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Abstract. From 1995 to 2000, the Wind spacecraft spent1l Introduction
over 500 h in the magnetotail, much of it withir2x 10* km
of the predicted location of the neutral sheet. Wind passedsubstorms result from a complex set of interactions between
through the near magnetotail at distances-df5Rg<X  the ionosphere, the magnetosphere, and the solar wind that
GSM<—6Rg on 35 occasions. Another 10 passes tookusually involve the storage of energy and magnetic flux in
place at distances 6f30 Rg <X GSM<—15Rg. Weidenti-  the tail lobes and its explosive release at the onset of the sub-
fied 65 dipolarization events in the Wind magnetic field datastorm expansion phase. The signatures observed by satellites
set betweerY GSM~—16 and+-16 R based upon our re- in various regions of the night-side magnetosphere during a
quirements that the magnetic field inclination had to changetypical substorm include bursts of high-speed earthward and
by more than 15 the maximum inclination angle had to be tailward plasma flow, magnetic field dipolarizations, low-
greater than 20 and the inclination angle had to increase frequency fluctuations of the electric and magnetic fields,
by a factor of at least 1.5. Most of the dipolarization eventsthe ejection of plasmoids, and energetic particle injections at
occurred in the pre-midnight region of the magnetotail andgeosynchronous orbit (e.g. Slavin et al., 2002; Nagai, 1982).
were accompanied by earthward flows with speeds greateRecent theories have suggested that the observations of dipo-
than 100km/s. The properties of the dipolarization eventsiarizations and earthward flows in the magnetotail may be re-
did not depend upon the GSM position. However, they did  |ated to the formation of the substorm current wedge and the
vary with the distance to the neutral sheet. Isolated dipolargeneration of the Pi2 pulsations observed by geosynchronous
ization events, defined as occurring more than 20 min apartsatellites and ground magnetometer stati@sdgkawa et a).
were characterized by a decreasBinGSM andBroraz, 1998 Kepko and Kivelson1999 2007). In this paper, we
and an increase iB, GSM and the magnetic field inclina- will use data from passes of the Wind spacecraft through the
tion. Dipolarizations that occurred as part of a series of smallmagnetotail to study the extent of the region where magnetic
dipolarizations spaced less than 20 min apart were charadield dipolarizations are observed. We will also examine the
terized by a transient increase By GSM and the magnetic  properties of dipolarization events as a function of location
field inclination, but no significant change B, GSM and  and compare the characteristics of isolated dipolarizations
BroraL. The events consisting of a series of small dipolar- and dipolarizations that occurred as part of a series of small,
izations occurred predominantly near midnight. We interpretclosely spaced dipolarizations.
these results in terms of two different modes of magnetotail |nyestigations of the effects of earthward flow bursts in the
convection: 1) a classical substorm pattern featuring storagenagnetotail during substorms biesse and Bir1991) and
of magnetic energy in the tail lobes which is explosively re- ghjokawa et al(1997, 1998 have suggested that the braking
leased at onset, and 2) a directly driven process. of high-speed earthward flows launched by reconnection at a
near-Earth neutral line may be responsible for the generation
Keywords. Magnetospheric physics (Storms and sub- of the substorm current systems and the Pi2 pulsations ob-
storms; Magnetotail; Magnetospheric configuration andserved by satellites at geosynchronous orbit and by ground
dynamics) magnetometer stations at substorm onset. According to this
picture of substorms, the high-speed flows launched by mag-
netic reconnection at the near-Earth neutral line (NENL)
carry large amounts of magnetic flux earthward, which even-
Correspondence tK. Sigsbee tually starts to pile up in the near magnetotail region where
(kms@beta.physics.uiowa.edu) the flows “brake” as they compress the inner magnetosphere.
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This pile-up of magnetic flux is observed by spacecraft in thedipolarization events.Lopez et al.(1988 found that the
magnetotail as a magnetic field dipolarization. During dipo- number of dipolarization events observed by AMTPE/CCE
larization, the magnetotail magnetic field undergoes a chang@creased with increasing radial distance from Earth and
from a tail-like magnetic field configuration to a more dipo- that the total magnetic field decreased during most of the
lar magnetic field configuration. As defined Bhiokawa AMTPE/CCE dipolarization events. The dipolarization
et al. (1997 1998, the braking point of high-speed earth- events studied blizopez et al (1988 were distributed from
ward flows is the boundary between the plasma sheet and9.9 to 4.7 MLT, with a peak near midnight, which roughly
dipolar magnetic field regions at the inner edge of the neutratorresponds to the region in which substorm activity and the
sheet. The deceleration of earthward flows in the magnetotaibubstorm current wedge are thought to be initiatedpez
generates field-aligned currents through the pressure gradet al. (1988 found the occurrence frequency of dipolariza-
ents and the divergence of the dawnward inertial current. Irtion events was 4 times greater f&fr, >4+ than it was for
a simulation performed bBirn et al. (1999 the flows were K ,<3— and that the central meridian of the substorm cur-
stopped over a distance of seveRy and it was found that rent wedge shifts from pre-midnight to post-midnight as the
the contribution of the inertial current, which results from intensity of geomagnetic activity increases.
the coupling of the perpendicular fluid flow to the magnetic  More recentlyBaumjohann et ak1999 performed a su-
field, is almost an order of magnitude smaller than the cur-perposed epoch study of dipolarization events using Geo-
rents caused by pressure gradients. The currents generatedll data from 1kR<31Rg and <Y GSM<10Rg. They
by the pressure gradients respond to distortions of the magfound 66 dipolarizations in the Geotail data from 1995 to
netic field and persist even after the flows cease. Accordindl997 for which data from mid-latitude ground stations were
to Shiokawa et al(1998, Pi2 pulsations are also produced also available to aid in the determination of the substorm on-
as the flows are decelerated, pressure gradients are creategt times. All of the events studied were from the central
and currents are generated. plasma sheet and were accompanied by high-speed earth-
Many studies have attempted to characterize magnetigvard flows. Baumjohann et al(1999 examined the aver-
field dipolarizations from geosynchronous orbit out to ra- age properties of the magnetic field during dipolarization in
dial distances near 3. Data from the GOES family of 5 R bins of radial distance and found that, on average, the
geosynchronous spacecraft have shown that the magnetimagnetic field inclination to the equatorial plane increased
field configuration at geosynchronous orbit becomes moreby a factor of 2-3 during dipolarization. They also found
tail-like before substorm onseN@gaj 1982 1991). This that dipolarization occurs first betweenl6<X <—11Rg
change is thought to be caused by an intensification and/oand then moves tailward at a rate of 35 km/s. According to
an inward motion of the cross-tail current associated withBaumjohann et ak1999, the tailward propagating dipolar-
the storage of energy in the magnetotail during the substornization front typically reaches the vicinity of the near-Earth
growth phaseKokubun and McPherrqri981). At the on-  neutral line about 45 min after the onset of the substorm ex-
set of the substorm expansion phase, the dipolarization gbansion phase. Because magnetic reconnection cannot oper-
geosynchronous orbit begins in a narrow region centered omte in a dipolar magnetic field geometry, they concluded this
23:30 LT (Nagai 1991). As shown byNagai (1982, the marks the start of the substorm recovery phase.
increase in thed component of the magnetic field (paral-
lel to the Earth’s dipole axis and positive northward) associ-
ated with dipolarization begins simultaneously with the sub-2  Study objectives
storm onset recorded by ground magnetometer data in the
pre-midnight region. However, at local times more than 1 hOver the period from 1995 to 2000, the Wind spacecraft
away from the initial dipolarization onset, the magnetic field spent over 500h in the region of the Earth’s magnetotail
at geosynchronous orbit can still continue to become morawith Geocentric Solar Magnetospheric (GSM) coordinates of
tail-like until the dipolarization expands westward and east-—18<X<—6 Rg and —16<Y <16 Rg. Figurel illustrates
ward. According toNagai (1997, it takes 11 min for the the Wind trajectories in th&—Y GSM plane forX<0Rg
dipolarization to expand eastward to 03:00 MLT, and 15 minand —6 R <Z <6 Rg from 1995 to 2000. Throughout this
for it to expand westward to 20:00 MLT. paper, GSM coordinates will be used to describe the posi-
A detailed study of magnetic field dipolarization events at tions of the Wind and GOES spacecraft, and for the mag-
larger radial distances was performedlmpez et al(1988 netic field and plasma parameters measured in space. The
using magnetic field data from the AMPTE/CCE spacecraft,passes made by Wind through the magnetotail from 1995
which had an apogee of@Rr. In this study, 103 dipolar- to 2000 are unique in that they consisted largely of west to
ization events were identified from March to August 1985 east traversals of the near-tail beyond geosynchronous orbit
when a>15° change in magnetic field inclination to the atlow latitudes. These passes are well-suited to studying the
equatorial plane marked the transition from a tail-like field east-west extent of the substorm current wedge and the asso-
configuration to a more dipolar configuration. No dipolar- ciated bursty bulk flows in the plasma sheet (8lavin et al,
ization events were observed by AMPTE/CCE for geocen-1997).
tric radii <6.4 Rg, suggesting that geosynchronous space- The first objective of our study of the Wind magnetotail
craft may sometimes be located too far earthward to observpasses was to measure the statistical east-west extent of the
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substorm current wedge by examining the locations of mag-
netic field dipolarization events using data from the Wind
Magnetic Field Investigation (MFI)Lepping et al. 1995.

The second objective was to determine how the properties of
the magnetic field dipolarization events vary as a function of
local time and distance to the neutral sheet. The third objec-
tive was to compare the properties of isolated dipolarization
events to the properties of dipolarizations that occurred as
part of a multiple dipolarization series. The characteristics
of the dipolarization events that we examined included the
change in the inclination of the magnetic field to the equato-
rial plane and the change in the total magnetic field. We also
used the Wind 3-DP plasma measuremehis ét al., 1995

to investigate the relationship between high-speed earthward
flow bursts and magnetic field dipolarization events. The
fourth objective of our study was to examine the timing be-
tween local observations of dipolarization events by Wind
and substorm onset signatures. To accomplish this goal, w
examined the intensity of auroral kilometric radiation (AKR)
observed by the Wind WAVES instrumerdugeret et al.
1995, and looked for dipolarizations in the GOES geosyn-
chronous spacecraft magnetic field data. Magnetic field data

from the CANOPUS network of ground magnetometers WereTab|e 1. Dipolarization event selection conditions.
also used when available.
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Eig. 1. Orbital trajectories of the Wind spacecraft in tkie-Y plane
for 1995 to 2000. The trajectory is shown only wh¥r:0 Rr and
—6REp<Z<6Rg.

Change in magnetic field inclination >15°
(Based upon Lopez et al., 1988)
3 Event selection Maximum inclination angle >20°

(From the results of Baumjohann et al., 1999)

In the first round of dipolarization event selection, entire  Ratio of maximum inclination to initial ~1.5
Wind passes through the magnetotail were scanned for dipo- inclination (From the result of Baumjohann

larization event candidates with increases in Bhecompo- etal., 1999)

nent of the magnetic field and increases in the inclination  Rate of change of the magnetic field >1.5°/min

angle of the magnetic field with respect to thie-Y plane.

inclination (this paper)

No limits on theY position of the spacecraft were imposed
during the initial selection, so that we could examine the full
azimuthal extent of the substorm current wedge; however,
only portions of the Wind orbit wittk <—6.0 R were con-  of 10 to 13Rg were on the order of 5-10 min (e.8igsbee
sidered. The candidate events found by visually searching foet al, 2002 Fairfield et al, 1998 Nagai et al. 2000. A
increases imB; and the magnetic field inclination were then minimum rate of change in the magnetic field inclination of
screened to eliminate events where the change in magnetit.5°/min was initially chosen to aid in selecting Wind dipo-
field inclination was less than 15This selection condition larization events, since it would produce the required mini-
was used to study dipolarizations in the AMPTE/CCE datamum 1% change in inclination over a 10-min time period.
set (opez et al. 1988. We used additional selection con- The condition on the minimum rate of change in the mag-
ditions based upon the results of a superposed epoch studyetic field turned out to be redundant, as nearly all of the
of dipolarizations observed by GeotaBgumjohann et al.  events which satisfied the first three conditions also satisfied
1999. Based upon the average magnetic field inclinationsthis one. The selection conditions applied to the Wind dipo-
found by Baumjohann et al(1999 for dipolarizations at larization event candidates in our study are summarized in
distances betweenll<X <—16 R and—16<X <—21R, Table 1. We identified 65 dipolarization events in the Wind
we required that the maximum inclination angle had to bemagnetic field data set based upon these conditions. As we
greater than 20and the ratio of the maximum to initial in- did not use any conditions based upon observations of global
clination had to be greater than 1.5. substorm activity to select the Wind dipolarization events,
Because magnetic field dipolarization events and the flonsome of these dipolarization events may be pseudobreakups
bursts that accompany them are generally short-lived, sudderather than full substorms. Wind also may not have been
events, we also attempted to place conditions upon the rate ah the central plasma sheet during some of the events se-
change of the magnetic field inclination during our dipolar- lected in this manner. To help clarify the difference between
ization events. The durations of the earthward flow bursts andubstorms and pseudobreakups, we categorized the dipolar-
dipolarization events observed by Geotail at radial distanceszation events as either isolated dipolarizations or part of a
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series of closely spaced dipolarizations. Isolated events werebserved by Wind and by GOES 8 or 9, were also com-

defined as dipolarizations observed at least 20 min before opared. Data from the CANOPUS ground magnetometer sta-

after other dipolarizations. Dipolarization events were con-tions in Canada were also available during the case studies.

sidered to be part of a series of multiple dipolarizations if The CANOPUS ground magnetometer data were used to pro-

they occurred less than 20 min apatrt. vide an indication of closure of the substorm current wedge
through the ionosphere.

4 Substorm onset indicators
5 Case studies

One of the difficulties in studying substorms is choosing a
measure of global substorm activity. Auroral kilometric ra- In this section, we will examine Wind data from four dif-
diation (AKR) is widely accepted as one indicator of auroral ferent magnetotail passes when magnetic field data from the
activity and substorms (e.§lavin et al, 2009. We decided GOES 8 and 9 geosynchronous spacecraft and CANOPUS
to examine AKR observations from the Wind WAVES instru- ground magnetometer stations were available. These case
ment during the Wind dipolarization events, since this is thestudies illustrate examples of isolated dipolarizations and
one substorm indicator that was guaranteed to be availablenultiple dipolarization series events using the criteria de-
during all of the dipolarization events. AKR emissions cover scribed in Sect. 3. Comparison of the Wind magnetic field
a broad frequency range, so it is useful to examine a few seand plasma observations during these events with observa-
lect frequency bands or to integrate the power observed ovetions from GOES and the CANOPUS ground stations will
the AKR frequency range when studying substorms. Be-allow us to explore the relation between the magnetic field
cause the frequencies at which AKR emissions first intensifydipolarizations in the mid-tail and at geosynchronous orbit
were found to be highly variable during our dipolarization with the development of the substorm current wedge.
events, we chose to integrate AKR power over a broad fre-
quency range. 5.1 13 January 1996, 02:30-04:30 UT

Previous studies have integrated power in the AKR fre-
quency range to construct a new index for geomagnetic acFigure 2 shows AKR observed by Wind WAVES, th¥
tivity. Murata et al.(1997 integrated Geotail Plasma Wave (northward) component of the magnetic field measured at
Instrument data from 50 kHz to 800 kHz to create an AKR Fort Churchill in the CANOPUS ground magnetometer net-
index. The integrated AKR power index was normalized work, the GOES 8 magnetic field, the Wind magnetic field
to a radial distance of 2Br from Earth. Murata et al. data, and Wind plasma data from 02:30 to 04:30 UT on
(1997 found that their AKR index was proportional #, 13 January 1996. Strong AKR emissions were observed
for K,<4, and that there was a linear relation between theby Wind throughout the time period shown in Fig. At
AKR index andDy; for 50<D;;<0nT. Kurth et al.(1998, 02:51:00 UT, Wind observed a sudden intensification of the
used integrated plasma wave data from Polar to create aAKR emissions and the frequency range of the emissions
AKR index. Their AKR index was normalized to a radial extended to lower frequencies. The AKR data imply that
distance of R, which is the apogee of the Polar space- intense auroral activity was already in progress more than
craft. Kurth et al.(1998 found a reasonable correlation be- 10 min before activity was observed by GOES 8, and 40 min
tween the AKR index and CANOPUS CU-CL index. They before the dipolarization was observed by Wind. Starting at
concluded that the integrated AKR power is a good proxy02:00 UT, the magnetic field inclination angle at GOES 8
for the AE index. To construct an AKR index using Wind, steadily decreased from an initial value of"36 a value of
we integrated Wind WAVES RAD1 data between 50 kHz to 30° at 03:00 UT. The decrease of the magnetic field incli-
800 kHz. We normalized our AKR index to a radial distance nation observed by GOES 8 indicates stretching of the near
of 14 R, the average radial distance of the Wind dipolariza- magnetotail during the growth phad¢agaj 1982. Shortly
tion events. after 03:00 UT, theB, component of the magnetic field and

Coverage by high-latitude ground magnetometer stationdnclination angle at GOES 8 began to increase. GOES 8
and geosynchronous spacecraft was limited during most ofvas located near 22:02 LT &t-5.3,3.6, —1.7) Rg when
the Wind dipolarization events, due to local time constraintsthe dipolarization was observed at 03:02:25 UT. The dipo-
on the relevance of these observations to substorms. Howlarization at GOES 8 is marked by a dotted line in Eig.
ever, magnetic field data from the GOES 8 and 9 geosyn-The magnetic field inclination at GOES 8 reached a peak
chronous satellites in the night side magnetosphere wergalue of approximately 70at 03:43:30 UT. The GOES 9
available during some of the Wind dipolarization events. Inspacecraft was located on the dusk flank near 18:00 LT at
the case studies presented in this paper, data from the GOE®.13, 6.56, 0.90) Rg, where it observed low-frequency fluc-
geosynchronous satellites were used to examine the timinguations of the magnetic field, but did not see a clear dipolar-
between the observations of dipolarizations and flow burstgzation signature.
at Wind with the start of the dipolarization at geosynchronous An isolated dipolarization event was observed by the Wind
orbit. The properties of the dipolarizations, such as thespacecraft starting at 03:30:43 UT and is marked by the
B increase and the increase in magnetic field inclination,solid black line in Fig.2. Prior to the start of the magnetic
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field dipolarization, Wind was located near 21:42 LT at Wind (—) GOESS (--) January 13, 1996
(—104,7.2,0.8) R, in a quiet, tail-like region of the mag- 1000 - ‘ :

netic field, as indicated by the large, steady valudpfind : i

the small value ofB,. These magnetic field signatures are ;100

similar to the growth phase signatures observed by GOES 8 i !
prior to the start of the dipolarization at geosynchronous or- ;
bit. The magnetic field inclination to the equatorial plane at
Wind was less than°sbefore the start of the magnetic field
dipolarization. At the start of the magnetic field dipolariza-
tion, Wind observed a decreaseBn and the total magnetic
field, while B, began to increase. At 03:50:52 UT the mag- .
netic field inclination to the equatorial plane at Wind reached 60 M ~
a maximum value close to 30Large amplitude fluctuations ‘2‘25_,_—/" ;N \\m BX
of the magnetic field were also observed after the start of : ¥ ‘ ]
the magnetic field dipolarization, similar to fluctuations of PR ‘ ‘
the magnetic field observed during dipolarizations by Geo- g :
tail (Sigsbee et al2002 Nagai et al,2000. Although Wind

was located close to the equatorial plane during this event,
the 3-DP plasma data indicate that the spacecraft was situ-
ated outside of a thinned plasma sheet before the dipolariza-
tion. A sudden increase in the plasma beta was recorded just
after 03:40 UT, indicating that the plasma sheet had finally
expanded over the spacecraft. The increase in the plasma
beta was due to a slight decrease in the magnetic pressure
and a sudden increase in the ion pressure by about a factor
of 100. The total pressure at Wind's location in the mag-
netotail was dominated by the contribution of the magnetic
pressure, so that the total pressure decreased only slightly 1.000f

50

Wind WAVES
Freq. (kHz)
dB

100i___,_;—’“*j\vfﬁ\\»v\: ‘ ] BTOTAL
807 . M
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Angle (degrees)
N B O
o O o
{
|

Wind

Magnetic Field (nT)
S
o
T

P 4 BTOTAL
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I 1 |

Wind Incl.
Angle (degrees)
N
o

during this dipolarization. The maximum earthward flow of 2 0100
315km/s was observed by Wind at 03:45:34 UT, shortly af-  £¢

2 0.010
ter the plasma sheet expanded over the spacecraft, and near &

the time of the maximum magnetic field inclination to the Oggé

equatorial plane. Although the earthward flows had a com- = soo;
ponent parallel to the magnetic field, the component of the 52 700-
flows perpendicular to the magnetic field dominated during 2= of .
the largest earthward flow bursts. = e B ‘ ‘
The observations from Wind, at geosynchronous orbit, and ¥ %7 EhE EE 58 %3
on the ground, on 13 January 1996, show that even when an fmm,_ 0250 0300 0330 0400 0430

isolated dipolarization is observed in the near magnetotail,

the timing of the local magnetotail reconfiguration relative Fig. 2. wind, CANOPUS and GOES 8 data from 02:30 to 04:30 UT
to other onset signatures can be complicated. This coul@n 13 January 1996. From top to bottom, Fgshows the Wind
be due to the difference in the locations of the Wind andWAVES RADL1 receiver data, th& (northward) component of the
GOES spacecraft, and the manner in which the dipolarizaimagnetic field measured at Fort Churchill, the total magnetic field
tion spreads in local time and distance down the magnetotail(black) measured by GOES 8, ti#e (red) andB; (green) compo-
Comparison of the Wind and GOES 8 dipolarizations ap_nents of the magnetic field measured by GOES 8, the magnetic field
pear to indicate that the activity started close to midnight and"clination at GOES 8, the total magnetic field (black) measured
then spread in local time. Similar conclusions were reached? Vind: theBx (red) andB; (green) components of the magnetic
in the studies erformed. ez et al(1988 and Nagai ield measured by Wind, the magnetic field inclination at Wind, the
P . blyop_ ( 9 . 9 Wind plasma beta (black), the Wind ion (red) and magnetic (green)
(1991). However, it is not entirely clear how this expan-

5 . . . pressures, and th& component of the flow velocity at Wind. The
sion progressed. According Megai(1991), if the substorm  component ofv, perpendicular to the magnetic field is shown in

onset occurs at midnight, a geos.ync.hronous spacecraft NE&d and the totaly is shown in black. An isolated dipolarization
22:00 MLT should see the dipolarization start less than 5 minevent was observed by the Wind spacecraft starting at 03:30:43 and

after the onset. The dipolarization reached GOES 8 abouis marked by the solid black line. The start of the dipolarization ob-
20 min after the AKR intensification and about 30 min be- served by GOES 8 is marked by a dotted line. GOES 8 was located
fore the dipolarization was observed by Wind. GOES 8 wasbetween 21.5 LT to 23.6 LT for the time period shown in the figure.
located 20 min in local time closer to midnight than Wind,

which could account for the observation of the dipolarization
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GOES 9 (--) April 18, 1996

too small to account for the 30-min delay in the start of dipo-
larization at Wind. It is interesting to note that the magnetic
field inclination reached its peak values at both Wind and
© GOES 8 around 03:40-03:50 UT, even though the dipolar-
ization at GOES 8 started 30 min earlier than the dipolariza-
tion at Wind. A negative bay developed at Fort Churchill in

the CANOPUS ground magnetometer network a few min-

Wind WAVES
Freq. (kHz)

i "“: utes after the dipolarization occurred at Wind. There was
g E a slight intensification in emissions at the lower end of the
g ; E AKR frequency range associated with the dipolarization at
g 123; T L  BTOTAL Wind. These signatures indicate that the dipolarization at
o3 g0 E Wind represented a local intensification in the current sys-
g5 E A A 3% tem, rather than a new substorm onset.
g 200 : E
) e e — 5.2 18 April 1996, 06:30-10:00 UT
7 gof 21407LT E
% GOWM_.\_\: Figure 3 shows AKR observed by Wind WAVES, th¥
@g 3 E (northward) component of the magnetic field measured at
o e ‘ E Fort Simpson in the CANOPUS ground magnetometer net-
g ‘ ' ‘ ] BroTAL work, the magnetic field measured at GOES 9, the magnetic
3 ZOW ] field measured by Wind, and Wind plasma data for the dipo-
g% o 1 W ] larization events that occurred between 06:30 and 10:00 UT
5 201 ; J BX on 18 April 1996. This was a very active day, with a to-
= ;gg: 1 ; 1 . tal of six dipolarizations observed by Wind from 05:00 to
F sof ; 11:00 UT which met the selection criteria in Table 1. Some
Eg 60F : of the dipolarizations observed by Wind on 18 April 1996
gg 40F ; were separated by at least 20 min from preceding or suc-
g PN ceeding dipolarizations and were classified as isolated events
1000.0002 \ ; (dipolarizations at 05:24 UT, 07:54 UT, and 10:31 UT), while
 100.000 _ . . . .
2 100007 others were classified as part of a multiple dipolarization se-
gg 1.000p ries (dipolarizations at 08:34 UT, 08:43 UT, and 08:59 UT).
g o During the large flow bursts associated with the 07:54 UT
0182; —— and 08:34 UT dipolarizations, the componentiQfperpen-
= ¥ dicular to the magnetic field (red trace in the last panel of
Og S00¢ : Fig. 3) was quite large, although there was also a parallel
Eé opeam=mtn component to these flow bursts. The earthward flow ve-
= ook ‘ : locities were quite small<€300 km/s) during the last three
o 27 dipolarization events, even though plasma beta values greater
Ell(géanA y o than 1 indicated that Wind was located in the plasma sheet.
pr

However, the inclination angles still increased by more than
a factor of 2 during these dipolarizations, and the maximum
Flg 3. Wind, CANOPUS and GOES 9 data from 06:30 to 10:00 UT inclination ang|es reached were betweeh &dd 90. A pos-

on 18 April 1996. Figure is the same format as Fig, exceptthat  gjpje explanation is that Wind was not located in the center
the X component of the magnetic field from Fort Simpson is shown of the flow channel, but was close enough to observe the

in the second panel and data from the GOES 9 geosyncmono#ﬁwagnetic field perturbations associated with the earthward

satellite are shown. GOES 9 was located between 21.4 LTt0 0.7 L . .
for the time period shown in the figure. transp_ort of magnepc flgx by the flows_. This may be the
most likely explanation since other studies (éAggelopou-
los et al, 1996 1997ab; Nakamura et al 2004 have argued
that flow bursts tend to occur in very localized regions of the
at GOES 8 before dipolarization started at Wind. However,magnetotail.
this is not consistent with th&lagai (1997 study, which The time period from 07:00 to 10:00 UT on 18 April 1996
showed that it only takes about 30 min for a dipolarization has also been examined in detail Bjavin et al.(1997,
at geosynchronous orbit to expand duskward from midnightwho compared the timing of the dipolarizations observed by
to 18:00 MLT and about 15min to expand dawnward to Wind, Geotail, and GOES 9. The Wind WAVES instrument
04:00 MLT. Although the propagation and expansion of the observed an intensification in AKR emissions from 07:33 UT
dipolarization may change with radial distance, the differ-to 08:10 UT. A negative bay was observed at Fort Simpson
ence between Wind and GOES 8 in local time seems to bén the CANOPUS ground network simultaneously with the
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AKR intensification. GOES 9 was located near 22:16 LT atand Wind during these events could be explained by the grad-
(=5.9,2.7,0.8) Rr when it observed a magnetic field dipo- ual formation of a region of high pressure and dipolarized
larization at 07:24:30 UT, just before the start of the AKR magnetic field near geosynchronous orbit due to the effects
intensification. The magnetic field inclination at GOES 9 in- of overlapping flow bursts in the magnetotail on the inner
creased from an initial value of 37.90 a maximum value magnetosphere.
of 63.3 at 08:06:30 UT. At 07:54:07 UT, Wind was located = The 07:54 UT dipolarization observed by Wind was fol-
near 21:55 LT a{—13.7, 7.7, 1.2) R when anisolated dipo- lowed by a series of three smaller, closely spaced dipolar-
larization was observed. A few minutes earlier at 07:52 UT, aizations at 08:34 UT, 08:43 UT, and 08:59 UT. These three
series of dipolarizations and earthward flow bursts were obdipolarizations were interpreted as occurring during the sub-
served by Geotail near midnight adt=—125Rg (Slavin  storm recovery phase I8lavin et al.(1997). In our study of
et al, 1997). The complicated timing between the dipolar- dipolarizations, we labeled these three dipolarizations as part
izations observed by Wind, Geotail, and GOES 9 was inter-of a multiple dipolarization series, since they were spaced
preted by Slavin et al. as evidence for spatially localized, butless than 20 min apart. These dipolarizations were not ob-
temporally overlapping flow bursts in the near magnetotail. served by the GOES 8 or GOES 9 spacecraft; however, they
They suggested that the combined effects of the magnetigvere associated with brief intensifications in AKR emissions
flux transported by these overlapping flow bursts caused thand fluctuations in the magnetic field at Wind. These three
dipolarization observed by GOES 9 at geosynchronous orbitdipolarizations were different from the isolated dipolariza-
Although the data presented Bjavin et al(1997) showed  tions on 18 April 1996, as they did not show a typical growth
that this substorm was a complex event with multiple ac-phase period characterized by a thinned plasma sheet before
tive regions in the near magnetotail, the properties of thethe dipolarization. Wind remained in the plasma sheet for the
07:54:07 UT dipolarization observed by Wind were similar entire time period between 08:30 and 09:30 UT, as indicated
to the other isolated dipolarizations studied. Before the starby the plasma beta. Between 08:30 and 09:30 UT, the ion
of this dipolarization, Wind was located in a region of tail- pressure and total pressure remained nearly constant around
like magnetic field, as evidenced by the lajecomponent  0.2nPa. However, slight decreases in the ion pressure and
and the smallB, and B, components of the magnetic field. total pressure occurred during the 08:59 UT dipolarization.
The magnetic field inclination at Wind was only 3l6efore  Fluctuations in the plasma beta from 08:30 to 09:30 UT were
the dipolarization started. A decrease in the Wind plasmacaused by fluctuations of the magnetic pressure between val-
beta before the start of this dipolarization indicated thinningues of 0.001 to 0.1nPa.B, and the total magnetic field
of the plasma sheet. The decrease in the plasma beta duringere small ¢ a few nT) before the start of the 08:34 UT,
the growth phase was caused mainly by a gradual increas@8:43 UT, and 08:59 UT dipolarizations. The change in mag-
in the magnetic pressure from about 0.1 nPa at 06:30 UT tmetic field inclination was due mainly to the increasebin
about 0.5nPa, just before the start of the dipolarization. Aand not due to a decrease B or the total magnetic field.
sudden decrease in the ion pressure from about 0.1 nPa ahis is fairly typical behavior for the dipolarizations that oc-
07:40 UT to about 0.001 nPa at 07:50 UT also contributedcurred as part of a multiple dipolarization series in our study,
to the decrease in the plasma beta just before the start of th@hich will also be described during the discussion of the 26
dipolarization. At the start of the dipolarization, fluctuations July 1997 dipolarization events in Sect. 5.4, and in the results
of the magnetic field were observed, along with a decrease inf the superposed epoch study described in Sect. 6.3.
B, and the total magnetic field, and an increasgirand the
magnetic field inclination. The suddenincrease in the plasm&.3 10 May 1996, 03:30-05:30 UT
beta at the start of the dipolarization, indicating expansion of
the plasma sheet back over the spacecraft, resulted from Another example of an isolated dipolarization event at Wind
decrease in the magnetic pressure and sudden increase in thecurred on 10 May 1996 at 04:25:04 UT. Wind was located
ion pressure. At 08:08:01 UT, the magnetic field inclination near 22:03 LT at—12.1, 6.5, 2.0) Rg during this dipolariza-
angle at Wind reached a maximum value of 82.%&carth-  tion. Figure4 shows AKR observed by Wind WAVES, the
ward flows greater than 400 km/s were observed by Wind atX (northward) component of the magnetic field measured at
08:06 UT, just before the maximum magnetic field inclina- Fort Churchill in the CANOPUS ground magnetometer net-
tion was reached. work, the GOES 8 magnetic field data, the Wind magnetic
Although the dipolarization started about 30 min earlier atfield data, and the plasma data from Wind for this dipolar-
GOES 9 than at Wind, the maximum inclination angle wasization event. The GOES 8 geosynchronous satellite was lo-
reached at GOES 9 only about 1.5 min before the maximunctated near 22:47 LT 4t6.1, 1.5, 2.0) Rg when it observed
inclination angle was reached at Wind. In both this dipolar- a magnetic field dipolarization. The dipolarization observed
ization and the 13 January 1996 case study, the maximunby GOES 8 occurred at 04:02:30 UT, more than 20 min be-
inclination angle was reached at geosynchronous orbit onlyfore the dipolarization was observed by Wind. The dipo-
1-2 min after the maximum earthward flow was observed bylarization observed by GOES 8 at 04:02:30 UT featured a
Wwind, even though the magnetic field inclination at geosyn-very steep increase iB, and the magnetic field inclination
chronous orbit began to increase much earlier than it did atompared to the other examples of dipolarizations at geosyn-
Wind. The delay between the start of dipolarization at GOESchronous orbit shown here. Only a small perturbatioBn
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Wind (—) GOES 8 (--) May 10,199 _ with an increase in the intensity of AKR emissions just be-
o fore 04:00 UT, and with the development of a negative bay
gg o at Fort Churchill. Another AKR intensification occurred at
28 04:20 UT, just before the start of the dipolarization at Wind.
= 0 Bursts of earthward flow greater than 200 jstwere ob-

8200 A served by Wind from 03:30 UT to 04:10 UT. The flows ob-

8100 ‘ ‘ ‘: ‘ ‘ =
8000 ~V—\LW.\J\ : served from 03:30 to 04:10 UT were parallel to the magnetic
7800 : : field. These flows could represent the parallel flow in the
E ‘:/
SR N

Fort Churchill
BX (nT)

ToE : plasma sheet boundary layer at the lobe-plasma sheet inter-
S —— face. The survey of high-speed bulk flows and field-aligned
~————~——~—— = BTOTAL beams conducted ¥aj et al.(2002 showed that bulk flows

7600 &
7500

120
100 £

5 BX are generally perpendicular to the magnetic field close to the
] neutral sheet but can have a large field-aligned component
away from the neutral sheet. After a short period wlgn
decreased dramatically, more earthward flow bursts were ob-
served starting around 04:20 UT. The maximum earthward
flow observed during this event was 776 km/s at 04:26:38 UT,
just after the start of the Wind magnetic field dipolarization
at 04:25:04 UT. As the dipolarization progressed, the contri-
bution of flows perpendicular to the magnetic field increased.
BTOTAL This dipolarization featured a decrease B, and
BX BroraL, and a very steep increase B and the magnetic
field inclination. The magnetic field inclination at Wind in-
F : creased from an initial value of .20 a maximum value of
60 5 71.# in 1.5min. This implies that the magnetic field inclina-
40~ : tion changed at a rate of 47/min. The maximum inclina-
201 n 1 tion was observed almost simultaneously with the maximum
? : : earthward flow during this dipolarization. The magnetic field
7 fluctuated rapidly, and the maximum inclination of 7lwlas
reached only briefly. However, the average magnetic field
inclination for the period from 04:25:04 UT to 05:10:00 UT
was 38, a significant increase over the initial value of0.2
Before the 10 May 1996 dipolarization, the magnetic pres-
sure and total pressure remained fairly constant. The de-
crease in the plasma beta around 04:00 UT was due to a sud-
den drop in the ion pressure before dipolarization, similar to
the decrease in the ion pressure before the 13 January 1996
dipolarization. During the 10 May 1996 dipolarization, the
ion pressure increased, and the total pressure and magnetic
pressure gradually decreased.
Fig. 4. Wind, CANOPUS and GOES 8 data from 03:30t0 05:30 UT  In most of the isolated dipolarizations, including the
on 10 May 1996. Figurd is the same format as Fig. GOES 8 10 May 1996 dipolarization, the total magnetic field ob-
was .|Ocated between 22.3 LT to 0.2 LT for the time period shown in served by Wind decreased during the process of dipo|ariza_
the figure. tion. It is interesting to note that during the 10 May 1996,
04:02:30 UT dipolarization at GOES 8, and the 18 April
1996, 07:23:30 UT dipolarization at GOES 9, the total mag-
was observed by GOES 8, so the increase in the magnetioetic field at geosynchronous orbit increased during the dipo-
field inclination was due mainly to the increasebin Theto-  larization.Nagai(1982 attributed increases in the total mag-
tal magnetic field at GOES 8 also increased during this dipo-etic field at geosynchronous orbit after dipolarization to the
larization. Increases in the magnetic field strength have alse@nhancement of thH component of the magnetic field (par-
been reported in detailed studies of dipolarizations at geosynallel to the Earth’s dipole axis and positive northward). At
chronous orbit (e.gNagaj 1982. The magnetic field incli-  Wind’s radial distance, th&, component of the magnetic
nation at GOES 8 started at 28.8nd then quickly increased field often dominates before an isolated dipolarization, and
to a maximum value of 45°7at 04:09:30 UT. After the max- can be nearly a factor of 10 larger th&n when the magne-
imum inclination was reached, the magnetic field inclina- totail is highly stretched. During the 10 May 1996, event, the
tion gradually decreased until about 05:00 UT. The obserthree components of the magnetic field measured by GOES 8
vation of the dipolarization by GOES 8 was well correlated at geosynchronous orbit were within a factor of 2 of one
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Magnetic Field (nT)
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Angle (degrees)

Wind

Magnetic Field (nT)

Wind Incl
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Wind
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another before the dipolarization. If the magnetotail is not oo e ) iy 26,1907
highly stretched at geosynchronous orbit, one might expect o | II"' i 1‘ ™ I. ] P
to see a pile-up of magnetic flux during dipolarization, which 2 iHF P‘ ' F m o
would account for the increase By, but no major decrease Eg | (] ®
in B,. This would also result in an increase in the total mag- > [ 1 it st " R
netic field at geosynchronous orbit. 8150 ‘ *

52 oo
5.4 26 July 1997, 03:15-08:30 UT S 8000

£0 7950

- 7900

The period from 03:30 UT to 08:30 UT on 26 July 1997 is an 7850
example of a period with many pseudobreakups and dipolar-
izations, but nothing that looks like a classical, well-defined
substorm Fillingim et al,, 200Q 2001). The activity during
this time period was interpreted as consisting of a series of
quiet-time pseudobreakups by Fillingim et al. (2000, 2001),
due to the lack of significant poleward auroral expansion.
However, the phenomena that occurred in the magnetotail
were similar to those that occured during substorms. Wind
observed ten dipolarizations that met the selection criteria in ot ‘ ‘ ‘
Table 1 on 26 July 1997 from 03:30 to 08:30 UT. The ini-
tial inclination angles were greater than°2@ eight of the
dipolarizations observed by Wind, and maximum inclination
angles greater than 7vere observed during five of the dipo-
larizations on 26 July 1997.

AKR observed by Wind WAVES, th& (northward) com-
ponent of the magnetic field measured at Fort Churchill, the
magnetic field data from GOES 8, and the Wind magnetic
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field and plasma data for 26 July 1997, 03:30 to 07:30 UT 0

are shown in Fig5. The dipolarizations observed by Wind 1 5

were spaced quite close together (less than 20 min apart), & 100¢ | 1‘ N R 01073
. . . . . . Cm Iy oL g A 105

so this time period includes many examples of dipolariza- = 5 WA Y P g

tions labeled as part of a multiple dipolarization series in our
study. The characteristics of many of the dipolarizations ob-
served by Wind during this time period are considerably dif-
ferent from the properties of the isolated (spaced more than
20 min apart) dipolarization events. The definitions of iso-
lated events and multiple dipolarization series events used
in our study were chosen specifically to separate the type %T ) ) ) :
of dipolarization observed on 26 July 1997 and similar pe- 0m .6 0400 0500 0600 0700
riods from the other events, and not to identify individual
substorms. Some of the events labeled as isolated dipolafFig. 5. Wind, CANOPUS and GOES 8 data from 03:30 to 07:30 UT
izations may in fact represent intensifications of an existingon 26 July 1997. Figuré is the same format as Fig. GOES 8
substorm, rather than the start of a new substorm. was located between 22.6 LT to 2.6 LT for the time period shown in
Most of the isolated dipolarizations observed by Wind fea- the figure.
tured an increase iB,, decreases iB, and Byorar, and
an increase in the magnetic field inclination. The decreas&he plasma and magnetic field data for 26 July 1997, indi-
in Brorar appeared to be caused by the decreasB,in cated that Wind was located in the plasma sheet for the en-
during most isolated events, which often began with a pe-ire interval when the dipolarizations were observed. The to-
riod of quiet, tail-like magnetic field just before the magnetic tal pressure, magnetic pressure, and ion pressure remained
field dipolarization. The magnetic field often increased grad-fairly constant throughout the entire time interval shown,
ually as the density decreased just before an isolated evenbut small, transient fluctuations in these quantities occurred
indicating a thinning of the plasma sheet. Decreases in theluring some of the dipolarizations. During the other time
plasma beta before the isolated events also indicated plasmzeriods considered, the ion pressure usually increased dur-
sheet thinning, which is a well-known characteristic of the ing dipolarization, as a result of plasma sheet expansion.
substorm growth phase in the magnetotail. Growth phaséHowever, on 26 July 1997, transient decreases in the ion
signatures were absent before many of the multiple dipolarpressure occurred during the dipolarizations at 04:53:07 UT,
ization series events, such as those observed on 26 July 19905:44:19 UT, and 05:57:46 UT.

Wind VX GSM
(km/s)
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Itis interesting to note that from 04:00 UT to 05:20 UT, the tion events. These flow velocities are comparable to the flow
average value oB, remained fairly steady, although large velocities observed during isolated dipolarization events by
amplitude fluctuations of the magnetic field were observedWind. In many of the flow bursts, the componentigf par-
during the dipolarization events. ThHg component of the allel to the magnetic field was quite large. Detailed analysis
magnetic field started at about 5 nT at 03:30 UT, and then beef the Wind particle distributions for 26 July 1997 showed
gan to gradually increase from 04:00 UT to 05:20 UT. Fourthat when|B,| was small, the flows were mainly perpen-
perturbations irB, that resulted in brief increases in the incli- dicular to the magnetic field, but whe®, | was larger, the
nation angle during this period were considered to be distincflows were more field-alignediaj et al, 2002. Even when
dipolarization events (marked by vertical lines at 04:08 UT, the flows observed on 26 July 1997 had a significant field-
04:30 UT, 04:39 UT, and 04:53 UT in Fig). Three of these aligned componentRaj et al. (2002 found that the flows
dipolarizations were associated with large bursts of earthstill appeared to be convective in nature and were not consis-
ward flow. Although the magnetic field inclination aiy tent with field-aligned beams. All of the dipolarization events
briefly increased and then decreased during each of thesand flow bursts on 26 July 1997 were associated with brief
four dipolarizations, the inclination remained higher than intensifications of AKR and Pi2 pulsations at Fort Churchill.
its initial value after each dipolarization. It is not clear if Some of the dipolarizations were also associated with the de-
these individual dipolarizations collectively were responsi- velopment of negative bays at Fort Churchill.
ble for the gradual increase B, observed from 04:00 UT Although GOES 8 and GOES 9 were well-positioned to
to 05:20 UT, or if theB, increase was caused by something observe the geomagnetic activity on 26 July 1997, only very
else and the dipolarizations were merely transient perturbasmall perturbations of the magnetic field at geosynchronous
tions without any lasting effect. orbit were observed. Neither GOES 8 nor GOES 9 ob-

After 05:20 UT, B, decreased suddenly, dropping to the served dipolarization signatures during the activity observed
same value as before the 04:08 to 04:53 UT dipolarizationsby Wind on 26 July 1997. At geosynchronous orbit, Pi2 pul-
The magnitude oB, also increased slightly, but the plasma sations are observed less often during time periods with low
beta remained relatively steady and did not indicate signifi-K, index values than for periods with higki,, due to the
cant thinning of the plasma sheet. Several minutes later, a segeometry of the inner magnetospheginger et al. 1983.
ries of three dipolarizations was observed by Wind (markedAccording to Singer et al.(1983, when K, is high, the
by vertical lines at 05:29 UT, 05:43 UT, and 05:57 UT in inner boundary of the plasma sheet may be inside geosyn-
Fig. 5). Each of these dipolarizations increased in dura-chronous orbit, but whe, is low, the inner boundary of
tion and intensity. The third dipolarization had the largestthe plasma sheet and the Pi2 source region are located far-
change in magnetic field inclination of the three, was associther from Earth. ThekK, index was low on 26 July 1997,
ated with the largest flows, the largest AKR intensification, so the inner boundary of the plasma sheet may have been
and had the longest duration. This series of dipolarizationdocated too far tailward of geosynchronous orbit for dipo-
was associated with a larger decreass,ithan the 04:00to larizations to be observed by GOES 8 or 9. Although no
05:20 UT dipolarizations, and each dipolarization appearedactivity was observed at geosynchronous orbit, the dipolar-
to contribute to the step-wise decrease in the magnitude oizations observed by Wind on 26 July 1997 seem to be asso-
B, between 05:30 UT and 06:20 UT. Although the increaseciated with most of the substorm expansion phase character-
in the magnitude oB, between 05:20-05:29 UT indicated istics described in both the flow-braking/NENL and current
that there may have been some storage of energy in the maglisruption substorm models, so it is not clear why the mag-
netotail during this time, the decreasesinand the behavior netosphere does not follow the classical pattern of substorm
of the plasma beta after the 05:29 UT dipolarization are notdevelopment.
consistent with the storage of additional energy in the mag- With the exceptions of the dipolarizations at 05:29 UT and
netotail before the 05:43 UT and 05:57 UT dipolarizations. 06:30 UT, the dipolarizations observed during the time pe-
After the third dipolarization,B, began to decrease again riod shown in Fig.5 did not appear to be associated with
until about 06:30 UT, when a final series of two dipolariza- typical growth phase signatures. A possible explanation is
tions was observed (marked by vertical lines at 06:30 UT andhat solar wind conditions on 26 July 1997 caused the mag-
06:40 UT). There was also a slight increase in the magnitudenetosphere to enter into a pattern of directly driven activ-
of B, before the 06:30 UT dipolarization, which could be in- ity where energy was continuously released in the magne-
terpreted as a short growth phase, but the plasma beta and thatail instead of stored in the tail lobes during a growth
pressures do not indicate a thinning of the plasma sheet. Thphase and then explosively released at the onset of the
behavior of B, during these two dipolarizations was similar substorm expansion phase. However, the time period on
to the behavior o8B, during the 04:00 to 05:20 UT dipolar- 26 July 1997, shown in Fig5, does not fit the profile
izations. HoweverB, began to steadily decrease during the for a steady magnetospheric convection event. Solar wind
06:30 UT dipolarizations. data from Geotail at21.8, —13.9, —2.9) R and IMP-8 at

Bursts of earthward flow were observed during most of the(27.2, —25.7, —2.4) Rg both indicated thatB,| was often
dipolarizations observed by Wind on 26 July 1997. Although larger thanB, and that the IMFB, was small ¢2nT),
the flow bursts each lasted only a few minutes, flows greateand mainly northward, although it did fluctuate considerably
than 400 km/s were observed during some of the dipolarizaduring this time period. Steady magnetospheric convection
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Fig. 6. The top 3 panels show histograms of the total amount of timeFig. 7. Histograms of the number of dipolarization events per 100 h
in hours that the Wind spacecraft spent in different bins ofh#, observed by Wind in the same position bins shown in Eig.
andZ GSM position of the spacecraft. The bottom panel shows the
amount of time Wind spent at different distances from the neutral
sheet as determined by Fairfield (1980).

termined by Fairfield (1980). The Wind spacecraft spent

the most time in the magnetotail betweeb<X<—14Rg.
events generally have several hours of southward IBAF  The passes through the magnetotail were fairly evenly dis-
(e.g. Sergeev et al.1996. When the propagation time de- tributed across the tail in th& direction, but Wind spent
lay is taken into account, it appears that brief, southwardsjightly more time in the post-midnight regiot £0) than
fluctuations in the IMFB, may have been associated with it did in the pre-midnight region. Wind was generally lo-
some of the dipolarization events observed by Wind on 26¢ated betweer2<Z <3 R, but there was a much broader
July 1997. Due to the large distances of Geotail and IMP-gijstribution of positions relative to the Fairfield (1980) neu-
8 in the Y direction and the rapid fluctuations in the IMF, tral Sheet1 as shown in F|gu@ Seasonal effects caused by
it is difficult to determine with absolute Certainty that these the Earth’s d|p0|e tilt were taken into account when calculat-
magnetic field fluctuations were associated with the dipolar-ing the neutral sheet model and the position of Wind relative
izations observed by Wind. However, comparison with sim-tq the neutral sheet.
ilar magnetotail activity observed by Geotail_on 1 October Figure7 shows a histogram of the number of dipolariza-
1996 when the ,IMFBZ was small and quctuqtmg, SUQQeStS 4o events per 100 h observed by Wind in the position bins
t_hat the solar wind cqqdlt!ons were resp0p5|ble for the €O rom Fig. 6. Dipolarization events were observed by Wind
tlnpous pattern of activity in the magnetotail on 26 July 1997 | .\ o8-y <17 Re. More dipolarization events were
(Sigsbee et 812004 observed further away from Earth, in agreement with results
from AMPTE/CCE (opez et al. 1988. Although Wind
spent more time in the post-midnight region of the magne-
totail, the distribution of dipolarization events was peaked
6.1 Spatial distribution of dipolarization events in the pre-midnight region{>0), confirming the results

of the Lopez et al.(1989 dipolarization study. The dipo-
Figure 6 shows the total amount of time in hours that Wind larization events were all observed betweeB<Z <3 Rg,
spent in different regions of the magnetotail using GSM and most occurred within a feRg of the Fairfield (1980)
coordinates and the distance to the model neutral sheet deeutral sheet.

6 Statistical results
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Isolated Events (¢ )
N =45

Mult. Dipolarization
Series Events (+

at least 20 min after the last dipolarization event and at least
20 min before the next dipolarization event. Although this
may not correspond to the usual definition of an isolated sub-
storm, making this distinction seemed to be appropriate for
the activity observed by Wind in the magnetotail. We found
that the distribution of the events that occurred as part of a
multiple dipolarization series was more localized in the pre-
midnight region than the distribution of the isolated dipo-
larization events, with most multiple dipolarization series
events occurring close to midnight. As many of the multi-
ple dipolarization series events occurred during quiet times,
this appears to be consistent with the findingt@bez et al.
(1988, that the center of the substorm current wedge shifts
from the pre-midnight region towards the post-midnight re-

o
LB B B L B L

N =20
L |

gion with increasing geomagnetic activity. It is also consis-
tent with studies showing that pseudobreakups are more lim-
ited in spatial extent than substorniNakamura et al1994).

In Fig. 8b, the two curves plotted in thE—Z plane repre-
sent the Fairfield (1980) neutral sheet for dipole tilt angles of
+11°. As shown in Fig8b, most of the dipolarization events
occurred close to the neutral sheet, in agreement with earlier
studies Lopez et al. 1988 Baumjohann et al1999.
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6.2 Observations of earthward flows

¥l
B

We did not require the presence of high-speed earthward
S 1 flows in the selection of dipolarization events, but Wind 3-DP
o ] plasma datal(in et al,, 1995 showed that 78% of the events

1 had more than 5 min of earthward flow greater than 100 km/s.
Maximum earthward flow velocities greater than 300 km/s
were observed in 57% of the events. When only isolated
dipolarization events were considered, this percentage in-
creased to 60%. Although earthward flow was not a selec-
tion condition in our initial search for dipolarization events,
it would appear that most dipolarization events are accompa-
nied by earthward flow. This is in agreement with other stud-
Fig. 8. The spatial Qistrib_ution_of t_he 45 _isolated dipolarization jag of magnetic field dipolarization events, sucBasimjo-
e\{entg and 20 multiple dipolarization series events obseryed b¥1ann et al(1999 andShiokawa et al(1999. Figure9 shows
Wind in (2) the X—Y and(b) theY —Z GSM planes. Isolated dipo- vhen the maximum earthward flow velocity was observed

larization events were defined as dipolarization events occurring Lolative to the start of the maanetic field dipolarization for
Ieast20minaftertheIastdipolarizationeventandatleastZOminbe-ea € o the start of the magnetic Tie polarization 1o

fore the next dipolarization event. Dipolarization events that werethe isolated events. As shown by Fig. 9, the maximum earth-

spaced less than 20 min apart were considered to be part of a multivard flow velocity was observed within 10 to 12 min after the
ple dipolarization series. The two curves plotted in YheZ plane start of the d|p0|arlzat|0n durlﬂg most of the isolated events.

represent the Fairfield (1980) neutral sheet for dipole tilt angles ofThe maximum earthward flow occurred before the start of
+11° the dipolarization in only one isolated event.
The second panel in Fi@.shows the number of events in
2min bins of the difference between the time of the maxi-
Figure 8 shows the spatial distribution of the 65 mum inclination angle and the start time of the dipolariza-
dipolarization events observed by Wind in the-Y and tion for differences from-10 to +30 min. The second panel
Y—Z GSM planes. Figureéa illustrates that most of the shows that the maximum magnetic field inclination is typi-
dipolarization events observed by Wind occurred in the pre-cally reached within 18 min after the start of dipolarization.
midnight region. The distribution of the dipolarization events The third panel in Fig9 shows the number of events in 2 min
in the X—Y GSM plane is similar to the spatial distribution bins of the difference between the time of the maximum in-
of high-speed#£250 km/s) bulk flow events reported in a sur- clination angle and the time of the maximum earthward flow
vey of 17 Wind perigee passes between 1995 and 188y ( velocity V, for differences from -10 to +30 min. In two of
et al, 2009. As described in Sect. 3, isolated dipolariza- the events, the maximum inclination angle was reached more
tion events were defined as dipolarization events occurringhan 10 min before the maximuii, was observed, so they

Z GSM (Ry)
o
o

Neutral Sheet Shown for
Dipole Tilt Angles = +/- 1
s b v b i

[}
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20
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fall outside the limits of the plot. The third panel shows 10
peaks in the distribution between 0 and 4 min, indicating that
in most cases, the maximum inclination angle was reached
almost simultaneously with the observation of the maximum
earthward flow velocity or just a few minutes later. In 28% of
the events shown in the third panel, the maximum inclination
angle was reached before the maximupmwas observed.

A number of explanations exist for the cases where the

(@)

Number of
Isolated Events

maximum inclination was reached before the peak flow: 1) 0 6 -2 2 6 10 14 18 22 26 30
Wind was located on tail-like field lines and did not observe (tMax. V) - (t Dipolarization) in minutes

the flows until the plasma sheet expanded over the space- 10 ‘ ‘

craft; 2) the flows were weak<(100 km/s) and fluctuating; 3) (b) ‘

the magnetic field was fluctuating rapidly, so the maximum 8 ‘

magnetic field inclination was not sustained for very long. g

Substorm observations by Geotail also featured variable flow E% |

directions and magnetic field fluctuations during the flows §§ 4 |

(Nagai et al. 2000. Explanations (2) and (3) probably can < ) |

account for many of the cases in which the maximum inclina-

tion was re_ached befor_e the peak flow. However, there is an- (_’10 S TR T
other possible explanation why large flows were not observed (t Max. Incl. Angle) - (t Dipolarization) in minutes

during some events. The presence of large fluxes of high-
energy ions that exceed the operating limits of typical parti-
cle instruments has been observed in the magnetotail during
substorms (seEairfield et al, 1998 Nagai et al.2000. The
effects of particles penetrating the detector were taken into
account when the Wind 3-DP data were analyzed, but it is
possible that quantities such as the velocity and density were
underestimated due to these particles. For more details on the
plasma flows and particle distributions observed by Wind in
the m_agnetotail, consult the comprehensive study conducted -1 -6 ﬁ Mo incl. A?\gle) _1(2 Max?‘\‘/x) o 2 %%
by Raj et al.(2002.

Ir.] 72% of the events shown in Fig.the .maxmum incli- .. Fig. 9. (a) A histogram of the number of isolated events in 2 min
nation angle was _reaChed after the maximum ,ﬂOW ,Veloc'tybins of the difference between the time when the maximum earth-
was observed. Figur@ supports the flow-braking picture arq flow velocity was observed and the start of the magnetic field
described byShiokawa et al(1997 1998 reasonably well,  gipolarization. (b) The number of events in 2 min bins of the dif-
since in most cases the peak flow was observed before thference between the time when the maximum inclination angle was
dipolarization reached its maximum inclination angle. This observed and the start time of the dipolarizatigo) The number
is also consistent with observations from GeotaikaESM of events in 2 min bins of the difference between the time when the
>—20Rg, in which plasma flows were observed to start be- maximum inclination angle was observed and the time when the
fore the increase iB, associated with magnetotail dipolar- Maximum earthward flow velocity was observed.
ization (Nagai et al. 2000. Figure9 also shows that the
dipolarization observed by a single spacecraft in the magne-
totail is generally a rapid process, occurring on time scaledetween &|Y|<12Rz. We attempted to use the integrated
less than the duration of the auroral disturbances associate®KR power index as an indicator of global substorm onset
with a typical substorm, which can last for more than 1 h, astimes for a superposed epoch study of the azimuthal expan-
shown by global auroral images (eMende et al.2003 and  sion of the substorm current wedge, but the timing of the
references therein). Wind dipolarization events relative to the AKR intensifica-

tions was not well-defined. We found that it was difficult
6.3 Superposed epoch study of dipolarizations and AKR to identify onset times correctly using the AKR index even

for isolated dipolarization events because the highly variable
To perform a superposed epoch study of the Wind mag+frequency and bandwidth of AKR made it difficult to chose
netic field dipolarization events, we divided the magnetotaila suitable intensity threshold. We therefore chose the zero-
between—18<X <—8 Rg into bins 3Rg wide inY. We epoch time to be the start of thi increase, to examine how
assumed that the substorm expands symmetrically arounthe AKR varied relative to the magnetic field dipolarization
midnight, and grouped events in the pre-midnight and postand to see how the properties of the dipolarization changed
midnight regions at the sam& | together. We started by with the Y position. FigurelO shows the results of the su-
examining 42 isolated dipolarization events20 min apart)  perposed epoch study for the isolated events. We used 1 min

Number of
Isolated Events
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-18<X<-8 R, and 0<|Y|<12 R, Isolated Events N = 42 fore the dipolarization and ending 30 min afterward.
0<[Y|<3 R, N=12 6<|Y[<OR. N=9 9<|Y|<12 R, N=6 The traces for the different | regions in Fig10do not ap-
3010°F 1 ‘ ‘ pear to be ordered in any particular sequence. This suggests

2510* that the properties of the isolated magnetic field dipolariza-
tions are fairly uniform across the width of the magnetotail.
The lack of systematic organization in tji¢ direction also
implies that the local regions of activity in the magnetotail
could vary significantly for different events. During the 18
April 1996 and 26 July 1997 case study events, several dipo-
larizations were observed at nearly the same local time and
radial distance, but the characteristics of the dipolarizations
were highly variable. The lack of systematic organization
in the |Y| direction could also be an indication that the state
of the magnetotail prior to dipolarization is more important
than local time in determining how dipolarization proceeds
in the mid-tail. However, it is still possible to identify some
general characteristics of the isolated dipolarizations in this
region of the magnetotail from Fig0. The isolated dipolar-
ization events were characterized by an increag® jan in-
crease in the magnetic field inclination angle, and decreases
in |By| andBr ot 4L Starting approximately at the same time
as theB; increase. The change in magnetic field inclina-
tion to the equatorial plane appeared to be closely correlated
with the B, increase, while the decrease in the total magnetic
field was more strongly correlated with the decreasein.

The decrease iBr o741, Shown in Fig.10, agrees with the
results from AMPTE/CCE, which showed that the total mag-
netic field decreases after most dipolarizatidospez et al.
1988.

As shown in Fig.10, there does not appear to be any cor-
relation between the AKR index and the increase in the mag-
netic field inclination during dipolarization for the isolated
dipolarizations. It is possible that in some cases the AKR
emissions did not reach Wind due to the shielding effects
of the plasmasphere. However, studies of AKR propagation
show that these emissions can be observed near the equa-
torial plane in the night-side magnetosphere, provided that
‘ the spacecraft is not close to the plasmapause and a broad
-10 0 10 20 30 frequency range is considere@yrnett 1974 Green et al.

Time (Mindtes) 1977 Gallagher et a).1979. As the average radial distance

. . of the Wind dipolarization events was &4 and we used the
Fig. 10. Results of the superposed epoch study showing the dei‘requency range 50 kHz to 800 kHz, the influence of AKR
pendence of dipolarization properties on #iégGSM position for ’

the isolated events. We used 1min averages of the magneti@rOpagation effects on our results was probably not signifi-
field in the regions &|Y|<3 R, 3<|Y|<6 Rg, 6<|Y|<9Rg,and ~ Cant.

2.0-10* -

AKR Index

1.5-10*
1.0-10*

5.0-10°

1BX|

THETA

9<|Y|<12Rg. The absolute value aB, is plotted in Fig.10 to To be certain that grouping events |33 did not lead us to
preventB, from averaging to zero. The AKR index was obtained an erroneous conclusion about the dependence of the dipolar-
by integrating the Wind WAVES data as described in Sect. 3. ization properties on position in tHédirection, we repeated

the analysis using Rg bins of Y between—9<Y <12Rg.

The results of the superposed epoch analysis using birs of
averages of the magnetic field in the regions|D|<3 Rg, were nearly identical to the results usifi§j. The traces for
3<|Y|<6Rg, 6<|Y|<9Rg, and X|Y|<12Rg. Only 3 differentY regions also did not appear to be ordered in any
events were observed from 4% |<15Rg, so we did not  particular sequence, and there was not a clear correlation be-
include this region in the superposed epoch study. The absaween the start of dipolarization and the behavior of the AKR
lute value ofB, is plotted in Fig10to preventB, from aver-  index. This result was quite surprising, as studies of dipolar-
aging to zero, since some of the events started in the northerizations at geosynchronous orbit (eNggai 1991 suggest
tail lobe (positiveB,) while others started in the southern tail that we should have found a clear time delay for dipolariza-
lobe (negativeB,). The data are plotted starting 10 min be- tions observed far away from midnightlagai(1991) found
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that at geosynchronous orbit, dipolarization occurs first in 18<X<-8 R., 0<|Y|<12 R., and 0<|Z,|<6 R. Isolated Events N=40
a narrow local time sector center at 23:30 MLT, and that 0<|Zy|<1 Re N=19 2<|Z,¢J<3 R. N=3
. . - . . 3<|Z,]<4 R. N=5 5<|Z,|<6 R. N=2
the region of dipolarization eventually expands longitudi- 60 ; ‘ ‘
nally eastward and westward, reaching 03:00 MLT in 11 min  so;
and 20:00 MLT in 15min. This suggests that there may be -
some important differences in how magnetic field dipolar-
izations develop at geosynchronous orbit and in the region of
the magnetotail betweenr18<X <—8 R where the Wind
dipolarization events were observed. However, multiple-
spacecraft data from Cluster in the post-midnight region of
the magnetotail at GSM positions G£14.5, —11.6, 4.2) Rg
on 22 July 2001 an¢—18, —6.7, 2.3) Rg on 12 August 2001
indicated that the dipolarization fronts during these events
moved earthward and dawnward with speeds~@frkm/s
and~83 km/s, respectivelyNakamura et al2002gb). The
directions of propagation found during the Cluster studies are
consistent with the expansion described for geosynchronous
orbit by Nagai(1991). However, the separations between the
Cluster spacecraft were only a few thousand km, which is
comparable to what is thought to be the typical size of the
earthward flow bursts observed during substorms, but small
compared to the entire scale of the magnetotail. With space-
craft separations of this size, itis difficult to be certain if these
observations represented an expansion of the dipolarization
front in local time, or just the propagation of a localized dis-
turbance.

We also examined the dependence of the dipolarization
properties on the distance to the neutral sheet using the Fair-
field (1980) neutral sheet model. The results are shown in &
Fig. 11. We once again used 1min averages of the mag- *
netic field, only this time we grouped events together in the
regions—18<X<—8Rg, 0<|Y|<12Rg. We assumed the
properties of the dipolarizations would be the same above
and below the neutral sheet, and organized the data iRfo 1
bins of the distancé&Zy s| from Wind to the Fairfield (1980)

IBX]|

30F

BZ

BTOTAL

Time (Minutes)

Fig. 11. Results of the superposed epoch study for the isolated
neutral sheet model betweer[Xys|<6 Rg. The absolute events showing the dependence of dipolarization properties on the

value of B, was once again used to preve from aver-  gigtance to the neutral sheet. We used 1 min averages of the mag-
aging to zero. As expected, the data show there is a strongetic field in the regions-18<X <—8 R, 0<|Y|<12Rg. The ab-
dependence of the dipolarization properties on the distancgolute value o is plotted in Fig10to preventB, from averaging

to the neutral sheet. Smaller initial values|8f;| were ob-  to zero.

served closer to the neutral sheet, while the largest initial val-

ues of|B,| were observed in the5Zys|<6 Rg bin. The

change in|B,| after dipolarization also appeared to be the measured by the ATS-1 and ATS-6 spaceciéftkubun and
largest in the %|Zys|<6 RE bin. The behavior oBrorar McPherron1981).

closely resembled the behavior |d, | as a function of the The results of superposed epoch analysis comparing the
distance to the neutral sheet. The valuesBofwere fairly  properties of isolated dipolarization events20 min apart)
similar in all position bins, but there appeared to be a slightand events that were part of a multiple dipolarization se-
trend towards a larger change®a in the bins furthest away ries (<20 min apart) are shown in Fidl2. To compare
from the neutral sheet. A strong dependence of the inclinathe isolated dipolarization events and events that occurred
tion angle on the distance to the neutral sheet was observeds part of multiple dipolarization series, we once again
The greatest change in the magnetic field inclination was obgrouped events in the pre-midnight and post-midnight re-
served in the @|Zys|<1 Rg bin, while the smallest change gions at the samégY| together. We examined only events
in magnetic field inclination occurred in the<$Z ;5| <6 Rg between-16<X<—9 Rg and O<|Y|<9 Rg, since no multi-

bin. The substorm signatures and dipolarization characterisple dipolarization series events were observed outside this
tics observed at geosynchronous orbit have also been founaegion. We used 1 min averages of the magnetic field in
to depend on the distance to the equatorial plane, as showRig. 12. The zero epoch was defined as the start ofthe

by variations in the radial component of the magnetic fieldincrease as before; however, the time span of the plots is
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-16<X<-9 R, and 0<[Y|<9 R. the AMPTE/CCE dipolarizations in which the total magnetic
2510°r 1 ‘ ‘ ‘ ‘ field did not show either a sustained increase or decrease af-
20100 ter onset were small, pseudobreakup-type events similar to

3 g our multiple dipolarization series events.
é 1510'F The inclination angle and, increased in both the iso-
= 1010 lated dipolarizations and multiple dipolarization series cases.
F ‘ ] However, in the multiple dipolarization series everBsand
5.010°L ‘ 3 ‘ ‘ ‘ ‘ 1 the inclination angle peaked about 4 min after the start of the
30— ‘ ; ‘ ‘ ‘ ‘ 1 dipolarization and then began to decrease. Bgtland the

inclination angle still appear to be increasing at 10 min after
the dipolarization started in the isolated events. As shown
in Fig. 12, the AKR intensity in the multiple dipolarization
series cases increased at the start of dipolarization, reached a
F ‘ ] maximum at about 3 min after the start of dipolarization and
10b_ ‘ i ‘ ‘ ‘ ‘ ] then began to decrease. However, in the isolated cases, there
pp— : : : : : : i was not a clear relationship between the AKR index and the

E 3 1 dipolarization. A possible explanation is that when multiple,
sequential dipolarizations occur at nearly the same local time
in the mid-tail, each dipolarization in the series and the ac-
companying flow bursts result in only a transient, localized
auroral intensification, while the isolated cases appear to be
associated with activity on a more global scale.

Past studies have shown that pseudobreakups and sub-
storms feature essentially the same physical phenomena, but
on different temporal and spatial scalédséakamura et a|.
1994 Fillingim et al, 2000. In the Wind data set, the char-
acter of the multiple dipolarizations series events, or pseu-
dobreakups, was fundamentally different from the isolated
cases, which appear to be more consistent with substorm on-
sets or intensifications. The differences in the behavior of
SO ‘ } ‘ ‘ ‘ ‘ |B,| and Brorar between the isolated and multiple dipo-
a0t ! E larization series events suggests that the amount of energy

: ! E stored in the magnetotail before dipolarization is quite dif-
ferent in these two types of events. The close spacing of the
multiple dipolarization series events also suggest that there

BTOTAL

THETA

< Multiple Dipolarization é
Series Events N = 20

108 ; % Isolated Events N = 30 * is limited time for a growth phase between these dipolariza-
ok " : 0 : : : : 10 tions. The multiple dipolarization series events discussed in
Time (Minutes) this paper are not to be confused with multiple onset sub-

storms. During the substorms with multiple expansion phase
Fig. 12. Superposed epoch comparison of the magnetic fieldonsets studied bilagai et al.(1983, activity progressed in
changes during the multiple dipolarization series events and isolateg, step-wise fashion, and successive onsets appeared to occur
Qipolarizat_ion events. We used 1 min averages of the magnetic fielgp, overlapping regions of local tim&lagai et al(1983 also
in the regions &|Y|<9Rg and ~16<X<-9Rg. The absolute  qnq that during substorms with multiple expansion phase
value of B, is plotted to prevens, from averaging to zero. onsets, each onset appeared to have its own growth period,

in which the magnetic field became more tail-like at geosyn-

chronous orbit. However, there did not appear to be a pro-
from 5 min before the start of dipolarization to 10 min after longed growth phase at Wind'’s location immediately before
the start of dipolarization. There were some key differencesmost of the multiple dipolarization series events on 26 July
in the properties of the isolated dipolarizations and multiple 1997 or before the dipolarizations observed during the sub-
dipolarization series events. We found thé{| andBroraL storm recovery phase on 18 April 1996.
generally decreased in the isolated cases, but they remained The decision to divide the Wind dipolarization events into
fairly steady in the events that were part of a multiple dipo- multiple dipolarization series events spaced less than 20 min
larization series. The magnitude &f and Brorar was apart and isolated events spaced more than 20 min apart was
also smaller in the multiple dipolarization series events. Al- based solely on the characteristics of the dipolarizations ob-
though the total magnetic field decreased in most of the diposerved by Wind. It is therefore quite interesting that the
larizations observed by AMPTE/CCE, it remained steady in20 min time scale chosen to divide our events into two cat-
20% of the eventsLpez et al. 1988. It is possible that egories is the same as the time scale determinégbingatze
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et al. (1985 for direct coupling between the solar wind and reached occurred at 04:39:49 UT on 26 July 1997. The time
magnetosphere. Using a linear prediction filter techniqueperiod on 26 July 1997 shown in Fi§.was very unusual
Bargatze et al1985 examined the temporal relationship be- because Wind observed a series of many small dipolariza-
tween the AL index and the solar wind input functigiBg tions, which were generally spaced less than 20 min apart,
determined from IMP-8 data. They found two responsebut no major substorm expansion occurred. Wind was lo-
pulses, peaked at time lags of 20 and 60 min. The 20 mircated in the plasma sheet for the entire time period, shown in
response was interpreted as magnetospheric activity that wesig. 5, and most of the dipolarizations on 26 July 1997 did
directly driven by the solar wind, while the 60 min response not feature a distinct growth phase period before the start of
was interpreted as magnetospheric activity that was driverthe dipolarization. It is not clear why the timing of the max-
by the release of energy previously stored in the magnetotailimum flow relative to the dipolarization was different during
Bargatze et al(1985 found that the amplitude of the 60 min the 04:39 UT dipolarization. With these two exceptions, the
response pulse was larger for moderate activity levels, whileVind observations during the case study periods were gen-
the 20 min response pulse amplitude was larger for strongerally consistent with a scenario in which the dipolarization
activity levels. AlthoughBargatze et al(1985 concluded  results from a pile-up of magnetic flux carried earthward by
that directly driven activity occurs most often during periods high-speed flows in the plasma sheet.
of strong geomagnetic activity, it appears that the unusual Although the isolated dipolarizations observed at Wind
pattern of magnetotail activity on 26 July 1997 may also betypically featured decreases By andBr o741, the dipolar-
directly driven by the solar wind, even though it occurred ization properties appear to be somewhat different at geosyn-
during a geomagnetically quiet period. The lack of a well- chronous orbit. During some of the case studies presented
defined growth phase before most of the dipolarizations, théhere, the total magnetic field actually increased at geosyn-
occurrence frequency of the dipolarizations, and the fluctu-chronous orbit after the magnetic field dipolarization. A
ations observed in the solar wind all support this interpreta-full discussion of the properties of dipolarizations at geosyn-
tion for the 26 July 1997 activity. However, other multiple chronous orbit is beyond the scope of this paper. However,
dipolarization series events included in our study may notthe comparison between the Wind and GOES observations
represent this type of activity, even though the magnetic fieldduring the case studies has important implications for sub-
behaved in a similar fashion during dipolarization. For exam-storm physics. During the 18 April 1996 case study, only one
ple, the three closely spaced dipolarizations observed startindipolarization was seen during a given substorm at geosyn-
at 08:34 UT during the 18 April 1996 case study were asso-chronous orbit by the GOES spacecraft, even when multiple
ciated with the recovery phase of a large substorm. Thesélipolarizations and flow bursts were observed by Wind. It
recovery phase dipolarizations could still be involved in the appears that the earthward flows observed at Wind's location
redistribution and dissipation of the energy previously storedin the near-tail can build-up a region of dipolarized magnetic
in the magnetotail during the substorm growth phase. field and high pressure that expands in local time and crosses
GOES once at geosynchronous orbit. In other words, Wind
sees multiple disturbances in the near magnetotail that are
7 Discussion integrated by the inner magnetosphere to produce the signa-
tures of the substorm current wedge at geosynchronous or-
If the earthward flows associated with magnetic field dipo-bit and on the ground. Further evidence to support this idea
larizations are braked by pressure gradients in the magnetads provided by the timing of the dipolarizations observed by
tail at the boundary between the tail-like and dipolar field re-Wind and GOES 8 on 10 May 1996. The maximum mag-
gions, one would expect that very little earthward flow would netic field inclination was reached nearly simultaneously at
be observed after the maximum magnetic field inclination toboth spacecraft, even though the dipolarizations began at dif-
the equatorial plane was reached at Wind. Once the dipolarferent times. This appears to suggest a gradual increase in
ization front has propagated tailward past Wind’s location, pressure at geosynchronous orbit caused by activity at larger
the braking point of the earthward flows should also be lo-radial distances. The statistical results presented here and by
cated tailward of Wind, so that no additional earthward flows Lopez et al(1988 showing that a larger number of dipolar-
would be observed. This was generally true for the Windizations are observed with increasing radial distance provide
dipolarization events, but in two of the case studies presentedven more support for this theory.
in this paper the maximuri, occurred after the maximum The behavior of the pressure in the magnetotail during
magnetic field inclination angle was reached. The first casgéhe Wind case study events indicates that the variations in
was the dipolarization observed at 03:30:43 UT on 13 Janpressure associated with dipolarizations can be quite com-
uary 1996. Before this dipolarization, Wind was located out- plicated. During the isolated dipolarizations on 13 January
side of a thinned plasma sheet, as indicated by the low plasm&996, 10 May 1996, and 18 April 1996, it appeared that the
beta, and a magnetic field inclination of less th&n Fhe magnetic pressure and total pressure decreased slightly dur-
earthward flows were only observed after the magnetic fieldng dipolarization, while the ion pressure increased. How-
dipolarization caused the plasma sheet to expand over thever, at geosynchronous orbit, the total magnetic field can
spacecraft. The second case where the maximum flow velogncrease during dipolarization, which implies a magnetic
ity was observed after the maximum inclination angle waspressure increase in this region. During the multiple onset



848 K. Sigsbee et al.: Statistical and superposed epoch study of dipolarizations

Field-aligned currents Recent multiple-spacecraft observations from Cluster have
provided direct estimates of the spatial scales of the flow
channels and dipolarization front at distances greater than

Cross-tail current

Magnetic flux transported from —10Rg. Using data from the four Cluster spacecraft near
produce global dipolarization (=145, -11.6,4.2) Rg on 22 July 2001 Nakamura et al.

(20028 determined that the dipolarization front leading the
flow burst had a nearly planar configuration, suggesting that
the spatial scale of the flow burst should be much larger than
the maximum separation of the spacecraft (2000 km). This
is consistent with the typical spatial scales of 1 taRp
for bursty bulk flows predicted by other studiésm@elopou-
los et al, 1997h 1994. Using multi-point observations of
earthward flow bursts\{; >300 km/s) from Cluster at dis-
tancesX <—15Rg between July and October 2004aka-
mura et al.(2004) directly determined that the full width of
Overlapping flow bursts and the flow cha_nnel is2to Rg in the_z da\{vn-dusk direction and
localized dipolarizations 1.5 to 2Rg in the north-south direction. In the 13 January
inthe mid-tall 1996 event, the 18 April 1996 event, and the 10 May 1996
Fig. 13. Diagram illustrating the development of the substorm cur- event, the dlpplarllzatlons at geosynchronqus orbit all began
rent wedge through overlapping flow bursts and localized dipolar-before dipolarizations were observed by Wind. If flow bursts
izations. In this scenario, dipolarization of the entire magnetotailin the magnetotail are indeed localized to the narrow chan-
is a piecewise process resulting from the accumulation of magneti®€ls determined in the Cluster studies, it is possible that the
flux transported by spatially and temporally overlapping flow bursts. flow bursts and localized dipolarizations in the mid-tail asso-
The pressure gradients associated with these flow bursts are intesiated with the initial onsets during these events did not occur
grated by the inner magnetosphere to produce the substorm curreglose enough to Wind to be observed.
wedge. The lack of clear correlations between the start of dipolar-
ization in the magnetotail and AKR intensifications during
the isolated dipolarizations also suggest that global dipolar-
dipolarizations on 18 April 1996 and 26 July 1997, the to- jzation during substorms is a slow, piecewise process that
tal pressure and magnetic pressure remained nearly constamstantaneously involves only localized portions of the mag-
but the ion pressure decreased during some events. A studyetotail. In the 13 January 1996 event, the 18 April 1996
of the evolution of the magnetotail pressure during substormssvent, and the 10 May 1996 event, the AKR intensifications
using data from Geotail indicated that a decrease in the totagnd magnetic field perturbations on the ground all began be-
pressure begins ne&k, Y)=(—18,7) Rg just before sub- fore dipolarizations were observed by Wind. In these cases,
storm onset and then spreads to surrounding regions of thg appears that the dipolarizations observed by Wind were
magnetotail Kliyashita et al. 1999. However,Miyashita intensifications of existing substorms rather than the onset
et al. (1999 also found that a total pressure enhancemeniof new activity. The fact that we only found a good corre-
can occur in the region neaf~—10Rg and—5<Y<5Rr  lation between AKR intensifications and dipolarizations in
during dipolarization. Pressure gradients in the magnetotaithe magnetotail for the multiple dipolarization series events,
are important to substorms, but the evolution of the magnewhich consisted of pseudobreakups and very spatially lim-
totail pressure during substorms is difficult to characterizeited auroral activity, also suggests that many regions of ac-
using single spacecraft measurements, as the observed bgyity across the magnetotail combine to produce a substorm.
havior appears to depend strongly on the spacecraft locatiom similar idea was suggested Nakamura et al(1994 to
External factors, such as the solar wind dynamic pressureexplain why the substorm expansion process can sometimes
as well as internal magnetospheric processes, can also affegbnsist of a number of injections and expansions, each with a
the magnetotail pressure (shlakai and Kamide2004 and  time scale comparable to that of a pseudobreakigikamura
references therein). et al.(1994 proposed that multiple intensification regions as-
The dipolarization of the magnetotail that occurs during sociated with localized current diversion could cause a global
substorms does not appear to be a single, sudden, globdisturbance by combining to produce the signatures associ-
event as commonly believed. As evidenced by the duratiorated with the substorm current wedge. Observations from
of the AKR emissions observed by Wind, the auroral activity Geotail, Wind, and GOES 9 during the 18 April 1996 sub-
and current systems associated with substorms often persistorm studied bylavin et al(1997) also suggest that several
for much longer time periods than the duration of the flows overlapping regions of activity in the magnetotail are needed
and isolated dipolarizations observed by a spacecraft in théo explain the development of the substorm current wedge.
near tail. Studies of earthward flow bursts have indicated that Figure 13 illustrates the development of the substorm
the flows may also be spatially limited, in addition to occur- current wedge by the formation of a single region of
ring on relatively short time scales compared to substormsdipolar magnetic field and high pressure extending from

Region of strong pressure
gradients within the substorm
current wedge
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geosynchronous orbit to the near-tail due to multiple regionsmay be an indication that some of the multiple dipolarization
of activity observed at larger radial distances in the magnetoseries events represent a directly driven mode of magnetotail
tail. The spatial scales of individual flow bursts may be fairly convection, as opposed to the usual substorm sequence of the
small, as indicated bAngelopoulos et al(1994 1996 and  storage of magnetic energy in the tail and its subsequent re-
recent Cluster resultdNgkamura et al.2002h 2004, but lease in large bursts of earthward flow.
as Fig.13 illustrates, a large number of flow bursts could  Even during typical substorm events that began with a pe-
combine to produce substorm activity. We propose that theriod of quiet, tail-like magnetic field and plasma sheet thin-
accumulated magnetic flux and pressure gradients resultinging, multiple dipolarizations were often observed by Wind.
from the sum of dipolarization events and flow bursts at dif- This may be an indication that even during a typical sub-
ferent local times may be able to sustain the substorm curstorm, dipolarization of the magnetotail is not a sudden,
rent wedge for the full duration of the substorm and resultglobal event, and that substorms can involve both the release
in widespread, global auroral activity. The initial activation of energy stored in the magnetotail and directly driven ac-
may still occur near midnight, as indicated by past studiestivity. Instead, the substorm expansion phase appears to be
however, the expansion of the substorm in local time ap-the result of the accumulation of dipolarized flux transported
pears to result from overlapping dipolarizations caused byby localized bursts of earthward flow. These localized flow
flow bursts from a wide range of local times. This scenario bursts combine to build-up a region with strong pressure gra-
is consistent with the idea that reconnection in the magnetosdients in the near-Earth region that is sustained for the du-
tail is bursty and impulsive in natur&érgeev et a1.1987). ration of the substorm by continued earthward flow bursts.
The recovery phase would begin when the region of dipo-The region of high pressure will be maintained until recon-
larized magnetic field expands over the near-Earth neutrahection and the flows cease, marking the start of the recovery
line and reconnection ceases, as suggesteBawnjohann  phase. Although the statistical study of Wind data presented
et al.(1999. After reconnection ceases, no new earthwardhere and recent results from Cluster have provided new infor-
flow bursts will be created to contribute to the pressure gra-mation on the nature of dipolarizations and their spatial and
dients in the near-tail, so the high pressure region close taemporal scales, additional multiple-spacecraft studies are
Earth within the substorm current wedge will begin to dissi- needed to determine how dipolarizations propagate through
pate, allowing for the re-establishment of the cross-tail cur-the magnetotail and to verify whether the global reconfigu-
rent and the quiet, tail-like magnetic field structure in the ration of the magnetotail associated with substorms results
night-side magnetosphere. If there is additional energy inpufrom the expansion of a single dipolarization front or is the
into the magnetotail during the expansion phase, a substormesult of many combined disturbances as described here.
with multiple expansion phase onsets could be the result. In
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Wind covered a different region of the near magnetotail in
X andY GSM than earlier studies, but the characteristics
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