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Abstract. Particle observations from'pairs 6f satellites {Ogo 5, Vela 4A

and 58, Imp 3) during the recovery of plasma sheet thickness late in substorms
are examined. Six of the nine events discussed in detail occurred within about

5 min in Jocations near the estimated position of the neutral sheet (dZ g3 RE),
but over wide ranges of east—wesf and radial separaﬁions. The time of occurrence
and spatial extent of the recovery were related to the onset.(defined by grugnd
Pi 2 pulsations) and approximate location (estimated from ground mid-1atitude
magnetic signatures) of substorm expansicns. It was found that the plasma
sheet recovery occurred 10 - 30 min aTter the last in-a series of Pi bursts,
which we interpret to indicate that the recavery is not due directly to a late,
high-Tatitude substorm expansion. The recovery was a1sé ohserved to occur

after the substorm current wedge had moved into the evening sector qnd.to extend
far to the east of the center of the last preceding substorm expansion. During
two evenls the plasma sheet in the near-earth tail (geocentric distances r of -
7-10 RE) was observed to recover within 1 - 2 min of the recovery in the

Yela orbit (r " 18 RE). Recen£ magnetic field models suggest thaé the field
lines through the spacecraft then intercepted the earth at high magnetic
Tatitudes (> 720) that are typically reached by ground activity qﬁring the
‘poleward leap' late in a substorm. These concurrent plasma sheet recovéries,

and three additional events observed when the sate{lites were at larger vertica?l
and radial separations, indicate thgt the recovery is due to a thickening

of the plasma sheet toward higher Ia%itudes that occurs over a broad azimuthal
scale and from jonospheric heights to beyond the Vela orbit. The spatiéi
character of these events is substan;iatéd by an additional .20 correlated Og? -
Vela events.-These results, especially the gignificance of the absence of
detectable Pi 2 bursts at the time of plasma sheet recoveries, are discussed in
%e1ation-to current substorm modeis. Th{;-ré;overy appears to occur after the
éubstorm expansion phase but before the beginning of the recovery phase; .

consequently, this phenomenon appears to represent a separate substorm phase.
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Introduction

Recent studies of the magnetospheric su?siorm using ground
magnetic and auroral observations have reVealed that substorms

often have multiple expansion phase onsets [Kisabeth and Rostoker,

1871; Clauer and McPherron, 1974; Wiens and Rostoker, 1975

McDiarmid and Harris, 19763 Pytte et al., 1976a.,b; Kamide et al.,

19771, ‘and that the westward polar electrojet sometimes expands

westward in an impulsive, steplike fashion [Wiens and Rostoker,

197531. The latter feature would indicate a similar steplike
progression of activity also in the geomagnetic tai1,¥aslwas

_originally suggested by Rostoker and famidge [1571]. However,

examinations of the plasma sheet dynamics in the near-earth tail

(r £ 15 earth radii (Rp)) [Pytte et ail.. 1?76&] and, in particular,’

in the Vela orbit (r ~n 18 RE) [Hones et al., 1967;77973; 197621,

have shown no clear evidence of such azimuthally locaiized phenomena
in the tail. Thus, the plasma sheet expansion signatures in the
near tail during multiple-onset substorms, as observed by a single

satellite near midnight, are practically identical for each onset;

there seems to be no sygfgmatic éhange with time indicative of
successive onsets occurring in separate or in progressively westward-
moving sectors. In the more distant tail, where the plasma sheet
thins during this early phase of the substorm, the most spectacular:
event is the §1asma sheet recovery to about or greater than pre-
substorm thickness which often occurs near the time of a 'poieward

leap' of auroral-zone activity [Hones et al., 1970; 197%a; 19733

Wolcott et al., 19761, This recovery seems to cover a significant -

fraction of the tail's breadth {Hones., 1973; Hones et al.., 1976&]._




‘Another apparent discrepancy between currgnt substqrm models
based on ground data and wmodels based largely on plasma sheet
observations is the absence of any specific. references.in almost .
all ground models to the poleward leap, even though the associated
plasma sheet recovéry is such a dominant feature-in the tail. This
is apparently because the leap often say be a¢c0mpan1ed by phenomena
that are typical of substorm expansion onsets (auroral Brightening
and poleward expansion together with negative bay intensification}
and can therefore not be clearly distinguished in most ground data’
from a late high-latitude substorm expansion. It is therefore aiso
conceivable that the plasma sheet recovery in the Vela orbit is
due simply to a substorm expansion that involves also the plasma
sheet at r ~ 18 Re.

in the present paper we analyze these differenfes‘ﬁn_cu%réntwmnuu
substorm models. We use observations of the piasma sheet obtainad
conclrrentiy by two satellites during intervals characterized by
substorm expansions on the ground and during the poleward leap or
decay of auroral-zone activity. Our aim is to estimate the spatial
characteristics af-the plasma shéet recovery and its relation to
the poleward leap and the azimuthal expansion of substorms. Our
findings agree with previous rasults that the recovery is closely
related to phencmena associated with the pcleward Teap and that it
covers a wWide local-time sector of the tail. In addition we show
that a systematic use of magnetic Pi 2 pu1s$tions at middie latitudes
on the ground to identify substorm expansion onsets appears to be
of great importance in distinguishing between phenomena associated
with substorm expansions and phenomena associated with the poleward

teap. Thus, we find no systematic change in plasma sheet behavior



in the evening sector of the tail during long series of substorm
expansions that would indicate a westward shift of tail collapses.
Furthermore, we find that there were no Pi 2's associated with

any of the nine plasma sheet recovéries studied in detail, even
when the associated poleward leap was accompanied by a major
intensification of'the polar electrojet. From these results, anﬁ

. from the previously established close relationship between substorm
expansions, ﬁ1asma sheet expansions in the near-earth tail and

Pi 2's, we conclude that the poleward leap and the associated
plasma sheet recovary'were not caused Hirect1y by an ordinary hiéh-
"Tatitude substorm expansion. Furthermore, these simuttaneous
two-satellite observations clearly indicate that the plasma sheet
recovery-is not Tocalized but is caused by a.thickening of the

plasma sheet over a wide sector of the tail that cccurs almost

‘simultaneousty from ionospheric heights to beyond the Vela orbit.
Such a spatial velationship would account for the ciose correlation
between the recovery and the poleward Teap whose occurrence seems

to signal the beginning of a new substorm phase.

Data

The satellite data used in this paper wére obtained mainly from
the Ogo 5 and Vela 4A and 5B spacecraft. Brief descriptions of the

relevant experiments on these spacecraft were given in e.g., Pytte

et al. [1976a), Hones et.al. [1972], and Bame et al. {1971},
together with further references. -
The geocentric solar magnetospheric (GSM) equetorial projections-

of satellite trajectories during the intervals 1in question are shown



in F{éure 1, super1mposed upon the projectiion of f1e1d Tines 1in

the Mead and Fairfield [1975] magnetospherlc model for magnet1ca]1y

disturbed conditions (Kp > 2). Thase field T1nes intersect the earth
at 70° (solid lines) and 759 {broken lines) of magnetic latitudes
and serve to approximately map the satellite locations to the
ground.

gur timing of substorm expansion onsets are determined by the
onset of Pi 2 magnetic pulsations. Such Pi 2 bursts have been
shown to be closely related to individual onsets of auroral 'and
poiar magnetic substorms [Akasofu, 1968; Rostoker, 71968a; Saito,

1969% Pytte et al., 1976a,b; Sakurai and Sajto, 19763. These

pulsations proéagate rapidly from their sources on auroral-zone
field Tines to lower latitudes [Rostoker, 1968b1. where they can
be detected with negligible time delay. Siﬁce there - are scme
questions as to.the localized nature of Pi 2's, we use recordings
from two or more statioas at middie and Tow Tatitudes separateé in
tongitude By from. ~ 30° to 75°. High-pass filtered recordings are
reproduced in some figures to show the associaticn between #i 2

bursts and subsiorm activity and their relation to events observed

in the plasma sheet., The approximate longitudinal region of

the substorm expansions definad by Pi 2's is determined on the
basis of normal mid-Tatitude magnetograﬁs, This aliows us to .
study the pessible relationship betweén plasma sheet recovery
and the time and Tocation of a ground substorm expansion. The
magnetic coordinates of ground stations are given in the figures

as corrected magnetic latitude and time of Tocal midnight in

eccentric dipole time.



We have selected for detailed presentation nine substorm inter-
vals during long periods of continuous tracking of the two satel-
lites rather than single events. Together with 20 other correlated
'Ogo - Vela eventls, these show cases of near-simultaneous occurrénceg
of plasma sheet recovery over a wide range of azimuthal and radial
distances when the spacecraft were separated by relatively small
(s # Rg) vertical distances. From these measurements we conclude,
in agreement with previous statistical résuTts based on single-
satellite data, that the recovery is due to a large-scale Jery
rapid motion of the cuter plasma sheet boundaries in a direction
essentially normal toc the neutral sheet. The near-c¢pincident

encounters at small neutral-sheet distances therefore probably

occur within a few minuies of the Tirst onset of the recovery,
starting from closer to the midplane of the taiil.

Previous studies of 0go 5 particie measurements |

[+

.0., Aubry.

et al., 1972; -Kivelson et al., 1973; Buck et al., 1973; Nishida

and Fujii, 1976; Pytte et al,, 1976a; Pvtte and West, 1978] have

established the occurrence of a ﬁear—earbh nlasma sheet expansion

at the onset of the substorm expansion phase. The 0go 5 events
presented in this paper, on the ¢other hand, oécurred in regions

of the tail where the substorm-onset expansiens,for reasons discussed
below, are apparently not seen., For the purpose of this paper

we shall refer to a plasma sheet thickening event during sitbstorm
expansions as a P]asma sheet expansion; we refer to a thic%ening
event presumable correlated with the poleward Teap as a plasma
sheet recovery, although the leap itself may not always be identi-
fied in the available ground data. The phenomenological differences
between these twd types of thickenéng events are discussed in the -

last two sections of the paper.



Observations

Multiple-Onset Substorms on September 4, 1968

Figure Zishows auroral-zone magnetograms and riometer recordings,
together with mid- and lTow-latitude magnetic pulsation data,during
two substorm intervals on September 4, 1968, During the 03%15-UT
substorm.{left panel), there were five separate bursts-of.Pi.2
pulsations, each of'which we regard as an onset of a substorm
eXpansion, At ~ 1117 UT, n 20 min after the last Pi 2 onset, a
sharp bay intensification occurred at Coliege and Barrow. The
Z-recordings at College suggest a poleward shift of the center of
the polar electrojet at about that time,from south (AZ > 0} to
north {AZ < 0} of College. Furthermore, a few minutes earlier the
region of > 30 keV electron precipitation had expanded poleward
to at least 71° of iatitude ({Bar. Is. in the upper left panel).
Thus, it seeis that a poleward shift or 'leap' of activity occurred
at v 1117 UT, which in this case was asscciated with an unusually
strong intensiiication of bay activity also at auroral-zone Jatitudes.

Similar features are found alse during the ]345—Uf stbstorm
{right panel), during which eight Pi 2 bursts were observed. The
Tixie Z-component observations indicate that the p&lar alectrojet
made four poleward excursions during the multiple expansionsy this

is a feature often observed during such substorms [Pytte et al., 197601,

At ~ 1614 UT a sharp onset of precipitation was detected at
ZheTlania, indicating a poleward shift of the precipitation region
to higher latitudes as bay activity subsided in the auroral zone.

There was, in this case, no clear poleward shift of the current



system with respect to these stations, but the positive H—disturb--
ances at Cape Chelyuskin around 1630 UT indicate continued activity\
to the north of that station. We therefore believe that & poleward
leap occurred at ~ 1614 UT, about 25 min after the Tast Pi 2 onset.
Figure 3 ShOWS measurements of magnetic field and energetic
particles at 0go 5 and measurements of particles at Vela 4A in
the evening sector of the tail; the GSM spacecraft locations are
indicated at the top of the two upper panels. The vertical dashed
Tines in the bottom panel and the asterisks below recordings of
particle fluxes indicate the onset times of Pi 2 bursts earlier
identified in ground recordings (Figure 2). '
The two vertical Tines at 1117 and 1614 UT in Figure 2 mark
the observed beginning of the most notab1e-magnetotail event at
these radial distances, namely, the late recovery of the plasma

sheet [Hones et ai., 19673. At theses iimes there was a large

increase in particie intensities at both Dgo and Vela, indicating

a thickening o7 the piasma sheet as 1ts outer boundaries expanded
away fTrom the neutral sheet, causing both sateliites to be engulfed
by the plasma. Earlier we found that activity on the ground near
midnight expanded to higher Tatitudes (i, > 710) around both 1117
and f614 UT; this is the saﬁe close relationship beiween the plasma
sheet recovery and the poleward leap as was found in a number of

previous cases [Hones et al., 1970;:; 137%a; 1973; Wolcott et al., 1576]

It is interesting here to estimate the approximate orientation
of the expanding plasma sheet boundary near the time of its encounter
at 0go. During the 1117-UT recovery there was a sharp positive

(westward) deflection in the By component, which we interpret as
Y



due to fieldzaligned currents that were directed away from the
earth and Tocated near the expanding bOUndaFy. _If these boundary
currents define a current sheet, whose orientation near the satellite
can be estimated on the basis of the field measurements, we find
that the boundary at the time of the encounter was nearly parallel

to the Xsm - Ysm plane, the sheét normal pointfng northward and

a few degrees tai]war&. When the boundary reached Vela sometime
between 1112 and 1120 UT, in the interval between successive store-
mode data sampies, Vela was ~ 1.5 Rp higher than 0go above the

Xsm - Ysm plané, but the distancsz along the ~ 1117-UT current

sheet normal was apparently less than 1 Rp. This initially almost
horizontal plasma sheet boundary indicates that the equnsion |
"occurred essentialiy in the Zsﬁ direction, which is consistent

with the observations made during other substorms preﬁentgd.be]oﬁ.
This would alse imply that the apparent velocity in the anti-

" sunward direction would be much higher than in the Zem directicn

in this region [c.f. Meng et al1.. 1970; Akasofu et al.. 1970;

. Hones et al.. 1971b7].

Thesa two plasma sheet recﬁveries ai_Vela are seen also in
recordings at Tower parfic]e ehergies (Fiéure 43 the two éharp‘
rises 1h average‘energy (E) and energy density (U) correspond
to the previously identified satellite entries into the pliasma sheet.
Although the plasma shest is defined sirictiy by tﬁe low—ehérgy
particle population [Montgomery, 19681, low- and high-energy

particles usually occupy the same region it space during plasma

sheet thickening events and can therefore both be used to trace
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the plasma sheet. Since energetic particle data are.most readily
avaiable we use these to identify bther plasma sheet recovery events.

It is probable that the region of more energetic particles near
the outer plasma sheet boundary connects to the field-line
reconnection region where particle acceleration appareﬁtly takes
place. In this same boundary region enhanced earthward plasma
flow is often observed [LUi{ et al., i877a}].

There was sometimes a weak increase in the: B, comporent at 0Ogo
near the times of Pi 2 bursts on the ground (vertical dashed Tines
in Figure 3)., Some Pi bursts were also followed by transient increases
of particle flukes. Three successive particle events are shown
in more detail in Figure 5, together with another siﬁi1ar event
observed during the weak 1850-UT substorm. In contrast te the
piasma sheet recoveries, these electron and proton bursts have

a duration of only 5 - 10 min. Their internal structures are

independent of detector-scan orientation and pitch-angie samplad
(see West ot al. [19731 for a description of this Ogo experiment);
they were thérefore probably not due to drifting groups of particies
or to changes in their pitch-angle distributicns. Instead i1t seems
that shortly after a new substorm conset, identified by a Pé 2 -
burst and a tail B; increase, Ogo intermittently entered field
Tines connected to the reconnection region, possibly as a result
of a transient expansion of the plasma sheet upward towards the
satellite as the magnetic field became more dipclar.

The bottom panel of Figure 3 shows the interplanetary magnetic
field (IMF) By component observed by Explarers 33‘and 34. The

available data show that the IMF was predominantly southward

ORIGINAL PAGE 15
OF POOR QUALITY
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during the multiple substorm expansions and that the 1614-UT
recovery occurred near the time of a clear northward tufning
of the field.

In summgry, these two-satellite observatioﬁs shoﬁ that the
evening plasma sheet at r ~ 18 - 20 Rg remained thin throughout
the two expansion phases, which lasted for ~ 90 and ~ 150 min
respectively. Transient (5 - 10 min duration} bursts of energetic
particles were observed a few minutes after some Pi 2 bursts,
but there was no systematic shortening of the time delays between
Pi 2's and particle-burst onsets suggestive of a source region
located pkogressivaly closer to the satellites. The racovery of
the plasma sheel occurred at both sateilites within about 5 win

of a poleward leap of auroral-zone activity.

Multipie-Onsat Substorms on September 6, 1969

The two examples of plasma sheet recovery examined in the
previous section ware observed when the two sateliites were
Tocated in the evening sector of the taii. The recoveries ceu}d
therefore have been due to a westward shift or axpansien of the
disturbed sector of the tail to include the Jocations of the

satellites rather than covering a large rancge of iocal time -as

o

¥
present observations obtained on September &, 1969 whan one
satellite was located in the early svening sector and anather
in the early morning sector of the tail. 1In contrast to the
previous two events, the events on this day were also accompanied

by clear mid-latitude magnetic signatures.
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The three substorms starting at about 0232, 0507, and_1006 uT,
respectively, were characterized by a rather rapid growth an&

decay- of auroral-zone bay intensities (Figure 6). Thus, the

corresponding plasma sheet reco?eriES‘af Ogo {solid vertical lines)

occurred within about an hour of the first Pi 2 but about 30,

10, and 25 min, respectively, after the last clear Pi 2 onset.

These recoveries also occuUrred near or just after the time of

maximum maghetic disturbances in the auroral zone and at mid-latitudes

The mid-Tatitude magnetic signatures during the 0507 énd 1008

UT substorms allow us to estimate the approximate iocation with

respect to the satellites of the disturbed local-iime sector,

in particular, the central meridian {AD = 0) and eastern and

western edges (minimum and maximum AD) of %he substorm current

wedge [McPherron et al., 1973; Wiens and Rosioker, 19?5; Pytie

et ail., 1976b]. It appears that at the fime of the 0505-UT
(T

and that the western edge had moved west of Victoria and Sitka

[ et

2
i

,
-

i
-

!

recovery the central meridian was located near 2230 cson)
to near 2000 MLT (Honolulu). Similarly, at o~ 1110 UT the central
meridian was near 2230 MLT (Sitka) with the western edge near
2100 MLT (Toolangi). The eastern edge seems in both cases teo have
been to the east of San Juan, or Tater than 0200 and (8060 MLT,‘
respectively.

The simultaneous 0go 5 and Vela 5B measturemenis gbiained at
2000 - 2200 and 0000 - 0300 MLT, respectively, are showa in Figure 7.
The Dgo particle data exhibit plasma sheet variations similar to
those observed in the same local-time sector on September 4, 1968

as described in the previous section. Again this demonstrates that

ORIGINAL PAGE IS
OF POOR QUALITY
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the eveningside plasma sheet at these radial distances remains

thin during the.expansion phase except for short-duration bursts

of particles during Pi 2 activity on the ground. The IMF data 1in

the bottom panel of Figure 7 indicate a'northward turning near the
1110-UT plasma sheet recovery whereas there seems to be no clear IMF
signatures at the time of the preceding recoveries.

" The Vela satellite was probably very close to the neutral sheet
at the time of thg D605-UT recovery at Ogo. The drop-out of
particle fluxes that usuaily precedes a plasma sheet recovery
was therefere not seen at Vela in this case. However, the particie
Tluxes did recover ta higher stable levels within minutes of
ihe recovery at_Ogo: The 1110-UT recovery, on the other hand, was
seen clearly also at Vela and therefore cccurred over a iocal-
time sector of at least 5 hours (% 15 Rg). This near—simu!taneitg
of plasma sheet recoveries over this Targe region of the tail,
which we consider guite remarkable, clearly demonsirates the
large-scale character of such events. The plasma sheet was also
thinning near both satellites before the main bay intensification
at ~ 1045 UT,

As indicated by the mid-latitude magnetic signatures in Figuré )
the 0605- and 1110~UT plasma sheet recoveries occcurred ﬁear the
time‘when the western edge of the clurrent wedde had reached tha
2000 - 2100 MLT sector, which was alsc the approximate local time
of Ogo. However, the recovery at 0go can not be explained simply
by a westward expansion of the active sector of the tail to include
the Tocation of 0Ogo. The simultaneous Vela data clearly show that
the same recoveries occurred at similar radial distances also at

0100 - 0200 MLT.
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The difficulties often involved in distinguishing between
ground activity associated with substorm expansions and with the
poleward leap can be illustrated by comparing the 1046-UT negative
bay on this day with the apparently equivalent event on the same
stations at 1117 UT on September 4, 1968 (Figure-2). As the present
analysis has shown, there are significant differences hetween the
two events. Thus, the September 6, 1989 event was accoﬁpanied
by a mid-latitude positive bay onset and a clear Pi 2, and by a
farge-scale plasma sheet thinning; the subsequent recovery of the
plasma sheet occurred ~ 25 min later in conjunction with a pole-
ward shift of the electrojet (which started near Coliege at ~ 1110
UT). The September 4, 1968 event, on the other hand, was accompanied
by no detectable Pi 2 but by a plasma sheet thickening.and a poie-
ward leap near midnight. This shows that the end of a substorm
expansion sequence cannot be determined unambiéuously'Oﬁ the basis
of auroral-zone data alone. The plasma sheet recovery, on the
other hand, together with the absénce of Pi 2 ﬁursts, seems -
to provide a much clearer indication that a substorm recovery is

in progress.

Magnetospheric Substorms on July 16, 1969

The events discussed in the previous sections suggest that
the thickening of the plasma sheet during the poleward Teap ta?es
place also at higher latitudes closer to the earth. This is
supported by measurements from Ogo 5 and Vela 5B con. July 16, 1969.
The auroral-zone magnetograms shown in Fiqure 8 indicate four

intervals of substorm activity, starting at about 1005, 1330,
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1708, and 1859 UT, respectively. Mid-latitude magnetograms (not
shown) indicate that the 1005- and 1859-UT substorms were centered
near local midnight, whereas the otheyr exXpansions apparently were
too weak to catse clear mid-Tlatitude signatures.

The plasma sheet variations associated with these four sub-
storm intervals are readily identified in the 0go and Vela measure-
ments obtained in the early morning sector of the tail {Figure 9).
At the time of the 1042-UT recovery the two spacecraft were
separated mainly in the Z direction, Vela being in the high-latitude
tail tobe., The delay of about 60 min between the plasma sheet
encounter at 0go and the first encounter at Vela. ~ 4 Rp higher
above the neutral sheet, however, seeims not to rafiect a contin-
uous motion in the Z-direction. This is indicated by the similar
intensity variations seen at both sateilites around 1200 UV, with

the main peak at 0go apparently occurring 3-4 min latay at Yels.

The 1342-U7 vecovery at 0do, on the other hand, reached Ve?

m

v § min later,. although their vertical separation was as.large as
5.56.- 6.0 RE'

The two events of main interest here occurred at &~ 1722 and
1924 UT, in both cases about 15 min after a Pi 2 onset. AL these
times Ogo was in the southern hemisphere at -26Y and -35° dipole
latitude, respectively. The corresponding north latitude of the
earth intersects of the field line through Qgo, determined by
field-Tine tracing in the Mead-Fairfield MF73D model, was then

nv 712 and & 73%. At the same times the estimated foot point of

the Vela field line was near 72° Tlafitude. This indicates that,
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as a first approximition according ?9 this time-independent fieid
model, both spacecraft were on field lines typically reached by
ground activity during a poleward Teap. 7

The 1722- and 1924-UT recoveries occurred within 1-2 min at
‘the two spacecraft' aver radial distances of &‘7 and ~ 10 Rg
respectively. Also, the plasma sheet boundary reached first the
satellite whose. field Tine apparently intercepted the earth at
the lowest Tafitude {0go at 1722 and Veia at i924 UT)i This is
additional evidenée for the large-scale character of these events
and clearly supports ocur interpretation that the thickening occurred
towards higher Tatitudes both in the Yela orbit and closer to
the earth at this particuiar'stage in the substorms.

The Tlow of piasma near VYela in the piasma sheet boundary region
during these two events has been studied previously by Lui et al. =
[19?7a}. They found that the f1ow)was directed genera1iy‘sunWard
during both intervals of plasma sheet th%ckening but that there
was an interval of anti~sunward fiow just before 1924 UT. Such
a reversal from anti-sunward to sunward flow ha§ praviousiy been
associated with a tailward shift of an X-itype neutrail line from
earthward to tailward of the Vela satellite [Hones, 19731. The
simultansous thickening at 0go ard Vela éuréng intervals of sunward
~flow is consistent with our observations of enhanced electron
precipitation at latitudes higher than those reached during the
preceding substorm expansions. This would also be %n agreemeﬁt

with the results of Lundblad et al. [1978] that the high-latitude

precipitafion boundary for > 100-keV protons at ~ 1500 km altitude

was located around 70° magnetic latitude during substorm expansions
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but moved to ~ 75° in association with substorm recoveries.

The bottom panel of Figure 9 shows tha north-south componaent
of the IMF at Explorer 47, located at r ~ 28 Rp near neon. It
is seen that the four plasma sheet recoveries at O0go occurred
either during northward IMF or near the time of a northward
turning. The plasma sheet thinnings, on the other hand, were
associated with a southward IMF. These thinnings, which might be
interpreted as due to a decay of -particles late in the subs$torm,
occurred during sateliite motions both towards and away from the
tail's midplane and concurrently in locations sbove and be?cy
this plane. They appear therefore to be truly 1arg§-scaie

reductions in the plasma sheet cross section.

Multiple-Onset Substorms on April 8, 1966

The last event examined here has been studied previously by

Hones et al. [1970, 1973] and Meng et ai. 119701, but is included

to 'show that the above results may be extended to larcer radial
distances. This event also illustrates the relation betwzen plasma
sheet recovery and the end of a series of substorm expansions.
The upper part of Figure 10 shows the observations of > &5
keV eiectron Tluxes obtained by the Vela 3A and Imp 3 spacscraft,
tdgether with the corresponding auroval-zone magnetoagrams. The
two satellites were located in the early morning sector and at

radial distances of ~ 19 and ~ 28 RE’ respactively. As pointed

out by Hones et al. [1970, 19731, the motion of the polar electro-

jet towards the zenith at Baker Lake arotund 0500 UT was corre-
lated with the plasma §heet recovery which reached Vela at 0456

and Imp at 0510 UT. This recovery was preceded by eleven isolated
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Pi 2 bursts, shown in the lower part of Figure 10, and the
recovery at Vela cccurred about 25 min after the last Pi 2.
Mid-Tatitude magnetograms show no indication that this recovery,
or the weak partial recovery at Vela around 0300 UT, was due

to a substorm expansion that occurred in the local time sector
of the satellites {~ 0100 MLT); on both occasions the central
meridian had moved west of 2200 MLT {Fredericksburg and Tucson,
respectively), or about 3 hours of local time farther to the
west of the satellites.

Ancther important feature illustrated by this event is the
gradual decrease of particle fluxes at Vela for‘more than 3 hours
during the Tong-series af Pi 2 bursts. The continucus bav activity
in the morning sector of the auroral zone {Leirvogur} anﬁ the
absence of any clear plasma sheet recovery around 0300 UT.
indicate that the whole period from 0120 to 0440 UT of Pi 2
bursts and bay intensifications should bhe regarded as one subsiorm,
-consisfing of eleven substorm exXpansions. The events discussed
in the previous section have indicated that a piasma sheet
recovery is the clearest indication that a series of substorm
expansion has ended and a substorm recovery is in p?ogress. We
here again see that fthere is no clear plasma sheet recovery atter
individual expansions, oniy at the end as ground activity dies awéy.

%;F;QOR QUALITY Statistical Results

The eight correlated Ogo and Vela events discussed above were
selected to illustrate the plasma sheet behavior as observed by
two satellites at locations ranging from local early evening to -

tate morning hours. In this section we summarize the main features
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of these eight and 20 other correlated events,-all of which are-
iisted in Table I, and.compare.the spatial Characteristics-with
those of the events examined above.

The observed time delays of piasma sheet thickening events with
increasing spacecraft distanee; in the dZ, ¢, and r directions are
plotted in Figure 11. These events appear to fall into three cate-
gories, depending on their temporal and spatial characteristics. The
first category (22 events, shown as black dots) consists of plasma
sheet recoveries observed at the two spacecraft within ~ 20 min over
distances ranging up to ~ 6 RE in the direction normal to the taii's
~midplane, ~ 53 in azimuth, and o 10 Rg in the radial direction,
A.Teast-squares it to a linear function betwsen the time delays AT
and the parameters AdZ, A¢, and Ar indicates & signifi;ant corre-
lation onlty between AT and AdZ. The regression line iﬁdicated in

Ficure ila corresponds to a velocity composnent in the dZ-direction

of .about 40 km/sec. This 1is cldse te the value of ~ 60 im/sec

obtained by Hones et al. [1973]1 on the basis of single-satellite

measurements of time delays beiween aurorzi-zone bay recovery and
p1asma_sheet recovery at r v 18 RE. bur anaiysis alsc shows some
coupling between AdZ and Ar which is consistent with the approximate
orientation of the expanding plasma sheet boundary‘énferred above.
07 the eight events discussed here all but one {evert i0 in Table I)
belong to this categery. ‘

The second category consists ef)three events {10, 22, 24; open
squares in Figure 11} that were observed when one of the satellites
was more than about 6.5 RE frem the tail's midplane. The time delays
were then 60 min cr more, which i1s much longer than expected on the

basis of time delays observed at swmaller dZ. This indicates a
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non-uniform thickening or a slowing down of the thickening speed
with time. '

The third category consists of three events (6,9, and 17; open
triang]es) during which the plasma sheet was observed to expand’
at 0go (r ~ 10 - 14 Rp) while it was thinning at Vela (r ~ 18 RE);
This different plasma sheet behavior in the'same Tocal-time sector
of the tail but at different radial distances has previously been
expléined in terms of a mode] involving the formation of an X-type -

neutral line in the region between the two spacecraft [Pytte et al..

1976a]. The longer time delays observed for these events may then
reflect the tendency for the X-line %o remain relativeiy stationary
in this near-earth region until the end of the expansicn phase when
it appears to move tailward.

to this last category.

However, the long dalays observed for this category is also reflected

Nona ¢f the events examined here belon

<
[fa

-

in the long delays often observed between the first Pi 2 and the

plasma sheet recovery (e.g. on-September 4, 1%58; Figure 3).

Summary and Discussion

We have examined nine cases of two-satellite measuremenis of the
late plasma sheet recovery obtained from Tocations in the early
evening to lata morning hours of the magnetotail. These recoveries
occurred near the time of a poleward leap of gro@nd activity or
during the decay of aurcral-zone bays, in agreement with nﬁmerous
events previously discussed by Hones and co-workers. In six cases
of relatively small spacecraft distances from the neutral sheet
(dZ £ 4 Rp), the recoveries at Ogo and Vela occurred within less

than 5 min; in the two remaining cases (a 1200 and « 1400 UT on

July 16, 1969 when dZ was ~ 6.5 RE), the delays were about 64 and
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8 min, respectively. Two events (1722 and 1924 UT on July 16, 1969)
were observed almost simultaneously in the Vela orbit (r ~ 18 RE)
and at high magnetic latitudes in the near tail (r a 7 - 10 Rg).

Field-1ine tracings in the Mead and Fairfield [1975] MF73D model

indicate that 0go and Vela were then on near?& the:same field
1ine, which in both cases mapped to the ionosphere at latitudes
that are usually reached by ground activity during the poleward
leap. Other events occurred when both spa?ecraft were in regions
of the tail typically traversed by the Vela sateliites but separatéd
by a wide range of distances in the GSM X and ¥ directions. &
ninth event observed by Vela and Imp 3 indicates that the above
relations exteﬁd out to at least ~ 30 Rp-

These spatial relations, which also agree with the main features
observed during an additional 20 events {Table I and Figure 11),

are evidence that the late plasma sheet recovery is due to a thick-

ening of the plasma sheet over a significant fraction of the tail’s
length and breadth which occurs essentially in & direciion perden-
dicular to the neutral sheet or onto higher L shél?s. As discussed
below, this is in contrast to tha possibly more iocaiized'éiasma
sheet expansions that occur mainily in the near-tail regicn and
during substorm exnansions on the ground.

The plasma sheet recoveries examined in this paper were pre-
ceded by as many as eleven Pi 2 bursts on the ground. These
magnetic pulsations were cbserved at stations separated by more
than 35° of longitude and are indications of individual onsets of
substorm expansions. Seven of the eight recoveries at 0go and Vela
reached the spacecraft within 10 to 28 min of the last in such

a series of Pi 2 onsets. These time delays are also comparable
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with the time interval between successive bursts. Since these
near-coincident plasma sheet encounters occurred at small

distances from the estimaied posit%on of the neutral sheet and

Eeem to result from a rapid motion essentialiy in the £ Z directians,
it seems reasonable to assume that these encouﬁters also represent '
closely the eartiest onset times of.the associated plasma sheet

thickening. Therefore, since at Teast one satellite was generally

within about an hour of Tocal time of a ground station that had

been cbserving the preceding Pi 2 burstis, we find no indication

that this plasma sheet thickening started at the tiwme of a FPi 2.
This relationship of pliasma sheet recovery to substorm expan-

sions on the ground is Independently iandicated also by mid-Taiitude

standard magnetograms. In cases when tne presence and locaticn

of the substorm current wedge clould be cleariy determined, it

was found that the recovery occurred evern when the lasi subsiocrm

expansion was centered farther away from one or both spacecraft
than were the preceding onsets. Also, there seems to have been no

new wedge formation near the spacecraft at the time of a plasma

or
o3
3}

sheet recovery independently of a Pi 2 burst, It appears, refore,
that these recoveries were not caused direckiy by any separate

substorm expansion which happened to occur in, or to inciude, the

3
-y

Tocal-time sector the satellites.
Z

The absence of Pj pulsations during the poleward leap seems

not to agree with the observations-of Wolcott et ai,.[1976] thnat

auroral-zone magnetic pulsations intensified both at the time

of auroral break-up and during the poleward leap and plasma

sheet recovery. The latter pulsation event , however, was
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probably associated with the observed poleward shift of the
westward electrojet over the station, rather than being an-
indication of a separate substorm expansion. This is because
there was no detectable Pi 2 onset at that time ét another station
located a little farther to the south of fhe:auﬁaréi zone.
Observations of the IMF north-south component were agaiTab1e
dur%ng-eight of the nine intervals examined. It seems that the
piasma sheeti recoveries sometimes occur near the time of a north-
-ward turning of the IMF. 1In fact, one event (v~ 1345 UT on July
16, 1969} apparently was mainly an effect of a clear northward
turning since the preceding substorm signatures ware guite weak.
It seems }fke1y that the long sequerce of Pi 2 bursts that pre-
ceded the recoveries on September 4, 1968 and on April 8§, 1886
{no IMF data available) occurred during leng intervals of pre-
-dominantly southward By, and that such 2 sequence cof substorm
expansions can be interrupted in conjuncticn With a2 northward
turning of the INF,
it has been suggested that tﬁis %nterruption 6f substorm
expainsions may occur as. a result of a tailward pressure that;is
built up in the near-earth region of the tail during enhanced fieid-
iine reconnection., choking the earthward magnaitosnheric convective
flow and eventually forcing the neutral Tine to move tailward

[Pytte et gl.., 1976a; Vasyiiunas, 15751. Such a build-un may be

related to a reduced transport of newiy'ﬁioseﬁ'magnet?c fiux away
from the near tail due to a reduced demand for'c1cseﬁ flux on the
dayside following a northward turning. It may also occur if the
reconnection rate significantly exceeds the earthward return rate;_

The plasma sheet recovery may therefore be caused indirectly by
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the last stronger substorm expansion and start near the peak of
that expansion. Thus, the duration of the expansion phase of a
substorm, or the time interval between the first Pi 2 and the
plasma sheet recovery, may depend on the interrélations between
the Hayside merging and- various magnetospheric convection
rates. Since this interval may last for g 30 min to moré
than two hours, there seems to be Tittle basis for the idéa that
the thickening of the plasma sheet starts near the éarth early
in a substorm, reaching r ~ 18 Rg, purely by coinc%dence, near the
time that activity on the ground approaches its highest latitudes.
While the plaswma sheet recovery,as well as the di%ferent h
plasma sheet dynamics early in a substorm in Tocations éarthward
and taillward of roib Rp,can be explained consistentiy by invoking
the formation and later tailward motion of an X-type neutral

tine [Aubry et al., 1972; Russell, 1972; Hanes ot &1., 1973:

Nishida and Nagayama, 1973; McPhervon et aj., 1973; Pvtie et

al., 1976al, the observational evidence. for the existence of
such a near-earth neutral line has receatly been cailed into
guestion [Lui et al., 1976, 1977b,c; Akasofu, 19771. Alsp, it

has been claimed [Frank et al., 19761 that the processes previousiy

associated with a neutral line cccur within a spatialiy Timited
‘fkrebaT]‘ (overall dimension 1 - 5 R.) rather than along an
extended line, However, recent more detailed examinations of

both the magnetic signatures and the Jow- and high-energy particie
data near the region of an assumed neutral line during substorm

onsets [Hones, 1977; Caan and Hones, 1977] show that mo;t of

this criticism can be answered in terms of this near-earth

neutral Tine model. Also, the large-scale character of the plasma
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sheet recovery, as shown also by Honés et al. [1976aj, indicates

that the neutral line, at least at this stage in a éubstorm, often
has a crosstail extension-much Jlarger than that anticipated for
“a 'fireball"',

Our results can also be compared with an often gquoted model by

Rostoker and Camidge [1971] for the azimuthal dynamics of the
plasma sheet {left panel of Figure 12). The main idea of this

model 15 that ddring ‘complex substorms', which consist of quasi-

]

[
O

periodic intensifications of the polar electrojet, successive

4]

ubstorm expansions occur in separate local-time sectors {&, B, C)
that ars shiftgd proagressively farther west. According to this
model, a satellite at any radial distance will experience a plasma
sheei axpansion (shown here as a diamagnetic decrease in the B,
component since these authcrs used only magnetic fTield data) only

when 1t is Tocated within the 'collapsing' sector. We note that

this model is essentially equivalent to the Wiens and Rostoker

[19750] model for a stepwise westward expansion of the polar efecire-
jet, altncugh the latter authors show estimated successive slectro-
Jjet 15cations in partly overlapping rather than spatialiy separated
sectars.

The right panel of Figure 12 shows an alternaktive ﬁode] for 1 -
the same type of substorms, where the more racent idea of an X-type

neutral line as well as the regulis of the present study are in-

(4

ctuded. The wedge-like region of an expanded plasma sheet is here

Timited on the tailward side by the X-line. (The part of this line
along which enhanced reconnection is assumed to take place is for
simplicity shown to be oriented east-west‘rather than to curve away
or towards the earth [Russell, 1977].) Plasma sheet expansions

during the substorm expansion phase occur here within the wedge
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(in partly overlapping sectors) and are probably accompanied by
an average azimuthal expansion of the wedge, as indicated in the
figure. "

The bottom right traces summarize the observational basis for
our model. At r ~ 12 Rp near midnight (region A near the center of
the wedge), the plasma sheet experiences multiple expansions in a
one-to-one correspondence with ground Pi 2 bursts and auroral-zone

bay intensifications [Pytte et al., 1976az]. At the same time, the

tailward piasma sheet {region A' tailward of the wedge) is thinning

and remains thin until after maximum auroral-zone bay activity

[Hones et al., 1867; 1973]. In the evening sector at r ~ 18 RE
{region C, initially to the wést of the wedge), there is an initial

thinning also {see also Akasofu et al. [18711), but transient

particie-flux increases and magnetic perturbations indicative of
field-aligned currents are observed during intervals of Pi 2 activity.
Such apparently_sporadic entries of the satellite inio the ﬁedge
region may also have caused the multiple plasma sheet thinning and

p
thickening events observed by Vela 5A at 21008 - 2200 HLT during

Trwnr

multipie westward traveiing surges on the ground [Hones et al., 1976h

Rostoker and Camidge [1971] attributed the observed absence of

magnetic fieid responses in the tail, during multiple substorm
expansicns on the ground, to the azimutha&?y Jocalized nature of
these onsets both on the ground and in the tail. However. they

vere not abie to show that a collapse did occur at about the same
radial distance but in a neighboring sector of the tail. In view

of oyr studies of multiple-satellite measurements from various
regions of the tail we suggest that the Tack of response to sub-
storm expansions pointed out by these authors was due to the radiaf

distance to their satellite (~ 30 R:), not to its location
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in azimuth with respect to the substorm activity. Thus, their

observations appear to have been obtained tailward of the wedge.
Such a separation inte two different stages of plasma sheet

thickening, which was suggested earlier by Hones et al. [19731,

would indicate that the above models of Rostoker and co-workers
should be modified to fake into account the radial and azimuthal
characteristics of plasma sheet dynamics during substerm expansions
and during the poleward Teap. This would alseo require a more
extended use of Pi 2 pulsations as indicators of substorm
expaﬁsicns.

Dur results may also affect the definition of the varisus
substorm phases. The classical model of the aursral sﬁbstOh
ny Akasofu [1964] defines the start of the recovery phase as
the time when auroral activity has reached its highest latitude
and starts o return towards the equator. The phenomena discussed
in this paper, the plasma sheet recovery and the poleward leap,
appear to occur after and separated from the substorm expansion
phase, but before the bedinning of the recovery phase,
Apparently, plasma sheet recovery does not belong to either
phase but may represent a separate phase lasting for 10 - 20

min and located in time between the two classical phases..
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Conclusions

On the basis of two-satellite measurements obtained in
different local-time sectors of the tail, we have examined the
phenomenological differences between plasma sheet thickening
events during substorm expansions and during the poleward leap
of auroral-zone activity. During an early stage éf a substorm,
multiple expansicns of the plasma sheet ofTten occur in the near-
earth region of thp"tai1 (r v 18 RE); during a later stage the
plasma sheet recovers to about or larger thnan pre-substorm thick-

riess over an extended azimuthal and radial region of the tail. This

recovery, which can be jdentified as a separate phenomenon in the
near-earth tai1‘on1y at high magnetic latitudes {by a satellite

not already located deep within the piasma sheet), also seems o
extend down to ionospheric heights, causing a-poieward expansion -

of particle precipitation during the poleward leap. The early near-

tail plasma sheet expansions are accompaniad by ground Pi 2 bursts
and seem to result from bursts of enhanced field-line reconneciion
aiong a near-earth neutral line. The late plasma shest éecovery, -
cn the other hand, may be explained by a tailward motion of that -
1ine and an enhancement of reconnecticn in a more distant ?aéatien.
This seems to re-establish the plasma sheet on more high~latituds
field 1ines. These differences in the spatial coverage and tempora]l
relations to substorm expansions {ihere was no detectablie P

onset at the time of the plasma sheet recovery}, indicate that

the two stages of plasma sheet thickening should be éreated as
physically different phenomena. It is especially important to
determine what processes cause the series of substorm expansion§

to stop and a poleward leap to occur, eventually leading to substorw

recovery.
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Table 1. GSpacecpaft Tocations and temporal relations during correlated plasma sheel events

Event Date Flasma sheet thickening at Vela Plesma sheet thickening at Ogo Time diff.
No. Time Location Sat. Time Location O0go - Vela
(UT)  Rgy Yoy Zen 428 (W) Kgy  Yop  Zem 923 (min)
1. Jduly 1, 1968 18¥0% -11.% -11.9 7.2 3.5 4A 1812 ~11.1 -10.3 6.7 2.3 2 & &
2. July 1, 1968  2356% -9.9 =-15.2 2.5 2.5 A4A 2327 -7.2 ~8.7 1.9 - -i9 4
3. Aeg. Y2, 7968  1213¢ -i6.5 _ 2,8 7.3 3.9 4A 1210 -13.1 0,7 4.2 0.8 -3 %4
4, Sept. 4, 1968 Mi?* -11.0 13.6 5.5 4.8 4R 1117 -16.6 12.1 4.0 1.8 )
5. Sept., 4, 1368 16714 14,2 10.0 5.8 3.3 4R 1614 ~15,7 ° 8.8 4.3 1.6 D4
6., Sept. 4, 1968 2240 «17.7 3.8 3.2 2.0) 4A 2148 -12.8 4.7 3.7 0.8 -52
7. June 27, 1969 22725 =10.% -13.5 6.0 4.0] 5B 2230 -15.C -12.6 6.2 3.7 5
8. July 14, 1989 0132 -13.9 ~B.4 8.6 6.4 SA 0126 -10.6 -5.9 0.4 - -6
9. July 14, 1969 0480* 12,9 =10.8 7.5 6.1 B5A 0356 7.7 -6.0 =0.7 - ~51 £ 4
10, July 16, 1969 1146 -14.2 -4.1 10.9 7.5 58 1042 -14.9 ~4.8 6.2 4 -54
1. July 16, 1969 1350 14,1 -5.6 9.7 6.1 58 1342 -73.0 «5.8 3.9 0.3 -3 .
2. Juiy 15, 1969 1724 -313.5 "~10.9 5.9 3.0 B8 1722 -9.3 -8,0 0.1 -3,2 -2
13, July 15, 1969 1924 13,0 -12.6 3.1 0.9 G5B 1925 -6, -6.1 -2.2 - 1
14, July 1B, 1969 1408 -14.5 -8.0 7.9 3.2 54 1907 =-17.7 -5.8 7.8 2.6 1
15, dJduly 26, 1969 2236% -16.2 -4.4 6.9 3.4 4h 2218 -14.9 -4.,5 2.6 ~0.,7 17 = 4
16, Aug,8-2, 1969 00aes -17.0 -4.9 5.0 2.8 5B 2342 -14.2 -1.2 1.6 -0,7 -23
7. Aug, 9, 1989 03V7 -16.6 -5.7 3.4 2.3 5R 0253 -11.3 «~2.0 =-0.4 ~1.4 ~-24
18, Aug. 10, 1569 1608 -11.9 8.7 10.9 6.9 5A 1555 ~18.0 7.9 10.7 6.5 ~-10
1%, Aug, 13, 1569 1¢40* -16.2 3.7 7.7 5.4 '5B 1040-50 -18.H , 9.1 7.% 5.9 0-10 = 4
20, Aug. 13, 1963  1720%t -17.3 4.6 3.9 -0.6 5%B 732 -18.9 . 4.8 7.2 2.7 12 + 4
21, Aug. 13, 1969 2143 -16.7 -7.7 0,3 -2,5 G5B 2136 -18,0 2.3 5.7 2.8 -7
22, hug, R7, 1969 (628 -14.3 8.9 7.3 7.4 &% 4400 -14,6 3.6 0.8 1.0 -148
23, Auwg, 31, 1669 1740% 10,2 11.8 6.6 7.4 §B 1730 -16.,9 12,3 6.9 4.8 -10 & 4
24, Sept. 5, 1969 1415 -13.4 11.2 5.6 3.6 b5B 15815 =%13.5 16.0 6.7 6.7 - 50
25, Sept. 5, 1989 1700% 15,4 8.2 5.8 2.9 5B 1718 -14.8 14.8 7.8 - 1.2 18 + 4
26, Sept, 6, 18489 0605% 18,2 ~2,5% ~1.3 -0.6 ©&B nges ~16.2 -+ 10.9 1.9 2.k Dz 4
27, Sept. 6§, 1969 1190 -16.7 -7.1 «2.% =-4.1 358 110 -15.0 7.6 -1.1 «2.3 0 =4
28, Sept. 6, 1989  1340* -15.6 -3.8 -3.% -6.1 5B 1324 -1 1 6.3 -1.4 -3.8 16 = 4
*Store-mode data, onset times uncértain by + 4 min tainiy heating of plasna

§hccording to formula by Fairfiald and Ness [1970)
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Figure 1

Figure Captions

GSM equatorial projections of satellite orbits during
the intervals studied in this paper. The spacecraft
distances above the estimated position of the neutral

sheet, according to the formulas of Fairfield and Ness

[1970] and West et aj. [19781, are indicated at the

. beginning and end of each interval. Equatorial projections

Figure 2

Figure 3

of magnetic field 1ines in the Mead and Fairfield {1975}

.MF73D {Kp > 2} model for 0° dipoie tiit are superimposed

on the satellite orbits.

Aurorali-zone riomeier recordings and magnetograms

during two substorm intervais on September &, 1968,
g

together with high-pass filtered rapic-run magneto-
grams from mid-latitude stations. The £oilzge and

Tixie Z-component magnetograms are included tc show
Tatitudiral motions of the center of the polar
electrojet., Vertical dashed ifnes indicate substorm
expansion onsets (Pi 2) whereas vertical solid lines
mark the time of plasma sheet recovevy in the evening
sector .of the tail, Local magnetic midnight,
marked by dots, 95 ~ 1830 at Dixon and ~ 1900 UT

at Zhelania.

0go 5 and Vela 48 measurements of the plasma sheet at
1800 - 22060 MLT in the tail onrn September 4, 1968.
Vertical broken lines and asterisks mark the times of

Pi 2 bursts on the ground, Discrete Vela data points


http:marked.by
http:sector.of

‘were obtained during lowbit. rate tracking, 'fhe lower
panel. shows the north-south component of the‘IMF at
Explorer 34 (before ~1400 UT.located at ~20 RE in
front of the magnetosphere) and'qt Explorer 33 (after_
~1400 UT, at high latitudes near the frﬁntiof the

magnetosphere)..

Figure 4 Average energy E and energy density U of

Tow-
energy electrons at Vela 4A on September 4, 1968.

Vertical lines indicate the reccovery. of hotter plasma.

Figure 5 ©Details of transient particle bursts at Ogo 2 ecbserved
in the evening sector of the tail during Pi 2 activity

on the ground.

Figure 6 Aursrai-zone and mid-latitude magnetograms on Septembar

i

6, 1969. VYeriical broken lines indicate substorm expan-
sion onsets, whersas so0lid lirnes mark the onsei of

plasma sheet recovery at Ogs.

Figure 7 Observations of particle fluxes and magnetic fields at
0gs 5 {2000-2200 WML7T) and particie fluxes at VYela 5B
(0000 - 0300 MLT) in the magnetotail on September 6.

1969, \Verticai broken Tines indicate t

(%]

cnset of sub-

.-
m

storm expansions on the ground. The bottom panel shows
the B, component of the IWF at Explorer 35 (n80 Rg
from the earth at ~0800 LT).



Figure 8

Figure 9

Figure 10

Figure 11

Aurcral-zone magnetograms on July 16, 1969. Vertical
broken 1ines are substorm expansion onsets, solid

lines onsets of plasma sheet recovery at 0Ogo 5.

Ogo 5 and Vela 5B measuremeats :in the plasma sheet

on ﬁu]y 16, 1969. Vertical broken lines are substorm
expansion onsets, soiid Tines the onset of plasma sheet
recovery at Ogo. The dZNS—vaWues for Ogo glven ?ﬂ
parenthesis are estimated distances from a nearitail
curved "neutrai" sheet that tapers iﬁto the magnefic

eguatorial piane at ra b RE[West et al., 19781,

Measurements of >45 keV electrons.at Veia 3A {(r~ 18 Rp)
and at IMP 3 (ra 27 RE)* together with groqndustandard
and pulsation magnetograms on Apvril B, 1958€&. The two
satellites were moving away from the neutral sheet and
were at V0500 UT located at deMS,é and 6.4 REs
respectively. The pulsation recordings shown in the
boittom panel are high-pass filtered rapid-run record-

ings.. Typical P12 amplitudes are 3-5Y;

Summary of the main temporal and spatial rejations
observed during 28 plasma sheet thickening event§ at
0go 5 and Vela. The time delays between the observed
onset of thickening at the two Spacecfaf with thair

increasing separations in the aj directicn approxi-
mately normal to the neutral sheet, b) GSM longitude
and c¢) radial directien have been plotted, using

different symbols for events belonging to the three


http:electrons.az

Figure 12

categories discussed in the text: The numbers Tabeling

open squares and triangles refer to event numbers given

in Table 1. Tﬁe least-squares fit indicated in .Figure -

Tla is &t the 95% cconfidence level.

Two different phenomenological models of plasma sheet
dvnamics during substorm expansions and during the

poleward leap. The lefi-hand modal [Rostoker and

Camidge, 1977] assumes that successive muitiplé'

expansion onsets occur in adjacent sectors of the tail.
In the-right-hand model we proposé that each expansion
cnset uccurs within essgntia]?y the same wedge-like
ragion of the near tail, and therefore in,pért!y-over~
iapping locale-time sectors, but that the wedge on the
average expands in azimuth in the)courseiof a substorm,
Thg plasma sheet signatures postulated by Rostoker and
Camidge (lower ieft) are also ccmparéd Wwith signatures
that have been observed b& pairs of satelliites during
different but temporalily and morphologically simifar

substorms {lower right).
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