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Characteristics of pseudobreakups and substorms
observed in the ionosphere, at the geosynchronous orbit,
and in the midtail

A. T. Aikio,! V. A. Sergeev,” M. A. Shukhtina,”> L. I. Vagina,’
V. Angelopoulos,’ and G. D. Reeves*

Abstract. We present a comprehensive study of a sequence of two substorms
and multiple pseudobreakups using optical, magnetic and incoherent scatter radar
measurements, energetic particles from two geosynchronous satellites and particle
-and field data from the Geotail spacecraft located at Xgsm ~ —86 Rg. Following
conventional nomenclature, we classified as pseudobreakups those auroral breakups
which did not exhibit significant poleward expansion (< 2° magnetic latitude).
Auroral intensifications following substorm breakups were also observed, and were
classified separately. Pseudobreakups were found not to differ from substorm
breakups in longitudinal extent (from 1.3 to 6.1 hours of magnetic local time),
or in duration (from 5 to 16 minutes). In general, the ionospheric currents
producing ground magnetic disturbances were more intense during substorms
than pseudobreakups. We found that pseudobreakups are associated with the
same magnetospheric processes as substorm breakups which involve current wedge
formation, midlatitude magnetic Pi2 pulsations and energetic particle injections
at the geosynchronous altitude. Moreover, pseudobreakups are associated with
magnetic reconnection in the near-Earth region, evidenced by the typical subsequent
detection of a plasmoid at Geotail. This implies that the magnetotail volume
influenced by a pseudobreakup is quite large in radial distance. We conclude that
there is no definitive qualitative distinction between pseudobreakups and substorms

but there is a continuum of states between the small pseudobreakups and large

substorms.

1. Introduction

Auroral-activity in the nightside ionosphere can
evolve in many different ways. The isolated substorm
is the most sought after and studied evolutionery type
of auroral activity. Other types are, e.g., substorm se-
quences, multiple onset substorms and pseudobreakups.
In a review paper, McPherron [1979] argued that a se-
quence of substorms should be called a multiple onset
substorm if successive onsets are so close to each other
that the aurora has no time to move equatorward af-
ter each onset. Pseudobreakups were described as weak
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substorms, which may be associated with arc brighten-
ing but no poleward expansion. More recently, McPher-
ron {1991} characterized pseudobreakups as short-lived
(5 - 10 min), highly localized, weak ground magnetic
perturbations.

Though existing a long time in the literature, pseu-
dobreakups have been rarely studied using both ground
and space observations. In the event studied by Koski-
nen et ol. [1993] a pseudobreakup was associated with
a dipolarization and a particle injection in the plasma
sheet as well as a westward electrojet (WEJ) intensi-
fication and a Pi2 burst in the -ionosphere. A weak,
wedge-like current system was established, which did
not expand. Weak activity was observed simultaneously
over several hours of magnetic local time. Koskinen et
al. concluded that the main difference between pseudo-
breakups and substorm breakups lies in their strength
and consequences; they suggested that further com-
prehensive analysis of pseudobreakups should be per-
formed.

In the events studied by Nekamure et ol [1994]
pseudobreakups remained highly localized within sev-
eral hundred kilometers in longitude in the ionosphere.
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The auroral structures associated with pseudobreakups
resembled the major expansion aurora, except in their
spatial scale. No significant WEJ activity was detected
in association with pseudobreakups, but in some cases
a counterclockwise current loop was observed. Slight
change from taillike to dipolelike field configuration and
particle injections were observed for some of the cases
at the geosynchronous orbit. Nakamura et al. pointed
out that although the entire expansion process takes
longer for a major expansion onset, it consists of a num-
ber of injections and expansions, each with timescales
of 2 - 8 min, comparable to those of pseudobreakups.
They concluded that the major difference between pseu-
dobreskups and substorm onsets is the number of oc-
curences, the intensity and the scale size of the magne-
tospheric source.

Ohtani et al. [1993] studied a pseudobreakup, which
produced small negative bays on the ground. They
found that the current disruption producing dipolariza-
tion started in a very localized region in the magnetotail
near 8.8 Rp and its magnitude decreased markedly as
the disruption region expanded tailward. It was sug-
gested that the spatial distribution of magnetic distor-
tion before onsets determines the expansion scale of the
current disruption. Ohtani et al. inferred that the ab-
sence of global expansion is the major difference be-
tween pseudobreakups and substorms and not the scale
of the onset region in the magnetosphere.

Pulkkinen [1996] defined pseudobreakups as magne-
tospheric activations that produce relatively short-lived
and often localized magnetic (0 - 100 nT) and auroral
disturbances but no large-scale magnetotail reconfigu-
ration.

The magnetic reconnection process is generally dis-

cussed as one of the basic mechanisms of a substorm
expansion phase. Reconnection in the near-Earth tail
is believed to commence at the expansion phase onset
[Hones, 1979] or late in the growth phase [Baker et al.,
19961. As reconnection continues, lobe field lines start
to reconnect and a closed loop plasmoid is ejected down-
tail.

No systematic search of plasmoids in association with
pseudobreakups have yet been done, altough one such
event was recently demonstrated by Petrukovich et al.
{1998]. In this paper we will elucidate characteristics of
pseudobreakups in distinction to substorms in the iono-
sphere, at the geosynchronous orbit and in the midtail
(Xgsm~ —86 Rg). Special attention will be paid to
study of plasmoid signatures.

No definition of a pseudobreakup exists, though it
is generally thought that pseudobreakups are rather
short-lived and weak events and they are accompanied
by a relatively small ionospheric expansion. We will
use the following criterion to classify the events: pseu-
dobreakups are not associated with a significant (> 2°)
poleward expansion. In many cases, substorm breakups
are followed by substorm intensifications. These will be
studied separately from substorm breakups.
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The long sequence of pseudobreakups, substorm
breakups and intensifications occurred between 2000
and 2300 UT on January 18, 1993. The sequence in-
cluded two substorms. Several pseudobreakups were
observed between the major substorm expansions, as
well as before the first substorm. No solar wind data
were available for the event.

The instrumentation and the data analysis will be
presented in section 2.1. Observations of the event char-
acteristics in the ionosphere and at the geosynchronous
altitude will be presented sections 2.2 - 2.5. The mid-
tail dynamics in connection with the events is discussed
in section 2.6. Finally, a summary and conclusions are
given in sections 3 and 4.

2. Observations
2.1. Instrumentation and Data Analysis

High~latitude magnetic stations located at approx-
imately along four longitudinal chains are utilized in
this study: The KARA chain in Siberia, the IMAGE
cross in Scandinavia and the Greenland Magnetometers
along the east and west coasts of Greenland. Additional
magnetic data were obtained from Ny Aalesund (NAL),
Bear Island (BIN), Leirvogur (LRV), and Faroes (FAR)
stations. The stations used in this study are shown in
Figure 1. Stations cover a region from 39° to 159° Cor-
rected Geomagnetic longitude (CGMlon) corresponding
to a magnetic local time sector from 18.7 t0 2.8 MLT at
2100 UT. These high-latitude magnetic data are used
to monitor the development of electrojet currents.

The onset times of midlatitude Pi2 magnetic pul-
sations have been traditionally used to determine the

Table 1. SAMNET and Intermagnet Sta-
tions Used for SCW Calculation
Station gglat  gglon cgmlat cgmlon
OTT 45.40 284.44  56.53 0.45
SIG 18.10 203.80  28.86 9.60
HAD 5100 355.50 47.77 75.18
GML 57.16 35632 34.98 78.24
YOR 53.95 35895 . .50.98 78.97
CLF 48.02 2.27  48.52 79.65
HER -34.43  18.23  -42.32 82.05
KVi 59.50 17.63 56.02 96.32
NUR 60.51 2466  56.80 102.56
CZT -46.43  51.86 -33.15 105.88
BOX 58.03 38.98 53.44 114.33
PAF -49.35 70.26  -58.43 121.75
AMS -37.80 77.57  -48.07 138.18
KAK 36.23 140.18 28.92 211.38
MMB 43.90 144.20  36.72 215.04
TUC 3220 249.20 39.89 313.99
BOU 40.16  254.80 49.19 318.98

Here gglat and gglong refer to geographic lati-
tude and longitude, respectively; cgmlat and cgm-
long refer to corrected geomagnetic latitude and
longitude.
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Figure 1.

Magnetic high-latitude ground stations and the footpoints of S/C 1984-129 and

S/C 1987-097. The footpoint of Geotail between 2000 and 2230 UT is shown by a solid line.
Corrected geomagnetic (geographic) latitudes are shown by solid {dashed) lines.

times of substorm onsets [Rostoker et al., 1980]. In this
study we use two stations from the UK Sub-Auroral
Magnetometer Network (SAMNET), Kvistaberg (KVI)
and York {(YOR) and both H and D components (see
the location of stations in Table 1). In all the cases stud-
ied the onset times were the same at the two stations
and in both components.

Bursts of irregular pulsations (PiBs) are studied from
two Scandinavian high-latitude stations, Kilpisjarvi
(KIL) and Ivalo (IVA), located at (65.8°, 104.5°) and
(65.0°, 109.3°), respectively, in the CGM coordinate
system. The CGM coordinate system is used if not oth-
erwise indicated. The PiB pulsations correlate well with
local auroral intensifications [Bédsinger et al., 1981].

During the events studied a special EISCAT auroral
campaign was running providing a versatile data base
from Northern Scandinavia. Optical dats were mea-
sured by all-sky cameras at KIL (20-s resolution) and
Muonio {MUO) {1-min resolution), auroral TV cameras
at Esrange {ESR, 65.3°, 100.4°) and Porojarvi (POR,
65.9°, 105.1°) and a meridian scanning photometer at
ESR (see also Figure 1). Local ionospheric measure-
ments of plasma parameters were made by the EIS-
CAT incoherent scatter radar at TRO (66.5°, 103.7°).
The EISCAT measurements are used to derive the iono-
spheric electric field and conductances.

Midlatitude magnetograms from the SAMNET and
the Intermagnet networks {Table 1) are used to calcu-
late the substorm current wedge (SCW) location at the
onset time of some of the events. The method is based
on an inversion algorithm of midlatitude magnetic data
and the model current system includes three compo-
nents: substorm current wedge, partial ring current,
and symmetric ring current (for details, see Sergeev et
al. {1996} and Vagina et al. [1996]).

Geosynchronous particle data were obtained by two
satellites, spacecraft (S/C) 1984-129 located in the
morning and S/C 1987-97 in the evening sector (see
the approximate footpoint locations in Figure 1). It
is assumed that the particle injection occurs simulta-
neously at all energies in a limited region around mid-
night and after the impulsive injection electrons drift
eastward and protons westward under the gradient—
curvature drift. The onset time of a particle injection is
calculated by using the energy dispersion of the flux in-
creases. Then the particles at a given energy are traced
back in a model magnetic field (T89) until the injec-
tion onset time to obtain the location of the injection
boundary. This is done separately for the proton injec-
tions observed in the evening sector by S/C 1984-129,
which provides the injection region western boundary
and for the electron injections observed in the morning
sector by S/C 1984129, which provides the injection
region eastern boundary.

Midtail observations (Xgsm~ —86 Rg, Ygsm~ 4 Rg,
Zgsm~ —4 Rp ) were provided by the Geotail satellite,
which was located very close to the magnetic midnight
(23.9 MLT), so its location was very favorable to see
the effects of substorms. The approximate footpoint lo-
cation is calculated using the T87L model and is shown
in Figure 1. The Magnetic Field (MGF) and Energetic
Particle and Ion Composition (EPIC) instruments are
used to identify plasmoids.

2.2. Pseudobreakups During the Growth Phase
of the First Substorm

2.2.1. General. The growth phase of the first sub-
storm (hereafter substorm S1) took place from 2000 to
2053 UT on January 18, 1993. During this time inter-
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Figure 2. (a) High-pass filtered {(T< 5 min) time series of KVI H component and (b) dynamic
spectrum of KIL H component from 2000 to 2100 UT. Dashed vertical lines indicate onset and
end times of Pi2 pulsations associated with pseudobreakups (P}, substorm breakups (S}, and

substorm intensifications {I).

val, Scandinavia was located in the premidnight sector
(22.8 -23.7 MLT at KIL). A detailed study of the iono-
spheric conditions in the Scandinavian sector during the
growth and expansion phases of the first substorm were
presented by Aikio and Kaila [1996].

2.2.2. Magnetic pulsations. Figure 2a displays
the midlatitude Pi2 magnetic pulsations in the H com-
ponent from KVI, and Figure 2b shows bursts of irreg-
ular magnetic pulsations (PiBs) as can be seen from the
dynamic spectrum of the KIL magnetic H component.
The Pi2 pulsations showed four onsets, at 2006, 2024,
2044 and 2053 UT. The three first events are pseudo-
breakups (denoted as P1 - P3), and the last one is a
substorm breakup (S1). The durations of Pi2 trains
{marked by vertical dashed lines in Figure 2) and the
PiB activity corresponded well to each other, and they

were as follows: 2006 - 2020 UT (P1), 2024 - 2036 UT
(P2), and 2044 - 2049 UT (P3).

2.2.3. Optical. The main optical features dur-
ing the growth phase of substorm S1 were presented
by Atkio end Kaila {1996] in Figures 2 and 3. Here we
summarize the optical data by showing a plot of the in-
tensity of the 427.8-nm auroral emission measured by
& scanning photometer, which was located at Esrange
(Plate 1). The geographic latitudes have been calcu-
lated from the elevation angles by assuming a height
of 110 km for the altitude of the 427.8-nm emission.
Unfortunately, in this plot utilizing a linear scale in in-
tensity the northern arc is not properly visible, since it
was much fainter than the southern arc. The start and
stop times of Pi2 activity are marked by vertical dashed
lines in Plate 3.
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Electron fluxes measured by S/C 1984-129 in the morning sector for six energy

the calculated onset times of the flux increases.

At about 2000 UT, two faint auroral arcs appeared in
the sky, the southern one at 67.8° GGlat or 64.4° CGM-
lat (almost overhead MUO) and the northern one at
70.0° GGlat or 66.6° CGMlat. At pseudobreakup P1
onset the arcs intensified and started to move poleward.
The poleward motion stopped at 2010 UT for the north-
ern arc and at 2020 UT for the southern arc, in conjunc-
tion with the Pi2 activity termination. The poleward
motion for both of the arcs during pseudobreakup P1
was about 0.7° of latitude (see also Figure 3 of Aikio
and Kaila [1996)).

A second intensification of the arcs took place with
a delay of about 1 min after pseudobreakup P2 onset
at 2024 UT. The location of the southern arc remained
rather stable during pseudobreak P2, while the north-
ern arc started to drift equatorward at 2030 UT. The
approximate location of the northern arc is made visible
in Plate 3 by marking it with a dotted line. The south-
ern arc started an equatorward drift in conjunction with
the pseudobreakup P2 end at 2036 UT.

After 2042 UT multiple arcs formed in the vicinity of
the existing arcs. The pseudobreakup P3 lasted only 5
min and commenced at 2044 UT. During this time arcs
intensified while they were drifting equatorward. Only
3.5 min after pseudobreakup P3 cessation the substorm
S1 onset took place.

In all the studied events Pi2 pulsations correlated well
with auroral brightenings, which lasted < 1.5 min longer
than the associated Pi2 activity (see Plate 3). Singer et

al. [1988] suggested that while the near-tail reconnec-
tion continues, Alfvén waves and subsequently midlat-
itude Pi2s are continuously generated. Though in the
cases studied by Singer et al. the pulsations continued
a long time, this study shows that the duration of Pi2s
correlate well with the duration of PiB activity and au-
roral brightenings even in events of a short lifetime.
2.2.4. Geosynchronous particles. The geosyn-
chronous electron fluxes observed at S/C 1984-129 in
the morning sector showed three clear injections before
the injection at about 2100 UT, which was associated
with the substorm (Figure 3). The calculated injec-
tion onset times are 2007:50; 2026:20 and 2046:00 UT.
These times lag the ground midnight sector Pi2 onsets
of pseudobreakups P1 - P3 by about 2 min. The differ-
ence may be real or caused by the uncertainties in the
calculation of injection onset times. The difference may
be explained by the propagation of flows to the geosyn-
chronous region that take longer than propagation of
field~aligned currents and particles responsible for ac-
tivations [Angelopoulos et al., 1996a]. Unfortunately,
the evening sector S/C 1987-97 particle detectors were
contamined by Sun during this time. Thus only the
injection region eastern boundaries could be calculated
from the electron fluxes measured by S/C 1984-129 and
they appear to originate close to the satellite and just

east of the KARA magnetic station chain in Siberia,

ie., at 2.2, 2.6 and, 2.6 MLT, respectively.
2.2.5, High-latitude magnetograms. Study of
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Figure 4. Magnetic north-south components from four different local time sectors: (a) KARA
chain in Siberia, (b) selected stations of the IMAGE cross in Scandinavia, NAL and BJN, (c)
Greenland east coast stations, LRV and FAR, (d) Greenland west coast stations. Corrected geo-
magnetic latitude and longitude values are shown under the name of a station. Pseudobreakups
(P) and substorm intensifications (I} are marked by a dashed line, substorms (S) by a solid line.
The dotted line in Figure 5b indicates the perturbation produced by a southward drifting double

arc.

magnetograms from the Scandinavian sector (Figure 4b)
indicates that arc intensifications produced small
(£ 50 nT) positive peaks in the X component and they
could be resolved only by the stations located close to
the southern arc (MAS, MUO and PEL). Since the con-
vection electric field was northward in the vicinity of
the southern arc according to the EISCAT measure-
ment [Aikio and Kaila, 1996], arc intensifications were
expected to produce enhancements of the eastward cur-
rent in the vicinity of the arc, thereby causing positive
disturbances in the horizontal magnetic component.
The most equatorward station of the Siberian chain,
DIK (68.3° CGMlat), recorded a minor negative bay
(30 nT) during pseudobreakup P1 (Figure 4a). Steep
negative bays commenced at 2033 and 2043 UT and the
first of these occurred during pseudobreakup P2, so it is
possible that the disturbance started at latitudes lower
than DIK and then expanded poleward. The beginning
of a negative bay at 2043 UT occurred in coincidence
with the onset of pseudobreakup P3 within 1 min and
the bay reached 450 nT at 2049 UT. To be classified

as a substorm breakup, the event should be associated
with a poleward expansion of at least 2° in latitude
according to a definition given in Introduction. Owing
to insufficient data it is impossible to deduce the exact
amount of poleward expansion in the morning sector
and we classify events P2 and P3 as pseudobreakups.

No magnetic perturbations in the evening sector were
associated with pseudobreakups P1 - P3.

2.2.6. SCW locations. The substorm current
wedge calculation on the basis of midlatitude magne-
tograms provides the following extensions for pseudo-
breakups, P1: 2238 - 0029 MLT (width 1.9 MLT),
P2: 2252 - 0324 MLT (4.5 MLT) and P3: 2328 -
0231 MLT (3 MLT). To facilitate the comparison of the
onset region locations determined by different methods,
we present Figure 5. The eastern edge of the SCW is
located close to Siberian chain for pseudobreakups P2
and P3, in good accordance with geosynchronous injec-
tion eastern edge estimates. For pseudobreakup P1 the

SCW eastern edge location is estimated to be between
Siberia and Scandinavia, well westward of the injection
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Figure 4. (continued)

region eastern edge estimate, but in accordance with
Siberian sector chain magnetic data. The western edge
locations of the SCW for events P1 - P3 are calculated
to be just west of Scandinavia, but since no negative
bays commence in association with these events, the
SCW plausibly lies just eastward of the Scandinavian
chain.

2.3. Substorm Breakup S1 and an Ensuing
Intensification

2.3.1. Magnetic pulsations. Substorm S1 break-
up was recorded by the Scandinavian sector stations at
2053 UT. The most equatorward arc brightened, there
was a burst of very intense PiB pulsations, an onset of
midlatitude Pi2. pulsations (Figure 2) and a VLF hiss
emission (data not shown). A substorm intensification
(I1) commenced at 2101 UT and it was coincident with
2 new onset of midlatitude Pi2 pulsations and a burst
of PiB pulsations (Figure 6). The Pi2 activity contin-
ued until 2109 UT, which we take as the end of the
expansion phase. After 2109 UT, auroral forms started
to move equatorward.

2.3.2. Optical and EISCAT data. At substorm
onset the most equatorward arc, located at 67.7° GGlat

or 64.3° CGMlat, brightened explosively and started to
move poleward (Plate 3). A westward traveling surge
(WTS) appeared at the eastern horizon of the KIL all-
sky camera at 2054 UT, moved rapidly over zenith and
disappeared to the west in 40 s (see Figure 2 of Aikio
and Kaila [1996]). The total poleward expansion of the
auroral bulge associated with substorm breakup S1 was
about 4° in latitude. The precipitation in the arcs at
the boundary of the auroral bulge as well as in the arc
inside the bulge were very energetic as estimated from
the EISCAT radar measurements: the maximum values
cf the Pedersen (Zp) and Hall conductances (£) were
40 S and 214 S, respectively and £y /Ep = 5.4 [Aikio
and Kaila, 1996]. In coincident with substorm intensifi-
cation I1 at t 2101 UT a brightening arc started to form
in the northern horizon of the KIL all-sky camera.

2.3.3. High-latitude magnetograms. The sub-
storm S1 breakup at 2053 UT was associated with com-
mencements of steep negative bays in the Scandina-
vian sector (Figure 4b). The maximum disturbance of
500 nT was measured at SOR. The substorm intensifica-
tion I1 at 2101 UT produced further poleward displace-
ment of the WEJ activity as evidenced by a commence-
ment of a new negative bay at BJN where it reached
300 nT at 2103 UT.
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Figure 5. Extensions of the event onsets in UT-MLT coordinate system. The location of the
S/C 1984-129 and S/C 1987-097 are shown by solid lines, the location of Geotail satellite by a
dash~dotted line and station chains located in Siberia (Sib), Scandinavia (Sca), on the Greenland
east (Gre) and west (Grw) coast by dashed lines. Triangles pointing up (down) display the
injection region eastern (western) boundary and together they define injection source regions,
which are marked by vertical solid lines. The ground sectors where a negative bay commences at
the onset of an event are marked by circles and they are connected together by vertical dashed
lines. Squares denote the onsets observed by Geotail. SCW locations calculated by midlatitude
magnetometer data are shown by vertical dash—dotted lines bounded by stars.

In the morning sector at DIK the onset of a steep
negative bay occurred 3 min after substorm breakup

S1. At higher latitudes negative bays commenced in as-
sociation with the substorm intensification I1 and the
maximum disturbance of 800 nT was recorded at IZV
(70.4° CGMlat). Poleward expansion of currents in the
morning sector associated with substorm intensification
11 was about 3.5° (from DIK to VIS). In the evening sec-
tor no steep bays were observed, but in Iceland (LRV)
and on the east coast of Greenland a weak WEJ started
to flow after the onset of substorm S1.

2.3.4 Geosynchronous particles. TheS/C 1984-
129 in the morning sector measured a significant in-
crease in electron fluxes at all energies up to 300 keV
(Figure 3). The calculated injection onset time for the
electrons is 2100:00 UT and the eastern edge of the in-
jection region 3.0 MLT, ie., again close to the Siberian
chain. The injection onset time corresponds to the sub-
storm intensification I1. The electron injection associ-
ated with substorm breakup S1 at 2053 UT took place
outside of the drift shell where S/C 1984-129 was lo-
cated.

The proton fluxes at S/C 1987-097 in the evening
sector are displayed in Figure 7. Only the four lowest—
energy channels are displayed to keep the figure read-
able, but in total six channels corresponding to ener-
gies up to 241 keV are used in the calculations. Asso-
ciated with substorm breakup S1 the proton fluxes at

'8/C 1987-097 showed a pronounced injection which is

traced back to 2054:40 UT and 20.9 MLT. The trac-
ing of the proton injection in association with sub-
storm breakup S1 gives a too western estimate of the
injection western boundary, since optical observations
show that the WT'S formed to the east of Scandinavia.
The next pronounced flux increase was associated with
substorm intensification I1 and it is clearly dispersed.
The estimated onset time is 2101:10 UT and location
23.7 MLT. The proton and electron injections related
to the substorm intensification I1 define together an in-
Jjection source region extending from 23.7 to 3.0 MLT
(width 3.3 MLT).

2.3.5. SCW locations. The substorm current
wedge at substorm breakup S1 is estimated to extend
from 2320 to 0040 MLT (width 1.3 MLT), which puts it
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Figure 6. As Figure 2, but for 2 time interval of 2100 - 2230 UT.

in the Scandinavian sector. The width of the SCW as-
sociated with the substorm intensification I1 is much
broader, 5.7 MLT, and the location is from 2240 to
0420 MLT, which is in good accordance with the injec-
tion region estimate (Figure 5). The SCW expands both
eastward and westward in association with the substorm
intensification, so that it encompasses the Siberian and
Scandinavian chains, but does not quite reach the east
coast of Greenland, which is in consistent with the high~—
latitude magnetic data.

2.4. Pseudobreakups Between the Two
Substorms

2.4.1. Magnetic pulsations. Midlatitude Pi2s
occurred during 2127 - 2134 UT (P4), 2134 - 2139 UT
(P5), and 2149 - 2154 UT (P6) (Figure 6). Again, the
PiB and Pi2 activity corresponded rather well to each
other, though PiBs started earlier than the Pi2s associ-

ated with pseudobreakup P4. Pseudobreakups P4 and
P53 followed each other with no clear separation but they
can be distinguished by the increase in the Pi2 ampli-
tude at pseudobreakup P5 onset.

2.4.2. Optical and EISCAT data. The expan-
sion phase of substorm S1 lasted 16 min. The expansion
phase was not followed by a recovery phase with a slow
recovery of auroras to lower latitudes and decrease of
magnetic activity to a quiet level in the midnight sec-
tor. Instead, an arc system consisting of two closely
spaced arcs at the northern bulge boundary started a
rapid equatorward drift at 2109 UT. The arcs are vis-
ible in the first frame of the collection of ASC figures,
the top (bottom) 12 figures measured at MUO (KIL)
are shown in Figure 8. Note, that the double arcs close
to the horizon cannot be resolved by the cameras until
about at 2113 UT. The equatorward drifting double arc
produced a significant negative bay in the magnetic X
component in the Scandinavian sector (Figure 4b, dot-
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Figure 7. Proton fluxes measured by the S/C 1987-097 in the evening sector for the four

lowest—energy channels displayed on the right-hand side of the figure. The vertical dashed lines
correspond to the times of flux increases at the highest—energy channel displayed (129 - 157 keV).

ted line), which moved equatorward from BIN to MUO.
Also, the zero crossing of the Z component drifted equa-
torward and it was observed close to the minimum of the
H component, confirming the interpretation that the
negative bay was really produced by a current system
associated with the arc {data not shown). The max-
imum negative bay produced by the arc was 560 nT,
which is comparable to substorm signatures. When the
arc crossed the EISCAT beam at 2119 UT, a Hall con-
ductance of 80 S and £y /Zp= 2.3 was measured (Fig-
ure 9). The double peak in the second conductance
enhancement occuring at 2124:30 UT was due to a fold
forming in the northern arc of the double arc system.
The high Hall-conductance combined with a southward
electric field produced an intense westward Hall current
within the arc system.

The fold developing in the poleward arc at 2124:20 UT
disappeared to the east within 80 s (vaguely visible in
Figure 8 by the MUQO ASC, the fold was better seen
by the KIL ASC). The pseudobreakup P4 onset time
is 2127 UT according to Pi2 pulsation data. Optically,
this was related to a small intensification occuring in
the eastern horizon in the northern arc observed by KIL
ASC at 2127:43 UT (not shown). The northern arc of
the double arc system became fragmented at about 2128
UT and existed thereafter only in the eastern part of the
sky. The other arc continued the equatorward drift.

The pseudobreakup P5 started at 2134 UT. Again, a

small intensification was observed in the eastern part of
the fragmented arc, and then a surge came from the east
and moved slowly westward until about 2140 UT when
the head was just over KIL. For comparison, the surge
observed at 2140 UT by both of the MUO and KIL
all-sky cameras is shown in Figure 8. Thereafter the
surge started to retreat back eastward. The expansion
of aurora produced by the surge was about the distance
between MUO and KIL, i.e., 1.2° CGMLat, so the event
fulfills the definition of pseudobreakup given in the in-
troduction. The Pi2 activity lasted until 2139 UT, in
relation with the westward movement of the surge.
The edge of the surge extended to TRO at 2140 UT,
where the EISCAT radar measured Hall conductance
enhancements up to 30 S (Figure 9). This is much less
than for the WTS associated with substorm S1 or for
the equatorward drifting arcs measured between 2116
and 2126 UT. The surge differed from the classical west-
ward traveling surge also in the magnetic signatures. At
stations under the surge head at 2140 UT (PEL - KIL),
the X component was increasing, i.e., the surge was not
associated with a westward current and a negative bay.

The details of the current system associated with the
pseudobreakup surge will be left for a future study and
will not be discussed in more detail here.

At 2149 UT the arc was located just equatorward of
MUO. In association with pseudobreakup P6 onset the
arc started to brighten at 2150 UT and stayed bright
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2221:43

2227:03} ®

Figure 8. Collection of all-sky frames. First twelve frames are from MUQ from time interval
of 2111 - 2158 UT. Notice that the camera exposure time is longer at every ten minutes, so there
is no intensification of the surge at 2140 UT. Rest twelve frames are from KIL from 2140:03 UT
and from time interval of 2156:43 - 2230:03 UT. North (east) is located to the top (right) of the
figure.
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Figure 9. Height-integrated conductivies as measured by the EISCAT radar at Tromsg.

until 2155 UT, about one minute longer than the end of
Pi2 activity associated with pseudobreakup P6. At 2156
UT the intensity of the arc had decreased somewhat and
the onset of substorm S2 can be seen in the next frame
taken at 2157 UT.

2.4.3. High-latitude magnetograms.
storm breakup S1 and the subsequent intensification 11
an intense WEJ was flowing in the morning sector (Fig-
ure 4a). The WEJ started to decrease at all stations af-
ter 2126 UT showing substorm recovery phase type be-
haviour. No magnetic effects associated with the three
pseudobreakups P4 - P6 were observed. The midnight
and late evening sector magnetograms, however, exhib-
ited substorm growth phase behavior. In the midnight
sector {Scandinavia) a negative bay produced by the
southward drifting double arc system was observed, as
discussed previously in connection with optical obser-
vations. Pseudobreakups P4 - P8 could be identified at
stations located in the vicinity of the arc system. In the
discussion below, we measure the disturbances from the
level prevailing at the start of the activation. At MUO,
PEL and OUJ a decresse in the X component started
at 2126 UT (P4) and was 190 nT at maximum. The
2134 UT onset (P5) was visible as a short-lived negative
pesak in the PEL and MUO magnetograms producing an
additional disturbance of 120 nT. The pseudobreakup
P6 produced a negative disturbance of 90 nT in the X
components in Scandinavia. In the late evening sec-

After sub-

tor (on the east coast of Greenland) the pseudobreakup
P4 was associated with a positive disturbance at LRV
and FAR. Pseudobreakup P5 produced negative bays
of magnitude of about 100 nT at SCO, LRV and FAR.
Pseudobreakup P6 was associated with a minor nega-
tive bay at SCO and positive peaks at lower latitudes.
Pseudobreakups P4 - P6 were not associated with sud-
den changes in the currents flowing on the west coast
of Greenland. The eastward electrojet (EEJ) was de-
creasing at the latitude of NAQ and a very weak WEJ
fowed at high latitudes (STF and ATU) between pseu-
dobreakups P4 and P6.

2.4.4. . Geosynchronous particles. The morn-
ing sector geosynchronous S/C 1984—129 measured only
one electron injection between the substorms (Figure 3).
The calculated onset time of this injection is 2131:20 UT
(P5) and the location 0.6 MLT. The evening sector
S/C 1987-097 measured several proton flux enhance-
ments between 2109 and 2156 UT (Figure 7). The
proton flux enhancement starting after 2126 UT was
very peculiar and altogether four peaks can be resolved.
The timing was performed for the first and the last en-
hancement corresponding to times of 2126:20 UT (P4)
and 2134:30 UT (P5). Pseudobreakup P6 was asso-
ciated with flux enhancements only at the lowest en-
ergies and the caiculated onset time was 2149:10 UT.
The western edges of the source regions of these injec-
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tions were located to 21.9 MLT (P4), 21.6 MLT (P5)
and 21.8 MLT (P6). Assuming that the 2131 UT elec-
tron and 2134:30 UT proton injections originated from
the same event, the whole injection region of event P5
extended from 21.6 to 0.6 MLT (width 3 MLT).

2.4.5. SCW locations. The substorm current
wedge location for pseudobreakup P4/P5 is estimated
as 2120 - 2240 MLT (width 1.3 MLT) and for pseudo-
breakup P6 as 2120 - 2320 MLT (width 2 MLT). The
estimates for western boundaries of SCWs are in excel-
lent accordance with estimates of injection region west-
ern boundaries.

2.5. Substorm Breakup S2 and Ensuing
Intensifications

2.5.1.  Magnetic pulsations. The substorm
breakup S2 occurred at 2156 UT and it produced an
onset of intense Pi2 pulsations at KVI and YOR which
lasted until 2201 UT. Intense PiB pulsation activity
started about at 2156:30 UT at KIL and IVA (Figure 6).

To define the onset times of substorm intensifications,
we use here a different method than in previous sections,
since it seems evident that very high-latitude onsets do
not necessarily produce midlatitude Pi2s. Furthermore,
auroral zone PiBs are more closely related to local au-
roral enhancements than to global very high latitude
onsets. So, the onset times for substorm intensifica-
tions are determined on the basis of commencements
of high latitude negative magnetic bays and we arrive
at values of 2212 UT (I2), 2218 UT (I3), and 2230 UT
(14) (see Figure 4). Notice, that this method is not
in contradiction with the definitions made in previous
sections, but the onset time determination suffers from
larger uncertainties, especially for the I4 onset time (a
few minutes).

2.5.2. Optical and EISCAT data. The KIL
all-sky camera measured an intensification starting at
2156:40 UT in the western part of the most equatorward
arc (Figure 8). For comparison, the onset measured by
the MUO all-sky camera at 2157 UT is also shown.
The arc brightening was followed by an eastward and
poleward expanding bulge. A bright arc formed at the
boundary of the bulge at 2201 UT, which was related to
the PiB burst observed at KIL. By 2207 UT the bulge
had expanded to the northern horizon of the KIL ASC
and a bright arc was left on the poleward boundary of
the bulge. The poleward expansion of optical forms in
association with substorm breakup S1 was about 3.6°.
Substorm intensification 12 was associated with an ap-
pearance of a large-scale fold oriented equatorward of
the arc at 2212 UT. The fold drifted westward (see
2212:03 - 2214:03 UT in Figure 8). The second sub-
storm intensification, I3, started by brightening of the
arc at the poleward boundary of the bulge at 2220 UT,
which was associated with a PiB burst at KIL. A west-
ward drifting fold appeared again in the arc at 2223 UT.
This fold extended even further equatorward of the arc
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than the previous one, but faded suddenly at 2226:20
UT, just before hitting the EISCAT beam (see 2224:03
- 2227:03 UT in Figure 8). At 2230 UT the whole sky
became filled with diffuse precipitation.

EISCAT (Figure 9) measured Hall and Pedersen con-
ductances of 57 S and 17 S, respectively, from the east-
ward expanding bulge at 2200:45 UT. The next large
conductance enhancement at 2214:45 UT is related to
the fold associated with substorm intensification I2 and
values of 104 S and 28 S are obtained for the Hall and
Pedersen conductances. The high Hall to Pedersen con-
ductance ratio indicates very energetic precipitation in
the fold. The large-scale fold associated with substorm
intensification I3 faded before reaching EISCAT, so the
Hall and Pedersen conductance enhancements only to
29 S and 15 S, respectively, are observed at 2228:15 UT.

2.5.3. High-latitude magnetograms. To visu-
alize the development of the westward electrojet dur-
ing the expansion phase of the second substorm, color
surface plots have been constructed from the magnetic
north components of the high-latitude stations and se-
lected time intervals (Plate 2). The high-latitude mag-
netic stations are shown by circles in the plots. Sim-
ple linear interpolation between the points has been
used, which may produce some artificial effects due to
the sparse distribution of the stations in the longitu-
dinal direction. To include more data of the IMAGE
chain stations, the data from the other local time sec-
tors have been extended equatorward by assuming a
constant value from the most equatorward station to
the latitude of MUO, 64.6° CGMlat. This extrapola-
tion affects most the Siberian sector; for the other local
time sectors the effect is small.

Before the substorm breakup S2 the maximum of the
WEJ was located at the latitude of PEL (63.4° CGM-
lat) in the midnight sector (Scandinavia) in the vicin-
ity of auroral arcs (Plate 2a). Note that PEL is the
circle equatorward of the colour surface at a longitude
of 106°, so it has no effect on the plot. In the morn-
ing sector (Siberia) the WEJ had decreased to a small
value and in the evening sector (Greenland) the mag-
netic north-south components were close to zero indi-
cating very small electrojet intensities.

At substorm breakup S2 at 2156 UT the intensity of
the WEJ enhanced in the midnight sector from PEL
to SOR (63.4° - 67.2° CGMlat) and in the premidnight
sector at SCO (71.8° CGMlat) while the EEJ intensified
at lower latitudes (Plate 2b). A small enhancement of
the WEJ occurred on the Greenland west coast and in
Siberia, where the enhancement was delayed a few min-
utes from substorm onset. The oblique structure of the
WEJ flowing poleward of the EEJ in the premidnight
sector may be associated with a Harang discontinuity
in this sector. The maximum negative disturbance of
560 nT was observed at PEL, which meant an enhance-
ment of 300 nT in magnitude to the preexisting WEJ.
By 2210 UT the maximum of the WEJ had shifted from
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Plate 2. Surface plots of the north-south component of the magnetic disturbance in CGM
coordinate system for selected time intervals. The color scale in units of nanoteslas is the same
for each plot. Notice that the longitude and latitude axes are not in the same scale if measured
in kilometers. Stations displayed by circles are from south to north as follows. Greenland west
coast: NAQ, FHB, GHB, STF, ATU, UMQ; Greenland east coast and Iceland: LRV, SCO,
DNB; Scandinavia: PEL, MUO, MAS, SOR, BJN, NAL; Siberia: DIK, 1ZV, UED, VIS, HEL
Substorm breakup S2 occurs between plots (a) and (b), intensification I2 between plots (¢) and
(d), intensification I3 between plots (e) and (f) and intensification I4 between plots (g) and (h).
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the midnight sector to the preevening sector, possibly
associated with a movement of the westward traveling
surge (WTS) (Plate 2¢).

At 2212 UT the WEJ intensity had decreased some-
what and the westward expansion had stopped. Then
a substorm intensification (I2) started within the same
MLT region as the substorm breakup (Plate 2d). On
the Greenland west coast the WEJ started to increase
at high latitudes (> 71° CGMlat), but in Siberia, no
change in currents occurred. The maximum current
moved from the midnight to the pre-midnight sector in
association with the westward moving fold (Figure 8)
and the maximum negative bay of 580 nT was observed
at SCO (Plate 2e).

At 2218 UT the current densities were decreasing.
Then a new intensification (I3) of the WEJ started at
about 71° - 72° CGMlat in Scandinavia and on the
Greenland east coast. On the Greenland west coast
the WEJ continued to increase slowly, the maximum
current was flowing close to 73° CGMlat. Again, sub-
storm intensification I3 had no effect on the currents
in Siberia. At the maximum phase the negative bay
at BJIN reached 500 nT (Plate 2f). At that time.the
WEJ was split into two parts: the center of the high
latitude portion was flowing at latitudes from 71° {mid-
night sector) to 73.5° CGMlat (evening sector) and the
low latitude portion at 63° CGMlat. The currents cor-
responded to auroral regions in the KIL all-sky camera
frame taken at 2221:43 UT in Figure 8, where a bright
arc was located in the north, a dark area in the mid-
dle and diffuse aurora with some bright forms in the
southern part of the sky.

At 2230 UT the gap between the split current system
had been filled and a rather homogeneous WEJ was
flowing in the region of diffuse aurora {Figs. 9 and 11g).
Then a negative bay commenced at very high latitudes
in the Scandinavian sector at NAL (76.0° CGMlat) and
in Siberia at HEI (75.1° CGMlat) in association with
substorm intensification I4. On the Greenland east
coast at DNB (75.3° CGMlat) the WEJ continued to
increase slowly and on the Greenland west coast the
WEJ started to decrease, but the current was still sig-
nificant at high latitudes. Again, a split WEJ current
system formed and at the maximum phase the negative
bays produced by the high and low latitude portions of
the WEJ were 230 nT (at NAL) and 260 nT (at MAS),
respectively (Plate 2h).

The poleward expansion of the WEJ is well doc-
umented in the midnight sector, where each intensi-
fication moved the current maximum approximately
4° CGMlat poleward as follows: S2 maximum occurs at
PEL (63.4°), I2 maximum at SOR. (67.2°), I3 maximum
at BJN (71.3°), and I4 maximum at NAL (76.0°). The
split WEJ formed during the last two intensifications
probably corresponds to a feature known as a double
oval [Elphinstone et al., 1995].

The recovery phase started at different times at differ-
ent local time sectors. In the evening sector (Greenland
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west coast) the WEJ at high latitudes started to de-
cay at 2230 UT, in the premidnight sector (Greenland
east coast) at 2245 UT and in the postmidnight (Scan-
dinavia) and morning sectors (Siberia) at 2300 UT.

2.5.4. Geosynchronous particles. Geosynchro-
nous particle data shows that the substorm breakup
S2 was associated with a very pronounced injection of
protons up to 470 keV at S/C 1987-097 (Figure 7). The
onset time of the proton injection was 2157:20 UT and
the location of the western boundary of the injection
source region 20.4 MLT. The onset time of the electron
injection at S/C 1984129 was 2159:00 UT (Figure 3)
and the location of the eastern boundary of the injection
source region 2.5 MLT. The total width of the injection
region was thus 6.1 MLT. The substorm intensifications
occurring after the onset were not clearly visible in the
geosynchronous particle data.

2.5.5. SCW locations. The substorm current
wedge at the onset of substorm breakup S2 was es-
timated to be between 2156 and 2352 MLT (width
1.9 MLT), i.e. from the east coast of Greenland to
the location of Geotail spacecraft at the magnetic mid-
night (Figure 5). The substorm breakup S2 extension
is estimated to be 6 MLT by the geosynchronous data,
5.1 MLT by the ground high-latitude magnetic data
and 1.9 MLT by the SCW estimate. Optical obser-
vations show that the onset took place westward of
the Scandinavian sector, but the bulge expanded very
rapidly in longitude, so the SCW estimate may best
describe the width of the onset region just at the begin-
ning of the event. The SCW locations have not been
determined for substorm intensifications occurring after
the substorm onset, since they occur at high latitudes
and the current system is split.

2.6. Geotail Observations

The Geotail spacecraft was located close to the mag-
netic midnight at 23.9 MLT during the studied interval.
The location of the spacecrafted changed from (—85.4,
3.7, —4.3) Rp to {(—85.9, 3.9, —4.2) Rp during 2000 -
2200 UT in the GSM coordinate system. Geotail was
located rather close to the tail center plane, so it was
in a favorable position to observe plasmoids.

2.6.1. Plasmoid characteristics. The magnetic
field within a plasmoid is closed on itself and the mag-
netic signature of a tailward moving plasmoid is a bipo-
lar trace (north-then—south) in the B, component. The
original simple picture of plasmoids has proven to be
inadequate on many occasions. Plasmoids do not gen-
erally exhibit & minimum in field intensity at their cen-
ters as would be expected for O-type neutral lines. In-
stead, a strong core field indicative of flux ropes is often
present. Flux rope plasmoids can have a bipolar trace
either in the north-south or east-west direction, sug-
gesting a symmetry axis pointing along any orientation
in the magnetotail [e.g., Moldwin and Hughes, 1991;
Slavin et al., 1995 and references therein].

The particle populations associated with plasmoids
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can be divided into three categories: the plasmoid,
the postplasmoid plasma sheet (PPPS) and the plasma
sheet boundary layer (PSBL) populations [Richardson
and Cowley, 1985; Richardson et al., 1987). The plas-
moid contains isotropic energetic electrons (closed mag-
netic field lines) and a convecting energetic ion popu-
lation. The PPPS, which is a wedge-shaped region of
newly reconnected hot plasma on the earthward side of
the plasmoid, typically contains an ion population con-
vecting tailward faster than the plasmoid itself. The
PSBL is a separatrix layer between the plasma sheet
(PPPS or plasmoid) and the magnetic field mapping to
the NENL.

When a plasmoid moves down the tail, it produces a
several minute-long compression in the the lobe mag-
netic field. These events are called traveling compres-
sion regions, TCRs [Slavin et al., 1993, 1994]. TCRs
can be identified by (1) the aforementioned long com-
pression in the field magnitude, {2) a typical, bipolar
variation of the B, component (north-then-south) with
the inflection point coincident with the total field max-
imum, and (3) the persistent interval of B, southward
following the field compression. The variation in B,
may be either east-then-west or west—then-east and
the B, variation follows closely that of the total field
magnitude.

Quite a few studies have been performed on the time
delay between ground substorm onsets and plasmoid
observations in the tail. Nagai et al. [1994] found that
the time delays at Xgsm ~ —80 Rg of the bipolar B,
events from substorm onsets varied between 8 and 22
min. Slavin et al. [1993] found that the mean time
delay of substorm onsets and TCRs at Xg5m ~ —80 Rg
was 10 min, but the measured values ranged from 4 to
18 min.

In this study, plasmoids/fux ropes have been identi-
fied based on magnetic characteristics discussed above.
Below we call all such measured magnetic structures
as plasmoids.  The observed plasmoids are related to
ground onsets by the guideline that the expected de-
lays at Xgsm ~ —80 Rg can vary from about 4 to 22
min. We take for the plasmoid observing time the cen-
ter of the structure, which is the point where B, changes
sign for both the plasmoid and TCR signatures, as in
previous studies.

2.6.2. Observations during the growth and
expansion phases of the first substorm. Plate 3
shows the Geotail magnetic field, electric field, inferred
plasma flow velocity and energetic particle data dur-
ing the entire time interval studied. Figure 10 shows in
more detail the variations of the magnetic field compo-
nents from 2010 to 2116 UT. The bottom panel displays
the convective flow velocity of the plasma in the Xy,
direction. 1t is computed from E, .. and the magnetic
field components for times that the magnetic field points
in a direction that the most significant contribution to
Vizgse is from Eygse {for details of the computation, see
Angelopoulos et al. [1996b}). Note, that the actual flow
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velocity along the X .. direction may be greater, since
the inferred velocity is the L B component of the ve-
locity in the Xy, direction and in the studied cases a
field-aligned component of the plasma flow may be sig-
nificant.

At 2022 UT, Geotail enters deep in a plasmoid; as
evidenced by the decrease of the total magnetic field
intensity and the increase in the fluxes of energetic elec-
trons and ions (Plate 3). Energetic electrons are very
isotropic confirming the closed character of the field
lines. Ions show a tailward anisotropy consistent with a
tailward flow. Below the magnetic field signatures (Fig-
ure 10) of the events are described, and the observing
time of the center of the magnetic structure relative to
the ground onset time of events is given.

1. Pl + 18.5 min corresponding to time interval of
2022 - 2026 UT. The event shows the north~then-south
variation in B, which is associated with the east—-then—
west variation in B,. The tailward plasma velocity
is quite low, about 80 km s™}, which might indicate
that the plasmoid associated with pseudobreakup P1
is quasi-stagnant. The long time delay between the
ground onset and the plasmoid detection supports the
interpretation.

2. P2 + 9.5 min corresponding to time interval of
2030 - 2037 UT. There is a large-scale variation in B,
north-then—south, which contains a lot of substructure.
B, is mainly toward east. The tailward plasma veloc-
ity is initially small, but reaches 400 km s~ between
2031:00 and 2033:30 UT, whereafter it decreases again.
Associated with this event, the flux of tailward moving
ions increases, which is consistent with the increase of
tailward convection velocity. We connect this plasmoid
with pseudobreakup P2.

3. Time interval of 2037 - 2100 UT. The B, has a pos-
itive (northward) peak 2037 - 2039 UT, during which
the tailward velocity reaches 200 km s~!. This peak
may belong to the plasmoid associated with pseudo-
breakup P2. After 2039 UT B, remains negative ex-
cluding two weak positive peaks at 2043 and 2046 UT,
which are transient current filaments that are unlikely
to contribute to the large scale dynamics of the tail. The
tailward velocity is small. We associate this time period
to a postplasmoid plasma sheet (PPPS) phase, although
the flow velocity is small. Probably, the plasmoid as-
sociated with pseudobreakup P2 was not followed by a
strong plasma sheet reconnection.

4. S1 + 10.5 min corresponding to time interval of
2100 - 2109 UT. The magnetic signatures associated
with substorm breakup S1 are very complicated. The
long duration of the disturbances make it possible that
some of them may be related to the substorm intensi-
fication 11, which occurs 8 min after substorm breakup
S1t. The tailward velocity during 2161 - 2102 UT is
about 200 km s, the velocity peaks between 2103
and 2104 UT when it reaches 800 km s™! and during
2105:30 - 2106:30 UT the velocity varies between 200
and 600 km s™1. We take the center of the event to be
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Figure 10. Geotail magnetic field components and calculated convective flow velocity in the
Xgyse direction for the time interval of 2020 - 2110 UT.

2103:30 UT when maximum tailward flow is measured.

The particle signatures preceeding the plasmoid asso-
ciated with substorm breakup S1 are tailward electron
beams commencing at 2054:50 and 2057:30 UT and tail-
ward ion beams at 2058:40 and 2101:20 UT (Plate 3).
If we assume that the 2054:50 UT electron beam and
the 2058:40 UT ion beam are associated with the same
acceleration process closer to the Earth, we arrive at
an onset time of 2054:42 UT and a distance of 133 Rg.
The distance is too large {Geotail location is ~86 Rg)
indicating that the time difference between the electron
and ion beams is not just due to the time-of-flight ef-
fect. Possible reasons are spatial effects [Richardson
and Cowley, 1985, the non-zero pitch angles of the
measured protons and the finite time constant of the

reconnection pulse. The observations indicate that in
less than 2 min from substorm breakup (2053 UT) re-
connection reached field lines mapping to Geotail, which
obviously were open field lines. The time delay between
the 2057:30 UT electron beam and the 2101:20 UT pro-
ton beam is the same (230 s) as in the previous case, but
the ion distributions may be modified by the enhanced
convection after 2101 UT.

2.6.3. Observations during the growth and
expansion phases of the second substorm. Fig-
ure 11 shows the variations of the magnetic field compo-
nents from 2110 to 2210 UT. The negative B, compo-
rent indicates that Geotail is located south of the neu-
tral sheet. The B, component is also negative, which
may be related to the PPPS, though the tailward ve-
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Figure 11. Geotail magnetic field components for the time interval of 2110 - 2220 UT.

locity is low, or the tilting of the whole plasma sheet
due to a solar wind effect.

The magnetic signatures after 2110 UT could be in-
terpreted as TCRs and most of them were accompanied
by energetic particle enhancements, suggesting grazing
of the outer boundary of the associated plasmoid. Since
TCR signatures are very similar to a crossing of an outer
boundary of a plasmoid, we don’t make any clear dis-
tinction between these two cases.

There are three clear events after 2110 UT in the
Geotail magnetic field.

1. P4 + 9.5 min corresponding to time interval
of 2134:00 - 2138:30 UT, maximum compression at
2136:30 UT. B, changes north-then—south and B;.; is
compressed from 12.1 to 14.8 nT (22 %). B, changes

east-then—west. We associate this plasmoid with pseu-
dobreakup P4.

2. P5 + 6 min corresponding to time interval of
2138:30 - 2142:00 UT, maximum compression at 2139:00
UT. There is again a north-then-south change in B,,
which is accompanied by a small local increase in By,
(< 8 %). This event is associated with pseudobreakup
P35, which also on the ground follows event P4 with no
separation. Both of the magnetic structures P4 and P5
are associated with a passage of the outer part of a plas-
moid, since tailward ion beams are observed starting at
about 2136 and 2139 UT in association with simultane-
ous isotropic electron fluxes (Plate 3).

3. P6 + 7 min corresponding to time interval of 2155
- 2157 UT, maximum at 2156 UT. Though small in am-
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plitude, this event shows the classical features of a TCR:
B, north-then—south and By: compression (3.5%). B,
changes east-then—west. No particle signatures are as-
sociated with this event. This TCR is related to pseu-
dobreakup P6, which also on the ground produces only
small disturbances.

4. S2 + 5 min corresponding to time interval of
2200:00 - 2202:30 UT, maximum compression of By,
(11 %) at 2201 UT. This event is related to a passage of
the outer edge of a complicated magnetic structure oc-
curing in association with substorm breakup S2. Short-
duration simultaneous electron (rather broad angle) and
proton tailward beams are observed at 2201 UT.

Plate 3 displays a tailward ion (62 - 74 keV) beam at
2219:30 UT, which is preceeded (followed) by an elec-
tron (He) beam. This particle injection is plausibly as-
sociated with substorm intensification I3. Weak dis-
persed particle beams are observed also around 2230
UT, associated with substorm intensification I4. These
events are not associated with magnetic structures and
we interpret them as acceleration of energetic particles
by reconnection occuring Earthward of Geotail.

2.6.4. Comparison of Geotail observations to
ground and geosynchronous observations. There
are at least four means to define the ground onset time
of events: (1) midlatitude Pi2 pulsation trains, (2) au-
roral zone PiB pulsations, (3) auroral brightenings and
(4) high latitude negative bays. Signatures (2), (3) and
(4) are local, whereas midlatitude Pi2s in the nightside
ionosphere are not, though also them suffer from some
limitations [e.g., Yeoman et al., 1994]. That is why
the onset time was defined based on Pi2 onsets. Since
the very high latitude intensifications 12 - 14 did not
produce midlatitude Pi2s, possibly due to the screen-
ing effect of the very disturbed ionosphere, the onset
time of these events were defined by signature (4). The
onset times agreed usually within one minute between
signatures (1) and (2) and within 2 min when all signa-
tures were considered. The same signature (1) was used
to define the duration of the events, since for the cases
where signatures (1) - (3) could be utilized together it
was shown that the duration of Pi2s correlated well with
the duration of PiB activity and auroral brightenings.
This observation is in agreement with the suggestion by
Singer et al. [1988] that while the near-tail reconnection
continues, Alfvén waves and subsequently midlatitude
Pi2s are continuously generated. Because of the lack
of PiZs, the durations of events after substorm breakup
S2 were determined to be the separations of substorm
intensifications from each other.

The results of ground-Geotail comparison are sum-
marized in Table 2, which clearly demonstrates that the
majority of the events observed on the ground and at
the geosynchronous altitude are also observed in the
midtail. The time delay between the plasmoid observa-
tion (center of the structure) and ground onset is typi-
cally about 10 min, the longest delay of 18.5 min is ob-

12,283

Table 2. Comparison Between Ground Onset Times and
Midtail Observations of Plasmoids, Traveling Compression
Regions (TCRs) or Particle Beams

Event UTo Gm, UT G.,UT Gn-UTo AMLT

Pl 2006 2024:30 18:30 0038

P2 2024  2033:00 9:30 0029

P3 2044 0018
s1 2053  2103:30 2054:50  10:30 -0001

2057:30

I 2101

P4 2127 2136:30 9:30 -0034

P5 2134 2140:15 6:12 -0040

P6 2149  2156:00 7:00 -0054

52 2156 2201:00 5:00 -0059

12 9212

13 2218 2218:20 -0116

14 2230 2230:00 -0128

UTy is onset time determined by ground observations, Gm
time of plasmoid center at Geotail determined from magnetic
observations, G, onset time of energetic electron beam with no
simultaneous magnetic structure at Geotail, AMLT difference
between Geotail location (23.9 MLT) and the IMAGE chain.

served for pseudobreakup P1 and the shortest delay of 5
min for the substorm breakup S2. The differences may
be related to the variable velocities at which the plas-
moids move down the tail and to the different starting
points in the Xgsm, direction. Injected electron beams
are observed almost simultaneosly with ground onset
for substorm intensifications I3 and I4, whereas for the
substorm breakup S1 there is a delay of less than 2 min.

Geotail observations of plasmoids or TCRs or ac-
celerated particle beams using the onset times of the
events on the ground according to Table 2 are marked
by squares in Figure 5. Geotail location close to mag-
netic midnight (23.9 MLT) is favorable to see all the
events provided that the plasmoid extent in azimuth in
the midtail corresponds to the current disruption region
in the ionosphere. This assumption seems to hold, since
only events P3 and I2 are clearly missed. (It is possible
that magnetic structures related to substorm breakup
S1 cover also substorm intensification I1.) In addition,
the Geotail data indicates that the western edge of sub-
storm intensification 14 is located between the Geotail
footpoint and the east coast of Greenland. The reason
for missing events P3 and 12 may be either in the local-
ization of these events in the Yy, or Zgsm direction.
However, in the case of a small scale in the Zys, direc-
tion, signatures of TCRs should have been expected. A
more probable explanation is the longitudinal localiza-
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Table 3. Summary of the Characteristics of Pseudobreakups (P), Substorm Breakups (S) and Substorm

Intensifications (I)

Event Duration, min - Expansion, deg Extent, MLT SCW, MA Disturbance, nT  Midtail
SCW INJ MAG Total =~ Change
P1 14 0.7 1.9 0.12 -50 -30 P
P2 12 0.0° 4.5 0.09 -170 -150 P
P3 5 0.0° 3.0 0.21 -450 -330 -
S1 8 4.0 1.3 0.19 -520 -420 P
I 8 3.5 57 33 29  0.34(0.53)® -800 -700 P
P4 7 0.0 1.3 0.26 -380 -190 T
P5 5 1.2 30 25 011 -460 -120 T
P6 5 0.0 2.0 25  0.035 -320 -90 T
S2 16 3.6 1.9 61 51 050 -560 -300 T
12 6 3.8 5.1  0.16 (0.66)° -580 -500 -
I3 12 3.9 25  0.05 -500 -430 B
14 10 4.7 29  0.02 -240 -180 B

The columns from left to right are as follows: event, duration, the amount of poleward expansion, the
extent of the (1) substorm current wedge (SCW), (2) geosynchronous altitude injection region (INJ) and (3)
high latitude magnetic disturbance (MAG) at onset, the intensity of the SCW, the maximum disturbance of
the high latitude magnetic north components from the quiet level (total) and from the start of the activation
(change) and midtail observations of plasmoids (P), TCRs/outer edges of plasmoids (T) or particle beams

without associated magnetic signatures (B).
2Estimated in the Scandinavian sector.

®Value measured from the substorm (S1 or S2) onset baseline instead of the start of the activation.

tion. The By component of the IMF may distort the
mapping of Geotail location to the ground so that ac-
tually Geotail maps outside of the SCW region during
events P3 and 12.

3. Summary

Table 3 presents a summary of the observed features
of pseudobreakups, substorm breakups and substorm
intensifications. We defined those short-lived events
as pseudobreakups, which were not associated with a
significant (> 2°) poleward expansion. In this study
we concentrated only on the large scale features of the
events, though many of the studied signatures (e.g., au-
roral intensifications, injections and plasmoids) exhib-
ited temporal substructure.

3.1. Duration of the Events

The onset time and event length estimate has been
made mainly by using midlatitude Pi2 magnetic pul-
sation data (see the previous section). As can be seen
from the values presented in Table 3, the durations of
the events cannot be used to separate pseudobreakups
(5 - 14 min) from substorm breakups (8 - 16 min) or
substorm intensifications (6 - 12 min). Even when the
total length of the first substorm expansion phase in-

cluding breakup S1 and the ensuing intensification 11
is considered (16 min), no significant difference from
the durations of some pseudobreakups is evident. The
expansion phase of the second substorm includes the
substorm S2 breakup and the three intensifications (12
- 14), and its total duration (44 min) exceeds markedly
that of any pseudobreakup.

3.2. Poleward Expansion

The amount of poleward expansion for the events
have been estimated based on optical or magnetic data
and this feature was used to classify the events. In
these cases, the amount of poleward expansion was 0 -
1.2° for pseudobreakups, 3.6 - 4.0° for substorms and
3.5 - 4.7° for substorm intensifications.

3.3. Localization of the Events

The extents of the events are shown in Figure 5 and
in Table 3. The SCW estimates at the onset of the
events ranged from 1.3 to 4.5 MLT for pseudobreakups,
from 1.3 to 1.9 MLT for substorm breakups and a
value of 5.7 MLT was found for substorm intensifica-
tion I1. Only three injection region width estimates
were possible to make and values ranged between 3.0
and 6.1 MLT. A distinct difference is found between the
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width of substorm S2 estimated by the SCW calcula-
tion (1.9 MLT) and drift of injected particles (6.1 MLT).
We suggest that the width is small at the onset, but
expands rapidly in azimuth, which affects the geosyn-
chronous orbit observations. Event widths were also
estimated on the basis of commencements of high lati-
tude negative bays. This method gave the most crude
estimates, since only four different longitudinal chains
with separations ranging between 2.5 and 2.9 were avail-
able. Taken the results together, we find no significant
difference in the widths between pseudobreakups and
substorm breakups, but the substorm intensifications
seem to be associated with somewhat larger values (of
the order of 5 - 6 MLT). This is expected, since substorm
intensifications are associated with further expansion of
the substorm current wedge in longitude and latitude.

3.4. Intensity of the Events

The total intensity of the SCW current was estimated
on the basis of midlatitude magnetograms. The largest
value (0.5 MA) was associated with substorm breakup
S2 and each subsequent intensification increased the to-
tal current intensity. . Derived. current intensities were
0.05 - 0.26 MA for pseudobreakups, .19 - 0.50 MA for
substorm breakups and 0.02 - 0.34 MA for substorm
intensifications. _

The horizontal distribution of the total current flow-
ing determines the magnetic disturbances at high lat-
itude stations. The magnitude of high-latitude neg-
ative bays as measured from the gquiet time baseline
(total value) and from the level at the start of the ac-
tivation (differential value) are shown in Table 3. The
magnitudes of differential negative bays varied from 30
to 330 nT for pseudobreakups, from 300 to 420 for
substorm breakups and from 180 to 700 for substorm
intensifications. In general, pseudobreakups produced
smaller disturbances than substorm breakups and in-
tensifications. However, there is a wide range of pseu-
dobreakups from very weak to intense events and no dis-
tinct values can be set to current or disturbance levels
to separate pseudobreakups from substorm breakups.

3.5. Auroral Features

Auroral features were recorded in Scandinavia, which
was located in the midnight sector. Pseudobreakups P1
- P4 and P86 were associated with brightenings of arcs.
Pseudobreakup P5 was associated with a surge, which
differed from the substorm-associated westward trav-
eling surge (WTS) in many respects. Pseudobreakup
surges are discussed previously by Akasofu [1964] and
Nakamuro et al. {1994}, The substorm S1 breakup oc-
curing to the east of Scandinavia was followed by an
appearance of a classical WT'S. The onset of substorm
breakup S2 occurred to the west of Scandinavia and it
was followed by an eastward and poleward expanding
bulge. Substorm intensifications I1 - 14 were associated
with an intensification of an arc located at the poleward
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boundary of the bulge and further poleward expansion
of aurora and the associated currents. In addition, in-
tensifications 12 and I3 were associated with a forma-
tion of a large-scale fold, which drifted westward along
the arc. A split westward electrojet was forming during
intensifications I3 and I4.

3.6. Magnetospheric Configuration Changes

Geotail observations in the midtail are summarized
in Tables 2 and 3. Pseudobreakups P1 and P2 and sub-
storm breakup S1 were associated with observations of
plasmoids at the location of Geotail (Xgsm~ —88 Rg).
The time delays between ground onsets and midtail ob-
servations of plasmoids varied between 9.5 and 18.5 min.
After the first substorm TCRs/outer boundaries of plas-
moids were observed at Geotail. The time delays of ob-
served TCRs from the onset of the events ranged from
5.0 to 9.5 min. For substorm intensifications 13 and
14 dispersed particle beams without following magnetic
signatures were observed and they were interpreted as
injections of particles by reconnection occurring earth-
ward of Geotail. Only two ground events (P3 and 12)
were associated with no signatures of reconnection at
Geotail, possibly due to a localization of the events in
the Yysm direction.

3.7. Summary

Several mechanisms have been proposed for the initi-
ation of substorm expansion. Almost all of them result
at least in one of the following processes: the cross-
tail current disruption or the near-Earth neutral line
(NENL) formation. The temporal and causal relation-
ship between these processes is a subject of continuing
debate [see, e.g., Kennel, 1992; McPherron and Fair-
field, 1998]. The current disruption is believed to take
place rather close to Earth, at the inner edge of the
plasma sheet, whereas the reconnection occurs between
KXgsm ~ —20 and —30 Rg, according to recent Geo-
tail observations {Nagai et al., 1998]. This study shows
that all substorms, substorm intensifications and even
weakest pseudobreakups are associated with both pro-
cesses: cross—tail current disruption evidenced by the
SCW formation and near—Earth reconnection evidenced
by a plasmoid release.

4. Conclusions

By considering a number of short-lived activations
with a limited poleward expansion (pseudobreakups)
which occurred either during a substorm growth phase
or between two distinct substorms, we found that there
is no definitive qualitative difference between pseudo-
breakups and substorm breakups. Both kinds of activa~
tions showed distinct reconnection signatures at X gsm ~
-86 Rp and were associated with substorm current
wedge formation, midlatitude magnetic Pi2 pulsations
and particle injection at the geosynchronous orbit. We
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conclude that there is a continuum of states between
the small pseudobreakups and large substorms but no
specific value of current, extent, duration of activation,
etc. which distinguish between these two.

The events that we normally call as substorms are
often a superposition of many breakups (here we have
called events immediately following substorm breakups
as substorm intensifications), each of which is responsi-
ble for a further expansion of the disturbed region in the
ionosphere. It is not clear from this study why pseudo-
breakups remain isolated events. Previous studies have
evoked several candidates for regulating the initiation
and development of substorms: (1) the magnetosphere-
ionospheric coupling [Kan et al., 1988}, (2) local magne-
tospheric conditions [e.g., Baker et al., 1996; Lui, 1998]
and (3) solar wind-magnetosphere coupling [e.g., Lyons,
1996]. This study do not lend credence to candidate (1),
since BEISCAT measurements of conductivities in the
auroral oval before the two substorms don’t show any
evidence of the change in conditions before substorms
at least in the vicinity of the radar. The question of the
factors which trigger and quench the instability produc-
ing the breakups is left for future studies.
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