulatéd the long sampling interval (. 86 s)

and cven longer repetition cycle (256 s) of the HEOS instru-
ment by adding up an appropriate number of ISEE distributions.
The resulting time plot (not shown) looks strikingly similar

to Figure 11; of Hacrendel et al. which qualified in their

study as a thick layer (> 0.5 Ry) with low density (n<0.25n,4)

- In the overviews shown in their Figures 1 and 3, such crossings

were represented by large encircled cvrosses. It is worth
pointing out that in this simulated data set the boundary
layer density tends to form a plateau a factor of 2-3 below
level 3 of Figure 1. This tendency was in fact conjectured
by Eastman and Hones (1979), and finds its explanation in
the observation that the apparent period of the density varia-
tions is comparable to that of the sampling pattern of the
gzos-z instrument. Nevertheless, a density jump between
rggions 3 and 4 (albeit of a smaller magnitude than that de=-
duced by Haerendel et al. (1978) from HEOS-2 data) seems to
be a frequent feature of the frontside low-latitude boundary

.

layer. .
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3. Discussion

.

In the previous section we have established that model C ex-

plains the observations in corsiderable detail. The model has,

®y

however, been presented entirely in geometrical terms. It is
now desirable to examine whether support for it may be found

in terms of physical processes.

We first ask whether the boundary layer could have been popu=-
lated by diffusion across the magnetopause. Assuming an aver-
age plasma boundary layer thickness, density, and flow spced,

of 1/2 R, 8 em™3, and 150 km/s, respectively, we obtair a total

boundary layer particle flux per unit height of 3.8 ° 1018

n" l-‘ at the spacecraft location, With a flow distance from

‘
the subsolar point of 18 Rp the magnetopause area across which
7 2

this flux must enter is approximately 5.7 ¢« 10" m“. Thus the

average diffusive particle £lux across the magnetopause is

10 -2 -1

6.7x10 "m “s '. This flux should approximately equal Dan/h

where D is the diffusion coefficient, An the density change

across a diffusion layer of thickness h. Using the value D= 109m2/8

as an example, and a magnetosheath density of 35 cm73, .

we have 4n = 35-8 = 27 cm™3. Thus the thickness h can be cal-

culated and is found to be - 400 km. This is of the order of
the measured magnetopause thickness and we concluée that the
observations are compatible with the hypothesis that the bound-
ary layer was formed by diffusion across the magnetopause with

9

an effective diffusion coefficient D of 10 mzls. If, however,

the real value for D is substantially less, some other entry

’
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process mﬁst be operative upstresn of the observation point.
The flux-transfer like variations outside the magnetopause
may have a bearing on this possibility. Clearly, our analylll‘
does not provide an unambiguous answer to the question of the
plasma entry mechanism.

Substantial diffusicn across the magnctopause occurs only in
the presence of a very steep density gradient there, In our

3 in a

estimate above, the density decreased from 35 to 8 cm
distance of only 400 km. Large gradients are indeed frequently
seen. In the.Novem$e: 6, 1977. case the situation was extreme
at the time of the magnetopause crossing beca.se virtually no
boundary layer plasma was present adjacent to the magnetopause

3 in a distance of only

and the density dropped from 35 to 1 cm~
200 km (see Section 6). One must presume¢ that the distance scale
is similar during passage of the boundary layer blobs. Note

that we also expect, and do indeed observe, a steep gradient in
the density.of outward diffusing‘magnetospheric particles at the

ﬁaqnetopause (Figure 2).

We next ask how it is possible, in a diffusion model, to have

a steep density gradient at the magnetopause followed by a more
or less constant density across a boundary layer as thick as
éerhaps 1/2 Rp, on the a#e:age, with another steep density de-
crease at the inner edge of that layer. It seems likely to us
Fhat such a situation will arise because of '‘eddy transport in
the boundary layer. Such transport was originally suggested

by Haerendel (1978) to operate mainly in the entry layer where

kY
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it could be driven by pressure fluctuations lllOC1,t!d with
hydrodynamic turbulence of the exterior cusp flow. It is also
known to develop spontaneously and to be exceedingly effi-,
cient ‘in ordinary h}d:odynamlc shear layers. We see no reasorn
why it should not be operative in the low-latitude boundary
layer too, moving high as well as low energy particles. As
already menticned, this feature has been incorporated in model
C and it is supported by the measured plasma flow in the blobs.
The eddy motion is expected to be two-dimensional and field
aligned, involving the 1nter§hangedpotion of flux tubes. This
interchange motion is likely to be impeded to some extent by
the lonosphere. However, this impediment may be rather minor in
the fast moving boundary layer. The reason is (e.g. Sonnerup,
1980) that this layer must decouple itself relatively efficiently
from the ionospere, by means of field-aligned potential drops,
'in order to avoid excessive ionospheric electric fields and
field-aligned currents. At the inner edge of the boundary
layer this decoupling ceases, There the plasma velocity drops
rapi&ly and further inward transport of plasma originating in
the magnetosheath, as well as outward transport of magneto-
spheric particles, can no longer be achieved via eddy motion.
It must again occur principally via the more inefficient micro-
scopic diffusion. For this reason, steep outward gradiegts

in the high-energy ones, are expected, and are also scen

(Figure 2), at the inner edge of the boundary layer (region 3).
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The boundary laver halo (region 2) may also have been formed
by inward diffusion of boundary layer plasma.. Even though this
transport process is inefficient it may lead to a relatively
thick halo. For example, if we assume a tailward flow speed

Vo u 25 km/s in the halo, the diffusive thickness at the ob-
servation point is of the order of (DL/VO)'/z, where L is

the flow length from the subsolar point (L = 18 Rs). Again
using D = 10° mzls we tin; the thickness of the halo to be’

- 2000 km. We cannot exclude the possibility that some process
in addition to microscopic diffusion is operative in the halo.
In particuiar, soma eddy motion may be expected in the wake

of each plasma blob in model C. .

We turn now to a discussion of the mechanism leading to the
formation of plasma blobs. One prominent possibility is that
the upst:eam'source of the boundary layer plasma, whether it be

entry at speciZic locations, reconnection patches, or -

\\tegicns of efficient diffusion, is switched off and on periodi-

cally. stncé the entry process is unknown we are not in a po-
sition to examine how its efficiency could be modulated to form
the observed blobs. However, there efists an entirely different
explanation for the formation of the blobs. It may be argued
(sonnerup, 1980) that a boundary layer of constant thickness
should be expected to break up into blobs as a result of the

Kelvin-Helmholtz instability operating, not at the magneto-

. pause, but at the inner edge of the boundary layer. The

.
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principal stabilizing effect is pr;vidcd by the magnetic~
field shear, created by field-aligned currents. This shear is
relatively small at the inner edge of the boundary layer
(rquic 3), while in the magnetopause itself it is large

" (Figure 4),. Further, the principal destabilizing effect, the

velocity ¢radient, is substantial at the former location
(Figure 3) but probably only modest at the latter (Figure 3).
Coupling to the ionosphere is expected to 1mpedg, but not
prevent, the interchange motions required for growth of the
instability. The question needs to be examined whether the
growth rate of the instability is sufficiently large to allow
development of blobs in the time it takes the boundary layer
plasma to travel from the subsolar point (as the most distant

possible region of entry) to the region of ébsé:vation.

*

The development of the Kelvin-Helmholtz instability at the

interface between regioﬁs 3 and 2 might be expected to lead

to a thinning of the halo (region 2) over the wave crests and
a !illing in of the valleys between the crests, as shown in
Figure‘7. By followiny the satellite path relative to the
moving plasma in that'figure, it tlien becomes clear why the
ISEE satellites observed only a brief passage through gegion 2
just prior to the first boundary layer encounter at 0459 UT
and why they never again sampled purely magnetospheric plasma

but only region 2 and 3 plasma during the subsequent 50 minutes.
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In a more speculative vein, we obscrve that if the Kelvin~-
Helmholtz waves travel at a speed somewhat less th’n the
average plasma speed in the boundary layer, then, in the
frame of the waves, the plasma still has a net tailward flow
component. Mass conservation then suggests increcased tailward
flow specds An the narrow necks, adjacent to the magnectopause,
which connect the plasma blobs. This may provide a plausible
explanation f£or the high boundary=-layer velocities observed
prlor to the magnetopause crossirg (Figures 1 and 3). However,
the alternate possibility, that these velocities are associated
with teconnectign somewhere upstream of the satellite, cannot

Le ercladed.

A final comment concerns the direction of the field-aligned
currents observed at the interface between regions 2 and 3,

As already ment109ed, these currents flow toward the equator
and pefhaps the southern auroral ionosphere, rather than into the
northern one. Thus they are opposite to the currents predicted
Sy Eastman et al. (1976) as the result of distributed momentum
transfer from the magﬁetosheath and boundary layer plasma flow
to the polar-cap ionosphere via the terrestrial magnetic’field.
These authors suggested that such transfer is taking place over
the entire front side of the magnetosphere. In an earlier paper,
Haerendel and Paschmann (1975) had developed a similar dynamo
model, but they suggested that the transfer is more or less
confined to the entry layer, i.e. to high latitddés. Both
models have in common that poleward of ﬁhe transfer site the
currents (on the dawn side)'are flowing into the nearby iono-

sphere. But with a localized source as in the latter one, some
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!tlctl&n of the current could also flow towirds the equator,
and, at an observation site close to, but equatorward of the
cusp (as in the precsent examples), could produce field dis-
tortionl of the observed sense. Other ideas may also be in-
. voked, and will have to be tested in a systematic study of

*

all the relevant data.
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Fiqure . ,..‘".
Figure 1: Plasma and magnetic-field data from an ISEE out-
bound pass through the outer magnetosphere, low-latitude bound-
ary layer, and magnetosheath; near 0800 hours local time and
40° northern GSM, latitude. The plasma parameters are, from top
to bottom: proton (Np) and electron (NE) densities in units of

-3

cm ~ as solid and dotted curves, temperature T _. and TE in Kelvin,

and proton bulk speed (vp) in km s". The datapare from the
LASL/MPE two-dimensional instrument with points obtained every

3 8, and displayed every 24 s. Magnetic-field data (lower

three panels; are 64-s averages obtained from the UCLA magneto-
meter, and are given as GSM azimuth (08) and clevation (AB) .

angles and field magnitude, B, in gammas. Dendity levels 1-4

_ indicate characteristic values for the outer magnetosphere,

boundary layer halo, boundary layer proper, and magnetosheath,
respectively (cf. Figure 7 for a physical model).

riéure 23 Proton and glectron partial densities, i.e. contri-
butions from certain energy bands to the total densities shown
in Figure 1. Units are cm™>, and the curves are displaced by
two decades each. Thé vertical line near 0550 UT marks the

magnetopause crossing.

Figure 3: Details of the boundary layer observations. The
upper three panels show the proton density and temperature,

and the proton pressure (Pp, lower curve) as well as the

.
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total pressure, Pp = Pp + 32/81, both in units of ao".dynoo
cm'z. The central three panels display the proton flow be= .
haviour. The vp panel shows both the bulk speeds derivid from
the 2D and 3D instrurients. the the good agreement between the
two curves everywhere except near 'steep gradients (where the

3D sampling time is too long) and in the magnetosheath, after
0550 UT (where the temperature is too low for the 3D instrument
to resolve the distributions adequately). o measures the flow
azimuth in the local tangential plane of the magnetopause, with
o " O indicating ‘& nerfectly symmetric tailward flow (away

from the stagnation point). % measures the flow elevation from
this plane, with p > 0 indicating an outward directed com=-
ponent. (NOR system, cf. the label on the left of these panels).
Note that s and c, are not displayed for Ny « v < 107 em~2s71,
The lower three panels show the magnetic field as magnitude (B),
and azimuth'?u'a) and elevation (c'a). These angles are similar~-

ly defined as the plasma flow angles except that a'B = O points

_ towards GSM north (LMN system of Russell and Elphic). NOR and

LMN are based on the Fairfield model magnetopause normal for

the spacecraft position at 0550 UT. In the present case,
a(NOR) = a'(LMN) -60°, cf. the NOR scale on the right-hand side

of the o'p panel. Vertical lines mark the more prominent

_leading edges of boundary layer density variations and the.

magnetopause crossing. -

Figure 4: Hodograms of the magnetic field vector (in units
of nT) for the ISEE-1 magnetopause crossing, shown in the prin-

cipal axes coordinate system obtained from a minimum variance

* .

.
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‘ﬁalysis. The i and k axes are the directions of maximum and
minimum variance of the field, respectively; all Ehreo are
rather closely aligned with their respective couneorparts‘ot
the LiiN system employed for the previous and subsequent figure.
The (i,j) plane on the left is tangential to the magnetopause,
and the (i,k) plane corresponds to a meridional cut with k
being the outward directed normal to the boundary.

FPigure S: Proton densities and field azimuth angles in

gﬁb, tangential plane (a'g.- tg"(BM/BL)) in the vicinity of
the magnetopause crossings as seeg by ISEE-1 (solid curves)

and ISEE-2 (do%s). Data are displayed every 1.5 s.,ESBB-1 was

s 510 km further outward than ISEE-2, with the separation vector
being almost parallel to the model (and minimun yariance) normal.

Figure 6: ISEE-1 and -2 proton densities (solid and dotted
curves, respec;ively) during the earlier boundary layer en-
counters, showing the time delays between certain features as
seen by the two spacecraft. Letters a-l mark those interfaces
for which normal vectors are displayed in Figure 8. Note that,

because of an ISEE-2 data gap, pahels 2 and 3 are not contiguous.

Figure 7: Three models to explain the observations: (A) a
uniform boundary layer attached to a smooth magnetopause, both
oscillating together about their normal position with speed Vol
(B) a uniform attached bou;dary layer disturbed, as the magneto-
pause, by surface waves; and (C) a boundary layer of non-uni-

form thickness attached to a smooth magnetopause. The observations

\J
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favour médcl C (although elements of A and B are present; cf.
the text). In this model, regions 1-4 denota the outer ma- .
gnetosphere, halo, boundary layer proper, and magnetosheath,

respectively (cf. Figure 1 for the correspondin§ density (and
temperature) levels). tThe open arrows denote, as in models A

and B, plasma flow in the spacecraft frame of reference. The

flow vortex (dashed curve) and the satellite path, are shown

for a moving system in which the boundary layer structure is

(approximately) at rest. Zy is the mode] magnetopause normal,
and n is the boundary layer normal pointing into region 2

(c£. Figure 8).

Figure 8: Boundary layer normals at the halo interface de-~
rived from densiéy gradients a-l1 in Figure 6 and from simul-
taneous field rotations if present (cf. Figure 3), 4t = tz-t1
are the time delays (in seconds) with thch the respective
gradients were observed by the two spacecratt. Each individual
diagram shows projections of the boundary layer normals onto
the (xN,zN) plane of the NOR system in which 2N is the model
magnetopause normal, and Xy is the direction of the symmetric
magnetosheath flow. The sectors with radii of short and inter-
mediate lengths indicate a range of directions derived from
the plasma and field data on the low- and high-density side of
the discontinuity, respectively (U x B method, cf. the text).
Symbols were not drawn when (data were missing_or) the plasma
bulk speed was low and hence when statistical errors were large.
The long arrows are based on the B, x B, method described in

the text. To avoid cluttering the figure, only the average




1

direction was drawn, with spreads in angle being typically
less than + £°. Larger variations (+ 10%) occurred when also
the two U x B normals differed significantly from each other.

Arrows were not drawn when the field rotated by less than 15°,

Pigure 9: Plasma and field data for another ISEE pass showing

hasically the same features as Figure 1.



*

ISEE 1 ORBIT 7 OUTBOND 6 Nov 1977
T

E.uﬁ

T F '."". Qi
E ‘06 E‘ "J ‘:‘-‘ '.; ‘o [ ) X ’, 4 -
- p
3 "
200 -
Vp . ~ /\ ’A! mﬁ' AVJLNWN “i
w hoves
M lAJAl ﬂu ﬁ qdnﬂ) E
®s 1680 b= e S at e EE
SOFEE : =
=2 W
o4S _::u&-—'\-'-——-v =
s oF -
.. -4sEs BN aee —fg
‘oEin.xm~—-n”‘mfrk\~’”V"“1ﬂ E
s s
e 20 M
E.unhunluuhu'lnllhlulnulhullnnﬁunluuhn-j

UT 04:30 50 io 8o 50 1o 03:830
G

R 11.177 11.325 11.992 12.354 12,725 12.025 13.420
LT 0740 0748 0752 0758 0304 occ o614
LAT 38.3 37.4 3.4 0.4 40.3 41.2 £2.0

Pi024/CO5 BicS4  20-HH

Figure 1



: I

L4

-

"ISEE 1 ORBIT 7 OUTBOUND 6 NOV 1977
PROTONS  130- 270 &V_ | %
L ) Y vk VRTyVRRPRPAPIRR W A A PU U0 Fp
(/
1 q " 640 - 1100 eV
‘ 2,345 keV
1L .
13 - 39 keV
- ELECTRONS 22 - 52 eV - >
1 n g o By blag == wr P [ S—. - P ] o - / —m-n—- .
1 " N
265 - 670 eV
. A _
1.6 - S.b keV
u\ﬁf\/mwwp\« -
04:55 05 15 25 35 45 ;
- | : MP
Figure 2
.

Sl



ISEE 1 ORBIT 7 OUTEQLND ) 8 NV 1977
UYL TT' ‘ m vpp]lpppp[u‘lpp'lpp |
Yo 10 MM, |
3 7 | ‘ f .
g ] i
T io \
Ld | | L
P F WMW ,/va;‘
ANNAANNARARARAARA AT Mmmmwhmmmm Ald.lhhhhﬁ
|l|i|v|lppp]u|1|q-]qtp]vlqvp[v]n[vppppi]qvpmqu| ]upln]qqrp]rp(qtppppppr‘;pl TN
vmE M AN M AR A
i 3 . M. fi/’"\}\a AN J A 3
oF xrd= W\-'-Amﬁ -"—-"-l\ >--“M\A;.~m’,$'*-k"—m‘z?
e ;.. BV, VA J'\\N B
(NOR) — 1= E
“SE LIy / -/ / E
cp—‘g; VN IVVV <ot ] ,ﬁ)\}.ﬂﬁ\(&\,“‘y;i\f .Jk?:ﬁvi
B bttt bhbbttb bbbt Db bt it Gt Gt b it b bbb dad e dadad o dg )
e WVWFFW"}' ~ ‘ | m“l " oi 7 | 'IPW'WN' T
s % ?A/N‘M—/\WW“\/\VM
2t~ ' ' =
M T —: hod
| -
( MRANKNANE
! UT 04155 ol o7 13 19 ) <} 37 o 49) 05:55
i MP
v Figure 3
A}
¥
. § 1 ) .




ISEE.2 6 NOV 1977
05:50:09 - 05:50:35

1

) i' Figure 4



ISEE 1+2 ORBIT 7 OUTBOUND 6 Nov 19"7
i
i

. | ' 5 - Figure 5




» * ! .
[)
e o
. ) -
. . .
ISEE 12 QRBIT 7 OUTBOUND 6 NOV 1977
g o N N EL Lt ittt it wkia AT AL LA LAAL ALY LA LU LM LA AALAML AR M
: 10 AN Y
A 4 C N A N P
N - @\ NIV N ey Sea v LAY \,..M‘.‘.‘.g
-'IW'\"&" in RO "ﬂ.
i 1 m 1Luxn nlnxxlxnnl:lx111:[111}11ulnnllxlnn||1111nllxllxlnn|1nln|111]nlllllnnlnnllnlnllxnnl1I|lanlln|nlll\nlxnl:;nl
: UT 04156 S7 €8 59 o0 ol o2 (4] o4 o5 03106

‘l"‘H‘"llﬂ\l‘Hl]lll‘l“]"ﬂl]l‘l"l]ulll‘llHI‘!]"i'!lll'l‘l"ll“ll]‘ll"ll‘lllll‘llll‘]""l"" }

v»')\—.zmmm“mm W "\I[\W"'}ww\wm\]\

luuluullnluhuuluxuhuuhuuluunlnuuhuulnlulunuhnulunuhuuluuehnu,j_uu_ﬂ;u“lmp,

&

2]

v 4y

SO S

[

€

05106 o7 * o8 o9 10 n 12 13 14 15 05: 16

9

Y "
Q) : £ N 3
/ Q * ¥ ~ ."“ "":\Tﬂ;\'w Vane: -"
1) A
O\ (%) DO\ ‘.‘"uﬂ!“ . "WV igeay, ,'/\

A A A
lun!nnn!unllnnllnn11nnuhnuhnnhm1l1uu|ulnhuulunxlulnhnnlnnuhnnh;_u_;_!u,u;b,uu

LALLM L s et 1aaah RAREAD RRAALY AALLL) LALLL LM RAMLL AL xmtmmm‘mmpnﬂnmnvv_]

05126 27 28 29 X0 3l 32 e 34 35 05136

Ill‘“l!l'“l".lH”]l"‘!‘1"Ill“"l‘l""llll"]‘""‘ﬂi J‘lll"lpth“n"lH!U]“"ll‘!”ll"”ll“"“'"‘l

\
10} N A %, X S ,t‘\':;’:\\\\
N % Y J
A -.NM
N M«MW AT

‘ uuhnnhunlnmhuulnnnhnuhunhuuhuuhnnlunnhnnlnnuhuulxunlnlnhnuhnnhln

05135 37 0 3 40 41 &2 40 44 4S5 05:46

Figure 6



Py
P33

o

© soemnbte

P
it

ISEE 1+2 ORBIT 7 QUTBOUND

‘‘‘‘‘

SATELLITE

Figure 7

R L Ll e L e e e L LT R P pysp



- e g
-

Leading Edges

ISEE1 At ISEE 2

: 2,

@ +15¢05 '
, .

"\ N
© o13.0 1.0 |
® | ao0:10
® MO0210 /\
® 60205

. ‘Ek\\

@ +30:05

\

Trailing Edges

ISEE1 At ISEE 2
Zy
® -3.020S
© 80210
vexy<0
© | sosos
/I r
@ -20:05
—
)] 205205
® 42,0205
- /

Figure 8



.
S Wi SY—

T r .

- —e——

ISEE 1' ORBIT 12 OUTEOUND 18 NOV 1977
A |
My

10k . aV\
A AJLM*\-'A'\’A-\WWJVW %

-g
Tp W = T VAUFWW V‘M{W\a %
i WMLJ
108 |- -
= -
Ve 200 | J\r ” }/‘ (T
toofy A pon AR A .
270 gn . =
o4LS EL'N—N\!WMN‘M .E
.. T45 E—S -,f
B SR LV LR PR
10F ) =
Bl bt b bbb b b sy S
UT 05:00 20 40 oo 20 40 07:00

G

R 13.051 13.400 13.738 14.057 14.386 14.695 14.984
LT 0703 0707 0742 0716 0720 0724 0728
LAT 3G.5 37.7 3.8 3g.e 40.0 41.7 42.5

P1024/012 B:0oG4 20-LIR

Figure 9

ORIGINAL pasp I8
CF POOR QIIALTTY




	1981012109.pdf
	0001A02.tif
	0001A03.tif
	0001A04.tif
	0001A05.tif
	0001A06.tif
	0001A07.tif
	0001A08.tif
	0001A09.tif
	0001A10.tif
	0001A11.tif
	0001A12.tif
	0001A13.tif
	0001A14.tif
	0001B01.tif
	0001B02.tif
	0001B03.tif
	0001B04.tif
	0001B05.tif
	0001B06.tif
	0001B07.tif
	0001B08.tif
	0001B09.tif
	0001B10.tif
	0001B11.tif
	0001B12.tif
	0001B13.tif
	0001B14.tif
	0001C01.tif
	0001C02.tif
	0001C03.tif
	0001C04.tif
	0001C05.tif
	0001C06.tif
	0001C07.tif
	0001C08.tif
	0001C09.tif
	0001C10.tif
	0001C11.tif
	0001C12.tif
	0001C13.tif
	0001C14.tif
	0001D01.tif
	0001D02.tif
	0001D03.tif
	0001D04.tif
	0001D05.tif
	0001D06.tif
	0001D07.tif
	0001D08.tif
	0001D09.tif
	0001D10.tif
	0001D11.tif
	0001D12.tif
	0001D13.tif
	0001D14.tif
	0001E01.tif
	0001E02.tif
	0001E03.tif
	0001E04.tif
	0001E05.tif
	0001E06.tif




