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[1] We study the force balance surrounding the arrival of dipolarization fronts within
bursty bulk flows near substorm onset by comparing curvature force densities and total
pressure gradient force densities ahead of and behind the fronts using three inner Time
History of Events and Macroscale Interactions during Substorms (THEMIS) probes
separated along the Xgsm and the Zgsm directions. Curvature force density estimates are
obtained by field line modeling utilizing the Z separation of the probes and the self‐similar
structure of the front over short distances. A dipolarization front is a boundary between
the energetic particle population in the flow burst magnetic flux bundle and the ambient
colder plasma ahead of the front. Force density imbalance is found ahead of and behind the
front. Ahead of the front, decrease in tailward pressure gradient force results in earthward
flow acceleration. Behind the dipolarization front, even though the radius of field line
curvature increases, the curvature force density increases even further, mostly due to the
increase in the magnetic field magnitude. Thus, plasma acceleration at and immediately after
the dipolarization front can be explained by the resultant increased curvature force density.
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1. Introduction

[2] Bursty bulk flows (BBFs), which are frequently
observed in the plasma sheet, are the most efficient means of
transporting energy and magnetic flux in the magnetotail
[Angelopoulos et al., 1994]. BBFs are often accompanied by
a rapid increase in the magnetic field component normal to
the undisturbed cross‐tail current sheet (Bz) and a decrease in
the plasma thermal pressure. These signatures are similar in
the midtail and the near‐Earth plasma sheet [Ohtani et al.,
2004]. BBF braking in the near‐Earth plasma sheet at geo-
centric distances ∼10 RE is one of the most important ele-
ments of a magnetospheric substorm [Shiokawa et al., 1998;
Baumjohann et al., 1999]. Questions remain, however, about
howBBFs are decelerated andwhich factors control the depth
of BBF penetration into the near‐Earth plasma sheet.
[3] Impulsive magnetic reconnection in the midtail plasma

sheet is generally considered to be the mechanism that gen-
erates fast flow bursts [Sergeev et al., 2004]. This mechanism
implies plasma acceleration and imbalance between the
curvature‐dependent components of the j × B force and the

plasma pressure gradient. Recent particle‐in‐cell simulations
of impulsive reconnection with open boundary conditions
have indicated that the force balance is restored in approxi-
mately one ion gyroperiod [Sitnov et al., 2009]. Individual
flow bursts within BBFs, on the other hand, occasionally
show “plasma bubble” properties [Sergeev et al., 1996].
These bubbles are narrow, transient, earthward moving
plasma streams with lower density than the ambient plasma
sheet population. According to plasma bubble theory (see
Wolf et al. [2009] for a review), the relative motion of the
bubble is due to lower flux tube entropy S = pVg, where S is
the entropy, and V is the flux tube volume within the bubble.
The inward motion of the bubble continues until the bubble
entropy (Sb) equals the entropy of the surrounding plasma.
Because the parameter S is global, it is difficult (perhaps
impossible) to estimate it using local spacecraft observations.
Using local parameters, changes in flux tube entropy in the
vicinity of the neutral sheet (Bx ∼ 0) may be roughly estimated
as dS ∼ d(p/Bz) [Sergeev et al., 2004]. Dubyagin et al. [2010]
conducted a detailed analysis of flux tube entropy changes in
the flow‐braking region using theWolf et al. [2006] formula.
Here we study the problem of BBF penetration into the
magnetic, dipole‐dominated, near‐Earth plasma sheet by
examining the force densities acting on the flux tube near
the magnetic equator.
[4] In the ideal magnetohydrodynamic (MHD) approxi-

mation d/dt(B/r) = (B/r · r)v, plasma (considered as a fluid
with mass density r) and the magnetic field move together
at a velocity v. Each magnetic field line, therefore, is a flux
tube with a specific plasma population. Considering force
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densities acting on the equatorial element of a flux tube, the
acceleration (or deceleration) of plasma and magnetic field in
the tube is defined by the balance between the j × B force and
the plasma thermal pressure gradient, or equivalently,
between the Maxwell tension and the total pressure gradient.
[5] Ideal MHD simulations of bubble evolution in realistic

2‐D geometry have shown a rapid increase in the magnetic
field Z component (i.e., dipolarization front (DF) formation)
during the early stages of underpopulated flux tube evolution
[Birn et al., 2004]. Formation of dipolarization fronts has also
been shown in PIC simulations of impulsive magnetic
reconnection [Sitnov et al., 2009]. Recent observations by the
Time History of Events and Macroscale Interactions during
Substorms (THEMIS) spacecraft constellation distributed
along the tail have demonstrated that dipolarization fronts
may propagate from the midtail toward the near‐Earth plasma
sheet [Runov et al., 2009]. They have also been shown to be
boundaries separating hot BBF plasma from the ambient
plasma sheet population [Runov et al., 2009; Sergeev et al.,
2009]. In the presence of large‐amplitude DFs, Maxwell
tension increases dramatically. If this tension is not balanced
by the thermal pressure gradient, the dipolarized flux tube
accelerates inward. In terms of flux tube entropy, S ∼ p/Bz

experiences a step‐like decrease, propelling the dipolarized

flux tube deeper inward and leading to acceleration of
ambient plasma ahead of the front. Thus, formation of a di-
polarization region seems to be an essential element in heated
BBF plasma intrusion into the near‐Earth plasma sheet.
[6] Observations indicate, however, that appearance of a

dipolarization front does not coincide with plasma flow onset.
An increase in plasma velocity, typically observed about a
minute before front appearance [Sergeev et al., 2009; Runov
et al., 2011], is due to gradual acceleration of ambient plasma
ahead of it. Zhou et al. [2010] suggested a mechanism of ion
pickup acceleration by an earthward moving DF based on a
kinetic model of ion motion in the step‐like increasing
magnetic field. Using the MHD approach, acceleration of
ambient plasma may also be explained as fast mode waves
running ahead of the front.
[7] Imbalance between the Maxwell tension and the total

pressure gradient produces a slingshot effect on the ambient
plasma ahead of the dipolarization front. This effect has also
been recognized by Panov et al. [2010a, 2010b], who showed
that the flow bursts interact with the inner magnetosphere
recoil via pressure gradient force, initiating a damped oscil-
latory motion in the Pi2 frequency range.
[8] In this paper, we consider in detail the force densi-

ties acting on plasma at an earthward moving dipolarization

Figure 1. The three inner THEMIS probes, P3/P4/P5 (THD/THE/THA), were located close to the neutral
sheet (discussed later) and separated in both the Z (P4 and P5) and X (P3 and P4) directions within a distance
of about 1RE: P3 at (−10.3, 1.5, −1.8) RE; P4 at (−9.2, 2.4, −1.6) RE; P5 at (−9.1, 2.4, −2.3) RE. The outer two
probes, P1 and P2, were located at (−27.3, 13.2, 2.7) RE and (−18.0, 1.4, −1.6) RE. All data are shown in
GSM coordinates.
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front embedded into fast bulk flow in the near‐Earth plasma
sheet. Using the comprehensive data set from THEMIS
[Angelopoulos et al., 2008; Sibeck and Angelopoulos, 2008],
we select a case with probe separation suitable for mag-
netic field curvature estimation and compare the estimated
Maxwell tension (curvature force density) in the Earthward
direction with the corresponding total pressure gradient. We
seek to explain the force imbalance and consequent acceler-
ation in the vicinity of the front. Of particular interest to us
is the increase in the curvature force during magnetic field
dipolarization when the field line curvature radius is actually
increasing.

2. Observations and Analysis

[9] An event that occurred between 0310 and 0320 UT on
5 March 2009 is examined. Figure 1 shows THEMIS probe
locations in the XZ, XY, and YZ GSM planes at 0314:00 UT.
The three innermost probes (P3/THD, P4/THE, P5/THA)
formed a closely separated cluster at around X = −10 RE;
P2/THC monitored the midtail plasma sheet at X = −18 RE.
(Data from P1/THB, which was located in the northern lobe,
are not used in this paper.) We analyze data from the probes’
Fluxgate Magnetometer (FGM) [Auster et al., 2008], Electric
Field Instrument (EFI) [Bonnell et al., 2008], Electrostatic
Analyzer (ESA) [McFadden et al., 2008], and Solid State
Telescope (SST) Instrument.
[10] Figure 2 shows P2 magnetic field and particle

observations. Located in the northern half of the plasma

sheet (Bx ≈ 15 nT), P2 observed a quiet, cool plasma sheet
(about 1 20 keV). Beginning at 0312:30 UT, P2 observed
variations in all three magnetic field components and
increases in ion and electron energy and plasma bulk velocity.
During flow passage, Bx at P2 changed from 15 nT (before
0313 UT) to almost zero (after 0315 UT), which indicates
that P2 was originally located in the northern half of the
plasma sheet and subsequently close to the neutral sheet,
presumably due to current sheet expansion. However, dipo-
larization appeared gradually at P2.
[11] Figure 3 gives a summary of P3(THD), P5(THA),

and P4(THE) observations for the same period as shown in
Figure 2. The small Bx value detected by P3 and P4 indicates
that the probes were located very close to the neutral sheet.
P5 was located in the southern half of the plasma sheet with a
Bx level of −30 nT. A sudden jump in the Bz component,
referred to as a dipolarization front, was detected by all
three probes within 13 s at around 0314 UT. The front was
accompanied by changes in particle energy spectrograms,
similar for all three probes, indicating that the probes crossed
a boundary between distinct plasma populations: cool, ambient
plasma sheet and the hot plasma populating the dipolarized
flux tube.
[12] Figure 4 shows the front as a clear boundary for P3

and P4. Moreover, the THEMIS pseudo‐AE and Kyoto AE
indices show onset signatures around the time of front arrival
(not shown here).
[13] Since P3 and P4 were close to the neutral sheet where

Bz component dominates, the Vx component was mostly

Figure 2. Field and plasma properties observed at THEMIS‐C (P2). From top to bottom (GSM coordinate
system): magnetic field, Vx, energy‐time (ET) spectrograms for electrons, energy‐time (ET) spectrograms
for ions. In the first panel, magnetic field GSM components Bx, By, and Bz are plotted using blue, green, and
red lines, respectively. The black line in the second panel represents the x component ofE ×B drift velocity,
whereEx,Ey are obtained fromEFImeasurement andEz is calculated assumingE ·B = 0withmagnetic field
data from FGMmeasurement. The blue line in the second panel represents the x component of flow velocity
calculated from ion fluxes measured by ESA and SST instruments.
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Figure 3. Overview of the field and plasma properties encountered by THEMIS‐P3/P5/P4 (THD/THA/
THE) around the arrival of the dipolarization front. For each probe, four panels are shown from top to bottom
(GSM coordinate system): magnetic field, X component of perpendicular flow velocity (in blue),E ×B drift
velocity (in black), ion energy spectrum, electron energy spectrum.
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perpendicular to the local magnetic field. Thus, as expected,
agreement between the X components of the perpendicular
ion flow velocity (blue) and E × B drift velocity (black) was
observed ahead of the front; most of the particles are in the
ESA energy range in the following energy flux spectrum plot.
Furthermore, as evidenced by the ion spectra moments (not
shown here), a density drop and a temperature rise were also
observed by all three probes after front passage.

3. Data Analysis

[14] Timing of front arrival at P3 and P4, located at X =
−10.3 and X = −9.2 RE, respectively, reveals its earthward
propagation at a velocity of 540 km/s, though the average
velocity behind the front was 400 km/s. P5, located at the
same X and Y as P4, detected the front and the energetic
plasma population 5 s earlier than P4. This delay is consistent
with assumption of an inward moving, but curved (on both
XY and XZ planes) front of a flux tube with depleted entropy
[Birn et al., 2004; Wolf et al., 2009]. This assumption is
also consistent with the front normal direction shown in

Table 1, evaluated using minimum variance analysis (MVA)
[Sonnerup and Scheible, 1998]: Note that the normal direc-
tion is plotted projected on the XY and YZ GSM planes
in Figure 1. However, because the front normal has a
nonnegligible Y component, the 540 km/s velocity is not
appropriate for further calculation. Thus in the following
estimation, the average X component velocity after the
front is assumed to be the earthward propagation velocity
of this flow burst, approximately 400 km/s.
[15] To evaluate the force density balance at the front,

we compare the curvature force density Fcurv and the total

Figure 4. Dipolarization front as a boundary separating local cold plasma from hot, earthward propagating
plasma. Results for P3/THD and P4/THE are shown. Below the magnetic field data, plots represent particle
energy flux spectrum in azimuthal angle in three energy ranges: over 27 keV, 10 to 27 keV, and 0.5 to
10 keV. In the lower energy range, very little cold plasma is detected inside the dipolarized flux tube,
whereas higher densities are detected prior to front arrival. In the higher energy range, the energetic popu-
lation is only detected within 2 min of front arrival, in good correlation with the flow increase. The hot
plasma detected ahead of the front is consistent with local plasma acceleration. The 1 to 6 mark six times
at which our fit results are shown pictorially in Figure 5. The time shifting is clearly seen as described in
the data analysis session.

Table 1. Eigenvalues and Front Normal Directions of P3/P4/P5a

Probe Eigenvalue l1,l2,l3 Normal Direction Location

P3‐THD 146.9, 15.1, 0.17 (0.82,−0.57,−0.04) (−10.3,1.5,−1.8) Re
P4‐THE 203.6, 19.7, 0.18 (0.93,0.34,0.14) (−9.2,2.4,−1.6) Re
P5‐THA 188.9, 14.2, 0.45 (0.64,0.23,0.74) (−9.1,2.4,−2.3) Re

aNormal direction is chosen as the minimum variance direction obtained
by MVA method and written in X positive.
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pressure gradient force density Fgrad; both are derived from
MHD momentum functions as represented in

�
@u
@t

þ u � rð Þu
� �

¼ j� B�rP

j� B ¼ 1

�0
r� Bð Þ � B ¼ �r B2

z

2�0
þ B � rð ÞB=�0

Ftotal ¼ Fgrad þ Fcurv ¼ �r B2
z

2�0
þ Pth

� �
þ B � rð ÞB=�0

[16] Since all of the three spacecraft were located close to
the neutral sheet, we only evaluated the X component of the
force density. As part of the j × B force, the curvature force
vector points in the X direction earthward, at the equatorial
plane. The other part of the j × B force, the magnetic pressure
gradient, forms the total pressure gradient term rPtotal

together with the thermal pressure gradient. Data from P3
and P4 were used to calculate pressure gradient force density,
because they were located near the equatorial plane. The total
pressure gradient force density is calculated using

Fgradx ¼ Fgradx quietð Þ þ � Pth þ PBð Þ
�t

� �
=Vx

In this equation, Vx is a constant representing the velocity of
front propagation, which is obtained by timing of the front
motion. The Fgradx (quiet) term is assumed to be a constant
that balances the curvature force at quiet time before the front
disturbance took place. The curvature force density in X
direction can be obtained by two different methods. The first
method (equation (1)) implies an estimation of the magnetic
field curvature radius (Rcurv):

Fcurvx ¼
B2
z

�0

� �
= Rcurvð Þmin ð1Þ

Using multipoint measurements, the magnetic field curva-
ture radius may be estimated by fitting the magnetic field,

measured by different probes as a parabola. To evaluate Rcurv,
observations at the three innermost probes (THD/P3,
THE/P4, and THA/P5) were used. As shown in Figure 3, the
similarity between magnetic field variations observed by the
innermost probes and their close separation suggest similarly
shaped magnetic field lines at the dipolarization front. In
other words, we assume the three probes have experienced
exactly the same variation in field line structure, only at dif-
ferent locations. To account for the propagation of the BBF,
we shifted the magnetic field time series in time for each
individual probe so as we have three‐point observations of
the same field line at each relative time. This relative time
series with t0 set as the front detection time are also shown
in Figure 4, where the 1 to 6 mark six relative time points. The
shifting is obviously seen from Figure 4. For simplicity,
we assume a 2‐D parabolic field line shape expressed as x =
a(z − b)2 + c, where all of the parameters are time dependent.
After shifting, magnetic field (Bx,Bz) and probe position
(X,Z) data are linearly fitted to the function Bx /Bz = 2a(Z − b).
The fitting results indicate field line shape change from more
stretched to more dipolarized as the DF passed the probes
(shown in Figure 5). Again, 1 to 6 (the front passed at time 4)
in Figure 5 mark the same relative times as Figure 4.
[17] The second method of curvature force estimation is

based on the modified Harris‐type model of a current sheet
with a uniform normal magnetic field component. In this
model, the magnetic field isB = (Bx, 0, Bz), where Bx depends
only on the vertical coordinate z:

Bx ¼ Blobe tanh
z� z0
�

� �
;Bz ¼ constant

Here Blobe is the lobe magnetic field strength, z0 is the neu-
tral sheet (Bx = 0) coordinate, and l is the current sheet half
thickness. In this model, the curvature force x component
may be expressed as

Fcurvx ¼ Bz � Blobeð Þ=�0� ð2Þ

Figure 5. Field line parabolic fits for times denoted as 1 to 6 in Figure 4. Specifically, time 4 occurs right
after the passage of the front structure. The field line has obviously just dipolarized. Since the field line shape
is based on a fit to data from all three probes, only field lines connected to P5 are plotted here.
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In our case, the fit to the modified Harris function may be
done easily because the two probes (P4 and P5) located at
approximately the same x were separated along z. With the
data from P4 and P5, we can fit Blobe,z0 and l from Bx and Z,
and thus obtain the curvature force density. Results from the
two methods are plotted in Figure 6. In the third panel in
Figure 6, curvature force density shown in the red line from
parabola fitting and the black line using the Harris sheet
assumption are in good agreement.

[18] By assuming a balance between curvature force Fcurv

and pressure gradient force Fgrad at a quiet time prior to DF
detection at 0314 UT when the flow was small, we evaluate
only variations in these two force densities assuming they are
caused by the approach of the dipolarized flux. The first panel
in Figure 6 shows the pressure variation detected by THE/P4,
which is similar in structure to those detected by THD/P3
and THA/P5 (because of the similarity, neither of the latter
variations is shown here). Ignoring the absolute pressure

Figure 6. The first panel shows the curvature radius variance obtained from the parabola fitting. The sec-
ond panel shows the pressure structure observation by P4/THE: magnetic pressure in blue, thermal pressure
inmagenta, and total pressure in black; the smoothed total pressure is represented by the red dashed line. The
third panel shows the agreement of curvature force density estimation obtained by the two methods, and the
fourth panel shows the pressure gradient force variation based on the assumed quiet time value, which is
0.28 nPa/RE in this case. In the second, third, and fourth panels, positive/negative always shows earth-
ward/tailward. The fifth panel shows the comparison of force density variation in the X GSM direction
between curvature force density and total pressure gradient force density within the spatial structure around
the DF. In the sixth panel, agreement is achieved both ahead of and immediately after the front between the
observedX component velocity and that derived from the total X component force shown in the fourth panel.
Ahead of the front, the increase in the pressure gradient earthward accelerates the local cold plasma. Behind
the front, the larger earthward increase curvature force density overtakes the tailward increase pressure gra-
dient force density, and hence accelerates the flux tube.
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differences between different probes as due to small differ-
ences in efficiency factors, we obtain the pressure gradient
force density from the temporal file of the pressure by
assuming a constant propagation velocity of 400 km/s in the
vicinity of the front. Only data from THE/P4 are analyzed
with the equation mentioned before, and the pressure gradient
force is represented in the third panel in Figure 6. The com-
parison between curvature force density and pressure gradient
force density variations in x is shown in the fourth panel in
Figure 6. The force density imbalance begins about 50 s
ahead of front arrival due to a decrease in the tailward pres-
sure gradient force density. This is consistent with the time at
which the velocity starts to enhance ahead of the front in
similar studies by Runov et al. [2011]. The consistency
between force‐derived velocity and observations shown in
Figure 6 supports the idea that the pressure gradient accel-
erates the local plasma ahead of the earthward propagating
front structure.
[19] Because of the increase in Bz, the earthward directed

curvature force density increased ∼0.6 nPa/Re on average
with respect to the quiet time value after front passage. The
total pressure gradient force density, directed tailward most of
the time(as shown in the third panel in Figure 6), increased
only 0.3 nPa/Re on average. Thus, there was a factor of 2 or
greater imbalance between the Maxwell tension (Fcurv) at the
dipolarization front and the total pressure gradient, which
explains the following detected acceleration of the energetic
plasma inside the tube.
[20] However, over large distances, the plasma within the

dipolarization flux tube decelerated slightly rather than
accelerating. We show that from −18 RE (P2) to −10 RE in
this case, which is different from our estimation of local
acceleration in the vicinity of the front and thus makes the
force balance issue more complicated and await for larger
scale of force estimation.

4. Discussion and Conclusions

[21] We presented a THEMIS case study of an inward
propagating dipolarization front embedded in a bursty bulk
flow. The configuration of the THEMIS probes allowed us
to detect the BBF in the plasma sheet at X = −18 RE and the
dipolarization front at X = −10 and −9 RE sequentially. The
time delay indicates earthward motion of the front at a
velocity of over 500 km/s. The front normal in the vicinity of
the neutral sheet was mainly in the (XY)GSM plane with a
greater X component and a nonnegligible Y component as
shown in Figure 1. It is notable that the front normal Y
component was directed dawnward at Y = 1.5 RE(P3) and
duskward at Y = 2.4 RE(P4/P5). This large difference in
front normal direction within a cross‐tail distance of 1 RE

indicates a front curvature radius smaller than 1 RE on the
XY plane, which may be an inherent property of flux bundles
in dipolarization fronts or due to the development of inter-
change instability on the leading edge of the BBF [Pritchett
and Coroniti, 2010].
[22] The main goal of our study was to evaluate the origin

and effect of local pressure force balance at dipolarization
fronts. Although MVA reveals the 3‐D nature of the DF
surface, we assume that effects of front nonplanarity do not
significantly affect forces along the X direction and therefore
use a 2‐D geometric representation of the magnetic field lines

in the force balance analysis. We evaluated the force den-
sity balance at the front by comparing the X components
of the Maxwell tension Fcurv and the total pressure gradient
(rxPtotal). The magnetic field curvature radius was estimated
by fitting the observed magnetic field to (1) the parabolic
function and (2) the modified Harris function with a uniform
Bmz. Both methods produced similar estimates of Fcurv, as
indicated by the third panel in Figure 6.
[23] The comparison reveals dominant rxPtotal variation

along X ahead of the front. Within the dipolarization front,
however, the curvature forces increased dramatically, while
the total pressure gradient did not change as much. Although
the current sheet half thickness, l, increased to twice the
original thickness at quiet time, the increase in Fcurv was
determined by the step‐like increase in Bz, which prevailed
over the increase in l. The observed imbalance between
Maxwell tension and total pressure gradient at the front
resulted in earthward acceleration of the dipolarized flux
tube, which was separated from the ambient plasma by the
front. The hot, tenuous population of the dipolarized plasma
tube (BBF/bubble) therefore intruded into the near‐Earth
plasma sheet.
[24] Another important effect, related to the observed force

density imbalance is ambient plasma acceleration ahead of
the front resulting from plasma compression by the dipolar-
ized flux tube. Analysis of P3 and P4 observations has indeed
revealed an increase in the earthward total pressure gradient
about 3.5 RE ahead (earthward) of the front without signifi-
cant change in the curvature force density. Decrease in the
tailward pressure gradient leads to the observed earthward
acceleration of ambient plasma (Figures 3 and 4). Enhance-
ment of earthward streaming ion flux, often observed ahead
of DFs, has been previously explained as ion pickup at the
front [Zhou et al., 2010, 2011]. Our event study shows that
ambient plasma acceleration may also be explained in the
MHD framework by increase in the local pressure gradient
force density. Distribution function analysis can distinguish
between the two mechanisms, by revealing whether a second
(picked up) population is superimposed on preexisting plasma,
or a single accelerated component is responsible for the flow
velocity increase.
[25] Our case study suggests that flow bursts accom-

panied by a large‐amplitude dipolarization front will pene-
trate deeper into the dipole‐dominated, near‐Earth plasma
sheet due to the predominance of the curvature force density.
This force results primarily from the magnetic field increase
that builds up to compensate the density depletion within
the dipolarized flow burst. Further statistical analysis would
be needed to determine how common these results are.
However, we note that the characteristics of the flow bursts
surrounding a dipolarization front, the pressure increase
ahead of it and the sudden increase in Bz are common to all
events examined, and based on this we anticipate this mech-
anism to be common rather than fortuitous.
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