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[1] Earthward propagating dipolarization fronts, interpreted as thin, vertical current sheets
that separate plasmas of different origins in the Earth’s magnetotail, are embedded within
flow bursts, often near the leading edge of bursty bulk flows. Observations have also
shown that bursty bulk flow onset typically precedes dipolarization front arrival by

~1 min. Ion distribution functions reveal that earthward flows in advance of front arrival
are often caused by the appearance of a new ion population atop a preexisting plasma sheet
component. Particle simulations suggest that this second population, which contributes
most to the plasma velocity, is composed of ions that have been reflected at and
accelerated by the approaching front. We propose that in the presence of a finite upstream
B, field, the reflected ions would be confined in a region with a size comparable to the
ion thermal gyroradius over the upstream B,. THEMIS observations confirm that the
measured time difference 0t between the appearance of earthward plasma flows and the
dipolarization front arrival is consistent with the predicted size of the ion accessibility

region.

Citation: Zhou, X.-Z., V. Angelopoulos, V. A. Sergeev, and A. Runov (2011), On the nature of precursor flows upstream of
advancing dipolarization fronts, J. Geophys. Res., 116, A03222, doi:10.1029/2010JA016165.

1. Introduction

[2] Bursty bulk flows (BBFs), containing transient, high-
speed plasma flows responsible for a significant portion of
flux transport in the Earth’s magnetotail [Angelopoulos et al.,
1992, 1994], have been often observed to be associated with
strong (~1-10 nT), abrupt (~0.5-5 s) enhancements of the
magnetic field B, component. These transient enhancements,
usually preceded by a minor B, decrease and followed by a
gradual B, decrease, have been termed dipolarization fronts
(DFs) [Nakamura et al., 2002; Sergeev et al., 2009; Runov
et al., 2009, 2011a].

[3] Dipolarization fronts observed in the magnetotail
plasma sheet are usually interpreted as signatures of either
BBF-type flux ropes [Slavin et al., 2003; Zong et al., 2004],
or nightside flux transfer events [Sergeev et al., 1992;
Semenov et al., 2005]. Recent observations and kinetic simu-
lations have suggested that most dipolarization front sig-
natures, including the steep front, the B, dip preceding the
front, and the gradual B, decrease following it, are likely
to be remote signatures of transient reconnection [Sitnov
et al., 2009; Runov et al., 2011a].

[4] Unlike the classical signatures of magnetic dipolar-
ization, which have been associated with the reduction of
cross-tail current and the formation of substorm current
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wedge [McPherron et al., 1973; Lui et al., 1988], dipolar-
ization fronts are accompanied by significant enhancements
of current density in the dawn-dusk direction within the
plasma sheet [Runov et al., 2011a, 2011b; Zhang et al.,
2011]. After their generation in the midtail region, the
fronts have been observed to coherently propagate earth-
ward near the leading edge of plasma flows, as vertical thin
current sheets separating freshly heated, usually underpop-
ulated plasma from the ambient colder and denser plasma
sheet population [Runov et al., 2009; Sergeev et al., 2009].

[5] The onset of earthward plasma bulk flows does not
coincide with arrival of the dipolarization front. In fact,
observations have shown that enhancement of earthward
plasma velocity v,, usually accompanied by enhancements
of plasma density and plasma pressure, typically appears
~1 min before the dipolarization front [Ohtani et al., 2004;
Sergeev et al., 2009, 2011; Dubyagin et al., 2010].

[6] It has been suggested that flows preceding dipolar-
ization fronts are consistent with the “bubble” theory
[Pontius and Wolf, 1990; Chen and Wolf, 1993], in which
ambient plasma tubes are displaced sideways by a pene-
trating “bubble” [Sergeev et al., 1996]. As shown in a case
study of the interaction between the curvature force and the
ambient plasma pressure [Li et al, 2011], the MHD
description can be an effective way to describe propagation
of dipolarization fronts and the establishment of a flow field
surrounding them. After repeated damped oscillations of
BBFs within the plasma sheet, the force imbalance has been
shown to relax, again due to the change of pressure gra-
dients [Panov et al., 2010]. Thus, earthward precursor flows
can be explained as the result of plasma compression.
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[7] However, a kinetic picture may be equivalent, or even
more appropriate on some occasions. Examination of the
observed ion distributions within the 29 March 2009
substorm/dipolarization front event [Sergeev et al., 2011]
suggested different patterns of the earthward flows before
and after the front arrival. Although the ion population after
the front has a single component moving earthward, the ions
ahead of the front are actually the superposition of a grad-
ually emerging earthward streaming component and the
preexisting plasma sheet population [Zhou et al., 2010]
(hereinafter referred to as ZhoulO). These observational
signatures were well reproduced by test particle simulations
(see ZhoulO), suggesting that the superposed earthward
streaming ion population is composed of ions that have been
reflected and accelerated by the approaching front.

[8] In this paper, we attempt to quantify the relationship
between the durations of precursor flows in advance of
dipolarization fronts and ambient parameters, and to find
evidence on how important and how common the particle
acceleration picture is. In section 2, after briefly describing
our simulation technique, we make use of a more realistic
model of the equilibrium current sheet (with a finite mag-
netic field in the sheet-normal direction) as the initial con-
dition, to discuss the ion behavior upstream of the front.
Predictions can thus be made concerning factors that may
affect the length of the time interval (hereinafter referred to
as 0f) between the appearances of the earthward flow and the
dipolarization front. In section 3, statistical studies based on
THEMIS’ comprehensive coverage of the near-Earth mag-
netotail with its inner 3 probes, P3, P4 and PS5 [Sibeck and
Angelopoulos, 2008, Figure 10], are also conducted to ver-
ify these predictions.

2. Simulations

[v] Two steps are required to simulate the observed ion
distributions ahead of earthward propagating dipolarization
fronts. The first is to determine the initial condition, namely,
the plasma populations and magnetic profiles of the tail
current sheet in the equilibrium state, before appearance of
the earthward flow and front arrival. Zhou et al. [2009b]
have suggested that magnetic profiles as well as particle
distributions everywhere within the equilibrium current
sheet could be self-consistently determined on the basis of
single-point observations, by selecting an appropriate kinetic
model (with several free parameters) [e.g., Harris, 1962;
Schindler and Birn, 2002; Yoon and Lui, 2004; Sitnov et al.,
2006] and fitting the observed particle distributions with the
modeled ones.

[10] With the initial condition determined, test particle
simulations can then be carried out under prescribed electric
and magnetic fields, as the second step, to simulate the
evolution of ion distributions [Zhou et al., 2009a]. Here the
association between the ion distributions in the initial equi-
librium and those at later times is provided by Liouville’s
theorem [Schwartz et al., 1998; Wanliss et al., 2002]. In
other words, the ion distributions f(r, v, f) at time ¢ can be
obtained by tracing ion trajectories backward in time to
identify their initial locations ry and velocities vy within the
modeled equilibrium at ¢, and equating f(r, v, ¢) with the
corresponding f(ro, Vo, #o) values.
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[11] In previous work [Zhou et al., 2010], a case-oriented
one-dimensional current sheet model, which is a modifica-
tion of the traditional Harris [1962] model, was selected as
the initial equilibrium. The magnetic field in the equilibrium
solution is always in the x direction (with no B, field), which
is assumed to remain the same as the dipolarization front
approaches. In addition, a B, field, described by

B.(x,1) :%{1 ~ tanh [’H”’*L—/Vf(’*"’)} } (1)

was added to the initial equilibrium to represent the earth-
ward propagation of a hyperbolic tangent front at a speed of
vy. Here B, is the B. enhancement associated with the
dipolarization front; L, is the characteristic half thickness of
the front; and xy, is the location of the dipolarization front at
t = to. Also superposed in the model is a dawn-dusk electric
field

Ey(x.1) = v/B., 2)

built up in accordance with Faraday’s law to model the
electric field associated with the earthward propagation of
the front.

[12] The values of the parameters, used by Zhoul0, were
determined from the observations, in order to provide a
reasonable simplification of the field geometry during the
29 March 2009 substorm event. The ion trajectory calcula-
tions and subsequent Liouville mappings revealed upstream
distributions similar to those observed by THEMIS [Sergeev
et al, 2011]. the gradual emergence of an earthward
streaming ion population superimposed on the preexisting
duskward streaming ambient ions that carry the cross-tail
current. This new, earthward streaming ion population was
accelerated and reflected by the earthward propagating front.

[13] A salient feature of the simulations of ZhoulO,
however, did not fully agree with THEMIS observations:
the earthward streaming ion population appeared nearly
2 min ahead of the front in the simulations, but only ~1 min
in the observations. we investigated the hypothesis that this
discrepancy comes from an unrealistic, infinite y scale of the
modeled front of Zhoul0. We found that the introduction of
a localized front in the simulations improves the results only
slightly.

[14] In this section, we propose a different explanation for
this timing discrepancy. We postulate that the discrepancy
arises from the absence of a background B, field in our
oversimplified equilibrium current sheet model. We intro-
duce a more realistic model with a finite B, as the initial
condition to replace the 1-D model employed by ZhoulO,
and demonstrate a good agreement with the observed timing
of flow onset. By varying systematically the model para-
meters we then verify the expectation, based on first prin-
ciples, that the size of the ion accessibility region upstream
of the front is governed, in our model, by the front speed,
the upstream ion thermal speed and the upstream B,.

[15] By making these attempts, we intend to better
understand particle acceleration processes associated with
dipolarization fronts, and therefore to provide clues on the
global structure and propagation of the front through the
plasma sheet.
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Figure 1. Plasma density distributions within the initial
equilibrium, with the isodensity lines also delineating mag-
netic field lines.

[16] The revised equilibrium current sheet model used
herein can be found in work by Pritchett and Biichner
[1995]. It is an analytical solution of the two-dimensional
Vlasov-Maxwell equations [Schindler, 1972; Lembége and
Pellat, 1982; Manankova, 2003]. Its key element is a gen-
eralization of the traditional Harris [1962] model: assuming
that particle distributions are functions of two invariants of
motion (the particle energy # and the canonical momentum
P,), the Vlasov equation is automatically satisfied, and the
substitution of the particle distribution moments in the
Maxwell equations suggests solutions of the equilibrium
current sheet. In the presence of both B, and B,, the sub-
stitution results in the following equation:

V24, = (d°/dZ* + d° Jdx* )4, = —poJ (4,), (3)

where J(4,), a function of magnetic vector potential 4,, is
the electric current in the y direction. This equation yields a
self-consistent solution of the two-dimensional equilibrium
current sheet, with the magnetic field obtained from the
vector potential given by

A,(x,z) = BoLIn{cosh[F(x)(z/L)]/F(x)}, 4)

where F(x) is a slowly varying but otherwise arbitrary func-
tion, and L is the nominal half thickness of the current sheet.
The solution is based on Harris-type shifted-Maxwellian
particle distributions, with the ion velocity shift vp in the
y direction determined by myv/LeB, (where vy is the ion
thermal velocity).

[17] The two-dimensional solution reduces to the tradi-
tional 1-D Harris [1962] model if F(x) equals 1. For a
nonconstant F(x), a finite B, field appears, and its value at
the center of the current sheet (z = 0) becomes

B:(x,0) = —BoLF'(x)/F(x), (5)

which in our present investigation is selected to have a
constant value, B,,, with the assumption

F(x) = exp[—(x/L)(By/Bo)]. (6)

The self-consistent density distribution of the equilibrium is
given by

n(x,z) = noF? ()c)sech2 [F(x)(z/L)], (7)
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which fulfills the initial condition with magnetic field
and particle distribution function profiles self-consistently
determined everywhere within the equilibrium current sheet.
Figure 1 shows the magnetic field and density distributions
of the initial equilibrium, with the following parameters:
B, =1nT, By =30 nT, no = 0.7 cm >, vy = 700 km/s, and
L = 0.5 Rg. Next, the earthward propagating front, with
magnetic and electric fields described by equations (1) and
(2) is superimposed over the initial equilibrium, and test
particle simulations are carried out to model the evolution
of ion distributions during the approach of an earthward
propagating dipolarization front.

[18] In our first run, we use the same dipolarization front
parameters as those adopted by ZhoulO: B, = 10 nT, v, =
250 km/s, Ly = 0.2 Rg. The virtual spacecraft is located
within the tail current sheet (200 km north of the neutral
sheet), and xy, the front initial location, is 5 Ry tailward of
the spacecraft. The simulation, which stops at 7 =5 + 127 s
(the front arrival time), results in the ion angular spectrum
(in the energy range of 8-15 keV) of Figure 2a, which
shows the appearance of the accelerated ion ahead of the
front. Figure 2b shows the simulated evolution of the
earthward flow velocity (the solid line) and the plasma
density (the dashed line). Both of these values are shown to
increase gradually, which is consistent with the gradual
emergence of the accelerated, earthward streaming ion
component. At the front arrival time, the earthward flow
velocity is ~230 km/s, approximately equal to the front-
propagating speed v; 250 km/s. These results are similar to
those of ZhoulO, however, in this simulation run, the
accelerated ion population appears ~1 min before the front
arrival, which agrees better with the observations and
therefore resolves the aforementioned timing discrepancy.

[19] To elucidate the properties of the new ion population
including its 6(¢) value, we show the trajectory of a typical
accelerated ion in Figure 3. The ion was selected from the
energy and directions shown in Figure 2a, as denoted by the
black dot. The ion is moving earthward and dawnward with
kinetic energy of 15 keV when it reaches the spacecraft
location 39 s ahead of the dipolarization front. Clearly the
ion belongs to the superposed population, but is otherwise
not special. Figure 3d shows that the kinetic energy of that
ion increases by ~50% by ¢ ~ fp + 80 s.

[20] The ion initially follows a cucumber-type trajectory
within the equilibrium current sheet characterized by tran-
sitions between neutral sheet crossing and noncrossing
elements [Biichner and Zelenyi, 1989]. In the xy plane
(Figures 3a and 3b), this trajectory degenerates into a circular
motion, with radius (~1.5 Rj) dictated by the ion gyroradius
around the background B, field of 1 nT. The kinetic energy
of the ion stays constant until £ = #, + 75 s when the ion
encounters the approaching front and starts to gyrate around
the enhanced B, field. The gyrating motion lasts ~5 s, during
which the kinetic energy of the ion increases by 5 keV due
to the presence of the electric field (2) associated with the
front. The ion is then reflected back to the region ahead of
the front.

[21] This mechanism of ion reflection and concurrent
acceleration is essentially the same as described by Zhou10.
Contrary to the case of a zero background normal magnetic
field (B, = 0), however, in this case the ion does not stream
unrestricted in the +x direction. Instead, it starts to turn
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Third Run (Bn=1nT, Vf=250km/s, Vt=1000km/s)
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Figure 2. Results of our four simulation runs. Dipolarization front arrivals are at ¢ — #y = 127 s for the
first three runs and at ¢ — 7o = 63 s for the fourth run. (a, c, e, and g) Simulated ion differential energy flux
versus equatorial azimuthal angle and time in the 8-15 keV energy range. Here 0° and 90° correspond to
the earthward and duskward fluxes, respectively. (b, d, f, and h) Earthward plasma flow velocity and
plasma density shown as solid and dashed lines, respectively. The vertical dotted lines correspond to
the time when earthward flow velocity becomes significant (no less than 20% of the front propagation

speed).

dawnward, executing a gyration around the finite back-
ground B, of 1 nT. This is expected, since according to
Biichner and Zelenyi [1989], ion motion within the current
sheet is confined by its gyroradius around the background
B.. Consequently, the reflected ions, as well as the excursion
of the related earthward flow and enhanced plasma density,
would not be observed beyond the ion accessibility region,
which is approximately one gyroradius earthward of the
dipolarization front.

[22] Therefore, one would expect an inverse correlation
between the magnitude of the background B, field and the é¢
value. A second simulation run was constructed to test for
this prediction, with a stronger B, field, say, B, = 2 nT,
adopted in the initial equilibrium. All the other parameters
remained the same as in the first run. The simulation results
of the second run, displayed in Figures 2c and 2d, suggest
features very similar to those produced in the first run (see
Figures 2a and 2b), i.e., a gradual appearance of the
superposed ion component over preexisting patterns, as well
as increasing values of the plasma density and the earthward

flow velocity (also converging toward v). The most sig-
nificant difference between them, namely, the shorter
duration of the accelerated ion population ahead of the
dipolarization front, agrees well with the prediction.

[23] The size of the reflected ion accessibility region also
depends on ion temperature. By increasing the ion thermal
velocity vz from 700 km/s to 1000 km/s in the third run, we
examined the effect of a higher temperature on the resulting
Ot value. The simulation results are shown in Figures 2e
and 2f. A similar evolution of the resultant ion distribu-
tions is clearly seen, although the ion fluxes of both pre-
existing and accelerated populations are much higher due to
the higher initial temperature. If the appearance time of the
earthward flow is defined as the time when v, becomes
greater than 20% of the front propagation speed v, (which
equals 50 km/s in this case), then 6 = 49 s. In contrast, a
value of 34 s is obtained in the first run with lower back-
ground temperature. This again agrees with the expectation
that a higher ion temperature results in a larger ion acces-
sibility region.

4 of 8



A03222

11 (a)

x 0

; —1/
_2 ) ) ) ) ) ) )

'Iu.. 1%\/\/\

Ny /

°T(b)

R 0.4'(0)
N
ozf \/ \/ |V
() N
< 14
[}
< 12}
X
Ll
10 " " " " " : :
0 20 40 60 80

t—tg (sec)

Figure 3. The trajectory of a typical ion obtained in the
first simulation run: (a) x, (b) y, and (c) z locations and
(d) the kinetic energy of the ion as functions of time. The
time interval with the ion reflected and accelerated by the
earthward propagating dipolarization front is represented
by the shaded area.

[24] It should be further pointed out that 6t is inversely
correlated with the earthward propagating speed v, of the
dipolarization front, as a higher v, value results in a shorter
travel time of the dipolarization front across the entire
region. The fourth simulation run tests this hypothesis, using
the same parameters as in the first run except for a higher v,
value of 500 km/s. The simulation results are shown in
Figures 2g and 2h. The 6t value (15 s) is indeed approxi-
mately half the value in the first run (34 s). The higher
propagation speed of the front is also consistent with a
stronger ion acceleration thanks to the larger electric field
of the front, and therefore is accompanied by higher fluxes
of the reflected ion population over the same preexisting
patterns.

[25] We conclude that the results of these simulation runs
are consistent with the theoretical prediction: to first order,
the time difference between the appearance of earthward
flow and front arrival is proportional to the thermal ion
gyroradius ahead of the front and inversely proportional to
the earthward propagating speed of the dipolarization front.
In other words,

mvy 1

- (8)

X .
eB, n vV

ot

[26] It should be noted that the time difference does not
depend on the value of B, (the B, enhancement associated
with the front). By changing B,in the first run from 10 nT to
5 nT, we obtained essentially the same results as Figure 2a
(not shown). The result is not surprising, as the magnetic
field behind the front cannot affect the ion trajectories ahead
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of it. In section 3, we examine the validity of equation (8)
using statistical surveys of THEMIS observations.

3. Observations

[27] Before turning to the statistical surveys, we present
an individual case study of the 26 February 2008 substorm/
dipolarization front event [Angelopoulos et al., 2008; Pu
et al., 2010] that indicates how the events were selected
and how the relevant parameters in equation (8) were
determined on the basis of observations.

[28] Figure 4 is a 3 min overview of the event observed by
THEMIS P4, which was located in the near-Earth tail with
GSM x = —10.2 Rz. About 3 min after the initiation of
magnetic reconnection at x ~20 Ry [Angelopoulos et al.,
2008], a strong B. enhancement was observed by P4 at
~0453:25 UT indicating the arrival of a dipolarization front.
Before front arrival, however, P4 had already observed
gradual increases in earthward flow velocity and plasma
density, as well as the appearance of an earthward streaming
ion population superimposed over a preexisting steady
duskward anisotropic ion population. All these features are
expected signatures of reflected ions and resultant flows
upstream of earthward propagating dipolarization fronts, in
agreement with our simulations.

[29] We next examine observations from the THEMIS
inner probes (P3, P4 and P5), taken during their first two tail
seasons (from 1 February 2008 to 31 March 2008, and from

tp tdta
L L
| :

|

E 10:(a)
a

1 ,I"\/
| -10F l ¥ 3
& I il
e
[ ! :
E4oo}(b) —dt—n ]
E_I
=200}
> [

N [cm-3]

Azimuth Angle [deg]

0451

0452

Figure 4. Overview of THEMIS P4 observations during
the 26 February 2008 substorm or dipolarization front event.
The two vertical dashed lines correspond to the dipolariza-
tion front arrival time #, and the earthward flow onset time
t,, which define the precursor flow duration 6t = ¢, — t,.
(a) GSM magnetic field B,, B,, and B, components.
(b) Plasma flow velocity in the GSM x direction. (c) Plasma
density. (d) Ion differential energy fluxes versus azimuth
angle in the probe spin plane, as measured by the SST
instrument in the 30—45 keV energy range.
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1 February 2009 to 30 April 2009), and create a database of
dipolarization front events. For each event, it is important
that all of the relevant parameters (¢, v B, and vr) could be
unambiguously determined; this requires us to first specify
operational definitions for these parameters. Using the
26 February 2008 event as a prototype (Figure 4), we
introduce the steps we follow in the determination of these
parameters for all events.

[30] 1. The front arrival time, ¢, is defined as the time with
greatest enhancement in the low-pass-filtered (6 s running
averaged) B, within a 6 s interval. In the 26 February 2008
event, we have ¢, = 0453:25 UT.

[31] 2. Contributions from both ESA [McFadden et al.,
2008] and SST [Angelopoulos, 2008] instruments are
combined to accurately obtain the plasma data (including
densities, flow velocities and thermal velocities). Contami-
nation sources, such as sunlight and electronic contamina-
tions in the energetic particle data from SST and the
photoelectrons in the low-energy plasma data from ESA, are
removed.

[32] 3. The earthward plasma velocity at ¢, (245 km/s in
our example) is assumed to be the earthward propagating
speed v, of the front. This definition is consistent with
our simulation results showing that the earthward plasma
velocity ahead of the front converges to vy at ¢ = ¢,, and
with recent observations [Sergeev et al., 2009] showing the
earthward propagating speed of the front (as determined by
multispacecraft timing analysis) is the same as the measured
plasma bulk velocity near the front.

[33] 4. We define the background velocity, v, as the
average measured v, velocity during the time interval
between ¢, — 5 min and ¢, — 2 min.

[34] 5. We define the onset time of the earthward plasma
flow, #,, as the time when v, reaches v, + (v — v;)/5. In
our example, we have ¢, = 0452:44 UT, shown in Figure 4,
and 6t =t, — t, =41 s.

[35] 6. We define the background thermal velocity, vy, as
the average measured ion thermal speed during the interval
between ¢, — 5 min and ¢, — 2 min. In our example, this
equals 841 km/s.

[36] 7. Finally, we define the normal magnetic field B, of
the equilibrium current sheet as the average B,, from ¢, —
3 min to ¢, — 10 s; this is 4.5 nT in our case study.

[37] We select dipolarization front observed by the
THEMIS inner probes in an automated fashion. To guar-
antee that the parameters 6t, v; B, and vy are free of back-
ground noise, we use the following operational selection
criteria.

[38] 1. The 6 s sliding average of B, shows an enhance-
ment greater than 5 nT per 6 s. Also the average B, field,
from ¢z, to ¢, + 10 s, is at least 4 nT greater than the back-
ground B,, in the equilibrium current sheet.

[39] 2. The absolute value of the magnetic B, component
is smaller than 12 nT to ensure that the probe is inside the
central part of the tail current sheet.

[40] 3. The earthward plasma velocity v, at ¢, is greater
than 100 km/s, and the observed v, value remains over
100 km/s for at least 40 s. This criterion is to ensure that the
dipolarization front is embedded within earthward propa-
gating bursty bulk flows. It eliminates the less frequent
(albeit interesting) tailward or flankward events that could
be due to recoil [e.g., Panov et al., 2010], flow vortices
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[Keiling et al., 2009] or slant crossings of the localized front
surface.

[41] 4. The standard deviation of the v, velocity observed
between ¢, — 5 min and z, — 2 min is smaller than 15 km/s.
Applied to guarantee that the v, and 6t values could be
accurately determined, this criterion also ensures that the
magnetotail current sheet is in equilibrium before front
arrival.

[42] 5. The observed B, from ¢, — 3 min to ¢, — 10 s, has a
standard deviation o, of no more than 1 nT. In addition, we
required that B, be at least twice as large as o, to ensure
accurate determination of B, and to guarantee an equilib-
rium state of the current sheet before front arrival.

[43] 6. The average B, field, from 7, =3 min to 7, — 10 s,
has an absolute value of no more than 5 nT. This criterion
eliminates events with strong guide field in the equilibrium
current sheet, which is not considered in our simulation
runs, and may significantly complicate the ion trajectory
ahead of the front.

[44] The above criteria yielded a total of 36 dipolarization
fronts, with an average 6t value of 36 s. The parameters
collected from each events were used to construct Figure 5a,
where abscissa and ordinate of each black dot are the
measured 6f and mvy/eB, v, values of each event.

[45] The linear regression fit to the data is shown as the
solid line, and the correlation coefficient is 0.71. The pre-
diction of equation (8) is thereby supported by the statistical
survey of dipolarization fronts lending further credence to
the suggestion that precursor flows in advance of dipolar-
ization fronts are often composed of reflected ions confined
within a thermal gyroradius around the normal field B,
ahead of the front.

[46] Despite the fair correlation between the left and right
sides of equation (8) demonstrated in Figure 5a, it should
also be pointed out that the slope of the fitted regression line
(0.62) is smaller than that predicted from our simulations
(see the dashed line in Figure 5a with the slope of 0.85). It is
evident that the observed ¢ values are typically greater than
the expected ones. The reason probably arises from the non-
Maxwellian distributions of the ions in the equilibrium
current sheet [e.g., Christon et al., 1989; Haaland et al.,
2010], with energetic ions having greater fluxes than those
expected from the assumed Maxwellian thermal speed. The
presence of non-Maxwellian and/or superthermal ions is
expected to result in a larger ion accessibility region earth-
ward of the front than suggested by the simulation results.

[47] The fitted regression line also has an unexpected
offset of 12.0 s in abscissa that does not appear in the
simulations. One of the reasons may come from the transient
B. dip preceding the front. The very small B, values within
the dip, which usually last a few to few tens of seconds,
would allow the reflected ions to keep moving in the
earthward direction until they arrive at the region with
unperturbed background B, field and start their gyrations in
the xy plane. This effect would enlarge the ion accessibility
region and therefore enhance the ¢ values by a few to few
tens of seconds.

[48] To evaluate this effect quantitatively, we subtracted
the duration of each B, dip from its corresponding 6t value
in all of the 36 events. The results, denoted as 6r*, are
plotted versus mvy/eB,v, in Figure 5b. This revised time
delay 6t* between flow onset and B, dip onset (also marked
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Figure 5. Scatterplots of 36 dipolarization front events found during the THEMIS 2008 and 2009
tail seasons. (a) The x and y locations of each solid point correspond to the left and right sides of
equation (8), the 6t and mv/eB,v, values of the corresponding event. The solid line is the fitted linear
regression line of these data points, while the dashed line demarcates the expected linear relationship
between these two values on the basis of our simulation results (denoted as the four black circles).
(b) Same format as Figure Sa except that the 67 values in abscissa are replaced by those values of 6¢* to
eliminate the effects of the B, dips that precede the fronts.

for our example case in Figure 4) is defined to end when the
negative deviation of B, from its equilibrium value, B,,
becomes significant (no less than 4 times over op, for at
least 1 s). As evident in Figure 5b, the above correction
results in a slightly higher correlation coefficient (0.71), and
a significantly reduced abscissa offset (3.2 s).

[49] Another error source may arise from the three-
dimensional nature of the dipolarization fronts [see Runov
et al., 2009, Figure 4b]. The front normal could signifi-
cantly deviate from the x direction, and the probe crossings
could be slanted. We plan to compile a larger database
including more event studies and consider these complica-
tions to better understand the nature of earthward precursor
flows in advance of the front.

4. Summary

[s50] One of the most interesting observational features
associated with the earthward propagating dipolarization
fronts is the appearance of earthward plasma flows well
before front arrival. These precursor flows are caused by the
gradual emergence of a new ion population composed of
ions that have been accelerated and reflected by the front
(Zhoul0).

[s1] By incorporating a background northward magnetic
field B, in the equilibrium tail current sheet, we have further
developed this model, and have shown that the reflected
ions become confined to a region comparable to their ther-
mal gyroradius over the background B, upstream of the
advancing front. Test particle simulations show a linear
relationship between precursor flow duration 6¢ and the
typical gyroradius of the reflected ions. We have also carried
out a statistical survey of THEMIS dipolarization fronts,
which exhibit an average precursor flow commencement
~36 s prior to the front. The anticipated correlation between
the thermal gyroradius of the reflected ion population and
the precursor flow duration is shown to be consistent with
the observations.

[52] The large variance in our data of Figure 5 suggests
that other plasma acceleration mechanisms ahead of an
approaching front cannot be excluded. In fact, the particle

picture may be complementary to an MHD picture of the
acceleration process such that the two processes may oper-
ate simultaneously. For example, a pressure gradient ahead
of the front could be built up by the injection of the reflected
ion population, which might result in acceleration of the
ambient plasma [Li et al., 2011] without direct interaction
with the front itself. We also note that the front is localized
in y, which means that the reflection process may be
effective only on the earthward portion of the front where
the front surface is expected to be sharpest and the ion
acceleration strongest. Despite these caveats that require
further studies, however, our simulations and the statistical
significance of the front acceleration effect in the THEMIS
data suggest that the mechanism of ion reflection and
acceleration discussed herein is operational under many if
not most conditions.
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