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[1] We present a fortuitous case of an isolated substorm on 29 March 2009, observed by
the Time History of Events and Macroscale Interaction during Substorms (THEMIS)
probes clustered at ~11-14 Ry with simultaneous coverage by the THEMIS ground
network. The four probes are at roughly the same radial and azimuthal location, with one
probe staying near the neutral sheet during entire growth phase and during the ensuing
transition to the substorm expansion phase. Prior to substorm onset, THEMIS observed the
damping of earthward convection and development of an embedded tail current sheet with
half thickness < 0.15 Rz and current density ~20 nA/m?, while the total magnetic field
closest to the neutral sheet was below 2 nT. Tail activity was observed to start prior to
substorm onset tailward of the THEMIS probes (<—14 Rg) with the gradual increase of
earthward flow and total pressure in front of an earthward moving bursty bulk flow
event (BBF). There was no evidence of an outward propagating rarefaction wave
prior to BBF onset. Peak flow was accompanied by two short dipolarization pulses,
followed by a sharp reduction of the total pressure (up to 30-50%) and a decrease in
the lobe magnetic field. By analyzing the lobe field waveforms, we infer their
reconnection origin and argue that different onset-related magnetotail phenomena
discussed in past literature (BBFs, bubbles, current disruption, nightside flux transfer
events, earthward traveling convection regions) are views of the same dissipative
structure formed by reconnection, when it is observed from different vantage points.
Although the first ionospheric signatures of the substorm were observed near the
equatorward edge of the auroral oval, the adaptive magnetospheric model maps the
breakup to the tail current sheet at 15-20 R, consistent with other estimates of

the substorm onset location available in our case. The event provides definite evidence
in favor of tail reconnection within a thin current sheet as the primary substorm
initiation process. It also demonstrates that actual changes of tail current magnitude in
the magnetotail can be an order of magnitude larger, compared to the magnitude of
3-D current inferred from ground observations.

Citation: Sergeev, V., V. Angelopoulos, M. Kubyshkina, E. Donovan, X.-Z. Zhou, A. Runov, H. Singer, J. McFadden,
and R. Nakamura (2011), Substorm growth and expansion onset as observed with ideal ground-spacecraft THEMIS
coverage, J. Geophys. Res., 116, A00I26, doi:10.1029/2010JA015689.

1. Introduction

[2] During substorms the magnetotail configuration dis-
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plays gross configurational changes that are of considerable
importance for substorms and also of great interest in a
plasmaphysical context. For isolated substorms, following
the north-south IMF turning that initiates dayside recon-
nection and transport of the open magnetic flux into the tail,
the tail current and its magnetic field grow during the
growth phase providing energy storage for subsequent
substorm expansion. During this stage the thin current sheet
(TCS) appears to be embedded in the near-Earth plasma
sheet and grows quickly, providing a potential place for
different instabilities to occur. Finally, the configuration
becomes unstable, and explosive instability occurs locally in
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Figure 1. Survey of substorm event on 29 March 2009.

From top to the bottom, B, and B, magnetic field compo-
nents in the magnetotail (THEMIS P2, P4, P5 probes); H,
magnetic field component at near midnight (GOES 12 and
13 spacecraft); ground magnetic PCN (northern PC) and
AE indices; and B, component at Geotail spacecraft in the
magnetosheath.

a still undetermined region of the plasma sheet, from which
it propagates to other plasma sheet regions as well as to the
ionosphere, indicating a substorm expansion phase. This
observation-based picture, the basic elements of which were
suggested a long time ago [McPherron et al., 1973; Nishida
and Hones, 1974] and later developed in many following
studies, is incomplete; a number of important details and
numbers are still missing.

[3] The main caveat of previous observational event
studies, which addressed TCS formation and its disruption,
is that the results are very sensitive to spacecraft location
with respect to the TCS center plane (the neutral sheet), with
very low probability for the spacecraft to stay in the neutral
sheet. Since the TCS wusually moves vertically [e.g.,
Petrukovich et al., 2007], it is almost impossible to probe
this region continuously. The same problem also strongly
affects the quality of data-based magnetospheric modeling
[Kubyshkina et al., 2009] as well as the reliability of sub-
storm onset determination and timing studies. As shown in
some published examples, the initial region of substorm
onset-related fast flow (bursty bulk flow, BBF) may occupy
the very narrow central part of the thick plasma sheet, so
even a spacecraft in the high-beta central plasma sheet
(CPS) region within 1 Rz of the neutral sheet may miss the
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fast flow and accelerated plasma [see, e.g., Sergeev et al.,
2008, Figure 5].

[4] In this paper we present a unique observation in which
the prebreakup growth of the embedded thin current sheet at
10-15 Ry as well as its subsequent disruption are monitored by
a constellation of four closely spaced Time History of Events
and Macroscale Interaction during Substorms (THEMIS)
probes (P2—P5) in the region magnetically conjugate to the
auroral breakup, with one remaining in the neutral sheet during
the entire growth phase and the others bracketing the neutral
sheet from two sides. In this study, the emphasis will be on
TCS growth, onset location and timing, and the plasma
structure of the disrupted current sheet at substorm onset. More
details about the evolution of ion distribution functions and
magnetospheric modeling/mapping in this event can be found
in the companion papers by Zhou et al. [2010] and Kubyshkina
et al. [2011], respectively.

[5] This event satisfies another requirement for a con-
clusive study. Its clear onset in ground-based magnetic and
optical data indicates that THEMIS probes observed the
plasma sheet near the central longitude of auroral breakup.
Also, we take advantage of data-based adapted models
capable of resolving the TCS and providing accurate map-
ping, a key point in ground-tail comparisons. Finally,
excellent ground optical observations combined with DMSP
observations provide a large-scale context for this study.

2. Observations

2.1. General Overview and THEMIS Growth Phase
Observations

[6] The event on 29 March 2009 is an isolated substorm
stimulated by southward turning of the IMF, which, ac-
cording to Cluster observations (not shown), took place at
about 0412 UT near subsolar bow shock; 20 min later it was
also observed in the dawn magnetosheath by Geotail (see
Figure 1). According to PCN and AE indices, at 0425 UT,
the magnetosphere reacted by increasing convection; 5 min
later, monotonic depression of the H component at geo-
synchronous orbit indicated the start of magnetic field
stretching in the magnetotail. The growth of the tail current
and its thinning were also monitored by THEMIS probes
(see the increase in the B, component absolute value at P2
and PS5 in Figure 1). According to many types of observa-
tions (auroral, ground magnetic, THEMIS, and GOES,
substorm expansion took place between 0516 and 0518 UT.

[7] This event occurred during a minor conjunction
when four of five THEMIS spacecraft (P2-P5) were
clustered in the local time sector 22.5-23 MLT in the near-
Earth magnetotail between 11 Rr and 15 Rg. Geostationary
spacecraft GOES 12 and GOES 13 extended the obser-
vation region down to 6.6 Ry. Spacecraft location plot in
Figure 2 (top) demonstrate excellent coverage of the cur-
rent sheet: P2-P5 are distributed in the Z coordinate
within 1 Ry of both sides of the neutral sheet. According
to observations (Figures 2 and 3), the B field magnitude
at P4 stayed at low amplitude (<5 nT) throughout the
entire growth phase and fell below ~2 nT at the end of it.
This shows that P4 monitored the neutral sheet continu-
ously during the entire growth phase, a very fortunate and
extremely rare occurrence. The true location of the neutral
sheet was therefore steadily ~0.5 Ry above the nominal
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Figure 2. (top) GSM coordinates of magnetospheric space-
craft and (bottom) overview of THEMIS P2—-P5 observations,
including (from bottom to top) electron temperatures, ratio of
plasma pressure to magnetic pressure, B, and B, GSM mag-
netic field components, estimates of cross-tail current j, using
differences of B, components at pairs P3—P4 and P4-P5, and
estimates of Harris current sheet thickness LH for the same

pairs of spacecraft.

neutral sheet location (Figure 2, top), indicating an
upward tilt of the tail current sheet. Such tilt is also
evidenced by the positive B, of 7 nT amplitude observed
by P5 in the southern lobe/boundary layer plasma sheet
(BLPS) region, which contrasts with the small B,
observed by three other probes, which remained above the
neutral sheet (Figure 2).

[8] From 0430 until 0515 UT, P4 was at 11 Ry distance
in the premidnight (22.5 MLT) magnetotail. Its observa-
tions (Figures 2 and 3) indicated very steady behavior of
all parameters throughout the growth phase. The temper-
ature was about 3 and 0.6 keV for protons and electrons,
respectively. The total (actually plasma) pressure increased
smoothly by 25% (from 0.31 to 0.39 nPa) during the first
stage of the growth phase, mostly because of the density
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growth from 0.65 to 0.88 cm >. No considerable electric
field or flows were observed. To characterize the average
flux transport rate, we computed the average value of
[BV:], (a proxy of E,); between 0430 UT and 0515 UT it
was about +0.01 mV/m. To our knowledge this is the first
estimate of average earthward flux transport during the
growth phase in the neutral sheet at the entry to the dipole-
like magnetosphere.

[s] A fortunate feature of this event is that P5 was sepa-
rated vertically from P4 by 0.92 Rz, whereas P3 was above
P4 by only 0.16 Rg. This provided an opportunity to com-
pare the experimental estimates of electric current density
averaged over medium (~1 Ry) and small (~0.1 Ry) se-
parations. The current density can be estimated in the slab
between ith and jth probes as 7/ (nA/m?) = 0.8 * (B — By)/
(Zns' — Zns') if B is taken in nT and Z distance in thousand
kilometers. At the beginning of the time interval two esti-
mates agree and show current density ~2-3 nA/m” and
Harris half thickness ~2 Ry (Figure 2), consistent with
standard magnetospheric models. They grew nearly in par-
allel during the initial 20-30 min of the growth phase (GP1),
but separated largely during its second part (GP2). Here the
large-scale estimate saturates, but the small-scale current
density grows explosively with superimposed ~5 min
timescale variations. The saturation of the large-scale
average current density (the saturation of the total current)
seems to be a real effect supported by saturation of the total
(plasma+magnetic) pressure at P2 and P5, which both stay
in low-beta plasma (Figure 2). Toward the end of growth
phase the explosively growing current density reached
~20 nA/m” and the Harris half thickness fell below to
0.15 Rg, only 6 times larger than the ion scale (both ion
inertial length and thermal ion gyroradius in lobe field
were about 250 km at that time).
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Figure 3.

Survey of THEMIS P4 spacecraft observations.
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Figure 4. (top) Relationship between electron temperature
and plasma pressure observed by THEMIS spacecraft during
the substorm growth phase; large symbols indicate para-
meters at the end of the growth phase. (bottom) Radial depen-
dence of plasma pressure according to [Tsyganenko and
Mukai, 2003] model for P, = 1.8 nPa, IMF B, = —2.2 nT,;
pressure-based mapping of THEMIS spacecraft at the end of
the growth phase is shown by arrows.

[10] The middle spectrogram in Figure 3 shows the azi-
muthal pattern of energetic (30—100 keV) proton fluxes
plotted against their flow direction in the equatorial plane.
During the growth phase it shows a persistent peak centered
at +80° and a persistent minimum at a —100° azimuthal
angle, which is a known feature usually interpreted as due to
the density gradient of energetic particles (increasing earth-
ward or toward the CS center [e.g., Lee et al., 2004]) in the
current sheets. Similar anisotropy was observed at P3
throughout the entire growth phase, as well as at P2 and P5 in
the first half of growth phase, until they left the plasma sheet.
These particle distribution functions at all spacecraft have
been successfully reproduced by the 1-D kinetic thin current
sheet model in the companion paper by Zhou et al. [2010].

[11] The plasma is not homogeneous across the plasma
sheet thickness. Before the growth phase electron tempera-
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tures varied between 0.25 keV at P2 and 0.6 keV at P4
(Figure 2, bottom). Here and throughout the entire growth
phase, T, varied proportionally to plasma pressure variation
(Figure 4, top), which may be understood as spatial variation
of the electron temperature along the tail in the plasma sheet
central plane. Referring to the empirical model of plasma
pressure distribution [ Tsyganenko and Mukai, 2003], we can
connect the observed electron temperatures to the particular
distance in the tail as shown in Figure 4 (bottom).

2.2. THEMIS Observations of Substorm Onset

[12] Figure 5 shows a survey of THEMIS observations of
substorm onset. Just before onset the magnetic field at P4
was very low (BT <2 nT) with positive Bz of <~1 nT (at
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Figure 5. Summary of THEMIS spacecraft observations at
substorm onset. Vertical lines indicate the beginning of pos-
itive B, variation at P2 followed by gradual flow and pres-
sure increase at P4 (zy); two transient dipolarizations and
compressions at P4, PS5, P3 (¢, t,) and intense current dis-
ruption associated with the bubble passage (¢;). Start time
of current disruption at P2 probe is marked by triangle.
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THEMIS Gillam ASI — 20090323 DE173%

Figure 6. White light ASI image from 051742 which
shows the already well-evolved brightening rayed arc, with
630 nm (red line) intensity and H beta (486 nm) intensity
from the Gillam MSP overplotted. The ionospheric foot
points of THEMIS P2, P3, P4 probes using AM03 model
(at 0517:00 UT) are also shown.

about 0515 UT), indicating that this probe remained in the
sheet center where the magnetic field shear component and
its normal component were both very small. P4 stays at » =
11 Rg in the tail, at the transition between inner dipole-like
magnetic field and the thin neutral current sheet.

[13] According to the neutral sheet monitor P4, the
onset history looked as follows. The first change sig-
natures appeared gradually after 0515:35 = 5 s UT, when
V., density and plasma pressure began to increase grad-
ually. Then a new energetic proton population became
visible at azimuthal angles around —20°, coexisting with
the previous dawn-dusk anisotropic population, which
remained uninterrupted until 0517 UT (Figure 3). This is
the first stage of gradual earthward plasma flow/com-
pression at 11 Ry Sharp intensification of V, in the
middle of this interval was observed at P3 when it entered
the inner part of the sheet (see P,/P, and B, variations),
indicating that enhanced flow was maximized near the
central plane of the plasma sheet.

[14] Sharp change was observed around/after 0516:40 UT
(t;) when B, increased steeply to 13 nT, accompanied by
comparable variations in B, and B, components. This
occurred simultaneously with an additional ¥ increase, dis-
ruption of preexisting energetic proton anisotropy pattern,
and a surprising drop in 7, from 0.5 to 0.2 keV. Density and
total pressure varied but were still enhanced against presub-
storm values. This is the second stage with appearance of new
plasma, intense transport, transient dipolarization and mag-
netic field perturbations, and conflicting acceleration sig-
natures (accelerated protons versus cooled electrons; see

A00126

spectrograms in Figure 3). A second short dipolarization and
a flux transport pulse occurred a minute later (#,).

[15] A sudden drop in plasma density and total plasma
pressure, which continued for 3 min, followed since
0517:50 (#3). During this period the earthward flow varied
near its peak values (600 to 800 km/s), and the turbulent
magnetic field included a few B, enhancements. The proton/
electron plasma showed the highest temperatures and largest
fluxes at high energies, but the density was reduced four
times, causing the largest spacecraft potential of 28 V, more
typical of diluted PSBL plasma than of CPS plasma, to be
observed (not shown). This third stage corresponds to the
arrival of accelerated dilute plasma, which differs from
standard plasma bubble only by variable appearance of large
B, field (dipolarization) embedded into the fast flow.

[16] Let us further analyze this episode, taking into con-
sideration observations made by other spacecraft. The ear-
liest indication of substorm onset came from most distant
probe, P2 (at X = —14 Ry), which detected positive B, var-
iation 0515:15 UT (%y). At that time P2 was in the low-beta
outer plasma sheet and did not observe fast flows through-
out the entire event. Another important variation was a
decrease in B, and total pressure at P2 that began at 0516
UT, indicating that current disruption process was in
progress at 14 Ry distance at the time when the gradual
increase in earthward flow and pressure was observed at
11 Rg. The propagation time delay of about 1.5 min
between start times of the B, increase at P2 and P4 is
consistent with ~200 km/s earthward flow measured at P4
at the beginning of first transient dipolarization (#,). At P3
V. also showed some increase, but the V, trace was modu-
lated by probe motion into and out of the central plasma sheet.
Like P4, P3 also observed a new earthward streaming pop-
ulation of energetic protons, which appeared with maximal
counts at a —30° azimuthal angle without interrupting the
previous anisotropy pattern. As shown by Zhou et al (this
issue) this feature is nicely modeled by the acceleration region
(dipolarization front) moving from the tail to 11 Rg.

[17] P5 was just beneath P4 (separated by ~1 Rp in Z,
Figure 2), but remained near the plasma sheet boundary (P,/
Py, < 0.1). Comparison reveals similar variations in total
pressure at P4 and PS5 indicative of approximate vertical
pressure balance, with two pressure peaks followed by a
final deep pressure drop. Two pressure peaks at P4, P5 are
nearly simultaneous with B, peaks (transient dipolarizations
t1, 1) at P4, whereas smaller and smoother two-peak B,
variation at P5 is delayed against B, peaks at P4 by ~10 s.
This variation is also recognized at P3 (located 1 Rg
dawnward); only the second peak has a large magnitude,
however. As discussed in section 3.2, we link the pressure
peaks combined with B, increases with earthward passage of
two bulge-like structures in the plasma sheet carrying the
reconnected flux tubes.

[18] The final pressure drop observed after 0517:50 UT
was very deep, about 50% of preonset values at P4 and P3
located in the PS center, and about 30% at P5 located out-
side of PS. This indicates decrease in (in that sense, dis-
ruption of) the tail current. We note that a smaller total
pressure drop started about 1.5 min earlier at P2 located at
14 Rg (~0516 UT, marked by a triangle), suggesting
earthward propagation at ~200 km/s velocity. In the lobe
(P2 and P5) this drop was weak and smooth.
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Figure 7. (middle) The Ewogram plotted horizontally. (top) Three auroral images correspond to three
times (0,1,2) shown on the EWogram by dashed vertical lines. The red diamonds indicate the brightest
six points along the arc (bright locations which represent light contamination are ignored). (bottom)
For each longitude, the same six brightnesses that are indicated by the diamonds from the ewogram.
The units are pixel count rates (“data numbers”). The solid black line corresponds to exponential growth

time ¢t = 30 s.

[19] Whereas no fast flows are observed at P2 and P5
spacecraft in V, component, both spacecraft show enhanced
V_ flows directed toward the plasma sheet center (negative at
P2, positive at P5) following B, variations; they show the
inward motion of the plasma tubes after the pressure peak
passage.

[20] Although the later stage of expansion phase is not a
goal in this paper, we note that dipolarization (positive B,
variation) continue to be turbulent until the fast flow sub-
sides (at 0526 UT at P4), leaving the enhanced B, (Figure 1).
Such a sequence of transient flux transfer concluding with
the piled up flux stage (that is, two different types of di-
polarizations) is frequently observed in the near tail during
substorms [Nakamura et al., 2009].

2.3. Auroral and DMSP Observations

[21] Whereas the main advantage of this study comes
from the ideal location and coverage of the THEMIS probes,
a second core observation comes from auroral observations,
which provide the global context as well as the time and
location of the auroral breakup. Auroral onset was observed
with a multispectral (A = 428 (blue), 557 (green), 486
(proton HfF) and 630 nm (red)) and white light all-sky
imager (ASI) at Gillam, Canada. Figure 6 shows the ASI
image of a rayed arc soon after the brightening onset with
overlapped red line emission and H beta emission distribu-
tion along the meridian. The breakup rayed arc is sitting
near the poleward boundary of proton aurora and near the
equatorward edge of the red emission, that is, in the equa-
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Figure 8. Sequence of difference images spanning the time of initial brightening. Each panel shows the
image taken at the time indicated (in hours, minutes, seconds) minus the image taken 12 s previously. The
differences are in “data numbers”(dn) with red indicating increasing brightness and blue indicating
decreasing brightness (values exceeding plus or minus 300 dn are set to plus or minus 300 dn). The
images are plotted in geomagnetic coordinates with east to the right and north up. There are two bright-
enings separated in longitude by roughly 5°. The first becomes evident at 0517:30 UT, and the second at
0517:54 UT. Both brightenings are indicated by the red and white boxes (each box is shown in three suc-

cessive frames).

torward portion of plasma sheet precipitation. That the
THEMIS probe foot points were mapped with a data-based
adapted model (section 2.4) to the central part of Gillam
FOV (Figure 6) indicates that measurements in the magne-
tosphere, especially those at P4, were made near the central
meridian of auroral activity. The newly formed rayed arc
expanded poleward, and after 0525 UT active auroras were
seen in the southern sky of Rankin Inlet situated 6° pole-
ward of Gillam, so the poleward auroral expansion in this
event is about 3° in latitude (see keograms in Figure 10 of
Kubyshkina et al. [2011].

[22] White light observations indicate that initially the
auroral event was entirely contained within the Gillam ASI
FOV. As shown in the EWogram in Figure 7, brightening
began west of Gillam at 58.7° geographic latitude (GGLat)
and —99.4° geographic longitude (GGLong) around 0517:30
(first grey band), then died away while starting up near
Gillam meridian at the same GG latitude (second grey
band). Saturation occurred about a minute after the initial
brightening whose maximal intensity along the arc showed
exponential growth (with 7 ~ 30 s). The well-defined onset
of auroral brightening occurred at 7, = 0517:30 UT ~2°
north of Gillam zenith (the coordinates given above and
shown in Figure 8 correspond rather to the polewardmost
boundary of brightening).

[23] Some activation signatures started earlier, however.
For example, the differential images of Figure 8 (means,
with previous image subtracted) display some structuring
seen at 58.5° starting at about 0517:05 UT. The auroral

intensity at this time was decreasing, showing that some-
thing was happening in the magnetotail but there was as yet
no explosive instability growth. Such different manifesta-
tions and timings of auroral breakup are not new; they were
discussed by Donovan et al. [2008]. An unusual feature of
this event is that the prebreakup arc was very faint in the
auroral observations at Gillam.

[24] Useful complementary observations come from the
DMSP-F17 spacecraft (Figure 9), which crossed the night-
side high-latitude portion of the southern auroral oval in the
dawn-dusk direction immediately prior to and during initial
breakup development. Several minutes before the breakup it
crossed the b2i boundary at —66.5° corrected geomagnetic
latitutde (CGLat) and ~01 MLT, and then the equatorward
edge of diffuse electron precipitation at —66.8° CGLat
(comparable to the equatorward limit of red auroral emis-
sions at Gillam, Figure 6). Soon after that it crossed a well-
defined inverted V (prebreakup arc?) at —67.5°. After that it
traversed the poleward half of the oval at ICGLatl < 70°
where it systematically observed cold (100-300 eV),
unstructured electron precipitation with some weak proton
precipitation embedded. This observation confirms the
poleward extent of red emission at ~70° inferred from Gil-
lam observations (e.g., Figure 6) as well as to the cold
electron population observed in the outer plasma sheet by
THEMIS probes (Figure 4).

[25] Finally, following breakup development, at 0521:45
UT and 21.5 MLT, the spacecraft crossed the wideband
(Alfvénic [see Mende et al., 2003]) precipitation (at —68.3°).
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Figure 9. Electron and ion precipitation during the nightside oval crossing in the Southern Hemisphere
as observed by SSJ4 instrument onboard DMSP-F17 near the substorm onset time.

Then it crossed above a strong, wide inverted V near —67°,
and, after crossing the b2i boundary (—66.6°), traversed into
the radiation belt region. DMSP observations together with
ground auroral observations confirm that auroral breakup
was initiated near the equatorward limit of a moderately
wide (3-5°?) auroral oval.

2.4. Modeling and Mapping

[26] A third core constituent in this study is the time-
varying, data-based magnetospheric model (for more de-
tails, see Kubyshkina et al. [2011]). The adaptive model
(AMO3) includes variable tail and ring currents, additional
current sheet tilt, and an additional current sheet of variable
thickness to reproduce the thin current sheet. The model was
run at a 1 min time step between 0430 and 0530 UT.
Magnetic fields observed at THEMIS P2, P3, P4, P5 probes
and GOES 12 spacecraft together with total (magnetic +
plasma) pressure at P2, have been used as input to the
adaptive model. The time variations of observed and mod-
eled fields are compared in Figure 3 of Kubyshkina et al.
[2011], which shows how much different from observa-
tions are the predictions of the standard solar wind-based
T96 model and how much better the AMO03 adaptive model
reproduces the observations.

[27] Figure 10 shows the relationship between northern
foot point latitude and outermost (equatorial) distance of
the magnetic field lines at the Gillam magnetic meridian
(where most THEMIS probes are situated, Figure 2, top),
which we later refer to as the “mapping curve.” This curve
is shown for two epoch times, 0516:00 UT and 0517:00,
just around the initial expansion phase features in the
plasma sheet and 0—1 min before the breakup, respectively.
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Figure 10. Mapping profile (CGLat versus equatorial dis-
tance) at 0516 and 0517 UT on 29 March 2009 (just
before the breakup) at 22.5 MLT meridian for adapted
AMO3 model (red/purple) and for standard T96 model
(blue). Corresponding P4 spacecraft mapping are also shown.
Gillam zenith (at 110 km) CGLat is shown for reference
together with poleward termination of initial breakup arc.
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Figure 11. Alfvén time delays computed using T96 (blue)
and AMO3 (red) models.

The AMO3-predicted spacecraft foot points fall well into
the region of breakup initiation, about 1.5°-2° latitude
poleward of Gillam zenith. The latitudinal width of the flat
portion of the mapping curve (where the foot points of the
1020 Rg equatorial points fall to the ionosphere) is less
than 1° latitude. This is comparable to the accuracy of the
mapping itself, as estimated from the scatter of foot point
coordinates just before the breakup [see Kubyshkina et al.,
2011, Figure 9]. Therefore, even with this sophisticated
data-based model, the exact equatorial location of the
breakup magnetic field line cannot be determined very
accurately from mapping. The only thing we may conclude
for certain is that the data are consistent with the breakup
mapped along magnetic field lines into the thin current
sheet, tailward of P4. The mapping curve for the corre-
sponding T96 model and probe locations are also shown
for comparison.

[28] In Figure 11 we plot the Alfvén wave travel time
from the ground to the magnetosphere using 0.7 cm >, the
density in the central plasma sheet at 11 Rz. The travel time
does not show big differences between the standard T96 and
adapted models. Four field lines were used for each model.
Two cross the neutral sheet at 12 and 15 R, and two pass 1
Ry above those equatorial points. Together, these traces
characterize a spread of possible time delays to interpret the
timing results discussed in section 2.5. Since we ignored the
dense ionosphere at low altitudes, the actual time delays can
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be larger by roughly 10 s than shown in our results (see,
e.g., Lin et al’s [2009] calculations).

2.5. THEMIS, Geosynchronous, and Ground-Based
Observations

[29] Figure 12 provides a condensed summary of various
onset features observed in the thin current sheet at 11 Ry, at
geosynchronous spacecraft, and on the ground. The earliest
indication of expansion phase onset is the positive B, vari-
ation at P2 (at lobe/plasma sheet boundary) starting at
0515:15 UT, which is soon followed by gradual growth of
V., plasma density, and pressure at P4. Near this time the
earthward streaming ions overlapped onto the dawn-dusk
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Figure 12. Substorm onset as recorded (from top to the
bottom) by ground stations Gillam, FSMI, SNKQ; GOES
12 and GOES 13 spacecraft; and THEMIS P3 and P4
probes. Vertical lines indicate start times of THEMIS dipo-
larization and of onset-related perturbations at GOES space-
craft. Triangles marked by AS and AB indicate the times of
auroral structuring and explosive auroral brightening,
respectively.

9 of 15



A00126

anisotropy began to be observed. The modeling by Zhou et
al. [2010] showed that earthward streaming ions are ions
that escaped earthward after being accelerated at the earth-
ward moving dipolarization front, so they provide remote
sensing of the activity in the more tailward region.

[30] The earliest distinguishable feature at the entry to
the dipole-like region (11 Ry) is the sharp dipolarization
associated with enhanced flux transport that began at
0516:45 UT. It was observed only by P4 and P5 (B,
variation) not by P3 situated ~1 Rp dawnward from P4,
P5; this is consistent with initial brightening at the
meridian near and west of the P4 foot point (see Figure 7).
The earthward flow had already reached ~200 km/s
amplitude by that time. Note that the second dipolarization
was observed by both P3 and P4, in agreement with
eastward expansion of active auroras (Figure 7).

[31] In this event GOES 12 and GOES 13 spacecraft
bracketed the breakup meridian and THEMIS constellation
from east and west, respectively (see Figure 2, top). After
onset they both observed positive variations in the H,
(north) component, negative variations in the earthward H,
component, and variations of opposite sign in the H, (east
component), consistent with substorm current wedge effects
[Nagai, 1982]. The variations were deeply modulated by the
Pi2 signal with an apparent period of about 1 min. The
gradual changes began at 0517:00 UT, with clearer changes
visible after 0517:20 UT. The Alfvénic time delay of 15—
30 s from 11 Ry to 6.6 Ry (Figure 11) is consistent with
these observed delays.

[32] Ground magnetometer data from Gillam and two
more stations (FSMI and SNKQ) with similar CGLat but
displaced in MLT by ~1 h to the west and east (respectively)
displayed negative H component bays and a negative Z
component bay at Gillam (reflecting the poleward expansion
of the electrojet). The magnitude of variations was only
30 nT. In addition, the midlatitude stations recorded very
clear midlatitude bays in H and D components strongly
modulated at the Pi2 frequency, the pattern of which corre-
sponds closely to the classical SCW located in the MLT
sector between 20 and 24 MLT (not shown). According to all
these data, the gradual magnetic perturbations started not
earlier than at 0517:00 UT, with clearer changes visible after
0517:15-0517:20 UT. As described in section 2.3, the
explosive auroral brightening (AB) over Gillam started at
0517:30 UT, with weak signatures of auroral structuring
evident from 0517:05 UT (AS) onward. Although the very
brief Alfvénic time delay from 6.6 Rz to the ionosphere
(Figure 11) does not contradict the observations, gradual
onsets preclude us from making a more detailed discussion.

[33] In conclusion, we found (1) earthward progression of
onset from 14 Rg to 11 Rg and to geosynchronous orbit; (2)
relatively long time delay between signatures at 14 R and at
11 Rg (about 90 s, clearly larger than local Alfvénic trans-
port time); (3) much shorter delay between 11 Ry and
6.6 Ry; and (4) nearly simultaneous onset on geosynchro-
nous orbit and the ionosphere.

3. Discussion

3.1. The 29 March 2009 Substorm as a Generic Event

[34] Here we would like to emphasize that the character-
istics of this event are typical; with a very few question
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marks (e.g., is it substorm or pseudobreakup?), it can be
regarded as a generic substorm. Its general picture looks
very familiar, consistent with definition given in the Intro-
duction. It started after quiet period with northern IMF, after
the IMF southward turning. In the magnetotail the growth
phase continued for ~50 min and included such well-known
manifestations as the A component depression (~10 nT) at
the nightside portion of geostationary orbit, the growth of
the tail lobe field and of total current in the near-Earth
magnetotail (by ~12% and ~1 MA), earthward motion of
intensified tail current (by ~1 Ry [see Kubyshkina et al.,
2011, Figure 6]), and overall stretching of magnetic con-
figuration quantified by time-dependent data-adaptive
model. At the concluding stage of the growth phase, a thin
current sheet (TCS, thinning below the 0.15 Rz upper esti-
mate as given by the Harris half thickness scale, Figure 2)
was embedded in the near-Earth plasma sheet. The last 10—
15 min of the growth phase appeared to be a time of
explosive TCS growth. During this time, the entire plasma
sheet was also thinning; its half thickness at » ~ 11 Rg
decreased below 1 Ry so that P5 exits almost to the lobe.
These manifestations are well-known features of the sub-
storm picture in the magnetotail first outlined by McPherron
et al. [1973] and later developed and complemented by
many authors [see, e.g., Nishida and Hones, 1974; Caan et
al., 1978; Forbes et al., 1981; Lui et al., 1992; Sanny et al.,
1994; Baker et al., 1996; Sergeev et al., 1993, 2005; Nagai
et al., 1998; Shiokawa et al., 1998; Angelopoulos et al.,
2008; Miyashita et al., 2009; Petrukovich et al., 2007,
2009]. Our study allows us to quantitatively characterize
various manifestations in the same event.

[35] The physics of the growth phase reconfiguration is
generally linked to the combination of two factors: enhanced
tailward transport of magnetic flux tubes reconnected on the
dayside magnetopause and low earthward transport rate
(back to the dayside) in the plasma sheet. The latter factor,
which in some theories is explained by specific thermody-
namic properties of the magnetotail (“pressure balance
inconsistency” [see, e.g., Wolf et al., 2009]), is not quanti-
tatively well known from observations. Here, for the first
time, we provide the transport rate as measured in the
neutral sheet at the entry to the dipole-like inner region
during the entire 50 min long growth phase. The average
value of [BV;], ~0.01 mV/m appeared to be ~10-20 times
lower than the expected balanced flux transfer ~0.15 mV/m
(estimated as the 50 kV cross-tail potential divided by the
tail diameter 50 Rg). Therefore, the earthward flux transfer
was strongly suppressed at the nightside in the region in
which the thin current sheet formed. This estimate is more
accurate than estimates made outside the neutral sheet,
which suffer from the contribution of north-south (thinning
and flapping) flux tube motions and ¥, component offsets.

[36] Expansion phase operational signatures (auroral
breakup and subsequent poleward expansion, explosive
growth of the westward electrojet and substorm current
wedge, Pi2 pulsations) are also quite standard, although at
low intensity. Onset signatures in the near-Earth magnetotail
(current disruption, earthward plasma injection, dipolariza-
tion and expansion of the plasma sheet) are also standard
[see, e.g., McPherron et al., 1973; Lui et al., 1992; Sergeev
et al., 2005; Angelopoulos et al., 2008]. The same is true
concerning the auroral breakup morphology (section 2.3).
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The breakup began as structuring of auroras, followed by an
exponential growth in auroral brightness with an e-folding
time of ~30 s [Liang et al., 2008; Donovan et al., 2008]. As
usual, our breakup began near the equatorward edge of the
auroral oval [Akasofu, 1964], near the equatorward limit of
red emission, and at the poleward slope of proton-induced
486 nm emission [Samson et al., 1992].

[37] Concluding this section, we recall that all critical
manifestations of the studied event are generic, so the
physics of this event must also be very general. The inten-
sities of principal changes in the near-Earth tail, such as the
amount of energy storage, explosive growth of embedded
TCS, explosive dissipation in the current sheet during the
expansion phase (£, bursts up to 5-10 mV/m), bursty flows,
and plasma bubbles, are typical of modest substorm events.
The only difference is that near-Earth signatures of 3-D
substorm current system were rather weak: SCW of ~0.1
MA (estimated from midlatitude magnetograms), GOES and
midlatitude magnetic bays of a few nT intensity, and espe-
cially the auroral zone bays which were below 50 nT during
first 10 min of the expansion phase.

[38] A weak ground magnetic effect may not neces-
sarily be connected to a small intensity of 3d currents in
the magnetotail. In fact it can be explained by the cold/
dense state of the plasma sheet (density about 0.8 cm ™,
T; < 3 keV, T, < 0.5 keV) prior to substorm onset. As
previously discussed by Yahnin et al. [2001] and confirmed
in the ground-tail correlative study by Sergeev ef al. [2004],
according to the Knight relationship, the cold/dense plasma
sheet has more electric current carriers and requires less
field-aligned acceleration to keep the field-aligned current
(FAC) current at the same intensity as generated by mag-
netospheric process, than does the less dense, hotter plasma
sheet. Weak acceleration severely decreases hard electron
precipitation and Hall conductivity, which, in turn (applying
the Fukushima theorem), results in strongly suppressed
ground magnetic perturbations (though R1/R2 current sys-
tems and Pedersen currents can still be quite intense). This
means that the dissipative processes may be quite strong in
the plasma sheet, whereas their image in ground magnetic
perturbations is weak in that particular (cold/dense) state of
the plasma sheet.

[39] In some previous studies short substorm-like mag-
netospheric events showing a weak ground magnetic effect
were separated from substorms and called as pseudobreak-
ups (PBUs) (see Kullen and Karisson [2004] for a summary
of recent and previous work). A distinctive feature sug-
gested for PBUs was that they have no macroscopic con-
sequence, that they do not develop into the full-scale
substorm. This is not supported by modeling result that
during 10 min long expansion phase (0517-0526 UT) the
total plasma sheet current between 5 and 20 Ry decreased by
~1 MA, or by 25% [Kubyshkina et al., 2011]. This value is
comparable to the entire tail current increase during pre-
ceding 45 min long growth phase. Also magnetospheric and
auroral configuration changed considerably during expan-
sion phase resulting in the poleward shift of spacecraft io-
nospheric foot points by ~3-4° CGLat as well as in the
poleward auroral expansion of the similar magnitude.
Therefore, whereas this is a matter of taste to select one or
another name (PBU or substorm) in the absence of strict
quantitative definition of each term, a short expansive phase
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in this case has quite global consequences in terms of total
current, configuration changes and auroral expansion.

3.2. Interpretation of THEMIS Observations at 11 Rz:
Indirect Evidence of Magnetic Reconnection

[40] A number of new, interesting observations shed some
light on the origin of substorm onset process. The first
concerns onset-related transient dipolarizations in the thin
current sheet, which are simultaneously observed by two
closely spaced but vertically separated probes, one (P4) near
the neutral sheet and another (P5) in the adjacent lobe.
During initial activity P4 recorded two strong pulses of Bz
embedded into the fast flows. They were accompanied by
two pulses of total pressure (times #; and #, in Figure 5),
followed by a deep pressure drop (starting at ;). Very
similar B, and total pressure variations (although of low
magnitude) were also recorded at P5, which was that time
almost in the lobes (P,/P, < 0.1). Figures 13e-13i show
these variations in the expanded scale and in the normalized
form. It is convenient to compare them with the predictions
of transient reconnection theory. A recent review paper by
Sharma et al. [2008, Figure 30] provides a convenient
illustration to compare with our observations; it is shown in
Figures 13a—13d. In the model the two-pulse reconnection
rate (E*, Figure 13b) in the thin current sheet separating
antiparallel magnetic fields (with B, = 0) was set up at the
reconnection line at X = 0. These pulses formed a two-hump
reconnection exhaust structure containing reconnected flux
tubes frozen into the heated fast flowing plasma, as shown
schematically in Figure 13a. The reconnection exhaust
propagates outward at the Alfvén velocity in the reconnec-
tion inflow region, and its Z size grows proportionally to the
distance (X) from the reconnection line (Figure 13a). The
lobe magnetic variations produced at four virtual spacecraft
(points a—d in Figure 13a) are shown in Figures 13 and 13d.
Here all variations are normalized on the initial lobe field
value (which is also subtracted from the B, component
variation; see Sharma et al. [2008] for more details).

[41] To compare with observations, we emphasize the
variations at point d, which remained close to the neutral
sheet and at considerable distance from the reconnection
line, as PS5 probably did. The normalized B, and B, varia-
tions observed at P5 (Figures 13e and 13f) have amplitude
and shape similar to those predicted at point d. They display
2 min scale By humps followed by By drop below its initial
value, which is a signature of current disruption or, in other
words, of loss of reconnected magnetic flux from the lobe.
In the model two By humps (two lobe field compressions)
are produced by two exhaust bulges passing nearby (Figure
13a). They are accompanied by asymmetric bipolar B,
variation with predominant positive Bz (initial weak nega-
tive pulse is clearly seen only for the first exhaust bulge).
The phase of B variation is delayed by a quarter of period
against By positive variation, which is also consistent with
observations.

[42] The transient reconnection model also predicts a
good correlation of 6B, with up/down flux tube motions
(6B, ~ +6V, for the southern lobe), which is also nicely
observed at P5 (compare Figures 13f and 13g). Numeri-
cally a linear regression between these variables is 0B,
[nT] = 0.056V, [km/s] (correlation coefficient CC = 0.90),
it corresponds to Walen (Alfvén wave) relationship for
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effective density ~1 cm . Last but very important, in the
model, By compressions are nearly collocated with local-
ized enhanced magnetic flux closures (B, pulses) across
the current sheet center plane (Figure 13a). This is exactly
what we see at P4 near the neutral sheet in our case. In
summary, the comparison of observations with model
predictions demonstrates good agreement in all essential
points and provides strong support to the reconnection
origin of the magnetic field variations observed at the
substorm onset at 11 Rp, near the earthward edge of the
neutral thin current sheet.

[43] Initially, reconnection proceeds deep inside the
closed plasma tubes, however, where the magnetic field is
relatively small and density in the reconnection inflow
region is higher than in the lobes. This explains the rela-
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tively small flow velocities in the BBF (a few hundred
kilometers per second) and relatively large initial propaga-
tion time delay between current disruption signatures, about
1.5-2 min between 14.5 and 11 Rj. Such delays are con-
sistent with the simple Alfvénic time delay calculations
displayed in Figure 12.

[44] An unusual feature of the observations is an obvious
delay in bubble arrival as evidenced by the deep density
and plasma pressure drop at P3, P4 beginning at time #3,
0517:50 UT =+ 10 s), a minute after transient dipolarization.
This looks different from ordinary plasma sheet BBFs in
which a sharp B, increase coincides with a sharp density
drop;, see, e.g., statistics of Ohtani et al. [2004] and multi-
spacecraft observations of Runov et al. [2009]. We explain
this by different generation conditions; namely, that in our
event reconnection initially proceeded on closed field lines,
whereas it acted on lobe field lines in the majority of other
BBF observations. In closed flux tube reconnection, the
density/pressure in reconnecting tubes is relatively large; the
bubble features (including entropy drop and electric polari-
zation) are less expressed; and 2-D-like interaction of flow
with ambient plasma (compression) is stronger than in lobe
reconnection. As time proceeds the less dense plasma tubes
start to be reconnected and finally the bubble features may
dominate in the BBF over the compression effects. Such a
scenario with onset initiation on closed field lines is sup-
ported by auroral observations (Figure 6 and section 2).

[45] During this initial ‘“BBF+dipolarization without
bubble” stage, a remarkable variation in electron tempera-
ture was also observed in the neutral sheet: during the first
transient dipolarization (at ¢, time in Figure 5, see also color
plots in Figure 3), 7, dropped sharply by a factor of 2.5
(from 0.5 to 0.2 keV) and stayed at that level for about a
minute. This occurs in the earthward moving plasma tube in
which the proton temperature and high-energy flux both
increased concurrently with a small increase in the plasma
density. Any explanation of these facts should require that
(1) the temperature of electrons in the source plasma tube is
initially much lower than 7, values at 11 Rg in the neutral
sheet, and that (2) the effectivity of acceleration is not large

Figure 13. Predictions of transient reconnection model for
the case of two consequent reconnection pulses (adapted
from [Sharma et al., 2008, Figure 30]). (a) Configuration
of upper halves of reconnection outflows in XZ plane at two
instants of time (¢ = 1.5 and ¢ = 4.0), reconnected magnetic
field lines threading the outflow bulges are also shown by
grey lines; (b) time variations of reconnection rate £*; (c and
d) variations of 6B(B, = 1 + 6B,) and B, magnetic field
components predicted at four points (a, b, ¢, and d) above
the current sheet whose location is shown in Figure 13a. All
quantities are normalized (see Sharma et al. [2008] for more
details). Vertical dotted lines in Figures 13e and 13f facili-
tate to observe the phase shifts between variations in B, and
B, components. (e and f) Variations of magnetic field and
(g) of V, plasma flow at THEMIS P5 probe; (h) total pres-
sures at P4, PS5 probes; and (i) B, component variations in
the neutral sheet. Shading indicates two episodes of strong
magnetic flux closure through the neutral sheet region which
have associated TCR-like variations in the lobe.
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and is different for protons and electrons. An explanation of
the low electron temperature is very important. It seems
impossible to reproduce this effect by suggesting the inner
magnetosphere as a source (because plasma is hotter in the
inner plasma sheet), so it shows a great preference for the
tailward source.

[46] The reconnection mechanism together with the
observed strong radial gradient of electron temperature
(Figure 4) provide a better explanation for the requirement
(1), because the external (colder) plasma tubes are involved
in this process. Based on Figure 4 one concludes that the
reconnection should initially cut (reconnect) the field lines
that cross the neutral sheet at r > 20-25 Ry where the
electrons have the required 7, < 0.2 keV. As regards
requirement (2), its explanation can include a combination
of mechanisms, like different acceleration efficiency of
various species (e.g., nonadiabatic protons at Speiser orbits
versus adiabatic electrons), the azimuthal dependence (lon-
gitudinal effects due to P4 location near the flank of the
acceleration region and BBF), etc. These kinetic aspects are
as yet very little studied and remain a subject for special
study. In any case the observed effect points toward the
tailward plasma source, which has the required cool popu-
lation and is transported in the earthward direction in
agreement with observations.

[47] The more distant tail (beyond 15 Rz) was not directly
probed in our event. Nevertheless, we can infer the location
of reconnection at distances between about 15 and 20 Ry by
combining various observations, including the following:
(1) the positive sign of B, variation at P2 (which is also the
earliest of all onset signatures) points to » > 15 Rg, (2) the
similarity of B waveforms observed at P5 (at dZ,, ~ 1 Rp)
with variations predicted for virtual spacecraft d in Figure 13
indicates that the reconnection distance may be comparable
to 6 Rg; therefore, » ~ 17 Rg, (3) Zhou et al. [2010] re-
produced the proton distribution functions prior to dipolar-
ization arrival at P4 with a simple model including an
earthward propagating dipolarization front, and they con-
cluded that the observed time delay of the first appearance
of the earthward streaming population superimposed onto
the previous dawn-dusk pattern is consistent with » ~ 15 R
(up to 20 Rg), and (4) breakup mapping using the AMO03
model at 0517 UT is consistent with the breakup source
earthward of 25 Ry (Figure 10) [see also Kubyshkina et al.,
2011].

[48] Recently, Miyashita et al. [2009] published a Geotail
survey of magnetotail effects ordered by auroral breakup
(for a few thousand events), and Petrukovich et al. [2009]
published a survey of 49 Cluster observations made at
substorm onset near the thin current sheet. Both groups
concluded that the most probable location of reconnection at
substorm onset is around 17-18 Ry, with the possibility of
much more earthward reconnection in the premidnight MLT
sector [Petrukovich et al., 2009]. The inferred range of
initial reconnection locations (15-20 Rz in our case) is
therefore nicely consistent with the most systematic, com-
prehensive statistical surveys available so far.

3.3. Toward a Unified Interpretation of Onset
Observations

[49] Lack of key observations has led to debates
concerning source region location and substorm instability
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and auroral breakup generation. Not pretending to review
these problems in detail and to give final answers (which
probably requires a full-scope review volume), here we
briefly summarize what new constraints our “ideal config-
uration” (covering both neutral sheet and lobe at the junction
between the inner region and TCS, conjugate to breakup)
brings to this discussion.
3.3.1. Breakup Location and Mapping

[50] Auroral breakup develops near the equatorward bor-
der of the auroral oval, at the equatorwardmost arc and
within a region of proton precipitation [Akasofu, 1964;
Samson et al., 1992; Donovan et al., 2008; Lyons et al.,
2002; Rae et al., 2009]. Using the accurate magneto-
spheric model, we confirm the standard interpretation (that
the breakup is initiated deep inside the closed flux tube
plasma sheet region). Another conclusion usually drawn
after mapping such a location into the magnetosphere (first
discussed by Samson et al. [1992] and Elphinstone et al.
[1991]) is that the breakup initiates deep inside the dipole-
like region (e.g., T96 mapping curve, Figure 10). Mapping
using the standard model is inaccurate for mapping pur-
poses, however. Actual mapping, as shown by AM03 model
results, is very different. When the AMO03 model is used, the
breakup area is mapped further into the tail rather than into
the dipole-like region; this is consistent with the 15-20 Ry
reconnection location inferred in section 3.2. For more
discussion, see Kubyshkina et al. [2011].
3.3.2. Rarefaction Wave

[5s1] The scenario of turbulent current disruption [e.g., Lui,
1996] suggests that current disruption in the dipole-like
inner region can launch a tailward propagating rarefaction
wave that sucks the plasma in. Therefore, the total pressure
decrease should initiate the earthward plasma flow. This is
opposite to what is observed: both the plasma pressure at the
neutral sheet (at P4) and the magnetic pressure in the lobe
(at P5) grew together with gradually increasing earthward
flow after 0515:40 UT (and continued to increase at the
beginning of the BBF), indicating that they are associated
with plasma pumping in, rather than with the rarefaction
wave. The compression can be understand as a partial
plasma pileup in front of the earthward propagating di-
polarization front coming from the midtail (see below).
According to surveys by Xing et al. [2010] and Dubyagin
et al. [2010], compression-associated earthward flow on-
sets are common at distances < 12 Ry at substorm onset.
Therefore, observational evidence negates the rarefaction
wave hypothesis.
3.3.3. Tailward Propagating Current Disruption

[52] Interpretation of lobe observations made at 15-20 R
in a few events [Jacquey et al., 1991; Ohtani et al., 1992] is
frequently cited as evidence for a near-Earth location of
current disruption. The authors of these studies inferred the
initial location of current disruption to be at » < ~10 Rg, with
subsequent tailward propagation of current disruption. The
method is, of course, not very precise concerning the initial
location of current disruption because the model used (a slab
of dawn-dusk current) is too simple and the spacecraft is too
far from the inferred onset location. Moreover, a near-Earth
location of reconnection was inferred based on initial neg-
ative B, variation, which may have very different origins.
For example, in Figure 13d, the negative dB, in the lobe is
formed at virtual spacecraft ¢ and, especially, d sitting on the
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earthward side of the X line reconnection. Therefore, this
evidence is not conclusive as concerns the initial location of
the current disruption.

3.3.4. Synergy in the Description of Plasma Sheet
Variations Around Substorm Onset

[53] A number of different transient plasma structures
have been suggested in the literature; many of them can be
recognized in our data within a few minutes of substorm
onset. Certainly, BBFs and bubbles are among them. Also,
B, compressions with associated B, variations in Figure 13
resemble the traveling convection regions (earthward
TCRs) [Slavin et al., 2005], previously linked to earthward
motion of magnetic islands or flux ropes). Lobe B, varia-
tions also show a drop and share many similar features with
variations interpreted as propagating current disruption
(CDs) [Jacquey et al., 1991; Ohtani et al., 1992]. Finally,
nightside flux transfer events (NFTEs) [Sergeev et al., 1992]
have properties and interpretation similar to what has been
described in section 3.2 (propagation of reconnection out-
flow bulges generated by transient reconnection). Our
analysis allows us to argue that a variety of onset-related
magnetotail phenomena discussed in the past literature
under the different names (BBFs, bubbles, current disrup-
tion, NFTEs, earthward TCRs) are due to the same dissi-
pative structure (reconnection outflow bulge) observed from
different vantage points.

[54] At this point we would like to emphasize that a
simple time-varying reconnection model [Semenov et al.,
2005] produces the waveforms in the lobes (Figures 13c¢
and 13d), which are strongly position dependent. The two
hump TCRs formed by two reconnection pulses are resolved
only by an observer sitting near the lobe-PS boundary (at
points b,d) and are smeared out in points a, c whose distance
is larger than the separation between the two bulges in X.
Positive dB, variations (TCRs) are well resolved only if the
X distance and Z/X distance ratios are both large (in point d).
Only the |B,| drop and positive B, excursion are observed
robustly at all points. This implies that interpretation of lobe
magnetic variations requires a careful analysis using an
inverse problem solution and incorporating a priori infor-
mation. For more details, see, e.g., Semenov et al. [2005]
and Kiehas et al. [2009].

4. Conclusions

[s5s] Taking advantage of the ideal coverage of THEMIS
and GOES spacecraft, we were able to characterize quanti-
tatively configurational changes in the near-Earth nightside
magnetotail during the substorm event on 29 March 20009.
These include the growth of tailward stretching under the
suppressed earthward convection in the nightside plasma
sheet (reduced to <10% of expected balanced flux transfer
rate), explosive growth of the thin current sheet at around
10-12 Rg (down to Harris half thickness of 0.15 Rg) and
associated severe local thinning of the plasma sheet during
the concluding 10—15 min of the growth phase. Altogether
these changes produced a peculiar configuration with a
sharp junction of the dipole-like region with the quasi-
neutral thin current sheet at around 11 Ry, where the mag-
netic field was very small (B, < 1 nT).

[s6] Four THEMIS probes observed this junction in the
neutral sheet and adjacent lobe at substorm onset in the
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region conjugate to the breakup, that is, in ideal locations to
resolve controversies related to substorm onset physics. All
types of data analysis (neutral sheet and lobe observations,
timing, magnetic field mapping using data-adapted model,
DF modeling, etc.) consistently point to the same source
location of auroral breakup and of plasma sheet earthward
flux transfer, which are both initiated in the thin current
sheet, most probably between 15 and 20 Ry in this event.
The observations definitely exclude the rarefaction wave
propagating from the inner region as the BBF source.
Having analyzed the lobe waveforms and inferred their
reconnection origin, we argue that different onset-related
magnetotail phenomena discussed in the past literature
(BBFs, bubbles, current disruption, NFTEs, earthward
TCRs) are the views of the same dissipative structure formed
by reconnection, observed from different vantage points.
Altogether this event provides a synergistic description of
basic configurational and plasma changes and provides a
definite choice against the breakup initiation on dipole-like
field lines and in favor of reconnection in the thin current
sheet as basic substorm onset process.
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