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Particle and Field Signatures of Substorms

in the Mear Magnetotail

D. N. Baker
Los Alamos National Laboratory, Los Alamos, WM 87545

Abstract The near-earth magnetotail (10 £ r ¢ 20 Rg). portion of the
terrestrial magnetosphere 1is wvery 1likely the regioh in which magnetospheric
substorms are initiated and it 1is in this location that substorm-related
magnetic reconnection appears to occur. An observational advantage compared to
other astrophysical regions is that the near magnetotail can be nearly
continuously monitored by spacecraft that are relatively fixed in location.
Observations of magnetic fields and plasma distribution functions in the near-
tail reveal a very regular and predictable sequence of variation in association
with substorms. Following enhanced energy coupling between the solar wind and
the magnetosphere, magnetic fields in the near-earth region exhibit a
progressive development toward a more taillike configuration in the midnight
sector. This taillike field is indicative of enhianced available free energy in
the magnetotail which is eventually dissipated during substorms in episodes of
magnetic reconncction. The developmnent of a stressed, taillike magnetic field
in the near-earth region leads to clear signatures in the distribution
functions of energetic plasma particles wherein 10s of keV electrons exhibit a
progressive transition away from a trapped distribution character (jl > 3p) to
a field-aligned distribution character (jn > Jl)' This ¢ffect can be readily
understood in terms of azimuthal particle drifts in the distorted, taillika
maognetic field and  occurs  for approximately 0.5-2.0 hours prior to subsLorm
expansive phase onsets, Follewlupg substorm expansion onset (within a minute ov
sn) there is a »apid rvelaxatlon of the stressed magnetlic field coafipuration of
the near-magnetotafl avound 1local midnight and  Lhere 1s invariably an
assceciated  injection of hot plasma and energetic pavticles into the vepion of
peostatifonary orbite ‘These plasma populations appear (o be direetly related to
the rapid  conversion of  storved wmagnetic  energy at recouncction sites in a
Iimited sepment of the magnetotafl plasma sheets The hipher  energy (1003 of
Fev) particle  populatifon appears to be accelervated very fmpulsively, probably
due to Intense indueed electvfe fields (o the magnetic merging  regton. e se
data, constdered  fn a plobal  context, provide very stron; evidence for the
aeutral Tine o' torm model and, thue, for the repalar oceurrence  of  mapgnet{c

reconnection in the near-earth magnetotail during subhstoran,



- Introduction

Magnetic merging 1s thought to be an important form of energy conversion
in a variety of cosmic settings including planetary magnetospheres and solar
flare sites, The near—-earth magnetotail portion of the terrestrial
maghetosphere is very likely the region in which magnetospheric substorms -are
init{iated and it is in this locatfon that substorm-related magnetic
reconnection appears to occur (Fig. 1).

Unlike many putative sites of reconnection which are totally inaccessible
to direct in situ observation (e.g., the sun), or else are only occasionally
sampled by fast-moving spacecrafi (e.z., the magnetopause), the near
magnetotail can be nearly continuously wonitored by spacecraft that are
relatively fixed 1in location. In particular, spacecraft at, or near,
geostationary orbit remain approximately constant in radial distance and move
slowly through the nightside region near the place where substorm reconnection
normally begins.

Using observations from instrumentation aboard numerous geostationary
satellites (Fig. 2) one can show that magnetic fields and plasma distribution
functions wundergo a very regular and gpredictable sequence of variation in
association with substorms. Following enhanced coupling between the solar wind
and the magnetosphere (associated with southward interplanetary field),
magnetic fields in the near-carth region exhibit a progressive development
toward a more taillike configuration in the midnight sector. This taillike
fleld is indicative of enhanced cross-tail currents and, thus, of increased
storage of magunetic encrpy in the tail lobes, This available free energy in
the magnetotail is the cnergy which is eventuirlly dissipated during substorms
in episodes of magnetic reconnection.

The development of a stvessed, tafllike magnetic field in the vicinity of
peostationary orhit (where the fleld counfiguration 1is ordinarily nearly
dipolar) leads to clear signntures in the distvibutfon finctions of energetic
plasita partdcles. In partlewlar, 1t {n regularly ohserved in association with
Ltaillike field developnent that 108 of keV electrons exhibit a progressive
transitlon away from a LrnppudldfﬂtrihuLinn character (3) > §3) to a field-
aligned  distributlon  character (fy > §). Mis effect can be readily
undevstood in terms of azimuthal pavticle drifts in the distorted, taillike
magnetic field and occurs  for approximately 0.5-2.6 hours prior to subatom

expansive phase onneta,
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Following substnrm expansion onset (within a minute or so) there 1is a
rapid relaxation of the stressed magnetic field configuration of the near-
magnetotail around local midnight. Along with this dipolarization there 1is
invariably the associated injection of hot plasma and energetic particles into
the region of geostationary orbit. These plasma populations appear to_  be
directly related - to che rapid convérsion of stored magnetic energy at
reconnection sites in & limited segment of the magnetoﬁail plasma sheet. The
higher energy (100s of keV) particle population, further, appears to be
accelerated very impulsively, probably due L5 intense induced electric fields
in the magnetic merging Legion.

Once the substorm-generated hot plasma and energetic particle populations
are injected into the\inner magnetosphere, they tend to drift adiabatically in
magnetically trapped orbits. The energetic particles, once produced, can
provide a variety of tracer functions to determine characteristics of
acceleration location and extent. These tracer aspects also include energy-
dependent ion drift characteristi:s that allow identification of the principal
region of overall substcrm disturbance onset, ion gradient anisctropy
information which allows the vemote sensing of moving density-gradient
boundaries in the vicinity of observine spacecraft, and, in a very recent
discovery, charge-state~dependent 1ion drift characteristics thac permit
identification and discrimination between solar wind and ionospheric sources
for the accelerated plns&u which forms the energetic particle population (and
cventually constitutes the terrestrial riug current).

In this paper woe review many of Lhe observations, and interpretations of
such obzervations, which are supportive of Lthe near-earth reconnection model of

substorm enerpy dissipation.
Toading Lhe Mapnetospherie System

Kumerous nmplficnl sludfoes of coupling between the solar wind and the
mognetosphere (fagr., Nishida, 1987 and  references therein) have shown the
tmportant role of the interplanetary mapgnetic  fleld (IMF) orientation in
determining the vecurrence of geomagnetic (substomm) activity. When the IMF
turng  zouthward, atrong  substom activity ovdinarily follows after about one
hour of persistently southward IMF,  Figure 3, taken from a stuly by Daker et

al. (198)  for  the  Coovdinated Mata Avalysia, Workshop (CPAW) 6, shows the
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. relationship between a measure of solar wind ehergy input to the magnetospherg
(V-Bz) and substorm onset. -

The solar wind speed (V) and IMF north-south component (Bz) observed at
IMP-8 immediately upstream of the earth’s magnetosphere showed a very clear
exariple of a "southward turning" of B, at 1010 UT on 22 March 1979. In Fig. 3
wve plot -VeB, (i.e:, the east-west component of the interplanetary electric
field) as an indicator of solar wind-magnetosphere coupling. Approximately 10
min after -V+B, went positive we observed at 6.6 Ry that a very taillike
magnetic field orientation began to occur. The field line inclinaticn (0°
would be ~ dipolar, while 90° would be ~ parallel to the ecliptic plane)
measured at GOES-3 at geostationary orbit (~135°W) is shown as the solid line.
It is seen thau between ~1025 UT and ~1055 UT the GOES-3 field line inclination
reached 260° indicative of a very stressed, taillike field structure at 6.6 Rg.
This is one of the classic signatures of the substorm growth phase (McPherron,
1970, 1972; Baker et al., 1978) and is the internal magnetosphere manifestation
of the storage of energy in the near-earth magnetotail.

The expected effect of the kind of highly distorted, nondipolar magnetic
field shown in Figure 3 would be to greatly distort trapped magnetospheric
particle drift paths. Model calculations of azimuthal drift effects in a
distorted magnetosphere are shown, for example, in Fig. 4 (Paulikas and Blake,
1979). As seen in this illustration, particles with equatorial pitch éngles
(a) near N° tend to drifg nearer the earth at local noon and drift farther from
the earth at local midnight. Conversely, a » 90° particles drift very much
closer to the earth at local midnight than at local noon. Since relatively
strong inward radial pradients exist (higher flux for lesser geocentric radial
distances) the ecffect of a distovted, taillike magnretic field structure near
local midnfglt Ls Lo produce a local particle distribution with enhanced fluxes
near ¢ = 0% and a x~ 180° and a depletion of fluxes near a x 90°. Such
"eipgarlike”" or "butterfly" bidirectional anisotropies are readily detected with
present—day Instrumentation. , *

An  example of such effects i8 shown in Figure 5. Fnergetlc electron dnta
from Lwo geostationary npnuecrﬁft 1977-007 and 1976~059, are shown for the
period 0400-1000 UT on 8 September 1977. A substorm expansion onset occurred
at 0720 UT on this day and this was observed at peostationary orbit as an

"injection" of 30 to 27200 keV electrons. The injection of freshly accelerated
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particles was seen both premidnight (S/C 1977-007) and postmidnight (S/C
1976-059). -

As 1is particularly clear in the premidnight data in the upper panels of
Fig. 5, an extended development of taillike magnetic field occurred at the
77-007 position. The field line inclination (@g) went from £20° to ~50°
between 0520 and 0720 UT. Accompanying this local field -development, the
energetic electron distributions became more and more cigarlike (as shown by
the smali inset panels of counts vs cosa). The parameter C, (Baker et al.,
1978) is a measure of the amplituvde and direction of the second-order electron
anisotropy: C2 > 0 indicates a field-aligned (cigar) distribution, while ¢, <O
indicates a 3, > j, (pancake) distribution. A strong and progressive
development of cigarlike distributions occurred in the >30 keV electrons in
accompaniment with the taillike stretching of the local magnetic field. A weak
cigar phase was also seen, as indicated in Fig. 5, postmidnight at the 76-059
position.

Figure 6 shows the relationship of the C, parameter for 8 September
(Fig. 5) to tha concurrently measured IMF (shegéh) orientation. As discussed

by Baker et al. (égBZb), it is observed Lhat'?ﬁ? is positive for southward IMF

(Ag < 0), vwhereas Tﬁ% is approximately 0 for northward IMF (AB > 0). Thus,
southward IMF {8 clearly related to increased energy input to the magnetosphere
which manifests itsell as an increase of mwagnetotail currents and field
strength, while nothw;rd IMF "turns off" energy input and rapidly stops the
progress of energy storage in the tail field.

In studying hundreds of substorm events near local wmidnight with
peostationary spiacecraft {nstrumentation, we havs found that most substorm
injection events are preceded by cigar (growih) phase features of the type
discussed above. Table 1 summarizes our findings concerning the occurrence of
cigar phases prior to substorm expansion onsets. For more than 100 cases of
detected  cipar phases of 0.5 ~3.0 hour duration, in 97 cascs the cigar phase
was terminated by a substorm Injection event. 1In ouly 4 cases did a cigar
phase occur with no {dentifiable substorm onset. Conversely, when no cigar
phase occurred when the grostationary spacecraft was fn the nighttime sector we
saw no  substorms at all on 1) of Lthose occasions and we saw some substorm
activity on only 2 occasfons. Table 1 i3 nighly diagonal and suggests that
substorm  expausfon onsets cccur if, and only if, storved magnetotail energy is

increased ahove . quict time level.
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Direct evidence is found in the more distant tail for the storage of
magnetic energy as cigar phases develop near geostationary orbit. Figure 7
shows data from S/C 1976-059 at 6.6 Rg for portions of 28 and 29 December 1976.
At 0100 UT a sharp, intense 800 nT negative magnetic bay occurred at ground
stations near local midnight on 29 December 1976 (Baker et al., 1981) and
intense substorm ‘-activity followed. The injection of energetic protons and
electrons at 6.6 RE at’ the substorm expansion onset (0100 UT) is well-
illustrated in Figure 7 as is the very strong cigar phase evident in the lower
panels of the figure. Beatween ~2330 UT and 0100 UT the field at geostationary
orbit reached an incliration of nearly 90° (BB ~ 90°%) and ¢,y became very large
and positive (Cz 2 3.0). 'this period, 2330-0100 UT, thus appears to have been
an interval of strong magnetotail energy storage.

Concurrent data for this time from IMP-8 high in the southern tail lobe at
~35 Rg geocentric radial distance (and near local midnight) is shown in Figure
8. Ancillary data available (Baker et al., 1981) show that IMP-3 stayed near
the magnetopause boundary for this entire interval and it is seen from the
magnetic records of TFigure 8 that IEI increased progressively from ~25 nT to
~40 nT between 2330 and 0100 UT. Thus, precisely during the geostationary
orbit. cigar phase, magnetotail energy densities greatly increased.
Furthermore, right at the time of substorm expansion phase onset (and particle
injections, Fig. 7) the magnetic energy density in the tail at ~35 Re répidly
decreased (e.g., Fairfinld and Ness, 1970). Figure 8 illustrates this feature
very clearly since IEI decreased strongly and rapidly from 40 nT back to ~"5 nT
between 0100 and 0130 UT. Thus, the stored magretic energy in the magnetotail
was rapidly dissipated at substowm onset in this case,

Using ISEE-3 data in the very deep tail (R0-27.0 RE) we have now observed
many cxamples of magnetotail diametrical expansion in association with cigar
phascs at 6.6 Rg. A typical example, shown in Figure 9, is that of 26 January
198). ISEE-3 near the Y = 0 region of the aberrated tail at 220 Rg radial
distance was located in the magnetoshcath between 0800 and ~0910 UT. A cigar
phase began at ~0850 at 6.6 Ry and culminated in a substorm expansfon with
sharp, dispersionless particle firjection at 6.6 R at 0950 UT. At 1011 UT
ISEE-3 fastruments saw the plasma shcet suddenly envelop the spacecraft with
plasma bulk flow velocities in excess of 1000 km/s at times (llones et al.,
1983).
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The sequence of events in Fig. 9, borne out by many other examples (Baker
et al., 1983b), 1s that energy storage near earth gives rise to the cigar phase
signature. With ~20 minute delay, the distant (r ~220 Rg) tail increases
substantially in diameter and ISEE-3 will then go progressively from the
magnetosheath into the tail lobe. After a typical cigar phase development time
(~1 hour) a substorm expanéion phase onset with particle 1hjection, etc., in
the near-earth region occurs. Again, with a delay of 20-30 minutes from the
time of near-tail onset phenomena, the hot, jetting plasmas of a reconnection-
produced plasmoid (Hones et al., 1983) reach ISEF-3, having been released from
the near-earth plasma sheet at substorm onset. We have seen many tens of these
correlated events with near-midnight spacecraft at 6.6 Rg and ISEE-3 at 80-220
Rg. These results demonstrate quite clearly that the entire tall parti:cipates

in the sturage and sudden release of magnetic energy during substorms.

As the examples from the data presented above demonstrate, one cannot
discuss the loading of the magnetosphere (growth phase) without discussing the
expansive phase (unloading). These two parts of the substorm are intimately
related and, indeed, during quite disturbed times the loading and unloading
processes are often proceeding concurrently. As we strive to unde;stand
geomagnetic acztivity, however, it is normally very useful to begin by trying to
comprehend simpler, less complicated events rather than immediately trying to
untangle very complex, very disturbed geomagnetic patterns. As long as one
reccognizes that highly disturbed periods may represent a nonlinear
superposition of effects seen during moderate substorm events, one often can
get a clearer pizture of substorm processes by examining details of relatively
isolated eveuts.

Figure 3 above demonstrated many of .he gross temporal relationships that
exist as one follows the flow of encrgy from the solar wind through the
magnetosphere to 1its eventual dissipation 1in substorm processes. As noted
previously, ~10 min after the southward turning of the IMF the growth phase of
substorm activity began with taillike field development, etr. However, keepinrg
with rhe pencral statistical results of Bargatze et al. (1983) and many other
researchera (cf  Nishida, 1983), the suhstorm expansion onset was delayed by a

rmuch longer time. In the case of 22 March 1979 shown in Fig. 3, the substorm
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onset was very well identified to occur at ~1055 UT (McPherron and Manka,
1983). This initiation time is labelled "substoerm onset" in Fig., 3 and 1is
indicated by the vertical arrow. It followed the southward IMF turning by ~45
min.

Note that precisely at the substorm onset time 1in Fiy. 3, the field
inclination at 6.6 Rg went from 85 ~65° to 6y ~20°. This rapid
"dipolarization" is very characteristic of substorm expansion onsets and 1is
generally seen in a region of several hours local-time width near nmidnight at
geostationary orbit. (The second panel from the top of Fig. 5 and the second-
to-bottom panel of Fig. 7 show precisely the same effect; cf. McPherron (1972)
and Fairfield et al. (1981).) This dipolarization is taken as direct evidence
for the diversion of a portion of the cross-magnetotall current through the
ionosphere.

In general, observations show that a significant part of the energy stored
in the magnetotail is dissipated through the ionospheric part of the so-called
substorm current wedge. This subétorm current wedge is set up by the sudden
distuption of an azimuthally confined section of the enhanced cross—tail
zurrent and its diversion to the auroral ionosphere via field-aligned currents
(cf. Fig. 10 and see McPherron et al. (1973) and Bostrom (1974)). The
existence of the current wedge has been known for a long time from ground-based
data and recent results have clarified the physicul mechanise leading to its
formation. Strong support for the neutral line model of substorms was obtained
when three-dimensional MHD simulations of magnetotall reconnection (Birn and
Hones, 1981, and Sato et al., 1983) showed that a pair of oppositely directed
field-aligned currents are an inherent part of the neutral line model.

Geostatlonary satellites in the near-magnetotail chnw that the
nagnetospheric part of the substorm current wedge is azlmuthally confined, has
a geometry as shown in Fig. 10 and expands eastward and (especially) westward
during the course of the substorm expansion phase (see Nagail, 1982 and Nagai et
al., 1983). The near-earth part of the current wedge can also be studied by
ground-based observations. Present results suggest that the substorm current
wedge and the rapid dipolarizactfon of magnetlc fields near midnight at
geostationary orbit are the direct results of the onset of magnetic

reconnection in the near-tail region (10-20 Rg).
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As demonstrated by the data of Figs. 5 and 7, the rapid collapse of the
nagnetic field at 6.6 Rg at substorm onset 1is accompanied in precise time
coincidence by the sudden appearance of hot plasma (DeForest and McIlwain,
1971) and energetic particles. Note {n Fig. 7, for example, that both
electrons and fons wup to >100 keV kinetic energy suddenly appear. - The
injection events Become largef in flux amplitude as one goes' to lower energy
(Fig. 5, Fig. 7) and, 1in fact, the injec:ion events are very prominent down
into the plcsma energy (£ 1 keV) regime (DeForest and McIlwain, 1971). Recall
also from Fig. 8 that the appearance of these freshly injected particles occurs
precisely during the time that magnetic energy density in the deep tail rapidly
decreases. The evidence in many, many instances therefore points to a model in
whizh stored magnetotail energy is rapidly converted to hot plasma and strong
field-aligned currents which are resistively dissipated in the ionosphere.

Examination of the details of plasma and energetic partizle properties
during expansion phase onsets zan reveal further important characteristics of
such events. For example, it would be possible that particle flux varidtions
at substorm onsets do not represent true flux variations, but rather are
adiabatiz changes associated with magneti: field increases and decreases. To
test this, we have used combined plasma, energetic particle, and magnetic field
data 1in another Coordinated Data Analysis Workshop (CDAW-Z2). Taking the phase
space density as f = j; /2m uB (where my is the particle mass, p is the maénetic
moment of the particle, and B 1is the local field strength), we have calzulated
the variations of the distributicn function of electrons and ious, at constant
b, for CDAW-2 time intevrvals (Baker et al., 1982a).

As 1s evident, the advantage of studying the phase space density at
constant p is that magnetic field variations are removed. Tnhus true particle
dengity increases are revealed, and sources (or sinks) of particles can be
identified.

The CDAW-2 analysis concentrated on a substorm onset which occurred at
1200 UT on 29 July 1977. Figure 11 shows exanples of the phase Space densities
for electrons at ¢ = 1, 10, and 100 MeV/G. The most evident features 1n the
upper panel (0300 UT (~1-300 keV in kinetic energy) grouping) were the
following: (1) Even with removal of adiabatic effects, the flux dropout
persists. (2) The phase space densities at constant p were identical before.

*%e diopout (~1°30 UT) and after the dropout (~1155 UT). (3) True phase spacze
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density 1increases were observed for all magnetic moments (energles) after 1200
UT. N

The points above, therefore, demonstrate that in a broad sector near local
nidnight there was a large-scale boundary mwmotion that took the observing
spacecraft into a low-density region (i.e., across a spatial discontinuity).
This thinninglike' qunt cléarly preceded the substorm onset. Prior to the
substorm oncet the midnight sector spacecraft also returned to a predropout
deasity configuration for several minutes .(1155-1200 Ur); this, therefore,
clearly was not an injection event. At ~1200 UT an injection of newly
accelerated or "fresh" particles occurred for all magnetic mcments.

Thus, by examining geostationary orbit flux and phase space densify
variations (particularly near local midnight), it 1s establiched that fresh
particles (up to several hundred MeV/G) appear at synchronous orbit during
substorms. A remaining auesticn about such particles is where the particles
come from. The best available tool for examining the question of the ggneral
source region for the injected hot plasma and energetic particles 1s provided
by 1ion gradient measurements. Because of thelr large gyroradii, 10-1000 keV
ions can provide good information about density gradients that exist within a
region of strong radial intensity variations or within an injected cloud of
plasma and energetic particles [Fritz and Fahnenstiel, 1982; Walker er =al.,
1976]).

The east-west gradient parameter is computed as foullows:
Apy = (E = W/(F + W)

where E 1s the proton flux (Ep > 145 keV) measured in the sector withl the
detector looking eastward, and W is the proton flux measured looking westward.
Given the direction of the normal magnetic field 1in the vizinity of the
geostationary orbit satellites, and using the sense of gyration of protons,
Apw > 0 gencerally {implies a higher density outside the spacecraft. For a
stretched (taillike) magnetic fleld orientation (as distinguished from a

conpletely dipolar field), one also obtains some secondary information from.

Agy.
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Figure 12 shows the Apy, (dashed line) values calculated for 29 July 1977
from the 77-007 energetic proton data (E > 145 keV). The solid line shows the
measured >145 keV proton flux for the same interval. Looking at Agy and
intensity variations together, the following sequence of events is seen.
Between 1155 and ~1200, i.e., during the recovery from the flux dropout, - Agy
was strongly poéitive. This suggeste that the higher particle density was -
inside the spacecraft. Since concurrent data showed' the field to be very
taillike during this period, the Suggestioﬁ of a boundary motion during the
dropout, with the high flux rzgion moving earthward and equatorward, 1is fully
borne out. As the fluxes recover, the spacecraft was enveloped from inside and
from below.

At 1200 UT, Apy went strongly negative. This period corresponded
precisely to the first energeticz particle and hot plasma injection into
synchronous orbit. The character of Agy showed that the injected particles
came from outside the spacecraft 1location. The conclusion 1s therefore
unambiguous 1in this case, viz., the injected particles arrive at 6.6 Rg from
the ovutside and from above. Thls very likely means that these particles filled
the high-latitude plasma sheet and that these filled field lines then collapsed
inward over the spacecraft. After the leading edge of the particle injection
pussed over the spacecraft, Agy went strongly positive (1202-1205 UT). This
indizates that the highest particle density, after the injection, was generally
inside 6.6 Ry.

From studics of the kind outlined above, there 1s 1little doubt that
substormy produce freshly accelerated particles through the actfon of
conversion of magnetic energy into particle kinetic cnerpy. The data also
sugpest  that  this conversion penerally occurs outside of geostatfonary orbit,
deeper {n the magnetotail plasma sheet.

Cons{derable progress has been made {n undevstanding the aceeleration and
injection of hot plasma  into the geostationary orbit rveglon. For example,
Moore et al. (1981) stodied several substorms using data from ATS 6 and  SCATHA
(P78--2) with parttecul:xr attentton to the abrupt and dispersionless nature of
the lTeading edpes of many events.  They found events which were abrupt at  both
apacecraft  and  travelled ~1 Re in an Heele as one minute, {mplying average
speeda up to 100 km/s and boundary thickness 0.1 Rp.  ‘lhey further argued, on
the basis of - lectron energy spectral chanpes that the moving plasma boundary

whizh they veferved to as the "fnjection front," wan  the preciplitacton-flow
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. boundary described by Kennel (1969). The plasma increases studied by Moore et
al. (198l) were closely associated with large (factor 2-3) equally abrupt
increases of local magnetic field strength and with rotations to a more dipolar
orientation. On the basis of this fact, the agent of injection was identified
as the earthward propugating compression wave previously observed by Russell
and McPherron (1973). Such- a compression wave will steepen and displace
earthward any quiescent structures prasent in the plasma through which 1t
propagates and thus qualitatively account for a sharn earthward moving boundary
and for the displacement of plasma into regions where it would ordinarily be
excluded.

These studies, while emphasizing the roie of rapid boundary motion, have
not indicated é total lack of local heating or acceleration. In fact, Moore et
al. (1981) argued that multiple injections in a given evening had cumulative
effects on tue hot plasma being swepL over Lhe spacecrafts. Though the yuasi-
Maxwellian (multi-keV temperature) hot electron distribution was relatively
unchanged in successive injecticns, a nonthermal power law tail of the
distribution was enhanced at cach 1injection. They speculated ihat an
appreciable amount of each compression wave’s energy was being dissipated 1in
the inner plasmu sheet.,

It should be noted that the compression wave obhserved by Russcll and
McPherron (1973), and hypothesized as an agent of injection, contains a “dawn-
to-dusk directed current sheet and has an assocfated dawn-to-dusk directed
induced electric field (~10 mV/m) which 18 consistent with reecent electric
fiold obsevvations (Pedovsen et al., 1978; Apgson et al., 19831). The motlon of
suzh n wave corresponds directly to the collapse of atretehed magnetic fleld
1{nes Lo a less stretehed confipguration (ef. Baker et al., 1982a), the collapse
being communicatrd co more earthward locations by the propagating wave. An
fnteresting arpeet of such a wave [R that it propagatea into a reglon of
decroaaing phase zpeeds 'thin {8 due Lo the {increare in plaama deanity and
decvenase In lon mean eneryy aagsoctated with the plasmasphere, which is often
appreefable near synchronous orbit. T such circumstances, the wave will
steopen and  may  break, forming a sliock, or be reflected, Tn either cana, it
ghould be wnable to propagate very deeply into the  plasmasphere, and  thera

should be n well defined earthward Limit of injectfon offects.
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The compression wave hypothesis addresses the transport of tail plasmas,
but it does not explain the dispersional features tLhat. are observed. Both
transport and dispersion may be accommodated by bringing together the
compression wave model and the injection boundary model (Mauk and McIlwain,
1974). This can be accomplished by hypothesizing that the propagating plasma
sheet inner edge (injection front) has an earthward displacement which
maximi;es in the midnight sector. This earthward displacement may or may not
correspond to the earthward-most propagation of the compression wave., The key
to the validity of this combined model would be a demonstration that the near-
midnight bulge configuration, required of the injection boundary, results from
the compression wave displacenent in a natural way. A schematic illustration
of the required behavior is shown in Figure 13,

One consequence of the injection procesies described above is contribution
to the forration of the ring current distributions. The ring current particles
reside in the inner magnetospheric regions (r ~2-6 RE) and they give rise to
depression in 1low latitude ground magnetic measurements (characterized by Lhe
Dst index). Evidence has been given that directly driven, non-impulsive,
processes contribute to the formation of the ring current and suvch
contributions are likely to Lake the form of enhanced global couvection (Harel
et al., 1981). However, as discussed carlier, the particle features obgrarved
in the geosynchrenoua regions are not consistent with global convective
trangport of pnrliclenl from the outer magnetospheric region. Impulsive
injection with characteviatics distinet from pglobal convection appear to
dominate the carthward transport of particle near the geosynchronous orbit.
Thene impulsively trannported pavtlcles must play a vole in the ving curreat
formation, but the velatlve dmportance of the impulsive and driven procesucs
remaing Lo be determined.s  One role that tihe driven or convective procenses may
play 1is to transport further earthward the partfcles which have been
fmpulsively transported to  the peonynchronous repionn (e g., lLyonn and
Willfama, 1980),

The energization pechanlsmn dencribed  above do not appear capable of
producing the high encrgy (3100 kev)  component of  subatorm-related  particle
enbancenenta, Such  particlen could, howover, he rapidly accolorated tn the
parallel electrie fleld which exiatn along a4 near-ecarth neutral  line, Note
that  Induction effects related to dynanfe recomnect fon can rafse the total

potential drop . tong the weatral Hine far above {tz eipected stoady--aiate value
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(Baker et al., 1982a). Moreover, acceleration processes at the neutral line
could explain the electron heating pulse observed during some reconnection
events (Bieber et al., 1982). Such heating is reminiscent of the laboratory
reconnection results of Stenzel et al. (1982).

" As has been shown above, enhancements of the fluxes of particles having
energies of several hundred keV are commonly observed at synchronous orbit and
in the magnetotail during geomagnetically active periods. In nearly all cases
these flux enhancements are.closely associated with individual magnetospheric
substoms. As we have demonstrated here using energetic particle data f£from
§ynchronous orbiting satellites and from satellites in the magnetotail, it is
found that many features of the timing of particle enhancements relative to
substorn onsets and recoveries (derived from ground magnetic records) and
relative to plasma sheet thinnings and recoveries (measured with plasma probes
on earth-orbiting satellites) can be understood in terms of Lhe neutral line
nodel of substorms in which Lhe particles are impulsively accelerated during a
hrlef period at substoirm onset near a site ot wagnetic reconnection.

Particularly striking are very high energy proton (ion) phenomena
associated with substorms. In approximately 10-20% of substoims, >0.3 MeV ions
appear throughout the magnetosphere and its environs in close nssociation with
expangion phase onset (Bellan et al., 1978). Oftentimes, 1lon bursts may be
identifinhle a3 distinct particle bhunches ("drift echoes") which IdriEL
azfmuthally arvound the oJth through several (as many as 5) circulations
(cf. Fig. 14). A comprehensive model for the morphology of cnergetic ion
enhancenents 18 illvstrated in Figure 15 (Baker et al,, 1979). This nodel
sugpgests that after acceleraifon at the @ hatorm X-line in the plasma sheet,
the fons stroam both amward and  taflwavd, Those reaching the synchronous
orbit roglon are tranaported westwird arvound the earth via curvature and grad-B
drifis.

The tailward-streaming {oun produced at the same time as drift-echo 1ons
appear  ar "impulaive bursts". The faversa velocfty dispersfon (i.e.,
obaervation of slower particlen bofore faster onea) exhibited by these burets
i aupportive of thefr hypothesized ovigin at a magnetic X~line (Savvis and
Axford, 1979). Ax suggented by the fonet at the hottom of Flipure 15, a
apacecraft fn the thinnlng plasma anheet gucceanively gamplen Fleld linea that
have recomnected more and more recontly at the X-line,  Thews field lines

coutafn  fon disteibut fonn that ave Tean depleted at the Wigh energy end of Lhe



-15-

spectrum by escape of the faster particles. Finally, just as the spacecraft
enters the lobe, it samples preferentialiy the fastest ions streaming along
field lines connected directly to the X-line source, Concurrent plasma
observations confirm that impulsive bursts do indeed occur right at times of
plasma dropouts (Belian et al., 1981). 4

As a final . component of this jicture, the more commonly observed
non-impulsive (rapid-rise, slow-decay) plasma sheet ion enhancements are
attributed in this model to envelopment of the observing satellite by the
recovering (i.e., expanding) plasma sheet, 1into which have leaked ions
previously injected into the outer radiation zone. The subsequent decay 1is
explained by a combination «f plasma sheet expansion, adiabatic cooling, and
escape mechanisme, Escape from the magnetotail could in turn account for the
appearance of energetic proton bursts in the magnetosheath and upstream region.

Although the number densities of energet’lc particles are relatively small
compared to plasma number densities, the energy density in this component can
be reasonably large throughout the outev trapping region and the magnetotail.
Furthermore, once such particles are produced, they make excellent diagnostic
tools for establishing substorm timing (e.g., Belian et ai., 1981), fou
examining field line topology, and for remotely probing plasma boundary motions
(e.p ., Baker et al,., 1982a°

A dnteresting  application of the observation of drift—ccho i{on 2vents
comes about from the uiose inspeetion of the tempoval and compositional
characteristics of such events. Mifc echo peaks frequently are observed to
have a complex shape and do not always exhibit a simple rise and fall. One
sees  several peaks very close together. These "structuved peaks" could resalt
from several causes includfop: an infection multiple In time »nr longitude;
there  being move  than one relatively abundant charge state of a given lon;
multiple lon species being detected {0 a single sensor; and  charge  enchange
canting  the  chorpe  state  of  ar individual fon to vary sipgnificantly oa the
drift clme seales Observatfon of the ovolution of a  structured peak  with
Tongitudinal dvift can help to distfnpguish between some of these possibilities,

The  mangular  veloeity 4 aspoctated with  the azfmuthal  ditft of an

energetie fon fa given by the velatfonship (ef ., Rlake ot al,, 198%)

Qv‘ w f(un)l "'./(1
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. where E 18 the kinetic energy of the ion, q is the charge state and Tq the
equatoria) pitch angle. Here it is assumed (as is the case for drift—ecln
events) that the energy of the ion is sufficiently high (E 2 100 keV) that the
effect of magnetospheric electric fields on drift is not significant. The
important feature to note for present purposes is that the drift ‘velocity of an
ion at a given L value and pitch angle depends upon the ratio of its energy to
the effective charge of the ion. Thus a measurement of the drift speed and the
energy of an ion determines the charge state,

The mean charge states of heavy ions trapped in the earth’s magneotsphere,
in particular those of the abundant heavy fons He, C, and O, are important
obarvational parameters predicted by various theories (e.g., Spjeldvik and
Fritz, 1978) of the origin and evolution of the magnetospheric plasma. Up to
the present time satellite instrumentation capable of determining the charge
state c¢cf heavy ions wiLh energies above ~50 keV has not been £flown.
Consequently there is motivation to develop indirect methods of determining the
charge state of energetic magnetospheric ions, even if such methocs do not have
universal applicpbility. o : such method is to measure the drif* apeed of an
ion in the magnetic fi-.. .f the earth.

A major difficulty &sn to tag an ion in some way in order Lo bLhe ahle ¢to
measure 1its drift speed. The experimental procedure cmployed by Blake et
al. (1983) utilizes ohnegvutlous of Lhe transient, highly peaked enhnncémentu
in the lon fluxes represented by fon drift echo events. [n fon drift echo
event seen in several proton channels and two helium channclr onboard the
SCATHA spacecraft belween 2100 and 2200 UT on 25 February .%/9 is showa in
Figure 16.

The countrates as a function of Lime in Figure 16 are for pitch angjles of
90? 1300, The drift sproad of an fon 18 a function of pitch angle, but a
dipolar calculatlon predicts only a 52 difference hetween the cxtvemes of 60°
and 909, The disperaton in arrival time ar a function of fon energy can he
soon clearly in Figure 16 alibough, hecaune of the averaging of the data that
wng  done Lo generate the figure, 1L camnot he uned for quantitative timing
prpoaen. Note that the peak in the 163717 keV proton chanuel occurs prior to
efther of the helium peakn, ™ other data (BMlake et al., 1983) not snhown hera
It wan acen that theva wan only ons CNO comt fn the five hours proceding the
event,, and {t wan {n the lowst energy channel; the obaerved CNO counts could,

thevefors, aluo be aanociated with the Jdeift echo event with confldence.
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The results of the Blake et al. study show that the helium fons were fully
stripped {charge state +2), and that the CNO ions observed by SCATHA were
probably of charge state 5 or higher, and definitely not charge state 1 or 2.
These rtesults indicate that the source of the accelerated pliasma was not the
ionosphere. Furthermore the ‘plasma could not have been 1esident in the
synchronous altitude region for a long time before'acceleration. 1If it had
been, then charge exchange would have transformed the stripped, or nearly
stripped, solar wind ions (Spjeldvik and Fritz, 1978) to a lower charge state
than observed., A model in which plasma sheet ions, originally from the solar
wind, are brought in from the tail and accelerated would fit the observations.

As discussed by Blake et al. (1983), studies have shown that the energetic
heavy-ion fluxes in the synchronous altitude region are highly time wvariable
and that, above a few hundred keV, CNO iors are the most abundant. These
results suggest that the most-cnergetic ions in the synchronous altitude region
result from injections of plasma sheet lons accelerated by strong electric
fields. 1If thc plasma had a steep energy spectrun prior to acceleration, the
several-fold increase in the CNG energy relative to that of protons, because of
their high charge state, could make them most abundant in the energized plasma
p. pul ation.

Summary

Observations in the near-earth rnagnetotail show some of the clearest and
most repeatable signatures avallable In support of the concept of loading and
unloanding of magnetic enevgy in association with substormms, The data
Lllustrate that magnetic encrgy Ls accunulated and stored for 0.5 ~2.0 hours in
the tail lobes and then is rapidly dissipated at substorm expansion onset, The
disstpation fs manifested by the accelecation and rvapld transport of hot plasma
and energetic  parvticle populations within the near-tatl reglon, These
cneryp tzed plasmas provide an excellent tracer capability which allowm a
relatfvely  clear deterafnatioun of  where, when, and how magnetic cnergy is
convorted to other forms duwring substormna,

When near-tafl data are considered  fn o plobal  context of deep-tafl
measurementd, nunevical  modela,  promd-hased data, ete.; Lhey provide very
strony, evidence for the neutral bine subztorm model and, thus, for the vepgular

occeurrence of magnetfc recomect{on fn the neav-earth mapgnetotafl,
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Figure Captions

Fig. 1. A model depicting tne sequence of events occurring in a magnetospheric

Fig.

Fig.

Fig.

2.

6.

6.

substorm.

A typical constellation of spacecraft that is available at (or near)

geostationary orbit for the study of substorm 'effects in the near-tail

region.

A comparison of a solar wind energy input function (-VB,, dashed line)
as compared with the GOES-3 magnetic field line inclination (eB, solid
line) measured at synchronous orbit for a portion of 22 March 1979,
As discussed in the text, a substorm growth phase was observed for
~1/2 hour prior to substorm expansion onse. (at ~1055 UT) and this
growth phase was manifested by an extreme taillike field development

near local midnight a. geostationary orbit (from Baker et al,, 1983a).

Representative electron drift paths (equatovrial crossing altitudes)
for those particles mirroring near the equator (EPA = 900) and those

mirroring at thigh latitudes (EPA = 0° (from Paulikas and Blake,
1979).

A detailed plot of the geostationary orbit spin-averaged energetic
electron fluxes, local magnetic field line tilt angle (0p), and
second--order anisotropy amplitude (C2) on September 8, 1977. All
electron channels (energies as labeled) have a common upper cutoff
encrgy of 300 keV. The wupper panels show data for spacecraft
1977-007, while the 1lower panels show data foc spacecraft 1976-059.
Universal time 1is shown along the bottom of the figure, while
peographical  local time {3 shown for each satellite. A substora
injection event is seen at ~0720 UT, preceded by a substorm growth

(cigar) phase of ~2-hour duration. (From Baker et al,, 1982b)

A detailed compariscn of the concurrently measured magnetic field
fnclination (Ap) at TMT B and the second-order electron anisotropy

anplft. e (C?) at  spacecraft 1977-007. The figure shows data for
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September R, 1977 (compare Fig. 5). Periods of southward she#th or
interplanetary fields (AB < 0) have been emphasjzed by black shading,
while times of strong northiwvard or southward rotation of Ap are shown
by the vertical dashed lines. Periods of positive growth of Cz are
seen to correspond to Ag <O, while periods of conctant C, correspond
to Ag > 0. (From Baker et al., 1982b)

A plot similar to Fig. 5 showing electron 1and proton differential
fluxes as labelled for a portion of 28 and 29 December 1976. As
described in the text, a substorm growth phase was observed from ~2330
to 0100 UT at which time a substorm expansion phase commenced (from
Baker et al., 1981).

IMP 3 magnetic field data showing 15.36-s field averages from 1800 UT
on Dacember 28 to 0300 UT on December 29, 1976. The upper panel shows
the total field B, while the succeeding lower panels show the X, Y,
and Z vector components of B in solar magnetospheric coordinates. IMP
8 was located in the high southern tail region at this time at ~ local
midnight. At 1800 UT the GSM coordiates (in Rg) were X = -30.7,
Y=0.1, Z = -16.8, while at 0300 UT the spacecraft coordinates were
X = =32.5, Y= =5,9, 72 =~13.9. (From Baker et al., 1981).

A comparison of ISEE-3 electron distribution function moments at 220
Rg in the center of the distant magnetotail with measurements from
spacecraft 1981-625 aL geostationary orbit (~135°) near local
midnight. The substorm growth, or cigar, phase at 6.6 Re occurred as
indicated hetween ~0850 UT and ~0950 UT at which time a sharp, intense
substorm expanaion phase onset occurreds With delays of 20-30
minutes, ISFE-3 saw closely related events such Lhat av ~0910 UT it
went from the sheath into the tall lobe and at ~1011 UT {t went from
the lobe 1intec the plamma sheet where very high tailward plasma flows
were seen. These data show Lhat the very distant tail expands during

growth phases as tnergy {8 added to the tail lobes (from haker et al.,
1983b).
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Schenmatic drawing of current flow on the nightside of the inner
magnetosphere during a substorm. Current flowing across the tail has
been diverted into the ionosphere along field lines to form the

substorm electrojet (From McPherron et al., 1973).

Electron - phase space density variations (computed as described in the
text) for the 1200 UT substorm period on 29 Jdly 1977, Densities at
constant first invariant values (p, as labeled) are plotted (from
Baker et al., 1982a).

A comparison of the >145-keV proton flux (solid 1line) and the
associéted east-west gradient anisotropy (dotted line) for the period
illustrated in Fig. l1l. Strong gradient anisotropies occur as new
energetic particles are injected near cvnchronous orbit (from Baker at
al., 1982a).

Equatorial plane schematic of an hypothesis concerning the formation
of an 1injection boundary near synchronous crbit. A conpression wave
impulse propagates carthward from the magnetotail through  the
pre—existing inner 2dge of the plasma sheet, prodrcing an earthward
moving injection front with maximum net displacement ia a sector’ near
midnight (froml T. F. Moore and B, H. Mauk, private communication,
1983).

The upper panel is a vepresentative fllustrvatfon of an  energetic Jon
drift ncho evenl as observed by spacecraft 19/6-059 on 14 April 1977,
Two enerpy channels ave shown (0.4-0.5 MeV and 0.5-0.6 MeV) and  the
laft-hand 1nset illustrates that the first of the 5 drift echoes seen
oceurrnd at precisely the time of a substorm expansfon onset  seen at
Inirvopur, lecoland. The middle panel La for a similar event on 30
Juoy 1976 and shown a plot of  azfmuthal  position of occurrence of
proton  drfift echo  pulses  versusn the UT of thefr obrervation at Lhe
spacecraft s Several enerpgy vangens, as lLabeled, are  (neluded  In the
analysis, and the fntercection of the several Hines fndicates the time

and Joeation of the proton Injection. The lower panel shown the  Goan



Fig.

Fig.

15.

16.

-26-

magnetogram for 1100-1400 UT of July 30, 1976 and shows a substorm
expansion onset at precisely 1237 UT (from Belian et al., 1978, 1981).

Schematic depicting the sequence of energetic particle events
predicted by the model of Baker et al. (1979). (a) The inner
magnetosphere just prior to substorm onset showlng . the buildup. of
stress evidenced by the taillike field. (b) The magnetosphere just
after onset showing a dipolar field configuration and the accelerated
ion bunches streaming sunward toward the trapped radiation zones and
antisunward along the thinning plasma sheet. (c¢) Conditions just
prior to substerm recovery and the beginning of the plasma sheet
expansion. (d) Expansion of the plasma sheet and the subsequent
filling of the expandiag sheet with energetic protons 1iffu=ing out of
the trapped regilon.

The temporal history of proton and helium lon count rates for a drift
echo event measured by SCATHA instruments on 25 February 1379. As
described in the text, examination of the relative timing of H and He

peaks allows a charge state determination of the heavier ions (from
Blake ot al., 1913).
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